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Preface

In thesemodern times, the growing applications in communication, sensing, security,
safety, spectroscopy, manufacturing, biomedical, agriculture, imaging, etc., demand
for higher resolution, greater speeds, and wider bandwidth support. Thanks to THz
technology that makes it possible due to its enormous advantages like non-ionizing
signal nature, compactness, higher resolution, spatial directivity, high-speed commu-
nication, and greater bandwidth. Since the THz radiation covers frequencies from
0.1 THz to around 10 THz and is highly attenuated by atmospheric gases, it is mainly
used in short-distance applications.

This book is aimed to bring the emerging application aspects of THz technology
and various modules used for its successful realization. It gathers scientific tech-
nological novelties and advancements already developed or under development in
the academic and research communities. This work focuses on recent advances and
different research issues in terahertz technology and would also seek out theoret-
ical, methodological, well-established, and validated empirical work dealing with
these different topics. The chapters cover a very vast audience from basic science to
engineering, technology experts, and learners. This could eventually work as a text-
book for engineering and communication technology students or science master’s
programs and for researchers as well. These chapters also serve the common public
interest by presenting new methods for application areas of technology, its working,
and its effect on the environment and human health, etc.

In particular, this textbook covers the broad categories of THz technology aspects,
advantages, disadvantages, applications, communication trends, challenges and secu-
rity, various modules like antennas and absorbers under different material consider-
ations, solid-state devices, THz generators, realization of optical NOT and NAND
gates, de-multiplexers and parity generator, THz e-healthcare system, THz metasur-
face, oversampled OFDM modulation technique in THz communication systems.
The antenna trends include planar antennas, horn geometries, SIW structures, THz
arrays, fabrication techniques, etc. The solid-state devices cover wide bandgap
semiconductors, IMAPTT diodes, etc.

Once the readers finish the study of this book, then definitely they will get to know
about the importance of THz technology, advancement in the field, applications,
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THz modules, and future scope. It also leads to enhancement in their knowledge
in THz technology and gives a platform to future technology and novel application
realization.
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Recent Trends in Terahertz Antenna
Development Implementing Planar
Geometries

V. Adhikar, A. Karmakar, B. Biswas, and C. Saha

Abstract This chapter summarizes design and development of antenna usingmicro-
fabrication technology for Terahertz application. Two different types of antennas
have been discussed here with fabrication process details along with design strate-
gies. Effect of imbibed process related imperfections on final device performance are
highlighted here with the help of mathematical models. Surface roughness becomes
a bottleneck for realizing any device in THz-regime, which has been explained with
various analyticalmodels. FEM-based 3D simulator is used extensively for analyzing
all designs. Parametric simulations were carried out to get the optimized design
values. The first design is complete of planar type. It is based on a flexible microwave
substrate namedLCP (LiquidCrystal Polymer), which is very thin (~100μm), hardly
moisture absorbent (<0.04%), and moreover bio-compatible in nature. A 100 GHz
design specification is chosen for the targeted medical imaging antenna array struc-
ture offers a directive gain of around 19.3 dBi. Electrical equivalent circuit modeling
of the whole array structure is also chalked out in this chapter, which eases to under-
stand the interaction between various radiating elementswith adjacent parasitic coun-
terparts. Second portion of the chapter introduces design and simulation of a silicon
micro-machined W-band sectoral H-plane horn antenna with proposed fabrication
process details. Selection of design parameters has been summarized with the help
of analytical models and parametric simulations in a 3D-EM environment. Proposed
design offers around 13 dBi gains.

Keywords THz antenna · Circuit modeling · LCP · Sectoral horn · Superstrate
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1 Introduction

In the recent era, remarkable research interests are being paid to the Terahertz
(THz) band (0.1 to 10 THz) in various applications for wireless communication
sectors, medical diagnostics, radio astronomy, imaging, and many other instrumen-
tation circuits because of its several unique features including free-license wide
spectral bandwidth, high spectral resolution, non-ionization property, tranquil from
EMI/EMC issue, etc. [1–6]. However, like other technology it has also some demerits
in contextwith high path-loss factors and attenuation in the presence ofwater vapor or
hydroxyl ions.To eradicate these issues, highgain antennas are inevitable for effective
establishment of communication links between the transmitter and receiver. Simul-
taneously, several atmospheric windows co-exist across the THz frequency spec-
trum, where the path-loss factors are reduced significantly [7]. THz-communication
can be established at these low loss frequencies to enhance the wireless link reli-
ability factor. On the contrarily, since the dimension of wavelength becomes very
short (0.03 to 3 mm) at THz frequencies, manufacturing antenna at this frequency
band becomes a challenging taskwhile employing cost-effective standard fabrication
processes. Furthermore, the integration of the antenna with other building blocks of
communication sub-system plays a pivotal role to attain the overall figure of merit.

This chapter demonstrates the design and development of two different types of
THz-antennas implementing planar geometries. The antennas are based on standard
micro-fabrication technologies. One of the antennas is relied upon silicon microma-
chining process, whereas the other candidate is focused on organic type microwave
substrate called ‘LiquidCrystal Polymer (LCP)’. Simple designwith enriched perfor-
mance is the attractive feature of the present structures. In the present chapter, the
detailed design, simulation, effect of various design parameters, fabrication process
intricacies, and finally the developed architectures have been demonstrated for two
specified antenna types. Finally, the electrical equivalent circuit modeling aspects
are also briefly touched upon for a better understanding of the device physics in
association with various parasitic effects.

2 Designing of THz Antenna

Antenna being the electronic eye of whole communication system, its design is
always an exigent task to an RF/antenna engineer. For the THz frequency, some
more additional constraints act as supplementary with the generic requirements. In
this section, the design aspects of two different types of THz antenna are discussed
in detail.
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2.1 Microstrip Patch Antenna Array

As compared to other antenna candidates for THz frequency ranges, fortunately,
microstrip patch antenna inherits potential capabilities to satisfy mandatory require-
ments of link establishment. In this sub-section, series-fed rectangular shaped
microstrip patch antenna (RMAA) array design is discussed. Ease of design and
fabrication suitabilitywith a cost-effectiveway is the attractive feature of this antenna
module. As previously discussed in the introduction part, due to higher atmospheric
attenuation at the THz frequency range, high gain antennas are essential for THz
technology. Herein, the gain for RMAA is enhanced up to 19 dBi either by intro-
ducing parasitic elements or by appending the superstrate layer. LCP has been used
as a base substrate material for the antenna design. It is a non-toxic, bio-compatible
substrate with a permittivity value of 3.14 and dielectric loss tangent of around 0.002
[8]. It is a kind of organic polymer. Surface-wave and leaky wave problems are inher-
ently eliminated/suppressed at higher frequency ranges for this substrate, which is
usually of 4 mil (~100 μm) thickness and of flexible in nature. It can be wrapped
over outside of any 3D cylindrical/circular shaped object. Conformal design can be
made comfortably out of this, which is desirable for several bio-medical usages and
air-borne applications [9, 10], targeting for THz frequency regime.

Proposed antenna structure comprises series-fed five patch elements, each having
length ‘L’ andwidth ‘W’ and loadedwith parasitic patch elements of length andwidth
‘L’ and ‘Wp’ on both sides of non-radiating edges of the five elements. Figure 1 shows
the schematic of the proposed antenna. Dimension of the patch width ‘W’ and length
‘L’ is evaluated using Eq. (1) and (2) [11] and given by,

W = c

2 fr

√
2

1 + εr
(1)

Fig. 1 Top view and dimensions of microstrip patch array with parasitic patches
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L = c

2 fr
√

εe f f
− 2�L (2)

where, εeff is an effective dielectric constant, and ‘�L’ is extended length on both
sides of the radiating patch due to the fringing field [11]. Segments of the transmission
line in between the patches are responsible for phase matching. The dimension of
these transmission lines, i.e., length ‘lt1’ and ‘lt2’ and width ‘Wt1’, are computed as
follows [12]

lt1 = (2P + 1)
λ0

4
(3)

lt2 = (2Q + 1)
λ0

4
+ 2�L (4)

Wt1 = 7.475h

ex
− 1.25t (5)

x = Z0
√
1.41 + εr

87
(6)

Z0 =
√
50 × 11.96λ0

W
(7)

where, P and Q are non-negative integer numbers (here, P = Q = 1).
Series-fed array structure is chosen to achieve a high gain antenna profile at the

cost of a little bit increased layout area. Further, the directive gain can be enhanced
remarkably by placing parasitic patch structures at the non-radiating edges of the
main radiating elements. Effectively, the aperture size of the whole planar array
antenna is enhanced, which further causes an increase in gain. The gap between
the primary antenna and parasitic patch decides the amount of E-field coupling.
To ensure strong coupling and optimal excitation of the parasitic patch element, its
gap ‘g’ from the main radiating element should be minimum. Systematic parametric
studies have been carried out to get an optimumvalue of gap ‘g’ andwidth of parasitic
patch ‘Wp’ and are indicated in the S11 plot of Fig. 2. As can be noted from the plot
of Fig. 2b, for a gap dimension of 50 to 200 μm, there is hardly any difference
in resonant frequency, but a slight change is observed in the refection coefficient
curve. Actually, the flux linkage phenomenon is not captured clearly with the results.
But, when the width of parasitic patches ‘Wp’ is changed, it changes the impedance
and current vector of the antenna. The dimension of all the design parameters has
been optimized and summarized in Table 1. The surface current distribution of this
enhanced gain RMAA is depicted in Fig. 3. As revealed from the plot, the energy
associated with each patch element monotonically decreases from the directly fed
array element to the last element. This is because most of the energy is radiated by
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Fig. 2 Variation in reflection coefficient of parasitic patch loaded RMAA with a width of the
parasitic patch b gap between the main and parasitic patch element

Table 1 Optimized
dimensions of the RMAA
with parasitic patches

Parameter Values (in μm)

W 3078

L 2489
l t1 1293
l t2 2685
W t1 500

Wp 1539

g 200

h 100

Fig. 3 Surface current distribution for RMAA structure
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(a) (b)

(c)

Fig. 4 Simulated far-field radiation patterns for RMAA at 100 GHz in a E-plane; b H-plane; c
3D-plot of the radiation pattern

the first patch itself, and the remaining is passed to the next patch, which radiates the
partial amount of energy and partially transfers it to the next.

Simulated far-field radiation pattern of the antenna is shown in Fig. 4. H-plane
indicates the broadside profile at the broadside direction and X-pol level is 38 dB
below than Co-pol. E-plane pattern is like a flower with multi-shape petals. Peak
simulated gain is obtained as 19dBi.

Another option of enhancing the gain of the RMAA structure is utilizing a super-
strate structure instead of parasitic patch loading. Figure 5 demonstrates structural
description of superstrate structure loaded antenna architecture with detailed cross-
sectional and isometric views. Here, hs is the height of the superstrate material, ha is
the height of air column and hsub is the thickness of the substrate. In this composite
structure, in practice, air column is realized by placing a honeycomb structure, whose
electrical property greatly resembles air. It is a carbon fiber based material made by
Ultracor Company which offers thermal stability of near zero CTE. Part number of
the structure is UCF-126-3-8-2.0 [13]. Figure 6 shows the real honeycomb structure
used for THz antenna realization.
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Fig. 5 Superstrate loaded THz antenna for gain enhancement in a cross-sectional view; b isometric
view

Fig. 6 Ultracor honeycomb
structure (Part No.
UCF-126-3-8-2.0)

This method works on the structural resonance method, and it is also known
as the resonance gain method. Earlier, this method has been used to design load-
bearing antenna structures [14]. The detailed analysis of this structure with the help
of the transmission line model is done in [15]. Co-relation between the substrate
thickness and superstrate height is obtained with respect to operating wavelength for
a high gain antenna module. The position and thickness of the superstrate are the
important parameters for exciting the structural resonance, leading to a higher gain
of the whole antenna structure. Three different types of microwavematerials are used
as superstrate materials, such as-FR-4, quartz glass, and high resistive silicon. Two
cases are studied to improve the gain of basic RMAA by the superstrate layer. In the
first case, the position of the Silicon superstrate of thickness hs = 675 μm is varied
from 0.25 λ0 to 1.5 λ0. Corresponding S-parameters are shown in Fig. 7a. We can
observe that for f 0 = 100 GHz; the resonance occurred for every 0.5 λ0 step size
starting from ha = 0.75 mm.While in the second case, we have varied the superstrate
material. The position and the thickness of each superstrate material are determined
by the high gain curve for 100 GHz [15]. These dimensions are optimized and listed
in Table 3. The S parameter performance for this case is shown in Fig. 7b, and we can
observe that structure is resonating at desired 100 GHz frequency for all superstrate
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Fig. 7 S11 parameter for a silicon superstrate with different ’d’ b different superstrate

layers. The 3D radiation patterns for different superstrates are shown in Fig. 8. It is
observed that due to the superstrate, the gain is improved by 3 dB as compared to the
stand-alone basic RMAA structure. It has also been observed from the FEM analysis
that, the antenna with glass superstrate has very high cross-polarization in H-plane,
as shown in Fig. 9 (Table 2).

2.2 Sectoral H-plane Horn Antenna

Horn antenna is a widely used simplest and robust candidate of engineers’ choice
from decades ago. Because of its several inherent characteristics, like wide band-
width, stable radiation pattern, etc. its demand in the antenna world still remains
unaltered as compared to its counterparts. Like lower frequency gamut of EM spec-
trum, horn antenna becomes indispensable for realizing the feeding network or as
a combiner in monopulse tracking radar even in THz frequency bands. It drives the
engineers to develop an efficientway ofmanufacturing such antennas out of advanced
fabrication methodologies.

Literature reveals that, one suchpromising technology in ‘Siliconmicromachinng’
[16–18]. Implementing DRIE (Deep Reactive Ion Etching) method along with wafer
bonding makes it possible to realize. Here, in this chapter, we discuss such a silicon
micro-machined H-plane sectoral horn antenna. Two different frequency bands (75
to 110 GHz and 220–330 GHz) have been targeted here for a 13 dBi gain horn
antenna. Flaring the dimension of rectangular waveguide in direction of H-field
keeping other dimension constant forms H-plane sectoral horn. It is expected that,
radiation patterns in H-plane will be much narrower than E-plane because of flaring
and larger dimension is in that direction. Design of this horn, as explained in the
following subsection, is systematically accomplished using ‘normalized directivity
v/s aperture size curve’. The directivity and aperture size are related as follows [19]:
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Fig. 8 3D far-field pattern for a RT duroid superstrate b Quartz glass superstrate c FR4 epoxy
superstrate

Fig. 9 Co-pol and X-pol levels in principle planes for glass superstrate RMAA
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Table 2 Optimized
dimensions of the RMAA
with superstrate

Parameter Values (inμm)

W 3078

L 2489
l t1 1293
l t2 2685
W t1 690

Table 3 Dimension of the
composite antenna array with
superstrate materials

Superstrate material Thickness, hs (in
mm)

Height of air
column, ha (in mm)

RT duriod 0.51 1.5

FR4 epoxy 0.35 1.5

Quartz glass 0.55 1.5

DH = b

λ

GH√
50
λρh

(8)

where, ‘DH ’ is the directivity for H-plane horn antenna, ‘b’ is the height of the
rectangular waveguide, ‘λ’ is the operating wavelength, ‘a’ is the width of the feeder
waveguide, ‘a1’ is the flaring width of the horn antenna, and ‘ρh’ is hypotenuse of
right angle triangle form in H-plane given by Eq. (9) and (10).

ρh =
√

ρ2
2 +

(a1
2

)2
(9)

GH = 32

π

a1
λ

√
50

λρh
(10)

H-plane sectoral horn is designed using flowing steps:

• Defining the desired gain (if it is in dBi convert it to absolute value) of horn
antenna.

• Finding the corresponding optimum ρ1 from the standard normalized directivity
versus aperture size graph for H-plane sectoral horn antenna.

• The aperture size a1 is correspondingly obtained from optimum ρ1value.

Using above mentioned steps the 13 dBi, WR-10, and WR-3.4 Waveguide based
H-plane horn antenna is designed and simulated. Figures 10 and 11 show the
schematic diagram of the proposed horn. The optimized dimension of antenna struc-
ture is given in Table 4. The S-parameter performance is shown in Fig. 12.As revealed
from the plot, the S11 is below −10 dB in the desired band. Figures 13 and 14 show
the far-field plots for these antennas in the principle plane. As it can be observed
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Fig. 10 H-plane view of
horn antenna

Fig. 11 Isometric view of
H-plane horn structure

Table 4 Optimized
dimensions of the H-plane
horn antenna

Parameter WR-10 based structure
(in mm)

WR-3.4 based structure
(in mm)

a 2.54 0.864

b 1.27 0.432

l 34.63 14.85

a1 20.12 7.3

that, the H-plane plot is much narrower than E-plane plot and has simulated gain
of 13 dBi. Thus simulated results have close relevance to theory. In addition to this,
X-pol level is 37 dB below the Co-pol level in principle.

3 Circuit Modeling of THz Antenna

Equivalent circuit model is used for representing the antenna impedance. This helps
in extracting features of the antenna. An RLC resonator model has been widely used
inmodeling antenna impedance. Similar model is attempted here. Out of two antenna
categories, circuit modeling for complicated array structure is tried out here.
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(a) (b)

Fig. 12 S11 Parameter for a WR-10 waveguide based b WR-3.4 waveguide based H-plane horn
structure

(a)E-Plane (b) H-plane 

Fig. 13 Far-field pattern for WR-10 based H-plane sectoral horn

(a) E-Plane (b) H-plane 

Fig. 14 Far-field pattern for WR-3.4 based H-plane sectoral horn
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Theproposed array structure consists of fivemain radiating elements, transmission
line segments in between them, ten parasitic patches, and feed line as shown in
Fig. 15. Main radiating elements are represented by lossy tank circuit (L10; R10

and C10) corresponding to TM10 mode. Feeding network is represented by series
combination of Lf and Rf due to finite conductivity of metal used. Parasitic patches
are nothing but capacitive or dielectric loading depending upon substrate electrical
properties. Hence, it can bemodeled as a leaky capacitor. Transmission line segments
between the patches are represented by a combination of lossy inductor and capacitor,
corresponding to the parasitic capacitance effects. This lumped circuit is simulated
in ADS and tuned to 100 GHz. The obtained lumped components values are listed
in Table 5. The S11 parameter from lumped circuit and RMAA structure is shown in
Fig. 16.

Fig. 15 Transmission line model for the RMAA with parasitic patches

Table 5 Lumped
components values for a
simulated equivalent model

Variables Values Variables Values

Rf 0.01� Rf 161.12�

Lf 54pH Cgi 16.45pF

Li
10 4.28pH Cpi 16.45pF

Ri
10 44� Rij 55.56�

Ci
10 0.591pF Rpi 161.12�

Ci
gi 16.45pF Lij 1100pH

Ci
pi 16.45pF Ci

i j 7.4pF

Note i varies from 1 to 5 and j = i + 1 varies from 2 to 5
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Fig. 16 S11 comparison of T-RMAA with parasitic patches and equivalent model

4 Fabrication of Prototypes

Two prototype structures of microstrip patch antenna array have been fabricated on
4 mil thick Liquid Crystal Polymer (εr = 3.14, tan δ = 0.002) substrate. Figure 17
shows the fabricated prototypes (front view), explaining the flexibility of substrate.
Standard wet etching chemistry has been used to pattern the metal layer (25 μm
of copper). The backside of the substrate is fully metalized to realize the common
ground plane. Currently, the testing process of these antennas is in progress.

The fabrication steps for horn antenna are schematically explained in Figs. 18 and
19. The steps can be described as follows:

(i) It is two wafer processes. Initially, two double-side polished silicon wafers
are taken and given requisite chemical cleaning (RCA + SPM) to eliminate

Fig. 17 Fabricated prototypes of the a antenna array b array with parasitic patches c illustration
of the conformal shaped antenna
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Fig. 18 Preparation of first silicon wafer for making the horn antenna

all possible organic and inorganic contaminants. After that, on the first wafer
following process steps have been performed:

(a) A thick oxide layer is deposited on its front side.
(b) The oxide layer is patterned to form a channel through DRIE etching.
(c) DRIE process is applied up to the depth of lateral dimension of the

rectangular waveguide.
(d) Oxide layer is removed.
(e) A conformal gold layer is evaporated to metalize the trench.

(ii) Whereas, on the second wafer gold is deposited on the front-side by E-beam
evaporation.

(iii) Second wafer is flipped to make the metal layer at its bottom side, and then
both of thewafers are bonded together adopting the Eutectic bonding at 363˚C.
Thus the waveguide channel is formed.
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Fig. 19 Generic fabrication steps of horn antenna realization implementing siliconmicromachining
technique

5 Conclusion

This chapter highlights the essence of high gain antenna module for communication
systems in Terahertz regime. Two different types of antennas (horn antenna and
microstrip patch array) have been discussed with planar geometries. Ease of design
and fabrication simplicity is the main attractive features of these antennas. Detailed
design along with circuit modeling and fabrication process details have been covered
in this chapter. Parametric simulationswere carried out to explore the optimumdesign
parameters. One of the antennas is demonstrated over a bio-compatible, flexible type
substrate at 100 GHz, which can further be utilized for medical imaging applications.
Effect of superstrate structure is efficiently implemented to enhance the gain of
the planar antennas. Another structure involves silicon micromachining technology,
where DRIE is extensively used in two silicon wafers separately. Finally, to get an
integrated module, two such wafers are bonded. Real time testing of the antenna is
underway.
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Element Failure Correction Techniques
for Phased Array Antennas in Future
Terahertz Communication Systems

Hina Munsif, B. D. Braaten, and Irfanullah

Abstract The terahertz frequency band is the range of frequencies from 300 GHz to
10 THz (above the microwave range and below the optical spectrum) in the electro-
magnetic spectrum. The future terahertz-range indoor communication system will
require a highly directive terahertz beamforming antenna array to switch between
different devices (mobile, home appliances, etc.). As such, there will be a high prob-
ability of antenna elements failure, which will disrupt the high-volume wireless
communications. Therefore, study and analysis of antenna array failure correction
techniques are important. In the literature, only a fewmethods have been reported for
array element failure correction. This chapter provides an overview and tutorial on the
methods that have been reported in the literature for array element failure correction
in the context of terahertz beam control. A pattern recovery technique of low side-
lobe antenna arrays operating at 3.5 THz, using the iterative Fourier technique (IFT)
is discussed. The occurrence of defective elements across the array is included by
setting the associated excitation coefficients to zero. The presented results are related
to 1 × 8 linear patch antenna array failure correction model with half-wavelength
inter-element spacing operating at 3.5 THz in MATLAB and CST simulators. The
array failure correction using this method is evaluated for various sidelobe levels
(SLLs), where the failed elements are randomly dispersed across the array. The anal-
ysis of array failure correction algorithm on the sidelobe level (SLL), directivity, half-
power beamwidth (HPBW), and taper efficiency of the recovered radiation patterns
are reported in detail, and guidelines are provided on the performance parameters.
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1 Introduction

The antenna is the main component in wireless communication, which was first
revealed by Marconi in 1901 [1–3]. Terahertz (THz) frequency band (0.3 THz to
10 THz) is a part of sub-millimeter EM (electromagnetic) spectrum, shown in Fig. 1a.
Recently in wireless communication, the terahertz frequency band has been reserved
for real life applications [4], as shown in Fig. 1b. In the literature, recently there
is growing research on THz applications, for example in communications, sensors,
radar, imaging, and other research applications [5–7]. Some of the major reasons for
the increasing interest in THz frequency band are given below [8, 9]:

1. THz radiations are able to penetrate through luggage and coveringmaterials like
corrugated cardboard, packaging, book bags, clothes, and shoes, etc. to discover
any dangerous or unsafe materials concealed within.

2. The THz systems do not damage the suspect or human body that is scanned
under THz radiations.

3. Terahertz imaging systems can detect corrosion or deterioration on metallic
exterior of aerospace structure and any fault in composite materials of aerospace
structure as well [10, 11].

4. The ECRs imaging and terahertz spectroscopy have been explored intensively
for possible biomedical, security, and defense applications.

As antenna is the backbone for every wireless application and therefore antenna
arrays are used for the purpose of beamforming and increasing the gain of antenna.
Usually, the antenna arrays are made of large number of antenna elements. Hence,
there is a high probability of failure of radiating elements. Phased antenna arrays used
for radar and satellite applications can have element failure typically due to ampli-
fiers. As antenna arrays are used in battlefield, aerospace, and other communication
applications, so the damaged components in antenna arrays are hard to be repaired
in real time. The failure of radiating elements can result in an increase in sidelobe
level (SLL), filling nulls position, beam widening, and loss in gain, depending on
the number of failed elements. To recover these performance parameters of array

(a) (b)

Fig. 1 THz frequency a Frequency range and wavelength b Applications in real life
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by replacing non-radiating elements is quite impossible in situations, where antenna
array is on a platform in space. The hardware replacement is a costly way to recover
the array availability.While the presence of faulty elementsmakes antenna array non-
symmetrical, because of this issue, the traditional analytical techniques are difficult to
implement. Recently, the researchers have explored some self-repairing techniques
based on optimization and these optimization techniques can recover the array pattern
in the presence of failed elements. Thus, researchers sort out an approach through
which the properties of array radiation patterns can be maintained: this approach
is to re-synthesize or recalculate the excitation coefficients of the working elements
instead of replacing them. In the literature, there are two approaches for antenna array
failure correction: (1) software solutions: some of them are optimization algorithms,
for example, PSO (particle swarm optimization algorithm), GA (genetic algorithm),
BFO (bacteria foraging algorithm), and IFT (iterative Fourier technique), and (2)
hardware solutions: rarely used due to its complicated designs (discussed in section
I.II).

1.1 Antenna Array Failure Correction Software Techniques

In the software techniques presented in this section, majority algorithms work to
recalculate the amplitudes/phases of the array antenna elements for radiation pattern
recovery. In [12], the proposed algorithm calculates the new phases of non-defective
phase shifters to restore the broad null (20˚ to 30˚) with −66 dB depth in the desired
direction of the 28 isotropic elements linear array pattern. It is shown that the null can
be recovered at the cost of increasing SLL for random elements failures. A rectan-
gular 5800 elements planar array was investigated in [13] for SLL (−45 dB) and gain
by defecting 290 random elements using inverse Fourier transform. In [14], 50 and
80 elements linear isotropic array was investigated for low SLL (−45 dB) synthesis
using 8 elements random failure. In [15], the genetic algorithm (GA) can recover
the best pattern with SLL of −20 dB for 18 and 44 elements linear isotropic arrays
from the damaged pattern by re-synthesizing the excitation for the working elements.
The work in [16] has presented a novel real-time pattern correction approach based
on sparse-recovery technique on 17 × 17 planar arrays for SLLs of −20 dB and
−40 dB. The IFFT approach in [17] has investigated single and dual wide nulls
along with specified SLL value for 1 × 34 linear isotropic arrays. The DE (Differ-
ential Evolution) algorithm in [18] is used to investigate the 1 × 30 linear half-wave
dipole array by optimizing spacing among antenna elements for pattern recovery
in case of antenna elements failure. In [19], the performance of two optimization
algorithms particle swarm optimization (PSO) and bacteria foraging optimization
(BFO) is analyzed. By using the above algorithms, the excitations were recalculated
for the array with elements failure and the radiation patterns are restored. The main
emphasis of [19] was to recover the SLL and steering nulls in the specified directions,
using amplitude correction approach. The analysis was performed on a 1× 32 linear
array with element spacing of λ/2, and the array was designed at 2.33 GHz. The
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work in [20] has proposed a novel technique CUSUM (cumulative sum scheme) for
active phased antenna arrays that are used for correction and detection of failures
using a systemic process for the arrays. This technique is considered tomonitor phase
shifters and alternators inside TRMs (transmitter receiver modules). Two techniques
NU-NCLMS (non-uniform norm constrained least mean square) and GA (genetic
algorithm) are analyzed in [21] for re-optimization of array pattern. The implementa-
tion of PSOalgorithm reported in [22] can be used for pattern correction/optimization
and additionally considers some other effects, like element pattern, element failure,
mutual coupling, and installation platform.Anew signal processing algorithmknown
as RIO (Recursive Intelligent Optimizer) was used in [23] to operate in stochastic
and deterministic mode and offers beam steering, fast beamforming, tolerates faulty
array element and interference rejection by using digitally controlled phase shifters.
The software techniques presented above are tabulated in Table 1.

1.2 Antenna Array Failure Correction Hardware Solutions

The hardware techniques for antenna array failure correction are limited due to its
complexity in real-time implementation. Majority of hardware solutions reported
in the literature work using the technique in [24]. In the hardware solution,
backup/redundant or idle transmit/receive (TR)modules are used in case of its failure.
The hardware connections of faulty TR cells are disconnected, and backup TR cells
are connected to the input/output switching module, power distribution system, and
detection module. The solution in [24] has analyzed different types of faulty TR cells
in 1 × 16 linear antenna array, for example, single faculty TR cell, adjacent faulty
TR cells with different sequences.

The detailed literature review of software and hardware approaches for antenna
array failure correction is given in Table 1. At this point, the inverse Fourier tech-
nique (IFT) presented in this book chapter is closely related to the work in [13] and
[14] with multi-functional capabilities of computing SLL, gain, and taper efficiency
simultaneously.

2 Proposed IFT Antenna Array Failure Correction
Technique

The array pattern of N-elements linear array with inter-element spacing of d can be
written as the product of element pattern (EP) and array factor (AF):

AP = EP × AF (1)
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AF =
N−1∑

n=0

wn.e
j2πndsinθ (2)

where wn = Anej�∅ is the complex excitation weight (amplitude and phase) of
nth antenna element and θ is the spherical angular distance measured from array
normal (z-axis). A flow chart for antenna array failure correction of the proposed
IFT technique based on the work in [13, 14] is shown in Fig. 2 and briefly discussed
as follows: Initially, the antenna array is excited with uniform amplitudes An =
ones(1,N) and zero inter-element phase shift �∅ = 0. Then AF calculation of (2) is
done using M-point IFFT (inverse Fourier transform), where M > N and M–N zeros
padding are used. The MATLAB command used is given in (3). Next, the iterative
synthesis is applied on the sidelobe region of the AF to achieve the desired SLL, and
only those sidelobe samples of the AF are corrected which are exceeded the SLL
threshold, while other samples are unchanged. After this correction step, a direct M-
point FFT is applied on the modified array factor of (3) to compute the new updated
elements excitation coefficients as given using MATLAB command in (4).

AF = ifftshift(ifft(An,M )); (3)

An = fft(ifftshift(AF),M ); (4)

The above steps are repeated for random elements failure by simply setting the
weights of defected elements equal to zero, and recalculating the updated weighting
coefficients. When the required SLL with random elements failure is achieved, then
the updated excitation coefficients are used in the AF formula given in Eq. (5), where
for amplitude-only the progressive phase is set to zero, and for complex weights, the
progressive phase for the required scan angle can be calculated using Eq. (6).

AF =
N−1∑

n=0

Ane
j�∅.ej2πnd sin θ (5)

where �∅ is progressive phase shift given by

�∅ = −2πnd sin θs (6)

θs is the scan angle for mainbeam.

3 Single Antenna Element Design at 3.5 THz

Using the guidelines in [25], a 3.5 THz microstrip patch antenna was designed in
CST on FR4 substrate (εr = 4.4 and tan δ = 0.02) as shown in Fig. 3a and 8 elements
linear array shown in Fig. 3b. Various formulae for calculating the effective patch



26 H. Munsif et al.

Fig. 2 Flowchart for antenna array failure correction using the proposed IFT technique

dimensions of a microstrip antenna are known in the literature [26], but they are
limited to h/λo ≤ 1/10. The thickness of the chosen substrate is lowered as a result
of this enforced constraint. The dimensions of the single patch element operating
at 3.5 THz are listed in Table 2, and the performance parameters of the antenna are
given in Table 3. The length of the patch can be calculated from Eq. (7) to (10),
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(a)

(b)

Fig. 3 a dimensions of a 3.5 THz microstrip patch antenna b 1 × 8 THz microstrip patch linear
antenna array

Table 2 Design parameters
of the proposed 3.5 THz
microstrip patch antenna

Variable Value (μm)

Patch length
(
Lp

)
18.969

Patch width
(
Wp

)
25

Inset feed length
(
Lf

)
2.349

Microstrip feed width
(
Wf

)
1.368

Ground/substrate length (L) 28.453

Ground/substrate width (W ) 37.5

Patch/ground thickness (h) 0.02

Substrate thickness (hs) 0.45

Normalized inter-element spacing (d) 0.5

Table 3 Performance
parameters of the proposed
3.5 THz microstrip patch
antenna

Performance parameter Value

Bandwidth 0.1376 THz

Directivity 6.01 dBi

HPBW 88.2°
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Leff = L + 2�L (7)

where

L = 1

2fr
√

εeff
√

εoμo
(8)

�L = 0.412

(
εeff + 0.3

)(Wp

hs
+ 0.264

)

(
εeff + 0.258

)(Wp

hs
+ 0.8

)hs (9)

εeff = εr + 1

2
+ εr − 1

2

[
1 + 12

hs
Wp

]−1/2

(10)

and width is calculated by Eq. (11).

W = 1

2fr
√

εoμo

√
2

εr + 1
(11)

3.1 3.5 THz Linear Antenna Array with Element Failure
Correction

THz beamforming with 25% elements failure correction using 1 × 8 microstrip
patch linear array is considered. Two cases, adjacent elements (1st and 2nd) and
edge elements (1st and 8th) as defected elements are implemented. In both cases,
broadside, 20˚ scanned and 40˚ scanned patterns for −20 dB, −30 dB and −40 dB
SLLs are discussed.

4 Simulation Results

To validate the proposed IFT technique for antenna array failure correction, a 1
× 8 elements microstrip patch antenna array operating at 3.5 THz was simulated
in a commercially available CST simulator. The proposed IFT technique for 25%
elements failure correction was first implemented in MATLAB to recalculate the
array weights (amplitudes and phases) after random elements failure. The array
elements in CST were excited with these MATLAB computed complex weights to
recover the radiation pattern. Figures 4, 5, 6, 7, 8, 9, 10, 11, 12 and 13, show the
pattern obtained by the proposed algorithm in MATALB, and 14 to 13 show patterns
achieved in CST. In each array, 25% elements are considered defective elements.
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Fig. 4 MATLAB
comparison of radiation
patterns for broadside
(θS = 0◦) 3.5 THz 1 × 8
linear array failure correction
with 1st and 2nd failed
elements and SLL = −20 dB

Fig. 5 MATLAB
comparison of radiation
patterns for broadside(
θS = 0

◦)
3.5 THz 1 × 8

linear array failure correction
with 1st and 2nd failed
elements and SLL = −30 dB

Each example of linear array failure correction is divided into three cases: broadside,
scanned at 20˚, and scanned at 40˚, and then these three cases are further investigated
for 3 sub-cases of −20 dB SLL, −30 dB SLL, and −40 dB SLL.

Dynamic range is the ratio of maximum amplitude value to minimum amplitude
value of excitation coefficients of elements (Amax/Amin), and its value is limited to
25 dB in the proposed IFT failure correction algorithm to maintain an acceptable
taper efficiency. The low sidelobe synthesis has 512-point inverse and direct FFTs.
In Tables 1 to 18, OP stands for original pattern which means array pattern without
defecting any element, DP stands for defected patternwhichmeans array patternwith
defecting 25% elements without applying proposed IFT technique, and CP stands for
corrected pattern which means array pattern of array after defecting 25% elements
and corrected by the proposed IFT technique.
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Fig. 6 MATLAB
comparison of radiation
patterns for broadside(
θS = 0

◦)
3.5 THz 1 × 8

linear array failure correction
with 1st and 2nd failed
elements and SLL = −40 dB

Fig. 7 MATLAB
comparison of radiation
patterns for scanned
(θS = 20◦) 3.5 THz 1 × 8
linear array failure correction
with 1st and 2nd failed
elements and SLL = −20 dB

A. MATLAB simulation

Case 1: Adjacent Defected Elements (1st and 2nd)

In the first case of 3.5 THz 1 × 8 microstrip patch linear antenna array failure
correction, 1st and 2nd adjacent elements are taken as defected elements. For case
1, the proposed IFT antenna array failure correction technique in section II was
implemented in MATLAB to compute the array weights for sidelobe levels (SLL =
−20 dB, SLL= −30 dB and SLL= −40 dB) of the broadside array radiation pattern.
The original pattern (denoted as OP), defected pattern (denoted as DP), and corrected
pattern (denoted asCP)) are given in Figs. 4, 5 and 6, and the achieved SLLs,HPBWs,
directivity, and taper efficiency are provided in Table 4. Similarly, original, defected,
and corrected patterns for above SLLs using main beam scanned at 20˚ and at 40˚ are
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Fig. 8 MATLAB
comparison of radiation
patterns for scanned
(θS = 20◦) 3.5 THz 1 × 8
linear array failure correction
with 1st and 2nd failed
elements and SLL = −30 dB

Fig. 9 MATLAB
comparison of radiation
patterns for scanned
(θS = 20◦) 3.5 THz 1 × 8
linear array failure correction
with 1st and 2nd failed
elements and SLL = −40 dB

Fig. 10 MATLAB
comparison of radiation
patterns for scanned
(θS = 40◦) 3.5 THz 1 × 8
linear array failure correction
with 1st and 2nd failed
elements and SLL = −20 dB
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Fig. 11 MATLAB
comparison of radiation
patterns for scanned
(θS = 40◦) 3.5 THz 1 × 8
linear array failure correction
with 1st and 2nd failed
elements and SLL = −30 dB

Fig. 12 MATLAB
comparison of radiation
patterns for scanned
(θS = 40◦) 3.5 THz 1 × 8
linear array failure correction
with 1st and 2nd failed
elements and SLL = −40 dB

given in Figs. 7, 8 and 9 and Figs. 10, 11 and 12, respectively. Their achieved SLLs,
taper efficiency, directivity, andHPBWs are provided in Tables 5 and 6. These figures
and tables show that for all desired SLLs with 1st and 2nd defecting elements, the
original radiation patterns are recovered fairly by the proposed IFT failure correction
algorithm. However, the cost of algorithm is widening the main beam due to inverse
relationship between SLL and HPBW. If the desired SLL decreases, the HPBW
increases. The decrease in the directivity can also be seen in the corrected patterns;
this decrease is due to the 25% of elements taken as defected and therefore cannot
contribute to the overall array radiation pattern. This decrease in directivity can also
be the cause of widening the HPBW. In phased array applications, when mainbeam
is scanned from broadside to 20˚ and 40˚, the directivity of the array decreases due
to scan loss. During scanning, the element pattern has maximum value of directivity
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Fig. 13 MATLAB
comparison of radiation
patterns for scanned
(θS = 20◦) 3.5 THz 1 × 8
linear array failure correction
with 1st and 8th failed
elements and SLL = −30 dB

at broadside and decreases gradually as moving away from broadside. The taper
efficiency of original pattern is greater than the taper efficiency of corrected pattern.
As the taper efficiency is related to the amplitudes dynamic range, and the dynamic
range constraints of 25 dBare applied in the algorithm tomaintain the taper efficiency.
If these constraints are relaxed to 30 dB instead of 25 dB, then the taper efficiency
of corrected pattern further decreases than the mentioned efficiencies in the Tables.
It should be noted that in Figs. 11 and 12, the desired SLL is not achieved; this is
most probably because of not fine tuning the algorithm. If the algorithm is further
optimized, the problem will be solved, or increasing the dynamic range to 30 dB can
also resolve the issue. However, increasing dynamic range can also decrease the taper
efficiency. The computed excitation amplitudes for various SLLs using the proposed
IFT antenna array failure correction algorithm are given in Table 8 of appendix A.

Case 2: Edge Defected Elements (1st and 8th)

For case 2, the edge elements 1st and 8th in the 3.5 THz 1 × 8 linear antenna array
failure correction are considered as defected. For SLLs (SLL = −20 dB, SLL = −
30 dB and SLL = −40 dB) of broadside and scanned radiation patterns, the original,
defected, and corrected patterns are investigated similarly as in case 1. The required
SLLs were successfully obtained in recovered patterns with the help of the proposed
IFT failure correction algorithm. The behavior of widening HPBW and decreasing
the directivity in 1× 8 linear arrayswith first and eighth defected elements is the same
as in case 1(adjacent first and second antenna elements were defected). Therefore,
for the edge defected elements (1st and 8th), only results for test case of (θS = 20◦)
with SLL = −30 dB are reported in this chapter and are shown in Fig. 13. For edge
defected elements in 1 × 8 linear array, the achieved SLLs, HPBWs, directivity, and
taper efficiency are provided in Table 7. The computed excitation amplitudes for
case 2 using the proposed IFT antenna array failure correction algorithm are given
in Table 9 of appendix A.
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Fig. 14 CST comparison of
radiation patterns for
broadside (θS = 0◦) 3.5 THz
1 × 8 linear array failure
correction with 1st and 2nd
failed elements and SLL =
−20 dB

CST Simulation

Case 1: Adjacent Defected Elements (1st and 2nd)

A 1× 8 microstrip patch antenna element array constituted of single THz microstrip
patch antenna element operating at 3.5 THz (as discussed in section III) is designed in
CST simulator. The required excitation amplitudes are computed from the proposed
low sidelobe synthesis IFT failure correction algorithm and are given in Table 8
of appendix A. The designed 3.5 THz 1 × 8 linear patch antenna element failure
correction array inCSTwas excitedwith these computed arrayweights. For corrected
patterns, all the defected elements (1st and 2nd) are excitedwith zeromagnitudes. The
original, defected, and corrected patterns (denoted as OP, DP, and CP)) for broadside
THz 1 × 8 microstrip patch linear array for −20 dB, −30 dB, and −40 dB SLLs are
given in Figs. 14, 15 and 16, respectively. For the above three SLL cases of broadside,
the required SLLs are achieved in corrected patterns. Similar to MATLAB patterns,
the CST corrected patterns have an increase in HPBW and decrease in directivity
from original patterns. The original, defected, and corrected patterns for 20˚ scanned
3.5THz1× 8microstrip patch linear array for−20 dB,−30 dB and−40 dBSLLs are
given in Figs. 17, 18, and 19, respectively. For the above three SLL cases of 20˚ main
beam scanning, the required SLLs are achieved, while the corrected patterns have
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Fig. 15 CST comparison of
radiation patterns for
broadside (θS = 0◦) 3.5 THz
1 × 8 linear array failure
correction with 1st and 2nd
failed elements and SLL =
−30 dB

Fig. 16 CST comparison of
radiation patterns for
broadside (θS = 0◦) 3.5 THz
1 × 8 linear array failure
correction with 1st and 2nd
failed elements and SLL =
−40 dB

widened HPBW and low directivity than original patterns. The original, defected,
and corrected patterns for 40˚ 3.5 THz 1× 8microstrip patch linear array for−20 dB,
−30 dB and −40 dB SLLs are given in Figs. 20, 21, and 22, respectively. For above
three SLL cases of 40˚ scanning, the required SLLs are achieved, while the corrected
patterns have widened HPBW and low directivity than original patterns. Due to the
influence of individual element patterns, the directivity also decreases as mainbeam
is scanned off broadside. At this point, it is worthmentioning thatMATLAB andCST
results (HPBW, directivity, and SLLs) and patterns are almost same for all cases with
slight changes inMATLAB and CST patterns. This is thought to be due to the mutual
coupling between elements of arrays. Mutual coupling effects are not included in
MATLAB coding, while 3D EM based CST simulator takes into account the mutual
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Fig. 17 CST comparison of
radiation patterns for
scanned (θS = 0◦) 3.5 THz 1
× 8 linear array failure
correction with 1st and 2nd
failed elements and SLL =
−20 dB

Fig. 18 CST comparison of
radiation patterns for
scanned (θS = 20◦) 3.5 THz
1 × 8 linear array failure
correction with 1st and 2nd
failed elements and SLL =
−30 dB

coupling in the 3D simulation of the radiation patterns. This mutual coupling affects
the radiation pattern and it can be seen by comparing Figs. 11 with 21 and Figs. 12
with 22.
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Fig. 19 CST comparison of
radiation patterns for
scanned (θS = 20◦) 3.5 THz
1 × 8 linear array failure
correction with 1st and 2nd
failed elements and SLL =
−40 dB

Fig. 20 CST comparison of
radiation patterns for
scanned (θS = 40◦) 3.5 THz
1 × 8 linear array failure
correction with 1st and 2nd
failed elements and SLL =
−20 dB

Case 2: Edge Defected Elements (1st and 8th)

For case 2 in CST, only results for test case of (θS = 20◦) with SLL = −30 dB are
reported in this chapter and are shown in Fig. 23. As can be seen, the SLL of −
30 dB has been successfully recovered in the corrected pattern by the proposed IFT
antenna array failure correction algorithm.



42 H. Munsif et al.

Fig. 21 CST comparison of
radiation patterns for
scanned (θS = 40◦) 3.5 THz
1 × 8 linear array failure
correction with 1st and 2nd
failed elements and SLL =
−30 dB

Fig. 22 CST comparison of
radiation patterns for
scanned (θS = 40◦) 3.5 THz
1 × 8 linear array failure
correction with 1st and 2nd
failed elements and SLL =
−40 dB

5 Summary

A linear antenna array failure correction algorithm based on iterative Fourier tech-
nique in [13, 14] is discussed in this chapter. Then a 1 × 8 microstrip patch antenna
array with 25% elements failure correction capability operating at 3.5 THz was
designed in CST simulator. The required array weights (amplitudes and phases)
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Fig. 23 CST comparison of
radiation patterns for
scanned (θS = 20◦) 3.5 THz
1 × 8 linear array failure
correction with 1st and 8th
failed elements and SLL =
−30 dB

were computed in MATLAB using the proposed IFT failure correction algorithm
for random failure of antenna elements. The calculated array weights were put on
individual antenna elements (weights of defected elements were set to 0) in CST and
effects on directivity, HPBW, SLLs, and taper efficiency were thoroughly investi-
gated. There are twomain constraints of the proposed antenna array failure correction
algorithm: 1. Dynamic range constraints, 2. Defective elements excitation. The main
purpose of this iterative low sidelobe synthesis is that the proposed algorithm is highly
robust, simple, and easy for implementation in MATLAB. The calculations are only
based on DFT and FFT (inverse fast Fourier transform) calculations. Because of this,
it has fast computational speed. The presented examples and results are based on 1×
8 linear antenna array failure correction model implemented in MATLAB and CST
simulators. MATLAB and CST recovered radiation pattern results for various SLLs
are in close agreement with each other. This validates the efficient implementation of
iterative IFT based antenna array failure correction algorithm for future use in THz
beamforming antenna arrays for various wireless applications.

Appendix A

See Tables 8 and 9.
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Table 9 Computed
amplitudes using proposed
IFT algorithm for case 2 of
3.5 THz 1 × 8 linear antenna
array failure correction
(defected edge elements 1 and
8)

Computed excitation amplitudes for case 2: edge defected
elements (1st and 8th)

Element No. For SLL = −30

For original
pattern

For defected
pattern

For corrected
pattern

1 0.2554 0 0

2 0.5152 0.5152 0.2940

3 0.8081 0.8081 0.6822

4 0.9998 0.9998 0.9998

5 1.0000 1.0000 1.0000

6 0.8085 0.8085 0.6829

7 0.5157 0.5157 0.2947

8 0.2541 0 0

Note The required inter-element phase shifts for broadside
(θS = 0◦) and scanned main beam (θS = 20◦, θS = 40◦) for cases
1 and 2 were calculated using Eq. (6) and are not reported here
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Abstract This chapter investigates the magneto electron statistics (ES) in Heavily
Doped Doping Super-lattices (HDDS) under terahertz frequency. It is found
taking HDDS of Cd3As2, CdGeAs2, InAs, InSb, Hg1−xCdxTe, In1−xGaxAsyP1−y

as examples that the Fermi energy (EF ) oscillates with inverse quantizing magnetic
field (1/B) and increases with increasing electron concentration n0 with different
numerical magnitudes.

Keywords Electron statistics · Heavily doping super-lattices ·Magnetic
quantization · Terahertz frequency

R. Paul · S. Chakrabarti
Department of Computer Science and Engineering, University of Engineering and Management,
Kolkata 700156, India
e-mail: rajashree.paul@uem.edu.in

S. Chakrabarti
e-mail: satyajit.chakrabarti@iemcal.com

B. Chatterjee
Department of Computer Science and Engineering, University of Engineering and Management,
Jaipur, Rajasthan 303807, India
e-mail: biswajoy.chatterjee@iemcal.com

K. Bagchi
237, Canal Street, Sreebhumi, Kolkata 700048, India

P. K. Bose
Department of Mechanical Engineering, Swami Vivekananda Institute of Science and
Technology, Dakshin Gobindapur, Sonarpur, Kolkata, West Bengal 700145, India

M. Mitra
Department of Electronic and Telecommunication Engineering, Indian Institute of Engineering
Science and Technology, Shibpur, Howrah 711103, India

K. P. Ghatak (B)
Department of Basic Science & Humanities, Institute of Engineering & Management, 1,
Management House, Salt Lake, Sector—V, Kolkata, West Bengal 700091, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
S. Das et al. (eds.), Advances in Terahertz Technology and Its Applications,
https://doi.org/10.1007/978-981-16-5731-3_3

47

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-5731-3_3&domain=pdf
mailto:rajashree.paul@uem.edu.in
mailto:satyajit.chakrabarti@iemcal.com
mailto:biswajoy.chatterjee@iemcal.com
https://doi.org/10.1007/978-981-16-5731-3_3


48 R. Paul et al.

1 Introduction

The importance of electron statistics (ES) is well known in the whole arena of quan-
tized structures and Ghatak and his group for the last forty years in their seventeen
research monographs [1–17] and more than 300 research papers [18–40] to inves-
tigate the different electronic properties of various quantized compounds. From the
in-depth study of the said vast literature, it appears that the magneto ES in HDDS has
yet to be investigated and in what follows this is done in HDDS of various materials
as stated in the abstract.

2 Theoretical Background

The DOS function in HDDS of tetragonal compounds assumes the form [17]

N1 = β1
[
δ
(
E − E10,2

)]
(1)

where β1 = gveB
π�dz

∑nimax
ni=0

∑nmax
n=0 δ, is the Dirac’s delta function, and the other symbols

are given in [17].
From Eq. (1), the n0 can be written as

n0 = β1
[
1+ exp(−η10,2)

]−1
(2)

where η10,2 = (kBT )−1[EF − E10,2] and E10,2 is given in [46].
The DOS function in HDDS of III-V and alloy compounds on the basis of the HD

three and two band models of Kane together with wide band gape models assume
the forms

N1 = β1
[
δ(E − E10,3)

]
(3)

N1 = β1
[
δ(E − E10,5)

]
(4)

N1 = β1
[
δ(E − E10,7)

]
(5)

where E10,3, E10,5 and E10,7 are defined in [46].
From Eqs. (3), (4) and (5), the n0 in the respective cases assume the forms

n0 = β1
[
1+ exp(−η10,3)

]−1
(6)

n0 = β1
[
1+ exp(−η10,5)

]−1
(7)
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n0 = β1
[
1+ exp(−η10,7)

]−1
(8)

where η10,3 = (kBT )−1[EF − E10,3], η10,5 = (kBT )−1[EF − E10,5] and η10,7 =
(kBT )−1[EF − E10,7].

3 Results and Discussion

Using Eqs. (2), (5)–(8) and taking HDDS of Cd3As2, CdGeAs2, InAs, InSb,
Hg1−xCdxTe,In1−xGaxAsyP1−y, we have plotted the EF versus 1/B and EF versus
n0 in Figs. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11, respectively. From these figures, we
observe the followings:

1. The Fermi energy oscillates with 1/B.
2. Fermi energy increases with increasing n0 in an oscillatory way.
3. The points 1 and 2 are valid for all types of HDDS with different numerical

values due to different band structures.

Fig. 1 Plot of EF for HDDS
of the indicated material
versus 1/B in five different
cases

Fig. 2 Plot of EF for HDDS
of the indicated material
versus 1/B in three different
cases
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Fig. 3 Plot of EF for HDDS
of the indicated material
versus 1/B for all graphs of
Fig. 2

Fig. 4 Plot of EF for HDDS
of the indicated material
versus 1/B for all graphs of
Fig. 2

Fig. 5 Plot of EF for HDDS
of the indicated materials
versus 1/B for all graphs of
Fig. 2

Fig. 6 Plot of EF for HDDS
of the indicated materials
versus n0 for all graphs of
Fig. 1
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Fig. 7 Plot of EF for HDDS
of the indicated materials
versus n0 for all graphs of
Fig. 1

Fig. 8 Plot of EF for HDDS
of the indicated materials
versus n0 for all graphs of
Fig. 2

Fig. 9 Plot of EF for HDDS
of the indicated materials
versus n0 for all graphs of
Fig. 2

4 Conclusion

This chapter investigates the magneto electron statistics (ES) in Heavily Doped
Doping Super-lattices (HDDS) under terahertz frequency. It is found taking HDDS
of Cd3As2, CdGeAs2, InAs, InSb, Hg1−xCdxTe, In1−xGaxAsyP1−y as examples
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Fig. 10 Plot of EF for
HDDS of the indicated
materials versus n0 for all
graphs of Fig. 2

Fig. 11 Plot of EF for
HDDS of the indicated
materials versus n0 for all
graphs of Fig. 2

that the Fermi energy (EF ) oscillates with inverse quantizing magnetic field (1/B)
and increases with increasing electron concentration n0 with different numerical
magnitudes.
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Circularly Polarized Dual-Band
Terahertz Antenna Embedded on Badge
for Military and Security Applications

Sarosh Ahmad, Asma Khabba, Saida Ibnyaich, and Abdelouhab Zeroual

Abstract Terahertz antennas have got much attention in the field of security and
military applications. As terahertz antennas are the perfect tools for short-distance
communication for the armed forces. Therefore, in this research, a compact size dual-
band circularly polarized (CP) microstrip patch terahertz antenna embedded on the
badge is designed and simulated for military and security applications. As the badge
is being stitched with the uniform or cap of the officers that is why the material used
for the badge is Jeans with relative permittivity εr = 1.78 and the loss tangent tanδ
= 0.085. The proposed antenna consists of three layers, i.e., a flexible substrate, a
single element slotted patch, and a full ground plane. The antenna is being operated
in the range of 0.126–0.133 THz and 0.184–0.194 THz for security and military
applications. As the antenna is dual band so it will receive the data at one frequency
and transmit the data to another frequency and the pattern radiation of the antenna is
broadside at both frequencies. The overall size of the design is 1.5 × 1 × 0.15 mm3,
and the patch is printed on a polyimide substrate with relative permittivity εr = 3.5
and the loss tangent tanδ = 0.0027. The simulated results like realized gain, radiation
efficiency, and 10 dB impedance bandwidth at terahertz frequencies are found to be
4.87 dB and 5.59 dB, 89.6% and 77.9%, and 0.651 THz and 0.979 THz, respectively.
The antenna gives circularly polarized behavior at both frequencies and has an axial
ratio of less than 3 dB. The antenna is designed in computer simulation technology
(CST) software and the simulated results proved that this proposed terahertz antenna
is well-suited for security and military applications. As the antenna is made up of
flexible substrate that is why bending analysis of the antenna along the x-axis and y-
axis is also discussed in this article. Furthermore, in the future we will try to increase
the gain, make the size more compact and to increase the bandwidth.
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applications
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1 Introduction

Recently, a terahertz antenna has got the interests of scientists in the area of mili-
tary and security applications. There are some major requirements for security and
military applications that involve wideband greater efficiency, low profile, extreme
integration, and conformability to the host platform [1]. The conformability stem
and the low profile from the desire to blend the antenna into its environments to
avoid easy detection and identification. These applications need novel solutions for
antenna designing. In general, the more complicated structure of the antenna, the
more it can be affected by the platform and the operating surroundings [2]. This is
not always addressed by the researchers even the performance of the antenna tells
the system performance. The more the antenna is efficient, the more it will work
fine. The other imperative parameter in the designing of the antenna is the choice of
the materials for the substrates that should encounter electronic, electromagnetic as
well as structural requirements. The selection of the materials plays a vital role in
antenna appearance and identification.

The major component used for communication between wireless systems is
antenna. The main advantage of designing a microstrip patch antenna is its compact-
ness and ease to fabricate. High performance, compactness of the size, low cost,
easy fabrication, wideband, multiband, and less power consumption are the severe
requirements these days for communication engineering [3]. In order to reduce the
size of the antenna, slots can be added, and by making modifications in the electrical
length of the patch antenna in this way the area of the antenna can be scaled down.
Also, in order to achieve dual-band slots can be introduced inside the patch [4].
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This paper provides a circularly polarized very compact size dual-band terahertz
antenna printed on a polyimide substrate for security and military applications. The
peak gain of the proposed design is achieved 4.87 and5.59 dBat 0.130, and 0.185THz
with an overall size is 1.5 × 1 × 0.15 mm3. This paper is categorized as CP antenna
measurements are discussed in Sect. 2, antenna simulation on badge is presented
in Sect. 3, comparison with related works is presented in Sect. 4, and at the end,
conclusion part is presented in Sect. 5.

2 Circularly Polarized Antenna Geometry and Simulation
Results

The projected design has a very compact size and is suitable for military applications.
The projected antenna is configured with a ground plane and a stripline feeding tech-
nique, so its response to the greater bandwidth and reduced antenna back radiation.
Dimensions of the antenna are small and were constructed and investigated by phys-
ical layers, for example, the crust of the external body and its corresponding dielectric
conduction, electrical conductivity and weight, and antenna parameters like power
loss, voltage standing wave ratio, radioactive pattern, and realized gain are simulated
in this article. Therefore, a low-profile terahertz antenna is proposed for military and
security utilizations at two different frequencies. To make it flexible, a polyimide
material is used as a substrate. It should also be kept in mind that bending of the
design must have an insignificant result on the performance. The proposed design
is made up of three different layers such as ground plane, substrate, and patch. The
conducting patch and the ground plane are printed on polyimide substrate. The preci-
sion of the proposed system is improved, reducing the background radioactivity of
the antenna, and the proposed system is investigated on badge made up of Jeans
material with εr = 1.78, and tanδ = 0.085. The overall size of the antenna is 1.5 ×
1 × 0.15 mm3. The proposed design is shown in Fig. 1 along with the dimensions.
The design is small in size having a volume of 0.225 mm3, and it is flexible by using
flexible material, polyimide (εr= 3.5, thickness = 0.15 mm, tanδ = 0.0027), as a
substrate. Ls andWs are the length and width of the substrate and a 50 � SMA port
is used for the antenna’s excitation.

The list of the parameters of the proposed design is presented in Table 1. The CST
MW Studio software is utilized to create this type of antenna.

2.1 Return Loss of the Proposed Design

The proposed CP antenna is simulated in CST MW Studio software, and the return
loss of the design is found to be −22 dB and −44.38 dB at the operating frequency
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(a) (b)

Fig. 1 Proposed CP dual-band antenna

Table 1 Parameters of the
proposed design

Parameters Values (mm) Parameters Values (mm)

Ls 1.50 Ws 1.00

L 0.70 W 0.80

Lf 0.70 Wf 0.08

L1 0.30 W1 0.50

L2 0.10 W2 0.70

L3 0.10 W3 0.30

g 0.10 W4 0.06

Lp 0.80 Wp 0.80

of 0.13 THz and 0.185 THz, respectively. The return loss is shown in Fig. 2. It should
be considered that the return loss for an idea antenna is negative infinity [5].

2.2 Design Process and Equations Used

Figure 3 presents the designing process of the proposed dual-band antenna. The basic
antenna design (Fig. 3a) consists of a 50 � uniform feedline, a ground plane, and a
radiating patch. On the basis of the transmission line model for the square-shaped
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Fig. 2 S11 parameter of the antenna

 (a)                                              (b)                                           (c)              

Wp

Lp

Fig. 3 Radiating patch design procedure; a Square patch, b Patch with bottom slot, c Proposed
design

radiating patch at the dominant mode is calculated by using Eqs. (1)–(4). The width
of the patch, Wp, is calculated by using Eq. (1).

Wp = λo

2
√
0.5(εr + 1)

(1)

where λo and εr are the wavelength is free space and the relative permittivity of
the substrate at the operating frequency. The best choice of Wp leads to the perfect
impedance matching. The length of the patch can be calculated using Eq. (2).
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Fig. 4 S11 Parameter of the design procedure discussed in Fig. 3

L p = co
2 fo

√
εeff

− 2�L p (2)

where co,�L p and εeff is the speed of light in free space, change in the length of
the patch due to its fringing effect, and the effective dielectric constant, respectively.
The effective relative permittivity can be calculated using Eq. (3).

εeff = εr + 1

2
+ εr − 1

2

⎛
⎜⎜⎝

1√(
1 + 12 hsub

Wp

)

⎞
⎟⎟⎠ (3)

where hsub is the height of the substrate. At the end, the fringing effect can be
calculated using Eq. (4).

�Lp = 0.421hsub
(εeff + 0.300)

(
Wp

hsub
+ 0.264

)

(εeff − 0.258)
(

Wp

hsub
+ 0.813

) (4)

With the placement of εr = 3.5, hsub = 0.15 mm in Eqs. (1)–(4), the initial
dimensions of the square patch are Lp = 0.8 mm and Wp = 0.8 mm. Alternatively,
the width and length of the patch are adjusted to Lp = 0.8 mm and Wp = 0.8 mm,
based on full-wave optimization. As the size of the antenna substrate is directly
proportional to the wavelength at the lower frequency band.

The step-by-step design procedure is clearly presented in this section. The first
simple square patch is designed and noticed this simple patch antenna only working
for a higher frequency band as can be seen in Fig. 3a. Then one slot at the bottom
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Fig. 5 VSWR of the proposed design

of the patch is created in the patch (see Fig. 3b) to generate another lower-frequency
band but it is also observed that by creating this slot at the bottom, a lower-frequency
band is generated but a higher band is disturbing. Then two upper slots are created
to set both the frequencies at the desired operating bands, and it can be seen that this
slotted patch antenna is working at the desired bands, i.e., at 0.13 and 0.185 THz.

2.3 VSWR of the CP Antenna

The voltage standingwave ratio (VSWR) is a computation of how proficiently a radio
frequency power is communicated from a power source, through a communication
line into a load. The value of the VSWR of the proposed design is found to be 1.17
and 1.01 at 0.13 and 0.185 THz, as presented in Fig. 5.

2.4 Farfield of the Proposed CP Antenna

The gain of the proposed design is found to be 4.87 and 5.59 dB at 0.13 THz and
0.185 THz, respectively, as can be seen in Fig. 6. The simulated 2D radiation pattern
of the antenna at 0.13 and 0.185 THz is also presented.
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(a) (b)

Fig. 6 Farfield of the proposed design; a at 0.13 THz, b at 0.185 THz

2.5 Circularly Polarized Behavior

Circularly polarization behavior of the electromagnetic (EM)wave is a circular polar-
ization in which the EM field of the antenna has constant magnitude, and it rotates
at a continuous rate in a plane orthogonal to the wave direction. The axial ratio of
the proposed design is found to be below 3 dB as can be seen in Fig. 7.

Fig. 7 Proposed CP antenna axial ratio (dB)
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2.6 Bending Analysis

As the antenna will be embedded on the badge so it must be flexible along x- and
y-axes situations depends on the twistingwhile in practice. In this portion, we learned
how the act of receiving wire is changed by bending antenna on y-, x-directions in
a vacuum. Unlike twisting radii (by = bx = 10–100 mm) were selected in y- and
x-directions to study the S11. The configuration of the different bending is shown in
Fig. 8a, and the S11 of the receiving wire for different bending radii on the x-axis is
presented in Fig. 8b. It is well-known, there are unnecessary changes in all twisting
radii. In the same way, return loss for different twisting radii in the y-axis is presented
in Fig. 8c. From the figures, it is clear that bending of the antenna along the x-axis
and the y-axis has negligible effects on the return loss of the dual-band patch antenna.
Different bending radii of the antenna along the x- and y-axes are analyzed, i.e., at
10, 40, 70, and 100 mm. Return loss behavior at both frequencies can be seen in
Fig. 8b, c. It is clear that bending analysis has a minor effect on the return loss just
the higher band is shifting a little bit. Also, the comparison graph of the realized gain
(dB) versus frequency (THz) is presented in Fig. 8d when the antenna is bent along
the x-axis and y-axis. There is a very minor reduction in the gain, when it is bent
along the x-axis. And the comparison of the total radiation efficiency of the antenna
along the x- and y-axes is also presented in Fig. 8e. The total radiation efficiency in
both of the cases is more than 75%. Hence, all these results indicate that the antenna
is stable in all cases even it is bent along the x-axis and y-axis because of its very
compact size. This antenna is a good candidate for military and security applications.

2.7 Surface Current Distribution

In metal type of antennas, the surface current distribution is the main electric current
that flows in the radiating patch and is induced by an applied electromagnetic field.
In Fig. 9, surface current distribution is given at 0.13 and at 0.185 THz frequencies.
And the red portion indicates that portion of the radiating patch has contribution to
resonate the antenna at the required frequency.

2.8 Parametric Study

In order to optimize the results, the analysis of the different parameters of the
projected dual-band CP antenna plan is achieved when placed on the three-
dimensional box that has the Jeans properties. By varying the patch width at one
side “W1,” the frequency shift is presented in Fig. 10a. By increasing the value of
W1 from 0.1 to 0.6 mm, then the frequency varies. Now, again by changing the width
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“W2” in radiating patch, the projected antenna frequency also varies. By enhancing
the value from 0.1 to 0.4 mm, the frequency moves, as presented in Fig. 10b.

(a) 

(b)  

Fig. 8 Bending analysis of the proposed design; a bending configuration; b S11 changes along
x-axis; c S11 changes along y-axis; d realized gain (dB) versus frequency (THz); e total radiation
efficiency along x- and y-axes
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(c)

(d) 

(e) 

Fig. 8 (continued)
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(a)                                                                 (b) 

Fig. 9 Surface current density; a at 0.13 THz, b at 0.185 THz

3 Antenna Simulation on Badge

After simulating in free space, this proposed low-profile antenna has also been
simulated on badge as presented in Fig. 11. The size of the Jeans box is 3 ×
3 mm2. Their properties are given as the relative permittivity of the Jeans is
εr = 1.78, and loss tangent tan δ = 0.085. The return loss behavior on Badge is
shown in Fig. 12, and the 3D pattern radiation is presented in Fig. 13.

3.1 Return Loss (dB)

The proposed dual-band antenna is simulated in CST MW Studio software, and the
return loss of the design under the proximity of Jeans is found to be −21 dB and
−43.2 dB at the operating frequency of 0.13 THz and 0.185 THz, respectively, as
presented in Fig. 12.

3.2 3D Radiation Pattern

The simulated 3D radiation pattern of the antenna being simulated on the badge at
0.13 and 0.185 THz is also presented. The gain of the proposed design is found to
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(a)

(b)

Fig. 10 a Varying the value of “W1” of the radiating patch. b Varying the value of “W2” of the
radiating patch

JEANS 
( = . , = . )

0.6mm

0.1mm
Antenna

Fig. 11 Side view of the antenna embedded on badge for military applications



68 S. Ahmad et al.

Fig. 12 S11 parameter of the antenna under the proximity of Jeans badge

be 3.61 dB and 6.42 dB at 0.13 THz and 0.185 THz, respectively, as can be seen in
Fig. 13.

3.3 Total Radiation Efficiency (%)

The totally efficiency (%) of the proposed dual-band design is more than 80%. And
when it is kept badge made up of Jeans material, then the efficiency of the antenna
reduces only 2% as it can be seen in Fig. 14.

4 Comparison with Related Works

In reply to the high frequency (THz), the proposed technique is configured with
stripline feeding and a ground plane. About 0.08 mm is the width of the feedline,
which is improved based on the results performed in CSTMWStudio. After finishing
the design barriers, the proposed antenna is tested on the badge at a distance of
0.1 mm. Figure 2 shows simulated return loss features of the proposed antenna. This
is a very precise result, which proves that the BW and resonant frequency for the
antenna are clear. The results of the proposed design are related with the previous
research in Table 2. The projected antenna is very small, flexible, and dual band with
peak gain covers the proposed frequency bands.
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(a) 

 (b) 

Fig. 13 Farfield of the proposed design; a at 0.13 THz, b at 0.185 THz

5 Conclusion

A compact size dual-band circularly polarized (CP) terahertz antenna for military
and security applications has been proposed in this research. The proposed antenna
is being operated in the range 0.126–0.133 THz and 0.184–194 THz for security and
military applications. The overall size of the design is 1.5 × 1 × 0.15 mm3, and the
patch is printed on a polyimide substrate with εr = 3.5, and tan δ = 0.0027. The



70 S. Ahmad et al.

Fig. 14 Overall radiation efficiency of the antenna with and without Jeans badge

Table 2 Comparison with previous research

Ref. no Frequency
(THz)

Volume
(mm3)

Substrate
material

Gain (dB) Total
efficiency
(%)

Polarization

[6] 0.7, 0.85 1 × 1 × 0.2 Roger
RT 6006

3.09, 3.06 <51 LP

[7] – 30 × 28.4
× 0.25

Roger
RT 5880

– – LP

[3] 0.6, 0.5, 2 14 × 14 ×
1.59

FR-4 4.02, 7.48,
5.57

– LP

[8] 0.694 0.2 × 0.42
× 0.02

Polyimide 5.22 – LP

[9] 0.34–0.40 1.8 × 1.8 ×
0.04

GaAs – 73 LP

(This work) 0.130,
0.185

1.5 × 1 ×
0.15

Polyimide 4.87, 5.59 >80 CP

simulated results like realized gain, total radiation efficiency, and 10 dB impedance
bandwidth at terahertz frequencies are found to be 4.87 and 5.59 dB, 89.6 and 77.9%,
and 0.651 and 0.979 THz. The antenna gives circularly polarized behavior at both
frequencies and has axial ratio of less than 3 dB. This proposed design is a perfect
candidate for security and military terahertz applications. Furthermore, we will try
to increase the gain of the antenna and better impedance bandwidth.
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Tera-Bit Per Second Quantum Dot
Semiconductor Optical Amplifier-Based
All Optical NOT and NAND Gates

Siddhartha Dutta, Kousik Mukherjee, and Subhasish Roy

Abstract The proposed inverter based on Quantum Dot Semiconductor Optical
Amplifier (QDSOA) is analyzed by calculating extinction ratio (ER), contrast ratio
(CR), Quality factor (Q), amplitude modulation (AM) considering amplified spon-
taneous noise (ASE). For three different unsaturated gains, 10, 15 and 20 dB, these
parameters are optimized with the variation of control power to the QDSOA. Input-
output bit patterns and pseudoeye diagrams are included in the analysis. The present
chapter investigates and compares the design and performance of NAND gates using
the NOT gates and without using NOT gate or inverter.

Keywords Optical logic · Quantum dot SOA · Inverter · Quality factor · Noise

1 Introduction

Semiconductor Optical Amplifier (SOA) is a versatile gain media for all optical
signal processing (AOSP) and finds applications in various optical signal processing
devices for optical computation and communication [1–3]. Beside integration capa-
bility SOAs have many functional applications like wavelength conversion, optical
demultiplexing, logic elements make it attractive for AOSP [4]. Moreover, SOA
exhibits strong nonlinearity, low power and small size and have been used for many
applications in last few decades [5–10]. Optical Switch likes Tera hertz optical asym-
metric demultiplexer (TOAD) [11], Mach Zehnder Interferometers (MZI) [12] is
used to design various all optical logic gates because logic gates are key element
for AOSP. SOA uses bulk, quantum well (QW) and quantum dot (QD) structures
[4], and quantum dot SOA (QDSOA) has several advantages over its bulk and QW
counterparts. Quantum dot SOAhas low noise level, enhanced output power, reduced
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threshold current density, increased temperature stability, high gain bandwidth, and
quicker gain recovery compared to bulk or QW structures [13]. Recently, lots of
proposal of optical logic devices utilize these advantages are proposed and analyzed
[14–21].Thesedevices includeoptical logic gates, pseudorandombit sequencegener-
ator and encryption-decryption systems and many more. Single QDSOA assisted by
filters finds applications in designing various logic gates [14, 22, 23]. Two-photon
absorption assisted performance in QDSOA [24] can boost the operating speed of the
devices and turbo switch configuration based on QDSOA [25] is also very attractive.
Dual rail switching mode application can enhance operating speed of the devices
proposed [26]. Interferometric configurations based on QDSOA such as Mach
Zehnder Interferometer are useful and find applications in different optical logic
processors [24, 27–33]. However, it is difficult to maintain the balance of the inter-
ferometric device, particularly phase difference between the arms [14, 23]. More-
over, they may create problem in cascading and results in reduction of processing
speed. Beside MZI structure, there are other SOA-based interferometric structures
like Sagnac switch, ultrafast nonlinear interferometer (UNI), etc. exhibit interesting
characteristics in terms of logic gate implementation and their applications[34–40].
However, non-interferometric structure-based logic gates using QDSOA can boost
the processing speed up to 2.5 Tb/s and QDSOA can also work with optical injection
in place of electrical current [41]. QDSOA-based devices also show large Quality
factor (Q), extinction ratio (ER), contrast ratio (CR), with low bit error rate (BER)
and is established now [42]. A recent work by one of the author Mukherjee [43]
has proposed 1 Tb/s 4 bit digital to analog converter (DAC) based on QDSOA with
improved dynamical range and absolute error. This establishes the superiority of
QDSOAover other related devices. Thepresent chapter uses a singleQDSOAwithout
using any filter and interferometric structure to analyze the performance of optical
inverter or NOT gate. An inverter is used to design NAND gate and hence any other
logic gates and processors. A NAND gate without inverter is also designed and its
performance is compared with the inverter-based one. This confirms the ability of
QDSOA to process high-speed data with considerable values of ER, CR, Q factor,
etc. The present chapter also analyzes the performance of the NAND gates at a speed
of 1 Tb/s.Moreover, the NANDgates proposed in this chapter have lower complexity
compared to other similar proposals [8, 19]. Amplified spontaneous emission (ASE)
noise is an important consideration and degrades performance [28, 29] and the present
paper also investigates ASE noise effects. Another important fact about the proposed
logic devices is the use of counter propagating pump probe signals.

2 Working Principle of the Inverter and Mathematical
Modeling

The inverter is based on cross-gain modulation (XGM) in QDSOA. In XGM, an
intensity-modulated pump signal modulates the gain of the QDSOA due to gain
saturation effect. It means that when control or pump signal is low; the QDSOA gain
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Probe 
Signal 

A(Pump Signal) 

Inverted
Output 
   

C 
 QDSOA

Fig. 1 All optical inverter using QDSOA

is high and vice versa. This gain variation will impose intensity variation on another
weak signal called probe and output at probe wavelength gives inverted logic. For
co-propagating pump probe scheme of XGM they should have different wavelength
and a bandpass filter (BPF) is used to get the signal at probe wavelength [14]. To
avoid use of an extra BPF, the present design uses counter propagating scheme of
XGM,where pump probe signals propagate in opposite direction andmay be of same
wavelength [13].

Therefore, the present work uses a filter free configuration as shown in Fig. 1.
In Fig. 1, A is the pump signal, which is the input of the inverter logic. Pin is the
data input or probe. Both pump and probe are intensity-modulated signals. C is the
circulator that directs pump signal toward the QDSOA, and QDSOA output toward
output port indicated by the arrow. The pump signal actually modulates the gain and
the time dependent gain of the QDSOA is given by G(t) = exp[(gmax(2f − 1) −
αint)L], where gmax is the maximum modal gain of the QSDSOA, αint is material
absorption coefficient, f is the electron density of the ground state (GS), L is the SOA
length. When A is high, the gain of the QDSOA becomes saturated or low (G(t) =
Gs). Hence, the probe signal experiences this gain and the inverter output becomes
Pout = Gs Pin, which is low. This corresponds to the operation ‘1’ to ‘0’. When A is
low or ‘0’, the gain of the QSSOA is high, i.e., G(t) = G0, unsaturated gain and the
output of the logic inverter is Pout = G0 Pin. For calculating G(t), f is calculated by
numerically solving the coupled differential Eqs. (1)–(5) [14],

∂N

∂t
= J

eLw
− N (1 − h)

τw2
+ NQh

τ2wLw
− N

τwR
(1)

∂h

∂t
= − h

τ2w
− N (1 − h)Lw

τw2NQ
+ (1 − f )h

τ21
− f (1 − h)

τ12
(2)

∂ f

∂t
= (1 − f )h

τ21
− f (1 − h)

τ12
+ f 2

τ1R
− vgLwgmax(2 f − 1)P

NQ Aeffhν
(3)

∂P

∂z
= [gmax(2 f − 1) − αint ]P

Aeffhν
(4)
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Table 1 Parameters for
simulation [43]

Modal gain (maximum) gmax = 1400 m−1

Absorption coefficient (material) αint = 200 m−1

Current density, J = 10 kA/m2

Lw = 0.25 μm

NQ = 5.0 × 1010

Escape time of electron from ES to WL (τ2w) = 1 ns

Spontaneous radiative lifetime [WL(τwR)] = 0.2 ns

Electron relaxation time [WL to ES(τw2)] = 3 ps

Electron relaxation time [ES to GS(τ21)] = 0.16 ps

Group velocity (Vg) = 8.3 × 107

Electron escape time [GS to ES (τ12)] = 1.2 ps

Spontaneous radiative lifetime [quantum dots (τ1R)] = 0.4 ns

Aeff = 0.75 μm2

τ, full width half maxima = 0.2 ps

Here P is the total power of control signal (Pc) and probe signal (Pin) and J
is the injected current density. N, and h represent electron density of the wetting
layer (WL), occupation probabilities of quantum dot excited state (ES) respec-
tively. In the above equations, Quantum dot active layer surface density and effec-
tive thickness are NQ and Lw responsively. Aeff is the effective cross-section of
the QDSOA. Equations (1)–(4), solved numerically to analyze the performance of
the optical inverter. The parameters used for simulation is shown in Table 1. The
input signal A is modulated at a rate of 1 Tb/s, and its power is optimized for
different parameters like extinction ratio (ER), contrast ratio (CR), Quality factor
(Q value), amplitude modulation (AM) and bit error rate for three unsaturated
QDSOA gains 10, 15, and 20 dB. After optimizing these parameters for control
pulse power, their dependence on the amplified spontaneous noise (ASE) factor N sp

is investigated. The ASE noise power is given by PASE = N sp(G0 − 1)EB0, E is the
energy of the photons and B0 is the bandwidth over which noise is considered. We
have used expressions for ER = 10log(P1

max/P
0
min)dB, CR = 10log(P1

av/P
0
av)dB,

AM = 10log(P1
max/P

1
min)dB, Q = (P1

av/P
0
av)/(sd1 + sd0)dB, and relative eye

opening (REO) = [1 − (P0
max/P

1
min)] × 100%, where

(
P1
max, P1

min,P
1
av, sd1
)
and(

P0
max, P0

min,P
0
av, sd0
)
are maximum, minimum, average and standard deviations of

high (1) and low (0) states respectively, for calculating these performance metrics.

3 Results and Discussions

Equations (1)–(4) are solved numerically using fourth-order RK (Runge Kutta)
method with return to zero (RZ) input pulse given by [44],
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Pcp(t) = Ppeake
− t24 ln 2

τ2 (5)

where Ppeak is the control pulse peak power and τ is the full width half maximum.
These types of short pulses with high repetition rates can be generated by mode

locking as described in [44–46]. The choice of the pulse parameters is very critical
for the performance of the device proposed.

Figure 2a, b shows plot of ER with control pulse energy for different unsaturated
amplifications (10, 15 and 20 dB)without andwithASE noise respectively. The value
of ER increases with control pulse power and becomes saturated at 0.1 mW. This is

Fig. 2 a Dependence of ER
on control pulse power
without considering ASE
noise. b. Dependence of ER
on control pulse power
considering ASE noise

0.0 0.2 0.4 0.6

(a)

(b)

0.8 1.0
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

ER
 w

ith
ou

t N
oi

se
 (d

B)

Control Power (mW)

 G0=10dB
 G0=15dB
 G0=20dB

0.0 0.2 0.4 0.6 0.8 1.0
2

3

4

5

6

7

8

ER
 (d

B)

Control Power (mW)

 G0=10dB
 G0=15dB
 G0=20dB



78 S. Dutta et al.

due to sufficient gain saturation effect at low optical power (0.1mW) for quantum dot
SOA. When noise is not considered, the value of ER is higher for higher unsaturated
gains. However, for higher gain (20 dB = 100), the ER value decreases compared to
15 dB gain if ASE noise is considered. This is because higher noise power affects
the low bits (‘0’) considerably for higher gains.

Figure 3a shows dependence of CR on control pulse power with similar type of
variation as ER considering noise. In this case, if we do not consider noise, CR value
increases with unsaturated gain for a constant control power, but while considering
noise the CR value reduces for 20 dB gain compared to 15 dB gain due to noise effect
on low bits as explained in earlier paragraph.

Quality factor (Q), an importantmetric to analyze performance for a digital circuit,
and it is related to bit error rate through complementary error function (erfc), BER=
[erfc (Q/

√
2)]/2. AQ > 6 corresponds to BER ~ 10–12 for transmission and reception

of bits. In this communication, we have foundQ values in the range 19–21 dB (more
than 80) for the given unsaturated gains between 10 and 20 dB. The variation is
shown in Fig. 4. It is clear from Fig. 4 for higher gains Q decreases with control
power. Although the difference between average powers of high state(‘1’s) and low
states(‘0’s) increases with higher gins, but due to dynamics of the gain recovery of
the QDSOA (another pulse comes before complete gain recovery or gain saturation),
spreading in the power levels of ‘1’s and ‘0’s considerably increases the standard
deviations for higher gains. This causes Q value to decrease with gains. The Q
values reach its maximum at control power 0.1 mW as ER and CR for three different
gains.

Figure 5 shows the variation ofAMwith control power and it reaches its saturation
value for 0.1 mW for all the gains. AM less than 1 dB is a prerequisite for efficient

Fig. 3 Dependence of CR
with control power
considering ASE noise
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Fig. 4 Dependence of Q
factor on control power
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Fig. 5 Dependence of AM
on control power
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logic gates and processors. For 10 dB it is nearly 0.06 dB, and for 20 dB it is nearly
0.11 dB, which are much less than 1 dB ensure uniformity in the power levels of
high(‘1’) states. Now the calculations have been done with control power 0.1 mW
which gives optimized values of ER, CR, andQ. Here we have consideringmaximum
value of AM for 0.1 mW, otherwise ER, CR and Q value will be much low if we try
to reduce AM. Therefore, there is a compromise that we have used maximum AM
for achieving maximum values of other parameters; however, AM is still much lower
than 1 dB, maximum 0.12 dB is calculated for 20 dB gain with N sp = 1, which is
significantly low.

Figures 6, 7 and 8 show the dependence of ER, CR, and AM on ASE noise factor
N sp. These factors decreases with increasing noise factor and for larger gains the



80 S. Dutta et al.

Fig. 6 Variation of ER with
ASE noise factor Nsp
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Fig. 7 Variation of CR with
ASE noise factor N sp
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rate of change is faster due to increased effect of ASE noise. However, the Q value
remains almost independent on ASE noise factor because both differences between
power levels of high and low states and standard deviations are independent of noise.
The former is because the noise powers cancel and for the later, it is because the
noise power affects all low and all high states equally. Figure 9 shows variation of Q
factor with N sp. For low gain (10 dB), the noise behavior of ER, CR is not very sharp
as the noise power is very low. However, for higher gains (>15 dB) the decrease is
sharper.

In Fig. 10, the input-output bit pattern at 1 Tb/s is depicted. The eye diagrams for
three different gains are also shown in Fig. 11. The operating speed is 1 Tb/s as clear
from Fig. 11. Pseudoeye diagram (PED) is shown in Fig. 11. It shows that relative
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Fig. 8 Variation of AM with
ASE noise factor N sp
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Fig. 9 Variation of Q value
with Noise factor N sp
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eye opening (REO) increases with gain. REO of values 87.04% for 10 dB, 95.35%
for 15 dB and 98.33% for 20 dB are calculated. This confirms large eye opening for
these devices and large switching window.

From the eye diagram, it is clear that the relative intensity zero state becomes
lower in case of higher gains. This also ensures high ER, CR and Q value for higher
gains.
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Fig. 10 Input and output pulse train

4 Application of the Inverter in Designing NAND Gate

The Inverter proposed and analyzed in the above sections is used to design theNAND
gate (Fig. 12). The QDSOA1 and QDSOA2 are used as NOT gate and their outputs
are combined. Therefore, the NAND gate is also non-interferometric structure. The
operation is as follows:

Case 1: Controls are absent (A = 0, B = 0), no gain saturation of the QDSOAs,
and gains are high (G0). Therefore both the inputs are high giving a high (‘1’) output.

Case 2: Control A = 0, B = 1, QDSOA1 has high gain, but QDSOA2 experiences
gain suppression, resulting in high output 1 and low output 2 giving final output high
(‘1’).

Case 3: Control A = 1, B = 0, QDSOA1 has low gain due to gain saturation, but
QDSOA2 exhibits high gain; a high output 2 and low output 1 giving final output
high again as case 2(‘1’) are achieved.
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Fig. 11 Pseudoeye diagrams
for different gains
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Fig. 12 QDSOA-based NAND gate

Case 4. Control inputs are present (A = 1, B = 1), gain saturation happens for
both the QDSOAs, and gains are low. Therefore, both the inputs are low giving a low
final output (‘0’).

The device in Fig. 12 works as optical NAND gate. For the analysis of the NAND
gate, we have considered ER, CR, value and their dependence on Electron relaxation
time for ES to GS(τ21) and ASE noise factor N sp. Figure 13 shows the variation of
ER and CR with τ21 for three different gains. The values of ER and CR become
maximum at τ21 = 0.16 ps and this value of τ21 is used for all simulation. Figure 14
shows dependence of ER, CR and REO on N sp.

Figure 14 shows that with the increase in noise factor N sp, values of ER, CR and
REO decrease. The effect of noise is more for higher gains than that for lower gains
since ASE noise is directly proportional to the gains G0 > > 1.

Bit patterns of NAND gate is shown in Fig. 15. The corresponding PED is shown
in Fig. 16. Due to the spreading of high intensity levels, the REO for NAND gate is
lower than that of inverter for a given gain. For N sp = 1, it becomes less than 90%
for NAND gate where as for same condition it is more than 98% for inverter. Corre-
spondingly, the pseudoeye diagrams show lower eye opening and lower switching
window. Pseudoeye diagrams show that for higher gains, relative intensity of lower
states becomes less, and eye openings increase. This also confirms the fact that for
higher gain REO is larger. This signifies that the NAND gate (Fig. 12) shows AM
values more than 1 dB which is not accepted. Figure 16a corresponds to AM of 2.6
dB, and Fig. 16b, c represents AM values of 2.76 dB and 2.84 dB respectively. Large
patterning effect in the output causes this degradation of AM. Therefore, parallel
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Fig. 13 Dependence of
a ER b CR on electron
relaxation time
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addition of two NOT gates or inverters gives not so good NAND gate. To make the
performance better alternative proposal of NAND gate without using the inverter is
given in the section below.
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Fig. 14 Variation of a ER,
b CR, and c REO with ASE
noise factor N sp
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Fig. 15 Input and output bit patterns of NAND gate at a rate of 1 Tb/s

5 Implementation of NAND Gate Without Using Inverter

From Figs. 15 and 16, it is clear that inverter-based NAND gates shows large
patterning effects and hence reduced amplitude modulation (AM), ER, CR, and
Q factor, etc. To overcome this alternative design of NAND gate is implemented
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Fig. 16 Eye diagrams for a 10 dB, b 15 dB and c 20 dB for NAND gate

using QDSOA as shown in Fig. 17. The structure is similar to that of the NAND gate
shown in Fig. 12 with modifications in the probe signals used in the QDSOAs. The
QDSOA2 uses A as probe signal. The working is as follows:

Case 1: Control inputs are absent (A = 0, B = 0), no gain saturation of the
QDSOAs, and gains are high (G0). QDSOA1 gives high output. QDSOA2 receives
no probe signal and hence gives no output. Therefore overall output is high.

Case 2: Control input A = 0, B = 1, QDSOA1 has high gain, but QDSOA2
experiences gain compression resulting high output1 and zero output 2(since probe
A is zero) giving final output high (‘1’).

Case 3: Input A = 1, B = 0, QDSOA1 has low gain due to gain saturation, but
QDSOA2 exhibits high gain; resulting high output2 and low output1 giving final
output high again as case 2(‘1’).

Case 4: Both inputs are absent (A = 1, B = 1), gain saturation happens for both
the QDSOAs, and gains are low. Therefore, both the inputs are low giving a low final
output (‘0’).
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Fig. 17 QDSOA-based NAND gate

Figure 18 shows input and output bit patterns of NAND gate of Fig. 17 with Nsp =
2 for 20 dB unsaturated gain. Figure 18 clearly indicates reduced patterning effects
compared to Fig. 16.

Figure 19 shows the variations of ER, and CR of the NAND gate of Fig. 17 with
control power. These quantities show maximum values at control power 1mW. Their
values are 16.7, and 18.45 dB show significant improvement compared to inverter-
based NAND gate (corresponding values are 10 dB, 11.5 dB for Nsp = 2). Such
improved performance with Tb/s operating speed is feasible with QDSOA, similar
structure with bulk SOA operates at Gb/s speed only [47].

The relative eye opening is calculated to be 97.86% much larger than the
corresponding value 89.95% for the inverter-based NAND gate. This improvement
confirms the lower patterning effect in this NAND gate without inverter in Fig. 20.

The dependence of AM on control power is shown in Fig. 21. The minimum
value is 0.11 dB much smaller than the accepted value of 1 dB. This also confirms
improvement over the NAND gate using inverter.
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Fig. 18 Input and output bit patterns of NAND gate

6 Conclusions

We have presented all optical logic inverter and NAND gate as an application of the
inverter is presented with simulation using cross-gain modulation in QDSOA. Alter-
native implementation of NAND gate without using the inverter is also described and
shows better performance. The gates use quantum dot SOA in non-interferometric
configuration due to its inherent properties, which makes QDSOA an excellent
element for all optical processing. The optimized values of the parameters and
analysis of different metrics show applicability of these devices for future optical
computing and communication devices. Moreover, use of QDSOA makes this type
of logic gates faster than similar logic gates with bulk SOA establishes superiority
of QDSOA over bulk devices.
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Fig. 21 Dependence of AM
on control power
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Performance Analysis of Oversampled
OFDM for a Terahertz Wireless
Communication System

Abdelmounim Hmamou, Mohammed El Ghzaoui, and Jaouad Foshi

Abstract Thanks to the development of wireless communication technology, the
whole world has become a small village, especially in the last 10 years. In fact, there
are several reasons for this revolution, the most important of which is the transition to
higher frequencies that would allow high-speed data transmission. In order to reach
this high speed, it is necessary to increase the frequency up to ten terahertz (THz).
In this case, we are talking about what is called THz wireless communication, the
case where the frequency is between 0.1 and 10 THz. Thus, the bandwidth used in
this frequency range is wide or ultra-wide. This introduces negative impacts on this
communication system, mainly the effect of selective fading in frequency (multiple
trips). The appropriate selection of a modulation technique makes it possible to
remove these effects. Suitable solutions to this problem include the Oversampled
orthogonal frequency division multiplexing (OOFDM) technique. The objective of
this work is to improve and optimize the performance of a wireless communication
system in the THz frequency band using the OOFDM modulation technique.

Keywords OFDM oversampled · Terahertz band · THz wireless communication ·
Selective fading · Channel modeling · BER · CCDF

1 Introduction

The rapid evolution that is observed in the world is fundamentally based on the
advanced developments of communications technologies includingwireless commu-
nication systems that have facilitated access to data and have made it possible to
increase the number of objects connected. Thus, the continuous development of
high-speed wireless communication applications is emerging, while those based on
traditional spectra are gradually disappearing. To obtain a good quality of wireless
communication with high-speed, several research activities that were interested in
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the development of this field. Most of this work has recently focused on increasing
the frequency of operation. As a result, the researchers are interested in the Terahertz
(THz) frequency domain that offers the possibility of achieving higher data rates
[1–6]. The advantages of the THz band over other frequency spectra currently used,
e.g., the fifth generation (5G)wireless communication technologywill be insufficient
if considering the explosive growth of machine connectivity such as the Internet of
Things (IoT) [7]. Many people will think in sixth generation (6G), but the technology
of 6G is still very undefined [8].

Due to the increasing demand for broadband by users, a number of opportunities
correlated with the deployment of the THz frequency band on a large scale. The
THz band could therefore contribute to the realization of a resilient communication
infrastructure thatwill eventually be established tomeet the demands of users [9]. The
THz frequency range is generally between 0.1 and 30 THz, but currently engineers
and researchers are only interested in the low Terahertz band from 0.1 to 10 THz [1,
2, 9–12]. The waves in this band have many advantages such as the sufficiently wide
frequency band, large capacity and high security [13], The THz beam being more
diffracting and less attenuated by non-metallic and dry objects [14].

Several research and industrial institutes have been studying this frequency band
for about ten years in order to be able to use it in wireless communication systems
such as, officially the first international standard was published in 2018 called IEEE
802.15.3d standard, which offers throughput up to 100 Gbps [15]. In this standard,
THz wireless communication systems operate with a carrier frequency ranging from
252 to 321 GHz, the range known as the IEEE terahertz band.

The operation of THz wireless communication systems depends mainly on the
quality of the transmission channel, modulation, demodulation and transmission and
reception technology [12]. In addition, the bandwidth used in the THz domain can
reach very high values. Thus, the transmission of data with THz frequencies can give
rise to major difficulties, particularly those related to the effect of multiple paths,
more precisely the impact of selective fading in frequency. This requires finding the
best solutions against these negative effects. Indeed, in this chapter, we will look for
an appropriate technique that allows us to make a modulation and demodulation in
the field of THz frequencies. This led to the use of the orthogonal frequency division
multiplexing (OFDM) technique. On the other hand, there are several genres of this
technique in the literature. Because of the limitations of conventional OFDM in the
THz frequency domain, another kind of OFDM modulation with better properties,
which seems to be a very promising solution. This modulation is called oversampled
OFDM. The objective of this chapter will be to analyze the performance of the
oversampled OFDM (OOFDM) technique of a wireless communication system in
the THz frequency domain.

This chapter is divided into three parts, in the first part we recall the main elements
of the communications systems in the THz frequency domain, thus highlighting the
currently exploitable THz range, presents some applications of THz waves and also
challenges that may limit the uses of THz radiations. The second part is focused
to the efficient realization of a wireless data transmission system in the THz band
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by introducing an appropriate modulation technique called oversampled OFDM.
Finally, in the last part of this chapter, with the simulation approach, we present and
discuss the results obtained.

2 Terahertz Wireless Communication

2.1 Terahertz Frequency Domain

In the frequency bands of the electromagnetic spectrum, the terahertz frequency
domain generally covers the range from 0.1 to 30 THz corresponding to wavelengths
between 0.01 and 3 mm. This frequency band is included between the domain of
microwave waves and infrared as shown in Fig. 1. Indeed, when we search in the
literature,wefind several definitions of this domain.However,most of the recentwork
inwireless communication systems have been exploited specifically the band 0.1THz
to 10 THz [1, 2, 9–12] due to many factors such as the lack of adequate technologies
(sources, detectors, modulators, …) used in this band, the manufacturing of these
inexpensive technologies and also the increasing complexity with the frequency
increase. This band also named the spectral band of T-rays that located between the
electronic, where the phenomena are governed mainly by the thermal energy k.T and
the field of photonics, governed by the energy of photons h.ν. Comparing them with
the microwave and infrared waves, we note the results illustrated in Table 1.
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Table 1 Characteristics quantities of THz waves compared in the different frequency ranges

Spectral band Microwaves THz waves Infrared waves

Frequency (THz) [3 × 10–4–0.1] [0.1–30] [30–440]

Energy (eV) [1.24 × 10–6–4.13 × 10–4] [4.13 × 10–4–0.124] [0.124–1.81]

Wavelength (mm) [3–103] [0.01–3] [7.4 × 10–4–10–2]

2.2 THz Band Characteristics

The THz frequency band has many characteristics, especially because of its specific
physical properties. Among these characteristics are:

• Penetration power: Terahertz waves have a very high penetration power and are
thus able to pass through many non-metallic materials such as organic materials,
textiles, paper, wood, cardboard, plastics. Moreover, these waves are low-energy
and non-ionizing, they have a photon energy of the order of the meV. In contrast,
for example, X-rays can sometimes reach the MeV. Thus, it can be said that this
energy is lower than that of most chemical bonds. These waves are therefore
considered harmless to living organisms.

• Propagation attenuation: Although the THz band offers the possibility to
increase the data rate and the bandwidth, the radiations of this band undergo
a propagation attenuation which is very sensitive to the humidity and the distance
transmitter–receiver. This attenuation becomes important in the presence of water
molecules. For example, beyond one terahertz the attenuation could reach a value
greater than 1 dB/m, with many peaks of strong absorption due to the resonances
of water vapor that is present in large quantities in the earth’s atmosphere. Water
is therefore responsible for a strong attenuation for these waves, which makes
them less exploitable in this frequency range.

• Resolutions: Due to the smaller wavelength in the THz band compared to
microwave waves, the waves of this band allow to reach a high spatial resolu-
tion. The THz range is also very interesting for studies of polar molecules such as
water, oxygen or others, so we can determine and analyze physical and chemical
properties of certain materials.

2.3 Applications THz Band

The main characteristics of THz waves presented in the previous paragraph make it
possible to make better and better use of the range of THz waves and making them
very promising for many fields of application including spectroscopy which is one
of the first THz wave applications. This technique is now becoming increasingly
widespread in the field of research. It allows the study and analysis of simple and
complex biological structures to identify the chemical species present in a sample as
well as contributing to the study of dielectric properties and electrical conductivity of



Performance Analysis of Oversampled OFDM … 99

materials, THz spectroscopy also allows at the level of security, to detect illegal and
dangerous substances such as explosives, drugs and toxic gases [16]. THz waves are
also used in the field of medical imaging, for example, to establish medical diagnoses
of diseases [1]. In the sector of monitoring and quality control, the exploitation of
THz radiation is now beginning to spread more and more, such as the most popular
applications is the airport body scanner that allows to detect drugs, weapons or
dangerous substances, and also allows to distinguish different types of materials.
Thus, THz waves have major advantages compared to other radiations. In order to
achieve a higher throughput, the carrier frequency must be in the THz band, so that
it can be exploited in wireless broadband communication [3, 5, 13, 17]. Briefly, we
can summarize these applications under two main axes which are THz telecommu-
nications and THz detection. The main axis targeted in this work is communications
in the THz domain, which will be detailed in the following paragraph.

2.4 Technologies of THz Wireless Communication System

The active components enabling THz radiation to be generated and/or detected
are the fundamental elements in the emergence and evolution of these technolo-
gies. These elements consist mainly of transmitters and detectors, which can be clas-
sified according to their sensitivity, output power, frequency and tunability in several
categories. In the following, we will present the main transmitters and detectors that
have been developed to date.

• THz waves Transmitters

Transmitters play a central role in the technology of wireless communications
systems in the THz band where they can be classified according to the nature
of the physical phenomenon at the origin of these waves, in electronics, optics,
optoelectronics and mechanics.

– Electronic THz transmitters can be classified into 4 families:

Negative differential resistance oscillators (IMPATT diodes, RTD diodes,
GUNN structures, etc.).
Active transistor circuits: two types of transistor have been used in these
circuits, HEMT (High ElectronMobility Transistor) and HBT (Heterojunction
Bipolar Transistor).
Frequency multipliers: the main elements of this type of transmitter are
Schottky diodes.
Vacuum electronic sources: there are several types such as klystron, gyrotron,
progressive wave tube and BWO (Backward Wave Oscillator).

– Optical transmitters: currently this type of transmitter remains unusable in the
THz band due to high thermal noise.
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– Optoelectronic transmitters: also called quantum cascade lasers there are many
such as, photodiodes (PN; PIN; TTR; UTC) are widely used at THz frequencies,
photoconductors and photogenerators.

– Mechanical transmitters

Traditional solid semiconductor sources are limited by the parasitic effects and transit
time of carriers, which reduces their performance at high frequencies, particularly in
the THz range.

• THz waves Detectors

Today, there are many THz detectors on the market, and others in the process of
testing. According to the measurement method, they can be classified into two
categories:

– Coherent detectors: they depend on the method of measuring the electromag-
netic field and which gives information on the amplitude and phase of the signal
received. Three types can be distinguished:

The Schottky barrier diodes: they formed for a long time. Their principle is
to transport electrons through a potential barrier of a semiconductor metal
junction. They are used as detectors in THz wireless communications.
Transistors: High electron mobility transistors (HEMTs) and field-effect tran-
sistors (FETs) are available. HEMT is more important than FET because they
operate at room temperature and their expensive manufacturing.
Mixers: their principle is to decrease the frequency of a detected signal, they
can cover a frequency band from 0.05 to 0.5 THz and they can also detect a
frequency modulation up to 500 MHz.

– Non-coherent detectors: they have two types:

Pyroelectric detectors: they are mainly based on the properties of ferroelectric
materials. Their manufacture is based on crystals, mainly LiTaO3 tantalum
lithium.
Bolometers: They are based on the absorption of incident photons and the
transformation of their energy into thermal energy. But they cannot detect
high-throughput signals because of their sensitivities to ambient thermal
energy. These detectors detect wide band THz waves.

2.5 THz Wireless Communication

In recent years, the speed of a wireless communications network has evolved more
rapidly, it was 100 Mbps in 2009 and currently reached 10.5Gbps (IEEE 802.11ax
2021 standard). Despite this significant evolution, the increase of users, the emer-
gence of new uses such as video streaming in high definition (4 K) and ultra-high
definition (8 K), autonomous vehicles, Online games impose additional constraints
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on this communication network. The frequency bands used today are still unable to
meet all these requirements.

In order to efficiently meet these requirements and the increasing demand for data
rate, the increase of the carrier frequencies to the terahertz band represents the best
solutions. In recent years, several research teams have shown that it is possible to
achieve ultra-high data rates by exploiting the THz band [18].

High-speed THz wireless communications can be distinguished according to the
distance between the transmitter and the receiver into three types: Short range THz
wireless communication, on distances less than 1m, can be used to transmit or receive
information such as high definition videos or high quality photos; medium range,
on distances between 1 and 100 m, can be applied in a building to create a high-
speed local network; long-range THz wireless communication, on distances greater
than 100 m, this type is reserved for interconnection between the core network and
different entities or also the exchange of data between military ships.

Compared to microwave and infrared systems, THz wireless communication
offers several advantages. As the possibility of increasing the data rate and band-
width, can also be used to transmit multiple channels simultaneously in high defini-
tion, although THz waves are deeply absorbed by water vapor, there are a number of
atmospheric windows transmitting these waves in the air with low attenuation and
having very directional beams.

Indeed, it is not easy to transmit waves with frequencies above 1 THz, due to
several factors such as absorption peaks due to the presence of water molecules
in the air and significant propagation attenuation for long-range communication,
and other technical and technological difficulties that we will address in the next
paragraph.

2.6 Challenges of THz Wireless Communication Systems

The efficient and practical realization of a wireless communication network in the
THz band requires finding solutions compatible with this network. Devices (trans-
mitters, receivers and antennas) and their quality, as well as the capacity of the
channels used, play an important role in the development of a wireless communica-
tions system. They also pose major challenges, especially when moving to higher
frequency bands such as the THz band. In addition, technical difficulties can also
pose constraints and limitations on the performance of this communication system.

The bandwidth used in the THz range will be wide or ultra-wide, so the conven-
tional modulation and demodulation technique cannot be suitable for both transmit
and receive systems. This requires finding a modulation technique that allows to take
full advantage of the properties of the THz band.

In addition to these challenges that we have mentioned, there are other equally
important difficulties, such as coding (to characterize the sources of error at THz band
frequencies), synchronization, dynamic massive MIMO and traditional challenges
(attenuation, attenuation, absorption) [19].
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3 Modulation for THz Wireless Communication System

3.1 Justification for the Choice of Modulation Technique

The choice of the modulation technique to transmit signals in a communication
system must satisfy the easy implementation, bandwidth efficiency and BER (Bit
Error Rate) binary error rate must be minimum. Among the most widely used
transmission techniques, which meet the conditions mentioned above, is the OFDM
(Orthogonal FrequencyDivisionMultiplexing) technique, which consists of dividing
the available frequency spectrum into several independent symbol subcarriers and
due to their robustness against frequency selectivity [20]. To optimize the spectral
occupancy of the OFDM signal and to minimize the interference between subcar-
riers, we choose a minimal spacing between subcarriers (� f = 1

TS
). His operation

called orthogonality, whichmeans that themaximums of the subcarriers all alignwith
the zeros of the other subcarriers [21]. The principle of this method is to distribute
simultaneously the data of the very short Td period on several frequency channels
that correspond to N subcarriers, each of these subcarriers has a TS duration such
as TS = N × Td . The modulation of data symbols is achieved by an Inverse Fast
Fourier Transform (IFFT) which also generates the signal in the time domain at
the transmitter level. While at the reception level, the Fast Fourier Transform (FFT)
transposes the OFDM symbol from the time domain to the frequency domain.

So, the OFDM technique allows to convert a frequency selective channel into
N non-selective sub-channels, this class of modulation is called classical OFDM.
Despite this, as we mentioned earlier, this technique has strengths against multi-
path channels. This technique has disadvantages such as, it is less robust against the
selective channel especially in the case duration of impulse response of the channel is
greater than the symbol time, also it uses only the rectangular waveform. In addition
to the appearance of undesirable lobes in the power spectral density (PSD). Conse-
quently, these limitations make this technique useless, especially in the case of high
frequencies such as in the THz band.

The idea is to find a modulation technique that allows to use a non-rectangular
waveform, to minimize the out-of-band energy, to optimize the time–frequency
localization, and thus will be an efficient solution for a THz wireless communica-
tion system. However, Oversampled Orthogonal Frequency Division Multiplexing
(OOFDM) modulation is a suitable solution that overcomes all the constraints we
mentioned above. The working principle of this modulation will be presented in the
next section.

3.2 Oversampled OFDM Modulation in THz Band

To write the expression of the oversampled OFDM signal we distinguish two cases,
continuous time and discrete time modulation.
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3.2.1 Continuous Time

Continuous time writing does not usually generate systems that are directly usable
in practice. This is the reason why the study of this case was brief.

The expression of the oversampled OFDM signal is written in the following form:

s(t) =
P−1∑

p=0

+∞∑

q=−∞
cp,q h(1 − qT0)e

j2πpF0 (1)

where:

cp,q complex symbols from a given constellation
P number of carriers
h any waveform
T0 the symbol time and F0 the inter-carrier gap where F0 > 1

T0
.

3.2.2 Discrete Time

Digital transmission systems are the most frequent, so it is necessary to focus more
on the discrete time behavior.

• Transmitter:

The purpose of the multi-carrier transmitter is to distribute the data in time and
frequency. This transmission technique makes it possible to isolate areas of the time–
frequency plane that are affected differently by the transmission channel. This is
particularly useful in the case of dynamic power allocation, the choice of the number
of bits per symbol, or the configuration of the error correction encoder. The system
structure of the oversampled OFDM modulation can be illustrated in Fig. 2.

On this transmission chain, each binary data represents a certain number of bits.
Each data can be associatedwith a complex number cm,n = [

c0,n, c1,n, . . . , c1,M−1
] ∈

CB , called Symbol. The set CB constitutes a constellation. Assuming an appropriate
coding process, the symbols are considered independent and identically distributed.
Thus, we represent the oversampled OFDM transmitter in Fig. 3.

The mathematical expression of the oversampled OFDM signal in discrete time
is written:

s(α) =
P−1∑

x=0

∑

y

cx,yϕ(α − yM)e j2π x
P (β− E

2 ) (2)

cx,y are the symbols from the constellation, for example, M-QAM, M-PSK, …
ϕ any waveform
M number of symbols per block
v strictly positive integer.
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Fig. 3 Discrete time oversampled OFDM transmitter

The demodulation equations are realized thanks to the complex scalar product in
discrete:

ĉx,y = ϕx,y, s =
+∞∑

α=−∞
ϕ∗

x,y(α)s(x) (3)

where ϕx,y(α) = ϕ(α − yM)e j2π x
P (β− E

2 ).
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The frequency selectivity of the transmission channel may cause interference
between inter-symbol Interference (ISI) symbols, resulting in an increase in the
binary error rate. Tominimize this loss of data, a frequency equalization is introduced
at reception. Using the Frequency Domain Equalizer (FDE) or the Cyclic Prefix
(CP) to simplify equalization. In our communication system based on the OOFDM
technique we use the FDE, because of their simplicity and good performance.

The simplification of the effect of the transmission channel is done by an
Inverse Discrete Fourier Transform (IDFT), followed by a multiplication vector c(x),
followed by a Discrete Fourier Transform (DFT) defined by the equation [20]:

FP = 1√
P
e(− j2πα x

P ) (4)

Using linear equalization techniques such as Zero Forcing (ZF) and Minimum
Mean Square Error (MMSE), such as ZF minimizes interference between symbols
and MMSE minimizes the mean square error between the transmitted signal and its
estimate.

• Receiver:

Generally, after the processing done in the transmitter, the signal s(α) is transmitted
via a transmission channel with a noise. At the receiver, the signal is received. After
the processing which is detailed in the diagram in Fig. 2, the information sent is
recovered.

The block diagram of the oversampled OFDM receiver is shown in Fig. 4.
In the case of a discrete signal, the effect of oversampling appears clearly.

However, a risk of interference is always possible. It is thus possible to explain more
clearly why we are talking about oversampled OFDM because the term oversampled
OFDM is also used for OFDM systems where the modulated signal is obtained for
N = N’, such as N is number of symbol and N’ number of sample. It is thus possible
to explain more clearly why we are talking about oversampled OFDM. Indeed, we
observe that the sampling period is less than the critical sampling period. As a result,

Fig. 4 Discrete time oversampled OFDM receiver
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signal samples are sent by symbol time (whereas in the case of OFDM it is only
transmitted samples). This signal is therefore oversampled relative to the conven-
tional OFDM signal. But it is important to note that the signal is not an OFDM signal
that has been oversampled with an oversampling ratio or by an integer.

• Time–Frequency Localization:

In the case of a discrete x signal, we use the discrete time–frequency localization,
noted η and given by the following expression:

η(x)= 1√
4m(x)M(x)

. (5)

where m(x) and M(x) are the time and frequency moments respectively.

• Power spectral density of the oversampled OFDM signal:

The oversampled OFDM modulation emission filter has interesting spectral prop-
erties (good frequency localization for example). Therefore, an emission spectrum
with significant out-of-band attenuations that has significant benefits for transmis-
sions in the terahertz frequency band. The Square Root of Raised Cosine (SRRC) is
a widely used reference filter for digital communications systems. For transmission
at the rate F0 = 1

TB
, the frequency expression of the SRRC function is given by.

Rc(υ)=

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

1√
F0

|υ| ≤ (1 − α)
F0

2
,

1√
F0

cos

(
π

2α

( |υ|
F0

− 1 − α

2

))
(1 − α)

F0

2
≤ |υ| ≤ (1 + α)

F0

2

0 (1 + α)
F0

2
< |υ|

(6)

where α is the roll-off factor (0 ≤ α ≤ 1).

4 Simulation Results and Discussions

4.1 Power Spectral Density

To avoid interference phenomena between different applications, current standards
provide for very strong constraints on the signal emission spectra. So, Power Spectral
Density must be studied in order to draw a big and clear picture on the modulation
technique over the desired system. In this context, signals having a well-confined
emission spectrumandhaving significant out-of-band attenuations then possess inter-
esting assets. The study of Power Spectral Density (PSD) then becomes a key point
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for this type of transmission like THz wireless transmissions. The prototype filter
is the central point of these waveform modulations because it controls the PSD of
a modulation technique. Indeed, these modulations were mainly introduced to be
able to use waveforms other than rectangular because the latter has not very inter-
esting spectral properties (poor frequency localization for example). For oversampled
OFDM, the expression of the PSD is:

ΦOOFDM( f ) = σ 2
c

T B

N∑

k=1

∣∣G
(
f − f k

)∣∣2 (7)

In Fig. 5, we depicted the PSD of the oversampled OFDM using an SRRC filter
with a factor of (roll-off) equal to 0.5 (the choice of roll-off of the SRRC filter is also
directly related to the time–frequency structure of the modulation), for 512 carriers
and of length 2048. It will be noted first of all that the phenomena of power fluctuation
in the band of the signal do not exist in oversampled OFDM (this is not like the case
of OFDMwith guard interval where the PSD has slight fainting of power in the useful
band of the signal), which makes it possible to erase one of the major drawbacks
of OFDM with IG. Also, it is observed that the results obtained by oversampled
OFDM modulation give much better results than OFDM. DSPs also have the same
characteristics as the prototype filters used. Based on this simulation we can noted a
noticeable improvement in spectral characteristics compared to OFDM.

Table 2 shows the points where the characteristics of the oversampled OFDM and
OFDM signals diverge by comparing between them.

In this table, we find that even if the signal structures appear close, there are many
pointswhere the signals diverge.Wecall “gap between2waveforms (F.O.)” the offset
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Fig. 5 PSD of oversampled OFDM for 512 subcarriers
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Table 2 Differences between
the characteristics of the
OOFDM and OFDM signals

OOFDM OFDM

Symbols Complexes Complexes

T0F0 η = N’/N 1

Phase Arbitrary (null) Arbitrary (null)

Sample/Ts N’ N

Subcarriers N’ = ηN N

in the number of samples existing between 2 waveforms. Thus, for oversampled
OFDM, it is N’ while it is N for OFDM. This different between them make the
oversampled OFDM suitable for wireless communication by improving the power
spectral density.

4.2 Cumulative Distribution Function

The results in Fig. 6 show the variation in the Cumulative Distribution Function
(CDF) as a function of the delay spread for a number of paths equal to 3, 6 and 10.

From these curves, we can deduce that the delay spread is increasing for an
increasing number of trips. Thus, we find that the number of trips, and there is a large
difference between the curves (at 3 trips, 6 trips and 10 trips). On the other hand,
between the curves with 3 and 6 trips, we have a small deviation associated with a
minor error. The CDF are well separated with an increasing path order, which shows
that the number of paths is detrimental to the total power of a signal transmitted on
this type of channel.
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Fig. 6 CDF versus delay spread for 3, 6 and 10 paths
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The same conclusion can be drawn from Fig. 7. FDCs are well separated with an
increasing number of paths. Thus, as the distance increases, the delay spread also
increases. From Figs. 6 and 7, it can be noted that the simulated delay spreadmatches
extremely well with the normal distribution.

Figure 8 depicted the CDF of the delay spread for 0.1, 0.24 and 0.3 THz. It can
be noted that the small value of delay spread can be found for 300 GHz and higher
for others frequencies.
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5 Conclusion

The principle is to use the THz frequency band to obtain a good quality of wireless
communications and to achieve transmission rates much higher than those currently
obtained.

In this chapter, the THz frequency domain, some properties of the waves of this
domain and the devices (transmitters, detectors and antennas) have been highlighted.
We have seen that the field of applications of THzwaves is growing day by day. These
applications covermanyfields such asmedical imaging, industry, spectroscopy, secu-
rity and telecommunications. Using the oversampled OFDM modulation technique,
we performed the wide and ultra-wide modulation of the Terahertz transmission
signals. In comparison with the performance of the classical OFDM technique, the
results of this work show clearly the best performance of the OOFDM technique on
a THz wireless communication system.
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Terahertz Antenna: Fundamentals,
Types, Fabrication, and Future Scope

Sunil Lavadiya and Vishal Sorathiya

Abstract Terahertz technology has grown in popularity in recent years due to the
rapid development ofwireless communication applications. Tobegin, the evolutionof
Terahertz antennas is briefly studied, and the fundamental concepts of THz antennas
are employed. THz antennas are then classified as dielectric antennas, metallic
antennas, recent novel material antennas. Following that, the most recent scien-
tific advances in THz horn antennas, photoconductive antennas, on-chip antenna,
microstrip antennas, lens antennas, on-chip antenna, graphene sheet-based THz
antenna will be discussed. The technological challenges like the smaller size and
relatively high loss for the developing THz antennas are addressed, along with
promising methods. This chapter also discusses THz antenna designing technology
and the critical problems and potential study directions for THz antennas. THz tech-
nologies open the new door for the application like radio astronomy, radar imaging,
remote sensing, graphene-based plasmonic resonator, broadband communication,
high data rate, high switching RF components, and fast-pulse optical time-domain
spectroscopic techniques.

Keywords Terahertz antennas · Quantum cascade laser · Photoconductive
antenna · Technological challenges · Graphene

1 Introduction

The popularity of wireless communication gadgets and the huge data traffic have
reached a new era of accelerated growth [1]. A vast number of systems are now
moving from PCs to cellular devices like mobiles, which are easier to bring and run
in real-time, however, these conditions often results in a quick rise in data usage
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Fig. 1 The spectrum of electromagnetic waves

and a shortage of the high bandwidth (BW) [2]. As per the survey, the industry data
requirements in the next decade will be expected to exceed Gbps or even more [3].
To utilize the new frequency bands is a viable alternative solution, that is THz em
wave and its null field between microwaves and infrared light [4]. Terahertz waves
have a wavelength of 0.03 mm to 3 mm and a frequency range of 0.1 THz to 10 THz
[4]. The entire electromagnetic spectrum is represented in Fig. 1.

Terahertz (THz) wave has the following outstanding properties: (a). Lower
harmful: THz waves have smaller single-photon energy than X-rays, with around
one component per million. As a result, THz wave applications in the biomedical
industry, screening the body for disease detection and management and less harmful
to animals [5]. (b). Object Scanning: THzwaves better penetrate certain non-metallic
or non-polar surfaces due to lower wavelength. THz signals may be invisible to trans-
parent opaque surfaces, which helps for the HD photographs. As a result, the THz
wave is commonly used for sensing devices, such as full-body scanners at airports
[6]. (c). Exceptional spectral resolution: The THz band dominates the spectrum of
most big molecules. Radiation of the THz wave is critical for detecting hazardous
products such as bombs, pathogens, chemicals, and so on [7]. (d). High data rate: In
electronics, the THz wave enables the broader electromagnetic spectrum that helps
for the broader rate of information transmission, which may hit new heights also at
TBPs.

2 Development of Terahertz Antennas

THz research started in the nineteenth century, although it was not deliberate as a
separate discipline at the time. The majority of THz research is in the far-infrared
field.During the1980s, the development ofTHz radiation sources allowedTHzwaves
to be used in realistic structures [8]. Since the starting of the twenty-first century,
wireless communication and networking have advanced exponentially, therefore its
need for information has imposed increasingly aswell strict conditions on the transfer
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rate of communication data. Many consumers utilize multiple-input and multiple-
output (MIMO) technologies to advance spectral efficiency and device capability
through spatial multiplexing to address the issue of spectrum congestion. With the
progress of 5G networks, each user’s Internet link level would reach Gbps, and
base station data traffic will also accelerate. Infrared contact has a low transmitting
gap and a set location for its communication equipment. As a result, the THz wave
was used to construct a high-speed communication device [9]. THz waves have a
far larger transmission bandwidth than microwaves since their frequency range is
around a thousand times that of mobile communication. IEEE 802.15.3d-2017 was
the first THz wireless networking protocol to be announced [10], which describes
data transfer between the point-to-point at the lower THz frequency (252–325 GHz).

THz networking systems have a huge range and a fast data transfer rate that
millimeter waves cannot match. It is mostly used in short-distance terrestrial commu-
nication, and space networking. Due to the high propagation rate and reasonable
anonymity will easily satisfy current needs. As a result, the establishment of the THz
contact mechanism has piqued the interest of all countries around the world, and
several studies have been conducted. THz antennas have been increasingly estab-
lished as an essential component of the THz networking framework. For the first
time, in 2004 the 0.12 THz communication was developed in 2013 the 0.3 THz
communication rate was achieved (Table 1).

3 Basic Terahertz Antennas

THz antennas come in a variety of shapes and sizes, including pyramidal cavities
with dipoles, angle reflector arrays, bow-tie dipoles, photoconductive antennas, THz
horn antennas, dielectric lens planar antennas, graphene-based antennas [18, 22].
THz antennas are divided into three types depending on their processing content:
dielectric antennas, metallic antennas, and modern material antennas.

3.1 Metallic Antennas (Horn Antenna)

Horn antenna is considered under the metallic antenna. Horn antennas are a kind
of metallic antenna that is configured to operate in the THz. Generally, the conical
horn is used as a receiver. Many advantages exist for dual-mode antennas, and corru-
gated including a rotationally symmetric radiation design with a gain of up to 30
dBi, and cross-polarization up to the −30 dB, and the coupling performance of
97–98%. The BW of horn antennas is approximately 30–40% [23]. Since the THz
wave’s frequency is so large, the horn antenna’s size is so limited that processing the
horn’s tip end is difficult, particularly when designing antenna arrays. Since the THz
wave’s frequency is so large, the horn antenna’s size is so tiny. This makes processing
the horn’s tip end challenging, particularly in the design of antenna elements, and the



116 S. Lavadiya and V. Sorathiya

Table 1 Summaries THz development from 2004 to 2021

References Year Fre. (THz) Research results

[11] 2004 0.12 Data transmission rates of up to 10 Gbps are possible

[12] 2006 0.12 Photon technology combined with a receiving capacity of less
than −30 dBm

[13] 2007 0.30 Set of 4 × 4 microstrip antennas

[14] 2009 0.12 Direct fabrication of a modulator and demodulator (BPSK) on
the MMIC

[15] 2011 ~0.22 For the first time, data transmission rates of up to 25 Gbit/s
were achieved. The maximum transmission rate is 30 Gbps.
Bringing together photonics and electronics

[16] 2011 1–15 Tera hertz antenna based on graphene

[14] 2012 0.30 The UTC-PD transmit capacity is less than 200 microwatts on
both sides of the detector and emitter. The antenna gain is
40 dB achieved

[17] 2013 0.30 The data transfer capacity of the detector may be increased to
50 Gbps or 100 Gbps by improving the detector’s baseband
circuit bandwidth

[18] 2016 0.24 A 0.13 µm SiGe HBT circularly polarized radar

[19] 2019 0.35, 0.50 Tera hertz dielectric rod antenna arrays with more than 20 dBi
gain and a relative bandwidth of 28%. The proposed
GaN/AlGaN detectors’ broadband detection capability at
frequencies ranging from 0.2 to 1.2 THz

[20] 2020 0.35 The photonic crystal waveguide track’s defect-row
configuration is designed to eliminate the Bragg-mirror effects
thus providing a six-fold increase in bandwidth

[21] 2021 0.20 High-isolation antenna array using SIW and realized with a
graphene layer for sub-terahertz wireless applications

process technique’s difficulty contributes to high costs and restricted output. Since
the bottom of a complicated horn configuration is difficult to manufacture, a basic
horn antenna in the shape of a conical/tapered is commonly used, which reduces the
expense and complexity while maintaining the antenna’s efficiency.

3.2 Traveling-Wave Corner Cube Antenna

A traveling-wave corner cube antenna, as seen in Fig. 2, consists of a traveling-wave
antenna installed on the dielectric film (1.2 mm) and positioned in the cavity formed
on a silicon wafer, and the design works with the Schottky diodes. Its comparatively
easy layout and low manufacturing specifications make it suitable for the usage of
more than 0.6THz. The antenna’s cross-polarization levels and sidelobe, are higher,
therefore its coupling performance is poor (about 50%) [24].
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Fig. 2 Traveling-wave corner cube antenna. a three-dimensional design structure. b side view

3.3 Dielectric Antenna

A dielectric antenna is made up of a dielectric material and an antenna radiator.
The proper design helps to achieve better impedance matching, and they have the
benefits of being quick to use, fast to integrate, and low in cost. Dual U-shaped
antennas, Butterfly antennas, log-periodic sinusoidal antennas, and logarithmic peri-
odic antennas are examples of edge-emitting antennas (narrowband and wideband),
which can match with the low-impedance detectors for the dielectric antennas.
Furthermore, a genetic algorithm may be used to build more complicated bent-wire
antenna geometries [25]. As the frequency approaches the THz band, however, the
surface wave effect is produced because the dielectric substrate and antennas are
coupled. This fatal flaw results in a substantial loss of energy that results in lower
efficiency of the antenna. As the antenna radiation angle exceeds the cut-off angle
shown in Fig. 3 [23]. The more thickness results in more modes. This couples the

Fig. 3 The surface wave influence of an antenna is depicted schematically
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antenna radiation. The binding efficiency raises as the substrate medium increases
as the number of high-order modes increases.

3.4 Novel Antenna

Researchers have projected a dipole antenna using the carbon nanotube in 2006. The
dipole, as seen in Fig. 4a, is constructed of carbon nanotubes rather than metal inves-
tigates the optical and infrared properties of carbon nanotube dipole antennas. The
finite length carbon nanotube dipoles are addressed, including current distribution,
input impedance, gain, and radiation mode. The input impedance vs frequency curve
of a carbon nanotube dipole antenna. It has been analyzed that input impedance has
several null points at a higher frequency range, and the antennas can achieve several
resonance points at various frequencies. The carbon nanotube resonances within a
lower bounded frequency band, and heavily oscillate apart from this range [26].

In 2012, a bundle of carbon nanotubes in the dielectric layers was developed as
shown in Fig. 5. The outer dielectric layer is made of metamaterial, and the inner use

Fig. 4 Dipole antenna based on carbon nanotube

Fig. 5 The geometry of new
carbon nanotube antenna
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dielectric foam. The radiation efficiency of the antennas is improved by research as
opposed to single-walled carbon nanotubes [27, 28].

The above-mentionedmodernmaterial THz antennas are often three-dimensional.
The planar graphene antenna structure is becoming increasingly common for
increasing bandwidth and fabricating conformal antennas. By changing the bias
voltage and producing surface plasmons, graphene has outstanding dynamic contin-
uous control characteristics. Surface plasmons occur at the interface of posi-
tive dielectric constant substrates, and negative dielectric constant substrates [29].
Conductors, such as precious metals and graphene, have a significant amount of
"free electrons." These free electrons are often referred to as plasmas. Because of the
conductor’s internal potential area, these plasmas are in a steady condition with no
outer disruption. Plasma deviates due to the effect of em waves. the em mode gener-
ates a wave in the form of a TM mode, which propagates at the interface. According
to the Drude model’s concept, the metal cannot naturally pair with electromagnetic
waves in free space and turn electricity. To inspire the surface plasmon wave, addi-
tional components must be used [30]. When a metal electrode conducts electricity
parallel to the axis, the surface plasmon wave suppresses quickly in the vertical
orientation of the wire-substrate interface, resulting in a skin reaction [31]. Due to
the skin effect and limited dimensions antenna deteriorates at the high-frequency
band. On the opposite, Graphene is capable of absorbing and modulating light in
a broad range of ways. At the THz frequency range, graphene’s in-band transition
dominates, and the reciprocal fluctuation of plasma makes graphene superior surface
plasmon material properties. The surface plasma of graphene not only has a higher
attachment and lower leakage rate, but it also has a lower leakage rate, electrical
tunability, and higher attachment [22, 32]. In the THz spectrum, graphene often has
complex conductivity. As a result, slow-wave propagation is compatible with the
plasma mode at THz. These properties show that graphene can be used to replace
metal in the THz frequency spectrum [33–35].

3.5 Terahertz Photoconductive Antennas

This antenna is used in the THz wave production and recognition. Invention and
advancement of photoconductive antennas affect the THz communication mecha-
nism and related fields. When a photoconductive switch (InP, GaAs) is energized by
the laser beam, an electron–hole pair is created. If an external field applies to the
gap of a photoconductive switch the current (DC) is created. If the laser signal is
adequately brief, around 100 fs, the induced photoconductive current generates the
THz signal. The PCA is shown schematically in Fig. 6. The PCA antenna model
consists primarily of an antenna void photoconductive substrate and an electrode.
The antenna distance is the point at which the laser beam irradiates photoconductive
substances directly. The laser signal is centered on electrode distance and absorbed
by the photoconductive substrate. To enhance the directivity lens is adjust on the
PCA substance. PCA substrates that are widely used are ZnTe, GaP, and GaAs.
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Fig. 6 PCA schematic

3.6 Reflector Antenna

A reflector antenna is used in a variety of uses, including microwave networking to
optical telescopes.Reflector antennas are used in themajority of satellite transmission
networks. Radioastronomymay not have progressed thatmuch, aswavelength begins
to shrink, resulting in a reduction in the efficient reception field. Reflector antennas
are typically electrically massive, with diameters ranging from few wavelengths to
tens of hundreds of wavelengths. Such electric sizes are typically associated with
high gain or a large effective reception field. In general, an electrically wide antenna
produces a very small beam, typically a couple of degrees or much narrower than
the 3 dB beam diameter. Since the energy is so condensed in such a small beam, it
produces a strong gain, which is important for the applications of remote sensing
[36].

Fig. 7 Terahertz reflectors.
a paraboloidal reflector b
Cassegrain reflector c
Gregorian reflector d
spherical reflector
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As seen in Fig. 7, the exact shape of a reflector antenna may be paraboloid,
spheroid, ellipsoid, or hyperboloid. The most common is the paraboloidal reflector.
Optical rays launched from the focal point to the paraboloidal reflector become
parallel collied after being mirrored by the reflector. This property implies is output
aperture plane has an equivalent phase.ACassegrain antenna is an enhanced structure
that employs a hyperboloidal sub-reflector to maximize its efficient focal range. An
astronomy telescope, in the shape of a spherical reflector, may also transmit signals
from various incident angles.

3.7 Terahertz Lens Antennas

The lens has imaging and focusing capabilities that help improve the efficiency of
THz antennas by lowering sidelobe and cross-polarization ratios, achieving, high
gain, and high directivity. Accelerating lenses and delaying antennas are the two
most popular forms of lenses. They are distinguished by varying the electrical dura-
tion of the electromagnetic wave direction [37, 38]. The simultaneous configuration
of metal plates creates the metal plate prism. As if it is broadcast in a waveguide,
the electromagnetic wave travels through a metal plate prism. The metal plate lens is
high-frequency sensitive due to its close contact with the arrangement of the work-
piece, rendering it unfit for THz antenna design. Metal plate lenses require high
accuracy work, they are seldom used in the THz band. However, a metal lens that
satisfies the design criteria of THz antennas has recently been created as an artifi-
cial lens. The low loss-based dielectric material is required for the dielectric lens
with the property like center arranged and then around the lens and has focusing
and processing capabilities. Dielectric lenses may be made in a variety of sizes,
including hemispherical, ellipsoidal over-hemispherical, and stretched hemispheri-
cally. In addition, the energy can radiate further into the dielectric layer as the breadth
of the substrate rises [39]. The Fresnel zone plate of the lens consists of so-called
full-wave zones with a radius bw calculated using the following Eq. (1) [37].
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tp = (p − 1)λ0

p(n − 1)
(5)

T = tc + ts (6)

T = tp + ts (7)

where w ¼ 1, 2,…,W is a current integer andW is the number of full-wave zones in
the FZP. The full-wave zones are equi-phase because the phase from one to another
full-wave zone is altered by 2π . The FZP lens’s full-wave Fresnel zone is separated
into p = 2, 4, 8, subzones. The phase-in each subzone s is modified by 2π/p about
the phase in the next subzone. The bs of the outer radius of the sth subzone is provided
by Eq. (2). where s = 1, 2,.., S, s = wp, and S ¼Wp. The size of the plane-hyperbolic
dielectric lens is calculated using Eq. (3). Where aperture diameter is D and central
thickness (depth) is tc. In each grooved full-wave zone, the corrugations form a stair
with equal steps of height t1 determined by the total depth of the FZP lens is tp. The
entire thickness of the ordinary or FZP lens is given by Eq. (6). The refraction lens
is represented by Eq. (7).

3.8 Terahertz Microstrip Antennas

A thin dielectric layer with a metal patch is used to build a microstrip antenna. The
microstrip antenna is compact in scale, light inweight, easy to produce, andwearable,
making it ideal for mass manufacturing. Many different styles of microstrip antennas
have been produced in recent years, slotted, T-type, clustered, dual-band, and single-
band. Since the substrate of microstrip antennas is frequency sensitive, very thin,
existing research on THz microstrip antennas is focused on the lower frequency
band (0.1–1 THz) [40].

In 2017, researchers created a microstrip antenna with a broader broadband (26.4
GHz) and a defective ground structure using a photonic bandgap substrate. Few
researchers created a compact patch antenna, then for the substrate PBG structure
is used, that enhance the performance, directed ground concept implemented in
the ground area, metamaterial property is enabled using rings for enhancing the
performance [41, 42]. The benefit and bandwidth were increased by optimizations.
Figure 8 depicts a prototype of the antennas.

3.9 THz On-Chip Antennas

The THz high signal on the chip would be significantly attenuated due to lengthy
communication links and higher atmospheric losses. Meanwhile, having good
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Fig. 8 Slotted microstrip
patch antenna

impedance matching between various parts is difficult in such a long connection.
As a result, integrating THz antennas on-chip is both feasible and essential. The
rapid advancement of packaging technologies, like SiGe, and CMOS packaging
technology, facilitates the realization of on-chip antennas. The most popular on-
chip antenna arrangement is the rectangular patch antenna, which would be not only
easy but also fast to meet CMOS technology design requirements. For example, to
realize the frequency detection feature patch antenna need to be integrated on the
same chip, and the operating frequencies of the antennas were 1.6, 2, 2.6, 3, 3.4, 4.1
THz. However, the feeder of on-chip antennas is either very long or very short area.
Furthermore, an antenna’s region is comparatively high, bandwidth is too short, the
beam is not centered, and gain is minimal [43].

4 Terahertz Sources and Detectors

Even though there are lower attenuation windows below 1 THz, the signal attenu-
ation in this band is higher than that of a conventional microwave link. To address
this constraint, numerous wireless communication connection software and hard-
ware parameters must be configured. There is a requirement for innovation in the
areas of detectors, high power sources, lower loss interconnects, high gain antennas.
The creation of lightweight, low-profile, low-cost terahertz wireless communica-
tion systems will result from research in these areas [44–46]. Many THz sources
have been identified as research and technology progresses, which opens a new
door for wireless communication. The optical photo-mixing method enables the
emission of above 1 THz. The backward wave oscillator method is used for the
generation of lower THz signals. However, owing to the need for a strong magnetic
field, the scale of this system is excessively huge. Aside from that, several other
instruments can produce low-power THz signals. Because of the lightweight tera-
hertz system’s requirements, semiconductor systems must be streamlined because
they are essentially low-power devices. Previously, numerous semiconductor devices
such as Tunnel Diode, IMPATT, Gunn Diode, and Schottky Diode were commonly
used to produce lower/moderate power at mm andmicro range wavelength. Different
forms of sources have been studied at the lower THz frequency (>1 THz), however,
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Fig. 9 THz detector using a photoconductive antenna

the output power declines as the operating frequency increases [47]. Figure 9 shows
the photoconductive antenna arrangement. The laser beam would arrive at the with
the change of�t compared to the applied wave. The induced current calculated using
the galvanometer.

The THz wave is conspired by the delay (�t) between two signals. Fourier trans-
formmay be used to gain spectral details such as absorption. The electrical to optical
(EO) sampling method is used for calculating the current signal. The birefringence
effect occurs when the refractive index of an EO crystal varies around various axes.
The THz field shifts the diffraction of the EO crystal in the EO sampling system. A
linearly polarized THz wave is transformed to a slightly elliptical polarized one. The
THz wave can be divided into horizontally and vertically polarized components after
passing through a Wollaston prism and quarter-wave plate, balanced photodetector
used for the detection. Figure 10 depicts the EO crystal identification system. Many
methods for achieving high-resolution imaging have been developed. These tech-
niques are aimed at achieving subwavelength resolution. The distance between the
two electrodes is just 1.5 mm, resulting in a resolution of 6 mm over a bandwidth of
0.1–3 THz. In principle, such a probe may also be used for far-field measurements.
The near-field spreading over a given area is calculated. The near-field distribution
over the spherical surface, planar surface, and cylindrical surface are first detected
using a probe in this process. And, to achieve far-field radiation properties.

Planar scanning is well designed for high gain reflector antennas, and electrically
passive. Raster scanning is typically used to acquire data over such a planar scanning,
as seen in Fig. 11. The Nyquist sampling rate limits the maximum scanning time for
�y and �x to the half wavelength. Although the near-field approach is effective to
measure the radiation pattern of the THz antenna, its limitations are evident in many
ways. For electrically massive antennas, the first consideration is data acquisition
time. According to the Nyquist sampling rule, the maximum sampling time is half
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Fig. 10 EO crystal-based Balanced detection method

Fig. 11 The near-field
scanning schemes
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a wavelength. The input wave to the antenna should ideally be a plane wave of
standardized phase and amplitude. The antenna is placing at a sufficient far distance
for the measuring field pattern. The front phase shift for diameter D must be lower
than 22.5° (~λ/16), to ensure precise antenna position is illustrated in Fig. 12.

5 Proposed Terahertz Lecky Wave Antenna

5.1 Introduction

Due to outstanding electrical and mechanical characteristics, graphene is piquing
the curiosity of researchers. The use of graphene in antennas is significant because
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Fig. 12 A setup for the far-field measurement

graphene allows for the tailoring of a frequency spectrum as well as the modification
of radiation properties. Graphene also has mechanical flexibility, making it suitable
for usage in future electrical gadgets. With the substantial current enhancement,
nanoantennas coated in graphene layers effectively convert photons to electrons.
When compared to an antenna-less graphene device, the current improvement is eight
times greater [48]. Graphene metasurfaces are crucial in improving performance at
THz frequencies. Graphene can sustain surface plasmon polariton waves in the THz
frequency range, making it ideal for tiny electronics. Tera hertz leaky-wave antenna
with periodic silicon (Si) disturbances allows for radiation pattern tweaking through
electronics is shown in Fig. 13. Tomodify the radiation response, silicon corrugations
are generated in dielectric Si nitride waveguides. Because of these Si corrugations,
a significant amount of power is lost.

Fig. 13 Proposed Terahertz Lecky wave antenna structure
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5.2 Terahertz Antenna Design

We have proposed a Lecky wave antenna for the 1–3 THz. Tera hertz Lecky wave
antenna is made up using Si3N4 with the circular shape perturbation. The perfor-
mance is observed in terms of the transmission coefficient, reflectance response, and
radiation pattern. The graphene structure is used for tunability. The overall length
of the structure is 6 mm, The height of the structure is 100 µm, the width of the
structure is 0.5 mm, The waveguide height is 0.1 mm. The diameter of perturbation
(H) is 16 µm, the gap between two perturbations (S) is 50 micrometers, the number
of perturbations 60, The dimension of the graphene sheet is calculate using L = N x
S. The Si3N4 waveguide is kept on the Sio2 substrate.
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ωF = EF/� (10)

ωT = kBT/� (11)

where electron charge is e, frequency is ω, Temperature is T, Boltzmann constant
is kB, The drude relaxation rate is τ , The free-carrier response of graphene (intra-
band) is described by the first term in Eq. (8). The reaction to interband transition is
represented by the second term.

5.3 Discussion on Result

Simulation is carried out using the COMSOL Tool. The performance is analyzed
in terms of directivity, transmission coefficient, and reflectance response. The trans-
mission coefficient value is less than −20 dB for the entire band of 1 to 3 THz and
reflectance response also less than −10 dB for the entire bands and the resonance
observed at the 2.38 THz and 2.45 THz. S11 and S21 plot for the frequency range of
1 to 3 THz are presented in the Fig. 14.

The radiation pattern is shown in Fig. 15. The broadband directivity is observed
with almost more than 16 dB. The directivity behavior also changes as per the applied
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Fig. 14 S11 and S21 plot for the frequency range of 1–3 THz

Fig. 15 The radiation
pattern of the proposed
structure

fermi voltage to the graphene sheet. The proposed design opens the new possible
way of tunable terahertz communication.

6 Terahertz Antenna Process Technology

The wavelengths of THz are very shorter, as a result, it’s illogical to represent that
the surface of antennas is flat. The metal antenna efficiency is lower due to the rough
surfaces. Using proper machining precision can be improved. The advancement of
THz antennas is inextricably linked to the advancement of process technology. Most
common process technologies, which include centered ion beam (FIB) technology,
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and 3D printing. The lithography technology is solve using the focused ion beam
(FIB) method, which can be used for the development of spiral antennas, and 3D
printing is most often used for printing horn antennas/waveguide, THz lenses, due to
the benefits of fast prototyping at a low expense, high accuracy, and miniaturization
[49–51]. Traditional machining technology is used to create the micromechanical
THz process technology. In 1979 the micromechanical technology was first used
in THz circuits. This technology has precise 2D and 3D power structural control,
illustrating realistic methods for manufacturing a variety of good THz components.
Micromachining technology, which includes lithography, laser milling, and mold
reproduction, is focused on silicon technology. Researchers, for example, developed
and installed a lower expensive industrial milling method for better gain. It operates
from 0.32 to 0.5 THz.

Furthermore, UsingDeepReactive Ion Etching (DRIE) Fabrication of bulk silicon
wafers is a reasonably well-established manufacturing technique capable of etching
features with high aspect ratios. Figure 16 depicts a schematic representation of
the compression alignment pin, as well as an image of the pin when compressed
with tweezers to fit into the alignment pocket. When the pin is removed, it expands
to fill the pocket. the advancement of silicon micromachining technologies allows
for the development of silicon-based microlens resonating at 1.9 THz, and beam
scanning at 0.55 THz. It benefits antenna miniaturization and improves stability and
integration performance, which is used for the THz planner array. Micromachining
technology is classified into three phases of development: metal micromachining,
surface micromachining, and bulk micromachining. To transform silicon materials
into the necessary components, bulk micromachining primarily employs etching
technology. Surface micromachining was first used in integrated circuit production
in 1980.Metal micromachining is used in applications like theX-ray to treat products
including plastics, metals, and ceramics.

Fig. 16 a A schematic
diagram of the silicon
compression pin. b
compression pin during
assembly squeezed. c
Photograph of the
compression pin released
into the alignment pocket
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Whilemicromachining technology is capable of achieving high precision, process
accuracy in lower wavelength desires to be enhanced, Therefore the THz tech-
nology emerges in this era with the dense photoresist, milling, discharge, electro-
forming. Electroforming is the process of depositing a target substance model and
then removing it from the main mold to produce a final object. In the discharge
method electrical energy is used to convert a soft metal into a hard one with the
sharpening. The milling method involves repairing the initial mold and rotating it at
high speeds. The mold is machined using a knife to carve out the perfect product
shape. This procedure is reasonably inexpensive. It is a kind of coldmetal process that
is widely used in today’s THz antenna process. Thick photoresist negative photore-
sist is a chemically amplified that is used in THz antenna lithography. Finishing
and roughing may be accomplished parallelly, depending on the scale of the milling
cutter, and the operation generates no chemical waste. According to the above study
of THz antennas, industrial milling technology is used in the majority of current
THz antenna production due to its low expense, high performance, and high preci-
sion. Since the high THz band defines the limited size of the THz antennas, the THz
antennas are primarily processed by micromachining. THz antenna fabrication is a
relatively complex method that is dependent not just on antenna structure but also on
the integration of circuits and antenna. There is currently no standardized packaging
standard method. THz antenna design method would need to be both precise and
low-cost.

7 Future Research on Terahertz Antenna

The specifications of THz antennas: strongmechanical properties, temperature toler-
ance, alkali, and acidic opposition, compact scale, relatively broad operating band-
width, high gain, high radiation, lower cost. In response, potential research directions
for THz antennas would primarily focus on the following aspects.

7.1 The High Value of Gain

The efficiency of THz antennas, as an essential part of a wireless communication
device, has a significant impact on the overall system’s communication output. In
general, gain and efficiency are used to assess energy conversion and radiation capa-
bilities. Directivity andmain lobe width are used to assess the radiation behavior, and
the bandwidth represents the accessibility of the antenna’s available frequency band-
width, among other things. Atmospheric attenuation is the most significant barrier to
THz connectivity. Since free space route failure is practically unavoidable, therefore
the solution is possible by enhancing the gain [52]. As a result of the greater oper-
ational antenna and without much affecting environmental loss For better usage the
antennas must be broadband, high gain, and effective. Given the wideband output of
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THz waves, developing high efficiency with high gain antennas is the main research
focus. Because of the silicon substrate’s strong dielectric constant, themajority of the
energy is bound in the form of surfacewaves. However, due to silicon substrate’s poor
resistivity. the majority of this energy is lost as heat. As a consequence, silicon-based
on-chip antennas typically have poor radiation performance. Since high gain THz
antennas may work in the worst environments that degrade the effect of transmitting
signal failure. THz antennas ideal for high gain service are mostly lens antennas and
THz horn antennas at themoment. The construction of an array-based THz antenna is
the most complex. Since THz antennas are so tiny, installing the THz antenna array
necessitates high-quality materials with precise technology. The existing process
technologies cannot fulfill the design criteria, therefore the THz antenna gain must
be increased from both the process technology and the materials perspectives [53].

7.2 Size Reduction

THz antennas have a moderately very short wavelength, which accounts for the
narrow antenna capacity. When the number of smart devices rises, so does the need
for wearable mobile antennas. The size reduction is an essential future research path.
At the moment, miniaturization based on the integration of the different antennas is
more appropriate. The lens radiusmay be chosen as possible as aminimum.However,
we must exercise caution to prevent the degradation of antenna performance. The
microstrip antenna is the shortest and has the lowest return loss, gain, and directivity,
which are smaller than those of other kinds of antennas. An antenna may be worn as
a handheld antenna with a tiny scale, lower weight, and reproducibility feature [54].

7.3 The High Degree of Incorporation

Many studies have looked into THz antenna integration due to the high consumer
demand and advancements in integration technology based on silicon semiconduc-
tors. Integration of an antenna can be improved by integratingmany antennas on-chip.
One of the most difficult challenges in THz packaging schemes is electromagnetic
compatibility (EMC). In reality, high gain antennas are realized using a compact large
antenna array. There is reciprocal interference between the array’s components. The
addition of filter arrangement increases the overall size of the structure. It needs
to trade-off between EMC reduction, and the THz antenna miniaturization process.
The size of the chip is more than the wavelength, therefore the highly precise pack-
aging and process technology need to be developed. It is common knowledge that
the advancement of fully embedded applications in recent years may be traced to
CMOS technology. Because of this aspect, CMOS technology is suitable for THz
wave circuit design. THz wave circuit architecture has been significantly influenced
by CMOS and SiGe developments, which also extended the implementation areas of
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integrated circuits in THz devices. To address the complex actions of electromagnetic
waves in embedded structures, modern architecture and modeling principles should
be created for integration and packaging technologies.

8 Conclusion

This chapter has discussed the terahertz operating antennas and their accompanying
measurements, with an emphasis on the fundamental ideas and operating principles.
An antenna’s design in the THz range often has far more to deliberate than its lower
frequency, such as sources andmanufacturing problems.Despite the photoconductive
antenna is an integrated signal generator for THz. Several ways have been investi-
gated to improve its directivity and radiation output. Due to their short wavelength,
other high gain antennas such as reflector, and horn antennas have manufacturing
challenges in the THz region. Another issue comes as a result of the measurement
techniques of the THz antenna. In the frequency range up to 1 THz, the near-field and
CATR measuring methods are feasible but not without issues. However, no practical
RF measuring technology exists in the frequency range over 1 THz. THz antenna
design and its measurements will continue to be a technological challenge shortly.
In the long term, it is believed that the development of high power THz sources and
better manufacturing processes would solve this difficulty.
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1D Periodic Nonlinear Model and Using
It to Design All-Optical Parity Generator
Cum Checker Circuit

Tanay Chattopadhyay

Abstract All-optical parity bit generator cum checker circuit has been proposed
using one-dimensional (1D) periodic nonlinear material model in this paper. This
structure consists of alternating layers of different nonlinear materials. The design
is reconfigurable in nature, i.e., we can use this circuit as parity generator /
checker without changing the circuit design. Numerical simulation results have been
performed to check the result with the theoretical pre-calculated values.

Keywords All-optical signal processing · Optical logic · Nonlinear optics

1 Introduction

Correct data transmission and receiving is very important in data communication.
n-bit data can be coded with 2n possible combinations. An error detection code is
generally added to n-bit data to make the word (n + 1) bit to correct and detection
of error in data transmission. Parity bit has been used as error detection code today.
In this code, an extra bit is inserted with the binary message. This bit is parity bit,
depending on which the total number of 1’s in the massage become either even or
odd. In a coded data, if the total number of 1’s is made even (odd) then it is called
even (odd) party encoded. A parity bit generates party bit at transmitter end and party
checker checks the parity at the receiver end. Recently signal processing with optics
has received considerable attention due to its high speed and high bandwidth [1–3].
Due to increase of data traffic ultra-high-speed photonic communication network is
essential. In network nodes, the problem of optical-to-electronic-to-optical conver-
sion will be avoided by all-optical circuit in future. Some optical circuit designs of
all-optical parity and parity checking have already been proposed in different litera-
tures. All-optical parity checker was demonstrated by Poustie et al. with concatena-
tion of twoTOADs (terahertz optical asymmetric demultiplexer) [4], where amplified
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signal feedback to the first TOAD as control pulse hence every time one-bit differ-
ential delay is required as feedback. This bit delay is act as 145 bit memory counter
circuit. Chowdhury et al. have proposed isotropic linear-nonlinear material slab (LM
+ NLM) based parity generating and parity checking circuit [5], which is based
on Snell’s law. Samanta and Mukhopadhyay proposed polarization encoded parity
generator and checker circuit by isotropic nonlinear material [6]. Also Pahari [7]
proposed odd–even parity bit circuit by OPNLM-based device. 4-bit parity gener-
ator circuit using XGM in SOA has been proposed by Srivastava and Priye [8].
Also some design on party circuit has been proposed ring resonator (MMR) [9, 10],
SOA-MZI [11], LiNbO3-NLMZI [12, 13], quantum dot Mach–Zehnder interferom-
eter [14] and plasmonic waveguides (PWG) [15]. LiNbO3 based Kumar et al. [13]
design requires optical-to-electrical conversion in intermediate circuit. In Nair et al.
[16] design, optical tree net architecture is used to design 4-bit parity generator-
checker circuit, here 24–1 = 15-TOAD-based switches are required. TOAD-based
parallel parity bit generator circuit is also proposed in our previous literature [17].
In TOAD-based switch, two counters propagating pulses reach to the input coupler
so propagation time is very important for switching operation, hence cascading of
many number of TOAD-based switches is more challenging and difficult to design
in practical for high speed operation. Also SOA-based switches requires electrical
biasing to active the device, also gain dynamics is very important for switching of
this device. As a result at high frequency, slow gain recovery may create unwanted
patterns at the output [18, 19].

In this paper, one-dimensional (1D) periodic nonlinear system is proposed and
described. In case of nonlinear material, the refractive index of the material varies
with intensity of light [20–24]. This 1D periodic model can be used to design XOR
gate, which can be used in parity generator and checker circuit. The proposed design
is parallel in nature and also reconfigurable, i.e., we can use this circuit as parity
generator and also checkerwithout changing the circuit design.Numerical simulation
has been done to compare the result with the theoretical predetermined results.

2 1D Periodic Nonlinear Model

Refractive index (n) of a nonlinear material is incident light intensity (I) dependent
as [20, 21, 25, 26],

n = n0 + nnl I (1)

where n0 and nnl are the linear refractive index the coefficient of nonlinear refractive
index (Kerr coefficient), respectively. One-dimensional periodic nonlinear system
was proposed by Brzozowski and Sargent [22, 27]. These structures consist of alter-
nating layers nonlinear materials with two different linear refractive index (n01 and
n02) and Kerr coefficients (nnl1 and nnl2) as shown in Fig. 1. Their thickness (d1 and
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Fig. 1 One-dimensional (1D) periodic nonlinear system. These structures consist of alternating
layers nonlinear materials with different linear refractive index (n01 and n02) and Kerr coefficients
(nnl1 and nnl2), n1 = (n01 + nnl1 Iin) and n2 = (n02 + nnl2 Iin)

d2) are maintained such that they maintain a relation with the wavelength of the light
as [27],

d1 = λ

2
(
n01 − n02

nnl1
nnl2

)

d2 = λ

2
(
n02 − n01

nnl2
nnl1

)
(2)

Hence this device behaves like gating having period of the grating = � =
(d1 + d2). When a light beam of intensity falls on the material layer, one portion
is transmitted and other is reflected. Transmitted and reflected intensity also depends
on the parameter ‘a’. Where ‘a’ can be defined as [22, 27],

a = n01 − n02
|nnl1| + |nnl2| (3)

ForN (= L
/
�, is the total length of thematerial) layers of such periodic refractive

index system the transmitted light intensity can be expressed as [27],

ITr =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

0 for Iin < a

(
1 − 1

2N

)

a
[
2N (Iin − 1) + 1

]
for a

(
1 − 1

2N

)
< Iin < a

a for Iin > a

(4)
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Fig. 2 The variation of
transmitted intensity (ITr)
with incident intensity (Iin)
for a = 1 and 2 at very
higher values of N

We can choose a = 1, 2, etc. using different nonlinear materials. As an example,
a = 2 can be obtained by choosing n01 = 1.5, nnl1 = + 0.01 and n02 = 1.54, nnl2 =
−0.01 [28]. Equation (4) shows that the transmitted light intensity becomes a step
function for large values on N. For very large N, ITr is also plotted in Fig. 2 for a
= 1 and 2 respectively. From these graphs, we see that when Iin ≥ a, we find the
transmitted light intensity will clamp to a. Brzozowski and Sargent showed that all
light intensities which are less than a is reflected [22, 27]. This operation is archived
for input light frequency 2.8×1014 Hz to 3.2×1014 Hz [22]. The required input beam
intensity for switching of a 1 mm—long device is nearly 1 × 106 W/cm2 [27]. This
design can be easily fabricated on the SOI ridge waveguide by etching techniques
described in reference [29–32]. The simulated refractive index profile (both linear
and nonlinear refractive index) is also shown in Fig. 3. From the simulation, we find
with grating period � = 0.765 µm.

XORgatewith this 1Dperiodic nonlinear system (fora=2) can be easily designed
[28, 33], which is shown in Fig. 4a. Here two beams ‘A’ and ‘B’ are combined with
a beam combiner. The combined beam ‘X’ is the input of the 1D periodic nonlinear
system. When the intensity level of input A and B = 1, then the combined beam (X)
intensity level = 2. According to the property described before, we can say that in
this case, light is transmitted (because I in = light intensity level of the combined
beam ‘X’ = 2 = a). In other cases the input intensity = 1 < a, so light is reflected.
In this way, XOR logical operation (A ⊕ B) is possible at the output ORe shown in
Fig. 4a. The input–output intensity table is shown in Fig. 4b. The transfer matrix of
the XOR logic unit shown in Fig. 4 can be expressed as,

[T ] =
(

AB AB
A + B − 2AB A + B − 2AB

)
(5)

And the operation is,
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Fig. 3 Simulated refractive index profile of 1D periodic nonlinear system

Fig. 4 1D periodic
nonlinear system-based XOR
gate a all-optical circuit, BC:
beam combiner, b
Input–Output intensity table

(a)           

(b) 
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O = [T ]I (6)

where I = (
A
B

) and O =
(
OTr

ORe

)
are the input and output matrices respectively.

Numerical simulation has been done to compare the result with the theoretical
predetermined results.

3 All-Optical XOR Gate

Cascading the above 1D periodic nonlinear model we can construct 8-bit XOR oper-
ation as shown in Fig. 5. The output (Out) of the circuit exhibit the relation Out =
(A1 ⊕ A2 ⊕ A3 ⊕ A4 ⊕ A5 ⊕ A6 ⊕ A7 ⊕ A8). This circuit can be easily extended
to n-bit easily.

4 Parity Bit Generator Cum Checker Circuit

Using the above-proposed XOR gate, we can design parity bit generator cum checker
circuit. The 4-bit parity bit generator cum checker circuit is shown in Fig. 6. It
is designed with four (I, II, III and IV) all-optical XOR gates shown in Fig. 6.
Here A, B, C and D are four inputs. The output P ′ gives the logical expression
(A ⊕ B ⊕ C ⊕ D). Other input P ′′ is combined with P ′. The combined beam X ′
is fed to a XOR gate. The final output is P gives the logical expression, P ={
P ′′ ⊕ (A ⊕ B ⊕ C ⊕ D)

}
. Here the input P ′′ is called reconfigurable input. By

selecting input values the circuit behaves like parity checker and some time generator.
The proposed 4-bit parity generator cumchecker size is nearly the size of (twoparallel
OC + two parallel switching module (I) and (II) + one OC + (III)rd switching

Fig. 5 All-optical 8-bit XOR operation using 1D—periodic nonlinear system. OC: optical
circulator, BC: beam combiner
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Fig. 6 4-bit Parity generator cum checker circuit using 1D periodic nonlinear system

module + one OC + (IV)th switching module + some spaces for beam combiner,
i.e., Y coupler) = (3.7 × 3 + 14 × 3 + 1.7 × 3) = 58.2 mm. Actual size will be
slightly greater than this size. The output intensity at port P can be calculated from
the following equations using Eq. (6) as,

(
OTr−I

O1

)
= [TI]

(
A
B

)
(7)

(
OTr−II

O2

)
= [TII]

(
C
D

)
(8)

(
OTr−III

P ′

)
= [TIII]

(
O1

O2

)
(9)

(
OTr−I V

P

)
= [TIV ]

(
P ′′

P ′

)
(10)

For P ′′ = 0, P = (A ⊕ B ⊕ C ⊕ D), i.e., the circuit behaves like parity generator.
The simulated waveform of the parity bit generator for different combination of
inputs A, B, C and D using Eq. (6) are shown in Fig. 7, which satisfy the theoretical
pre-calculated results shown in Table 1.

At the receiving end, we take these data and can check the parity. To do this we
have to put P ′′ = P (previously calculated or simulated parity bit). If the final output
‘P = 0’ then we can say that there is no error in the data, i.e., parity is conserved. But
if we find ‘P = 1’ then we can say that during transmission from a position to another
an error has occurred. For getting the theoretical truth table, we introduce some bit
errors in the data at the receiving end to understand the circuit operation (denoted by
‘1’ or ‘0’ marks in the truth Table 2). ‘1’ and ‘0’ occurs when ‘state-0’ is transformed
to ‘state-1’ and ‘state-1’ is changed to ‘0 state’ due to error. The simulated waveform
is shown in Fig. 8, which satisfy the truth Table 2.
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Fig. 7 Simulated waveforms of parity generator circuit for P ′′ = 0, Y-axis having the value 1×106

W/cm2 per division

5 Discussion

A comparative study can be made on the basis of number of switching modules used
in the circuit and identical circuit for parity checker and generator, which is shown
in Table 3.

For n—bit parity generator/checker circuit n—input XOR gate is required. To
design n—input XOR gate we need (2�log2 n� − 1) numbers of two—input XOR
gates. The output of this n—input XOR gate (P ′) is fed to another XOR gate to
obtain the final output ‘P’ as shown in Fig. 9a. Hence to design n—bit parity gener-
ator/checker circuit, we need total 2�log2 n� two—inputXORgates, showngraphically
in Fig. 9b. Also n—bit delay line is required in P ′′ input line of the last XOR gate.
The switching scheme depends upon the intensity level of the incoming signal. Due
to optical loss at the coupler and the nonlinear material, the intensity level can be



1D Periodic Nonlinear Model and Using It to Design All-Optical … 145

Table 1 Truth table of parity generator

A B C D P

0 0 0 0 0

0 0 0 1 1

0 0 1 0 1

0 0 1 1 0

0 1 0 0 1

0 1 0 1 0

0 1 1 0 0

0 1 1 1 1

1 0 0 0 1

1 0 0 1 0

1 0 1 0 0

1 0 1 1 1

1 1 0 0 0

1 1 0 1 1

1 1 1 0 1

1 1 1 1 0

Table 2 Parity checker truth table. Some bit errors inside the circuit is created to understand the
circuit operation (denoted by ‘1’ and ‘0’)

A B C D P ′ P Remarks

0 0 1 0 0 1 Error

0 0 0 1 1 0

0 0 1 0 1 0

1 0 1 1 0 1 Error

0 1 0 0 1 0

0 1 0 1 0 0

0 1 0 0 0 1 Error

0 1 1 1 1 0

1 0 0 1 1 1 Error

1 0 1 1 0 1 Error

1 0 1 0 0 0

1 0 1 1 1 0

0 1 0 0 0 1 Error

1 1 1 1 1 1 Error

1 1 1 0 1 0

1 1 0 1 0 1 Error
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Fig. 8 Simulated waveforms of parity checker circuit for P ′′ = P (previously calculated or
simulated parity bit), Y-axis having the value 1 × 106 W/cm2 per division

decreased after certain stages which may disturb the switching behavior. But fixed
intensity can be maintained with optical isotropic nonlinear material-based design
proposed by Samanta and Mukhopadhyay in their manuscript [34].

6 Conclusion

The structure of the proposed parity bit generator cum checker is all-optical in nature
with application in photonic networks.We describe the circuit operation using analyt-
ical expressions.Numerical simulation results have been done to check the result with
the theoretical pre-calculated values. The circuit operates in picoseconds range and
can be used in future optical supercomputing and communication.
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(a)           

(b) 

Fig. 9 a n—bit parity generator/checker circuit (block diagram). b Number of 2-input XOR gates
used in the n-bit parity generator/checker circuit
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Section I: Wide Bandgap (WBG)
Semiconductors as Terahertz Radiation
Generator

Suranjana Banerjee

Abstract IMPATT device with double drift layer created on WBG (wide bandgap)
materials in the terahertz region (0.1–10 THz) of the RF spectrum will be inspected
in this chapter to study their reliability as the generator of terahertz (THz) radiation.
AboveW-band (75–110 GHz), avalanche response time (ART) poses a limitation on
the RF performance of various semiconductors which can be overcome by the use
of WBG semiconductors like SiC and GaN which will be discussed in details here.
ART analysis provides a novel method to determine the suitability of theWBG semi-
conductors to operate in THz regime. Analysis of RF signal of large amplitude using
NSVE model will also be presented in this section. Based on this model, various RF
parameters like conductance, susceptance, negative resistance, quality factor etc. of
WBG semiconductors like SiC and GaN will be extracted to get a comprehensive
idea of the acceptability of these semiconductors as reliable sources of THz radia-
tion. Results indicate that below 1.0 THz, both SiC and GaN act as promising tera
source but above 1.0 THz, GaN excels SiC as a source of THz radiation. Simulation
results presented here will be of substantial use to fabricators and experimenters for
practically realizing double drift layer Avalanche Transit Time (ATT) diodes with
Silicon Carbide or Gallium Nitride as the base material for operation in the THz
domain.

Keywords Double drift layer · IMPATT · Avalanche response time

1 Introduction

The terahertz realm (0.1–10 THz) is the propitious yet vexing part of the RF spectrum
that lies between the microwave and the optical regions and covering a frequency
range from 0.1 to 10 THz. Terahertz radiation or Tera rays are safer than X-rays
or gamma rays as they are non-ionizing. This means tera ray photons are not ener-
getic enough to break-off electrons from the atoms or molecules of human tissue
which could give rise to harmful chemical reactions. Still, this regime remained
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underdeveloped due to the dearth of efficient, coherent and compact tera sources
and detectors and the goal of turning laboratory outcomes in tera domain into real-
world applications has proved evasive. Legions of researchers have struggled with
that challenge for decades. Hence, this region is also referred to as Terahertz gap.
Another challenge in the THz band is high losses. THzwaves have high absorption in
the atmospheric situation and the moist environment. So, signal degradation in THz
region is appreciably more than the neighbouring microwave and optical or infrared
band.

Intensified effort has started since 1990s to tame and harness the utility of terahertz
domain. Tera spectrumoffers high data ratewhich is effectively used in another rising
field of wireless communication. The legendary works of Prof. J. C. Bose declared
in May 1895 at Calcutta (Asiatic Society of Bengal) is a landmark in the history of
millimeter waves. He demonstrated the generation of electromagnetic waves with a
wavelength of 6 mm using Galena detector and coined the word ‘millimeter wave’
for the first time. The solid state millimeter wave and terahertz sources have almost
replaced the vacuum tube sources due to their low cost, weight and reliability. The
objective is to realize simple, reliable, efficient, powerful and cost effective solid
state sources for terahertz communication system.

DDR (Double Drift Region) IMPATT (Impact Avalanche Transit Time) Diode
based onWide band gap (WBG) semiconductors like SiC and GaNwill be explained
in this chapter as a dependable tera radiation generator. This chapter will also provide
an in-depth knowledge of the design and establishment of a high power-low noise
reliable IMPATT device as a source of THz radiation. IMPATT is basically a reverse
biased negative resistance device and has established itself as a source of elevated
power and efficiency and can plunge into the submillimeter or THz domain efficiently
by using proper base material. Above W-band (75–110 GHz), the performance of
IMPATT diode is limited by avalanche response time which depends on the carrier
ionization rates in the base semiconductor which will be explained later in this
chapter. This limitation can be overcome by using WBG semiconductors like SiC or
GaN whose material parameters like breakdown voltage, carrier saturation velocity
and thermal conductivity are highly favourable to realize high power-high frequency
semiconductor device like IMPATT diode at Terahertz frequency region.

2 Operation Principle of IMPATT and Its Development
as a Terahertz Radiation Generator

IMPATT is an acronym for Impact ionization and Avalanche Transit Time. IMPATT
diode is a negative resistance device which operates at microwave, millimeter wave
and terahertz frequencieswhere the negative resistancemainly arises due to avalanche
multiplication and the transit time effect. These two phenomena produces total 180°
phase lag between the input excitation and the output response: avalanche delay
causing a 90° phase lag and transit time delay giving rise to another 90° lag. IMPATT
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diode produced appreciable power at the outputwhenproperly implanted inRFcavity
resonator. The research and development of IMPATT diodes have been prodigious
over a wide dimension of frequency from microwave to due to variations introduced
in structure, base semiconductor, doping conditions and other important properties of
the diode. Different remarkable experimental outcomes propelled many researchers
to dive into the THz field and inspect it from various aspects. Shockley in 1954
[1] conceived the idea of obtaining negative resistance from a reverse-biased p–n
junction diode. He showed that if an electron bunch is injected into the drift region
of the reverse-biased diode then the phase delay involved in the transit of electrons
through the high field drift layer gives rise to a negative resistance. He proposed
that a forward-biased junction can be used to inject electron bunch into the drift
region. However, the negative resistance of the diode was low and consequently the
microwave output power was also low. In 1958 Read [2] put forward the idea of
introducing an intrinsic layer in between n–n+ with p+ at the other end forming the
p+n junction avalanche growth region near the high field p+-n junction. Read diode
gradually withered to obscurity for a few years as feasibility of the diode became
difficult. In 1965, first pragmatic Read diode was accomplished by Lee et al. [3] at
lower microwave frequency with low output power. In 1965 Johnston and his co-
researchers [4] demonstrated oscillation atmicrowave frequencies from a single-drift
region (SDR) diode structure. In the later part of the same yearMisawa [5] developed
small signal theory for IMPATT diode.

In 1967,Gummel andBlue [6] carried out noise analysis of the IMPATTdiodewith
a small amplitude RF signal. Scharfetter et al. in 1970 [7] proposed a structure with
two drift regions called the DDR structure (p+-p-n-n+)comprising an avalanche layer
sandwiched between the electron and the hole drift layer. Their observation reveals
better efficiency and more high frequency power generation of IMPATT diode with
two drift layers over a single drift layer. RF power is mainly contributed by the drift
layer of the diode, DDR structure having two drift layers obviously contributes more
power than SDR structure.Works of Seidel et al. in 1971 divulge practical realization
of both double drift layer and single drift layer structures of the diode with successful
delivery of 1 W and 0.53 WRF power respectively at a frequency of 50 GHz. Post
these works, multitude of researchers established the fact through their works that
diodes incorporated with double drift layer provides better RF performance than
with single drift layer. At THz frequencies, wide bandgap semiconductors like GaN
having a bandgap of 3.4 eV or 3C-SiC with bandgap of 2.24 eV or 4H-SiC with
bandgap of 3.26 eV are highly suitable as base material for IMPATT diode. Reports
onmicrowave frequency synthesizers [8] show that they can generate fewmicrowatts
of power and hence finds application as local oscillators in radio astronomy receivers.
Additionally, IR lasers using multiple quantum wells in the structure, HEMTs [9]
and HBTs [10] have emanated as probable THz sources.

Low cost terahertz sources operational at room temperature are in great demand
but not yet available commercially. The novel idea of using high energy electronic
bandgap semiconductors as the base material for IMPATT is a demanding research
domain which if scrutinized methodically can provide large amount of power at
higher millimeter and terahertz frequency regime. These terarays can be used for
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various applications in medical imaging, bioscience and surveillance. Terahertz
domain is still in the dawning stage due to paucity of electronic components, detec-
tors and generators in this particular frequency range while those which are available
do not satisfy the state-of-the-art need of researchers as they are voluminous and
operate below the ambient temperature. These sources find important applications
both in civilian and defence sectors like satellite communication, remote sensing,
collision avoidance systems, wireless television and worldwide personal communi-
cation systems due to their several advantages like greater bandwidth, larger commu-
nication capacity for data, higher spatial resolution, smaller component and antenna
size, compact and light weight equipment, lower probability of intercept or interfer-
ence compared to microwave systems. Further terahertz waves can penetrate smoke,
dust, rain and clouds much more effectively than infrared or optical waves. THz
sources also find important applications in tracking radars and missile guidance.
Hence, the terahertz realm has fascinated researchers to investigate the prospect of
the domain to be used for various applications.

3 Wide Bandgap (WBG) Semiconductors as Reliable THz
Source

The prospect of high energy electronic bandgap semiconductors as base materials
for IMPATT diode has been reported [11–20] recently as a prospective source of
tera radiation. Reports in [17] and [18] manifest the performance of 4H-SiC as a
suitable base material for IMPATT. To the best of author’s knowledge, dearth of
superior wafer for GaN has hindered its prospect of fabricating IMPATT diode,
though physical properties of the material is highly approving. Diamond is another
propitious material with high energy bandgap for use in terahertz domain due to its
highly commending characteristics and modernized growth process [19, 20].

4 THz Operation Based on Avalanche Response Time
(ART) Analysis

Terahertz operation of IMPATT device based on WBG semiconductors depends
greatly onART.Dependence of THzoperation of the device onARTwill be discussed
here in this section and tunneling will be discussed in Section II. The threshold
frequency of the device can be predicted faithfully from the ART analysis as will be
presented in the following sectionwhere a comparison ismadebetweenARTand time
needed for the mobile charge carriers to transit through the drift zone, abbreviated
as TT in IMPATT diode based on large gap semiconductors as Silicon Carbide and
Gallium Nitride. This analysis effectively proves Avalanche Transit Time device as
a generator of THz radiation. Rate of ionization (αn, αp) and average velocities (vsn,
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vsp) of mobile carriers determined by electric field considerably regulate the dc and
RF features of the device. The significance of these properties lie in the fact that they
control the rise of current generated due to avalanche multiplication process and
the time needed to move through the drift region. Thus, proper choice of the base
semiconductor is very important for determining both ART and TT. The following
analytical method helps to find out the limiting frequency from ART and TT.

The avalanche response times initiated by electrons, τAn and holes, τAp are
expressed as

τAn = 1
(
vsn + vsp

)

xA2∫

−xA1

exp

⎡

⎢
⎣−

x∫

−xA1

(
αn − αp

)
dx ′

⎤

⎥
⎦dx . (1)

τAp = τAn exp

⎡

⎢
⎣

xA2∫

−xA1

(
αn − αp

)
dx

⎤

⎥
⎦. (2)

τA is the avalanche response time due to both the carriers, electrons and holes and
is given by

τA = τAn

⎧
⎪⎨

⎪⎩
(1 − k) + k. exp

⎡

⎢
⎣−

xA2∫

−xA1

(
αn − αp

)
dx

⎤

⎥
⎦

⎫
⎪⎬

⎪⎭

−1

. (3)

where the parameter k = Jps/Js and (1 – k) = Jns/Js.
In Eq. (3), Jns and Jps are the currents generated due to minority carrier injection

and Js = Jps + Jns being the total current The avalanche response times are obtained
from Eqs. (1–3) with the realistic material parameters from [21–24].

4.1 ART Method to Find the Suitability of Silicon Carbide
and Gallium Nitride

Method: Firstly, ART (τA) of the base materials are obtained from Eq. (3). For that,
(αn(x)) for electrons and (αp(x)) for holes which gives the space domain variations of
the carrier ionization rates are obtained from the dc simulation outputs and then (τA)
is obtained by solving Eqs. (1) and (2) numerically. The time taken by the carriers
to drift across the active region that is transit times (τ T ) depends on the frequency of
operation and is obtained from [25].

Results: Changes of τA and τ T with optimum frequency forWBG semiconductors
are clear from Fig. 1. The graph shows that ART is less than TT below the oper-
ating frequency which should be the case for obtaining power output from the DDR



158 S. Banerjee

Fig. 1 Comparison plots of ART and TT against optimum frequency forGaN and 4H-SiC as the
base materials

IMPATT diode. It also shows that the choice of the base semiconductor governs ART
which in turn depends upon vsn, vsp and αn, αp.

Figure 1 shows that GaN based diode gives less ART with respect to 4H-SiC. It
is also visible from the graph that operating frequency upto 5.0 THz is possible for
GaN as the base material as its τA is of the order of 10−17 s while its TT is almost
seven order more. Outcomes also indicate sufficient power at higher frequency of 1
THz.

5 Physical Parameters of 4H-Silicon Carbide
and Wurtzite-Gallium Nitride

The significant physical parameters that control the steady state and RF characteris-
tics of the IMPATT diode are rate of ionization of mobile carriers, drift velocities and
mobilities which are strongly dependent on E-field and temperature. The reported
experimental values of ionization rates of themobile carriers, velocity of drift through
the drift layer and mobilitiesof different base semiconductorsof IMPATT diodes i.e.,
Wz-GaN and 4H-SiC are used here. In this section these material parameters, field
dependency and temperature dependencies are discussed. Johnson’s and Baliga’s
figure of merit (FOM) [26, 27] on power and frequency parameters for terahertz
application helps us to judge the RF properties of the device.
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5.1 Ionization Rates

Rate of ionization for electrons and holes given as αn and αp corresponding to
electrons and holes respectively are very significant in determining various static
and higher frequency properties of IMPATT. These are also very much dependent on
temperature and increase exponentially with electric field as obvious from Eq. (4).
Rate of ionization is the probability of ionization of a mobile carrier per unit time
and per unit distance travelled under the influence of electric field [28]. The rate
of ionization is given by Shockley’s low field model as defined below except for
4H-Silicon Carbide.

αn,p(ξ) = An,p exp

[(−Bn,p

ξ

)m]
. (4)

where, ξ is the electric field and the exponent, m is 1 for GaN or SiC. The ionization
coefficients An, Bn and Ap, Bp are obtained from the experimental reports of Kunihiro
et al. [29] and Konstantinov et al. [30] respectively at different electric field values
as given in Table 1.

Ionization rates for 4H-SiliconCarbide are given below shows that they are rapidly
increasing functions of temperature.

αn(ξ) =
(

ξ

An

)
exp

(−Bn

ξ 2

)
. (5)

αp(ξ) =
(

ξ

7

)
exp

[
−1

(
Apξ 2 + Bpξ

)

]

. (6)

The following empirical relations for the field and temperature variations of these
ratesfit very well withW. N Grant’s experimental results [21].

In the lower field range, 2.4 × 107 V m−1 < ξ < 5.3 × 107 V m−1,

Table 1 Coefficient of ionization for the charge carriersat 300 K

Semiconductor
material

Field range, ξ
(×107 V m−1)

An (×
109 m−1)

Bn (×
109 V m−1)

Ap (×
109 m−1)

Bp (×
109 V m−1)

Wz-GaN 4.00–10.00 13.8000 1.4280 0.6867 0.8720

>10.00 12.2700 1.3630 0.3840 0.7950

4H-SiC 1.00–10.00 10.0000 4.0268 4.1915 4.6428
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αn(ξ, T ) = 6.2 × 107
[

exp

{

−
(
1.08 × 108 + 1.3 × 105(T − 22)

)

ξ

}]

αp(ξ, T ) = 2.0 × 108
[

exp

{

−
(
1.97 × 108 + 1.1 × 105(T − 22)

)

ξ

}]

.

(7)

In the higher field range, 5.3 × 107 V m−1<ξ< 7.7 × 107 V m−1,

αn(ξ, T ) = 5.0 × 107
[

exp

{

−
(
9.90 × 107 + 1.3 × 105(T − 22)

)

ξ

}]

αp(ξ, T ) = 5.6 × 107
[

exp

{

−
(
1.32 × 108 + 1.1 × 105(T − 22)

)

ξ

}]

.

(8)

where, T is the junction temperature in Kelvin. The junction temperature of IMPATT
diode operating inCWmode rises above the ambient temperature. The rise of junction
temperature can be thermally modeled by proper heat sink arrangement to keep it
below or close to 500 K.

5.2 Drift Velocity of Charge Carriers

Drift velocity vs. field variation shows negative mobility in Wz-GaN [31] which is
considered for simulation of the diode uses the following relation.

vn(ξ) =
[
μnξ + vsn

(
ξ
/
ξc
)4]

[
1 + (ξ/ξc

)4] . (9)

where, ξ is any value of electric field and ξ c is the critical field at which electron
reaches the peak velocity before saturation. In 4H-SiC, carrier drift velocity is given
below [32].

vn,p(ξ) =
[

μn,pξ(
1 + (μn,pξ

/
vsn,sp
)κ)

]1/κ
. (10)

where, the constant κ = 1.20. Saturated drift velocities of the mobile carriers are
strongly temperature-dependent.

Table 2 shows the experimental values of vsn and vsp for 4H-SiC andWz-GaN at
300 K.
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Table 2 Saturated drift
velocities in Wz-Gallium
Nitride and 4H-Silicon
Carbide

Saturated drift velocity T = 300 K

Wz-GaN 4H-SiC

vsn (×105 m s−1) 3.0000 2.1200

vsp (×105 m s−1) 0.7500 1.0800

5.3 Various Important Parameters

Table 3 gives the values of other important material parameters forWz-GaN and 4H-
SiCwhich are available in the published reports [22, 23]. Those important parameters
are: (i) the bandgap energy (Eg), (ii) relative permittivity (εr), (iii) intrinsic carrier
concentration (ni), (iv) effective density of states of conduction and valance bands
(Nc, Nv), (v) density of state effective mass (md

*), (vi) mobilities (μn, μp), (vii)
diffusion coefficients (Dn, Dp), (viii) diffusion lengths (Ln, Lp) and (ix) critical field
corresponding to the peak drift velocity (ξ c) of electrons in 4H-SiC and Wz-GaN.

Table 3 Other Important
parameters of Wz-GaNand
4H-SiC

Material parameter T = 300 K

Wz-GaN 4H-SiC

Eg (eV) 3.4691 3.1934

md
* (×m0) 1.5000 0.7700

εr 10.4000 8.5884

ni (×1013 m−3) 3.6114 × 10–17 0.0161 × 10–13

Nc (×1025 m−3) 0.2234 1.6887

Nv (×1025 m−3) 4.6246 2.4942

μn (m2 V−1 s−1) 0.1000 0.1000

μp (m2 V−1 s−1) 0.0034 0.0100

Dn (×10–4 m2 s−1) 2.6000 2.7100

Dp (×10–4 m2 s−1) 0.8798 2.5875

Ln (×10–6 m) 6.5000 12.0000

Lp (×10–6 m) 2.1000 1.5000

ξ c (×105 V m−1) 0.5000 –

– m0 = 9.1×10-31 Kg is the rest mass of an electron
εs = εrε0 is the permittivity of the semiconductor material; where
ε0 = 8.85×10−12 F m−1 is the permittivity of vacuum
md

*represents “effective mass” of the material which is different
from the rest mass of the material
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6 Design and Methodology

In the first step, the parameters controlling the structural design and doping ofGaN
IMPATTs are preconceived at the desired THz frequency. Sze and Ryder’s empirical
formula given below will be used to estimate the input doping parameters corre-
sponding to the design frequency and base semiconducting material of IMPATT
didoes. The formula is:

Wn,p = 0.37 vsn , sp/ f. (11)

where,Wn,p =depletion layer thickness for then andp sides, vsn,sp = carrier saturation
velocity and f = operating frequency.

6.1 Device Model

Classical drift–diffusion model is used preferably over energy relaxation model for
simulation of DC and RF properties GaN based DDR IMPATT as both the models
provide comparable result so far as execution of the device performance at high
frequency is concerned as reported by Dalle et al. [33].

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 are 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.

(12)

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.
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6.2 DC Analysis

The important one-dimensional device equations under dc conditions will be solved
numerically. These equations are Poisson’s equation, Carrier transport equation,
current density equations and space charge equations. The effects of cloud of carrier
charge accumulated in the active layer and carrier diffusion due to concentration
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 [34] 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 [34].

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 centre peak
field position and then pursuing the same to the leftmost extremity of the active layer
(Fig. 2).

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-Gummelformula given below:

η = 2m/π × VD/VB (13)

where, m = modulation factor, VD = drift voltage and VB = breakdown voltage.

Fig. 2 1-D structure of
DDR IMPATT diode
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6.3 Analysis for Small Amplitude RF 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 [6]. The
admittance (G-B; G-conductance, B-susceptance) plots and the negative impedance
(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 the RF power generation in the depletion layer. The frequency at
which the negativeG reaches themaximumvalue is the threshold optimum frequency
while the frequency at which B makes a transition from positive (inductive) to nega-
tive (capacitive) is the avalanche resonance frequency. For oscillation to occur, nega-
tiveG and positiveB conditionmust 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 . (14)

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). (15)

YD(ω) = 1

ZD(ω)
= G(ω) + i B(ω) = 1

(ZR(ω) + i ZX (ω))
. (16)

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 helps 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
)

⎫
⎪⎬

⎪⎭
. (17)

Power obtained at THz frequency operation is given as
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PRF = 1

2
(VRF )2

∣∣Gp

∣∣A j . (18)

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.

6.4 Large Signal Analysis

The above analysis under low signal amplitude gives an immediate idea of the design
of the device and the various static and high frequency properties but under actual
operating conditions of the device embedded into the resonant cavity, the large signal
analysis is necessary to obtain power and efficiency at different voltage modulation.

NSVE model which uses a non-sinusoidal voltage to excite the device is used in
this analysis. This voltage is given by

vr f (t) = VB

n∑

p=1

(mx)
p sin(2pπ fd t). (19)

where, mx is the percentage of modulation which is the amount of voltage swing
over the breakdown component of voltage. The primary component of the ac voltage
corresponding to p = 1 is given by vrf 1(t) = mxVB sin(2π f d t). In Eq. (19), f d is
the primary component of frequency which is exactly the same as the frequency at
which the device has been designed.

Figure 3 shows the IMPATT device controlled by the ac voltage vrf (t), current
excitation I0 serving as the biasing input which is Aj times the current density J0 and
C is the capacitor which couples the response of the device to the output nodes. The
time varying voltage, vrf (t) is applied due to which the current response of the device
is Jt(t) = J0 + jt . The current response is obtained from large signal simulation.

The structural components i.e.,Wn,Wp,ND,NA,Nn+,Np+, the bias current density
(J0), the design frequency f d and the physical parameters of the base material serve
as the feed in parameters for the simulation.

Fig. 3 NSVE model of
IMPATT diode oscillator
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Steady state parameters are obtained at the very outset by considering zero modu-
lation factor which leads to zero ac voltage which finally makes the basic device
equations to be independent of time but dependent on space which can be solve by
numerical method obeying the conditions to be satisfied at the edges of the active
layer. Different static parameters obtained from the dc simulation are ξP, VB, VA, xA
at the operational frequency f d .

Taking the static parameters into account, simulation with large amplitude signal
commences with an initial value of voltage modulation factor, mx. The large-signal
program continues till a full phase cycle is attained. Then this continues for some
consecutive phase cycles to prove the steadiness of oscillation. A current excitation is
provided to bias the device at a fixed value. The amplitude of the primary component
of ac voltage is VRF . The snap-shots of electric field, terminal voltage, carrier current
are obtained at various junctures of time and phase for the complete phase cycle.
Fourier analysis of the end-stage voltage and current over a complete cycle gives
the necessary frequency domain information. The admittance profile gives many
important parameters under large amplitude ac signal as is provided in the result
section. Modulation percentage is risen in paces of �mx where �mx = 0.05, i.e.
5% and this continues till the terminating value of mx i.e. 0.7 or 70% is attained.
Eventually the important parameters will be obtained as described below.

Impedance of the device is obtained as

ZD(ω) = 1

YD(ω)
= 1

[G(ω) + j B(ω)]A j
= ZR(ω) + i ZX (ω). (20)

where, ZR(ω) and ZX (ω) are

ZR(ω) = G(ω)
[
G(ω)2 + B(ω)2

]
A j

; ZX (ω) = −B(ω)
[
G(ω)2 + B(ω)2

]
A j

(21)

The AC output power is

PRF = 1

2
(VRF )2

∣∣Gp

∣∣A j . (22)

where, |Gp| is the amplitude of peak conductance for large amplitude signal.
Efficiency of conversion for the same large amplitude signal is

ηL = PRF

PDC
. (23)

The DC input power is given by PDC = J0VBAj, where, J0 is the static current
value used for biasing the device.
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7 Millimeter Wave and THz Simulation Results

The different parameters obtained as large signal simulation output are shown in
Table 4.

The admittance profiles for 4H-SiC andWz-GaN at different millimeter wave and
THz frequencies are shown in Figs. 4, 5, 6 and 7. Table 4 shows that the Q-factor
(Qp = –Bp/Gp) for 4H-SiC is lower than Wz-GaNand is quite near to unity (<1) for
4H-SiC which indicates better rise of oscillation and better efficiency of conversion
from dc to ac. The results shown in Table 4 plays a vital role in selection of the
proper base material for DDR IMPATT diode and design the device effectively for
THz operation.

Table 4 also shows that 4H-SiC delivers more RF power as compared to Wz-GaN
as obvious from the negative resistance values which are higher for 4H-SiC at all the
frequencies considered which indicates acceptability of the materials chosen to form
the base layer of the device in the THz domain. Simulation results in Table 4 also
proves the worthiness of Wz-GaN as the base material for IMPATT diode above 1
THz as a high power device. Well within the THz range, not even SiC can keep pace
with GaN as the desired base material for IMPATT.

8 Conclusion

Finally, the prospective of WBGmaterials like 4H-Silicon Carbide and Wz-Gallium
Nitride as the base semiconductor for DDR IMPATT device is quite apparent from
the various outcomes of MATLAB simulation and the Avalanche Response Time
(ART) analysis. ART analysis is very significant to find the limiting frequency for
a particular base material to be used for the IMPATT diode. ART analysis shows
that avalanche response time (ART) should be less than transit time (TT) for proper
operation of the device and for obtaining RF power output. ART of GaN is about
10–16 s and the TT is nearly five order higher which warrants operation of the device
as far as 5 terahertz. Hence, it can be inferred that modest amount of power is
procured from GaN based IMPATT diode even above 1.0 THz but at 1.0 THz or
below that (300 or 500 GHz), both 4H-SiC and Wz-GaN based IMPATT diode act
as reliable source of RF power. Simulation results also show that below 1.0 THz,
4H-SiC has lower Q-factor (near to 1.0) which is required for better growth rate of
oscillation and also more ZR (negative resistance) which is needed for more power
output.Operation principle of IMPATTdiode, designmethodology in dc, small signal
and large signal domain have been presented in this chapter too. A rigorous review
has been given on the various works previously done on IMPATT diode. So, it is
assured form the various simulation results that at lower THz domain, 4H-SiC gives
better performance but above 1.0 THz, Wz-GaN is almost without competition with
any other base material, even it can go to much higher THz which is limited for
4H-SiC. Simulation outputs presented in this chapter infer that 4H-Silicon Carbide
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Fig. 4 Admittance profiles for 4H-SiC at millimeter wave frequencies

Fig. 5 Admittance profiles for 4H-SiC for THz frequencies
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Fig. 6 Admittance profiles
for Wz-GaN for millimeter
wave frequencies

Fig. 7 Admittance profiles
for Wz-GaN for THz
frequencies

and Wz-Gallium Nitride will be of immense use for fabrication, experimentation
and practical realization of double drift layered IMPATT diode for operation in the
terahertz regime.
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Section II: Prospect of Heterojunction
(HT) IMPATT Devices as a Source
of Terahertz Radiation

Suranjana Banerjee

Abstract This chapterwill present the outcomes of inspection of the IMPATTdevice
under the influence of large amplitude RF signal in Terahertz (THz)regime with
heterojunction (HT) semiconductor. The significant RF paarmeters derived from this
inspection will be useful to authenticate the worthiness of the device for operation in
the THz domain. As already mentioned in Section I, tunneling greatly degrades the
high frequency performance of homojunction (HM) devices which can be abated by
the introduction of heterojunctions. Avalanche noise reduction is another important
factor leading to the choice of heterojunctions. The first HT semiconductor taken is
3C-SiC ~ Siwhose RF characteristics will be analysed at 300 and 500GHz. The other
HT combination taken for study at 1 THz is AlmGa1−mN ~ GaN with composition of
Al or mole fraction of Al in the ternary alloy is 40% i.e., m = 0.4.RF performances
of these materials are compared with their homojunction equivalents. Results show
that the HT devices outstandsHM devices concerning efficiency of conversion and
the power obtained at the output due to the impact of large amplitude ac signal in
Terahertz domain. These studies will further enable researchers and analyzers to
practically realize these heterojunction devices for producing reliable terasource.

Keywords Heterojunction · High frequency performance · Dc to RF conversion
efficiency

1 Introduction

Heterojunctions are formed when two semiconductors of different bandgaps and
lattice constants are brought together, generally by epitaxy to provide carrier confine-
ment. These heterojunctions, if incorporated in IMPATT diode can produce better
RF and noise performance of the device. The important characteristic of heterojunc-
tion (HT) is the formation of depletion-accumulation region at the interface of the
two semiconductors which leads to conduction band and valence band discontinuity
and intensity of the maximum value of electric field at the junction of the diode.
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Tunneling causes deterioration of RF performance of homojunction (HM) IMPATT
devices at higher frequencies [as mentioned in Section I]. But if HM IMPATTs are
replaced by HT devices then the RF performance improves considerably due to
significant reduction of tunneling current. Further, HT IMPATTs have lower noise
figure than their HM counterparts. Various reports [1–5] have established signifi-
cant performance improvements, superior dc characteristics and less phase noise of
heterojunction IMPATT devices. But a high voltage is required for HTIMPATTs to
actuate avalanche breakdown [6] caused by saturation current in the reverse biased
condition. But the transformation from normal operating condition to breakdown is
not well-defined in a standard homojunction device since different regions of the
diode and the avalanche zone are involved in the carrier generation process under
reverse biased condition while the transformation in heterojunction device is quite
abrupt due to the narrowing of the avalanche layer. Report [7] provides theoretical
study on heterojunction IMPATT which shows its proficiency over its homojunction
equivalent concerning efficiency of conversion and noise generated due to avalanche
multiplication phenomenon. The above reports are encouraging to enhance the RF
performance of HT diode.With this objective, the author has included the end results
of MATLAB simulation of the HT diode under the influence of large amplitude ac
signal taking different base semiconductors like 3C-SiC ~ Si andAlmGa1−mN~GaN.
These outcomes are obtained considering the concentration of Al in AlGaN i.e., m
to be 40% or 0.4 at terahertz frequencies.

2 Potentiality of 3C-SiC ~ Si and AlmGa1−mN ~ GaN Based
HT IMPATTs as Promising Sources of THz Radiation

At higher mm-wave windows above W-band and terahertz frequency regions, the
performance of IMPATTs is limited by avalanche response as discussed previously
in Section I. This limitation can be overcome by adopting suitable base semicon-
ductor for the double drift layered IMPATT diode. The wider band gap of SiC and
its material parameters facilitate terahertz frequency operation.Silicon Carbide (SiC)
is a wide band-gap semiconductor (bandgap Eg = 2.24 eV at 300 K) with appre-
ciable material characteristics like high voltage at breakdown, velocity attained by
the charge carrier is very high at saturation point in the presence of very high electric
field and thermal conductivity is also quite high. Thus, the material can be used to
realize practically different high power-high frequency semiconductor devices like
MESFETs, MOSFETs and IMPATTs. Various polymorphic crystal forms of SiC are
available like 4H~SiC, 6H~SiC and 3C~SiC.Among these, fabrication of IMPATT
became possible only with 4H ~ SiC. This particular polytype produced oscillation
at microwave frequency as exhibited by Vassilevski et. al. [8] and Yuan et al. [9] but
with nominal amount of power at the output. This observation, however deviated a lot
from the theoretical and simulation studies [10, 11]. The possible reason behind this
disparity is the series resistance and various parasitic resistances ensuing from the
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undepletedepilayer which is quite high. But if 3C ~ Silicon Carbide is used instead as
the base semiconductor then the disparity emerging from the parasitic resistanceswill
be substantially reduced due to higher mobility of carriers in 3C ~ Silicon Carbide.
Further, 3C-SiC ~ Si HT has lower conduction band discontinuity than 4H-SiC ~
Si HTand therefore the formation of 3C-SiC ~ Si HT will be simpler. These revela-
tions have motivated the author to carry on investigations of the double drift layered
heterojunction IMPATT with 3C polytype of SiC as the base semiconductor in the
terahertz regime.

Another large bandgap material GaNwith bandgap of 3.4 eV at room temperature
is also a suitable material to act as the base semiconductor for IMPATT at terahertz
frequencies owing to its various appreciative material properties like high voltage at
breakdown, velocity attained by the charge carrier is very high at saturation point
in the presence of very high electric field and mobility of the carriers is also quite
high. Various reports [12, 13] confirm the capability of this material based diode to
operate reliably in the THz realm. Its ternary alloy, AlmGa1−mN also have wide band
gap energy exceeding 3 eV. Thus, IMPATT diode with double drift layer and hetero-
junction subjected to AlmGa1−mN ~ GaN base material can generate appreciable
amount of power at terahertz frequency. Al in the ternary alloy AlmGa1−mN has 40%
composition i.e., m = 0.4. The HT structures considered here are N-AlmGa1−mN ~
p-GaN and n-GaN ~ P-AlmGa1−mN. Reports [14, 15] confirm the use of this partic-
ular heterojunction in various semiconductor devices operational at high frequency.
This influenced the usage of heterojunction in IMPATT diode and study its RF and
avalanche noise properties in the terahertz domain. In this chapter, studies and discus-
sions on the DC, RF and noise properties will be carried on DDR IMPATTs based on
two complementary HTs: N-3C-SiC ~ p-Si and n-Si ~ P-3C-SiC are 3C-SiC ~ Si at
two frequencies in THz band (0.3 and 0.5 THz) and those results will be compared
with Si and 3C-SiC HM. The other HTsconsidered for discussion are N-Al0.4Ga0.6
N ~ p-GaN and n-GaN ~ P-Al0.4Ga0.6 N, then the outcomes of the whole inspec-
tion are compared with their HM equivalents. It is established from the end results
that N-Al0.4Ga0.6 N ~ p-GaN HT outshines all other HTs and HMs considered for
analysis of IMPATT at 1 THz. Therefore, these discussions divulge the competency
of these heterostructures for realization of low noise-high power devices. Static and
RF properties of IMPATT with large amplitude signal are obtained using the same
methodology already discussed in Section I.

THz frequency band has numerous applications particularly in broadband wire-
less communication, THz imaging [16], spectroscopy [17] and astronomy [18], bio-
sensing [19], quality inspection in various industries [20–22], medical and pharma-
ceutical [23, 24] applications. Still this frequency band remains uninspected due
to dearth of dependable sources that can produce adequate RF power at terahertz
frequency.. Not only that, detection and processing of RF signals are also indis-
pensable for a complete THz system which is also not well-founded as per previous
reports.
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3 Device Design

The device structure is considered to be one-dimensional since the physical
phenomenon takes place in the semiconductor bulk along the symmetry axis (i.e.
x-axis) of the device. Complementary error function is considered at the juncture
of the epitaxial layer and the substrate layer while exponential distribution at the
metallurgical juncture which help to realize the doping distribution of simple double
drift layered IMPATT. 1-D IMPATT structure is considered for the present discus-
sion as shown in Fig. 1. Two complementary DDR HT structures of IMPATTs based
on N-3C-SiC ~ p-Si and n-Si ~ P-3C-SiC are considered in this study along with
their HM counterparts (Si and SiC). Similarly, the other heterostructures consid-
ered are: N-AlmGa1−mN ~ p-GaN (HTDD1) and n-GaN ~ P-AlmGa1−mN (where m
= 0.4) (HTDD2) and homojunction devices based on GaN (HMDD1) and AlGaN
(HMDD2).

W is the depletion layer width where W = Wn + Wp. The junction between the
p and n side is located at x = xo, the thickness of the avalanche region is xA and that
of the drift regions on both sides of the junction for electron and hole are dn and dp
respectively as visible from Fig. 1.

The device representation considers the effect of the cloud of charge accumulating
in the space charge layer. The design parameters (Wn, Wp, ND, NA) are primarily
selected from the Sze-Ryder equationWn,p = 0.37 vsn, sp/fd then they are optimized
subject to largest efficiency of conversion at the design frequency and input current
excitation J0 using NSVEmodel for simulation [25] (previously discussed in Section
I).

All material parameters required for simulation for the HTs considered here are
taken from the reports [26–30]. The parameters describing the structure and the
doping concentrations of HM and HT DDR IMPATTs as mentioned before are
distinctly considered for design at 0.3 and 0.5 THz for 3C-SiC/Si and at 1.0 THz for
AlmGa1−mN ~ GaN which are tabulated in Tables 1a and b. A meticulous scrutiny is
carried out to study the thermal performance of heat sink [31] required to limit the
temperature increase at the junction to avoid thermal runaway. An iterative method
[32] is used for the dc simulation of the HT and HM devices considered here. The
method is laid on two factors: location of the maximum electric field and its value at
that point. The effective junction areas (Aj) of the devices at different design frequen-
cies are obtained from the above mentioned thermal analysis and given in Table 1a
and b.

Fig. 1 D representation of
double drift layer IMPATT
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4 Simulated Outputs

End results of all the HM and HT structures considered here are designed using a
drift–diffusion model and double-iterative field maximum simulation method [32].
The methodology is described in details in Section I. Primary device equations are
solved considering the constraints at the boundary of the depletion layer [25] and
substituting modulation factor to be zero to obtain the static properties of the device.

4.1 Results for HT 3C-SiC/Si and Its HM Counterparts

4.1.1 DC Properties

The static outcomes of the device obtained after simulation are listed below in Table
2.

Integration of the field profile over the entire space charge layer width (−x1 to
x2) can be obtained by numerical method to give the voltage at breakdown i.e., VB.
Similarly, integration of the field profiles of the avalanche layer (xA1 to xA2) gives the
avalanche layer voltage drop i.e., VA and the difference of these voltage drops i.e.,
VB – VA is the drift layer voltage drop (VD). At any design frequency, the simulated
value ofVB is highest in 3C-SiCHMdevice and lowest in Si HMdevice. Between the
two complementary HT devices, the magnitude of VB is higher in N-3C-SiC ~ p-Si
than in n-Si ~ P-3C-SiC. This holds good for all five design frequencies. Efficiency
of conversion from static to RF can be estimated from (i) thickness of the avalanche
layer (xA) (ii) xA/W and (iii) VD/VB. The calculated values of all these parameters
are shown in Table 2. Similar to breakdown voltage, the magnitude of VA is highest,
one order higher in 3C-SiC HM DDR device followed by that in Si HM device, HT
n-Si/P-3C-SiC and N-3C-SiC/p-Si heterojunctions. VD/VB ratiois however larger in
HT devices than in their HM counterparts. Between the two HT devices, this ratio is
slightly higher in n-Si ~ P-3C-SiC DDR IMPATTs. Again, the ratio xA/W is less for
HT devices than HM devices. The avalanche zone width of HT n-Si ~ P-3C-SiC is
narrower than that of its HT counterpart. HT n-Si ~ P-3C-SiC has larger efficiency
thanHT N-3C-SiC ~ p-Si due to constriction of the avalanche layer width and larger
VD/VB ratio. An important observation from Table 2 is that the maximum junction
field grows with rise of the design frequency while both VB and VA decrease for all
the four HT considered here detailed study.

4.1.2 Large Signal Properties

Several notable parameters drawn out from the MATLAB simulation of IMPATT
with Si ~ 3C-SiC HT and its equivalent HM under the impact of large amplitude ac
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signal with 60%modulation over the dc level at 0.3 and 0.5 THz are tabulated below
in Table 3. These parameters are.

(i) f p–optimum value of frequency
(ii) f a—avalanche resonance frequency
(iii) –Gp—maximum negative conductance
(iv) Bp—maximum susceptance at the optimum frequency and
(v) Qp—quality factor.

The large signal negative resistance per unit junction area(ZR/Aj), powerobtained
for theRF signal (PRF) andefficiency of conversion (η3L) of the fourHT structures are
then obtained at the design frequencies. Table shows the abovementioned parameters
at a voltage modulation of 60%.

The optimum frequency is close to the design frequency for all the structures
as obvious from Table 3. This indicates that the design formulation is accurate.
Table 3 also establishes the fact that the difference between optimum and avalanche
frequency is lowest in HT n-Si ~ P-3C-SiC and highest in3C-SiC HM structure.
Thus, the band width of IMPATT oscillation is narrowest in HTn-Si ~ P-3C-SiC and
widest in3C-SiC HM structure.

Table 3 also shows that the |Gp| is largest in HT n-Si ~ P-3C-SiC DDR structure
followed by HM Si, HT N-3C-SiC ~ p-Si and HM 3C-SiC DDR structure. The
Quality factor, Q is lowest in the HT N-3C-SiC ~ p-Si which is a good attestation
of stable oscillation from the diode, henceforth the device can provide better RF
performance.

Table 3 shows that highest peakCWoutput power (18.284W) is obtained fromHM
3C-SiC DDR device followed by HT devices based on n-Si ~ P-3C-SiC (1.360 W)
and N-3C-SiC ~ p-Si (1.16 W). Among the four DDR HT and HM devices, HM Si
DDR IMPATTs provide the lowest peak output power of 0.653 W.

The results given in Table 3 show that HT N-3C-SiC ~ Si double drift layer
IMPATT delivers slightly lower power than its complementary counterpart due to
the lower value of Gp in it. The results shown in Table 3 also reveal that the output
power decreases with increasing optimum frequency. Figure 2 shows the plots of
efficiency under the impact of large amplitude signal versus voltage modulation and
optimum frequency respectively forHM Si and SiC, HT N-3C-SiC ~ p-Si and n-Si ~
P-3C-SiCwith 60% voltage modulation. The efficiency of all four DDR structures of
IMPATT device initially increases with increase of voltage modulation, attains peak
value at about 60% voltage modulation and then decreases. These results ensure HT
diodes to be more efficient than HM diodes.
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Fig. 2 Variations of
efficiency of conversion for
large amplitude RF signal for
HM Si and SiC,HT
N-3C-SiC ~ p-Si and n-Si ~
P-3C-SiC

4.2 Results for HT Al0.4Ga0.6 N ~ GaN and Its HM
Counterparts

4.2.1 DC Properties

Table 4 shows the simulated DC parameters for heterojunction DDR IMPATTs based
on N-AlmGa1−mN ~ p-GaN (HTDD1) and n-GaN ~ P-AlmGa1−mN (HTDD2) and
homojunction devices based on GaN (HMDD1) and AlGaN (HMDD2). Table 4
shows that both VB and VA increase with injected input bias J0. A fascination revela-
tion is that for all injected bias currents, Al0.4Ga0.6 NHMgivesmaximum breakdown
voltage while GaN HM provides the minimum. On the other hand, VB for both HTs
i.e., HTDD1 and HTDD2 lie in between the the HMs considered for all the bias
currents. But the HT IMPATTs show lower voltage across the avalanche layer with
respect to the HM IMPATTs as avalanche layer gets constricted in heterojunctions.
VD/VB ratio is higher in heterojunctions with respect to homojunctions as perceived
from Table 4 which leads to larger efficiency of HTs over HMs since efficiency is
directly related to VD/VB as stated by the formula η = (1/π )× (VD/VB) [7]. Further-
more, xA/W is lower in heterojunctions with respect to homojunctions as it is already
revealed that avalanche layer thickness xA gets reduced in HTs. This constriction of
avalanche layer restrains random carrier generation by avalanche breakdown, thus
less noise is generated in heterojunctions.
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Fig. 3 Variation of PRF with VRF at 1.00 THz for various injected current bias: a n-GaN ~ p-GaN,
b n-AlmGa1−mN ~ p-GaN, c n-GaN ~ p-AlmGa1−mN and d n-AlmGa1−mN ~ p-AlmGa1−mN

4.2.2 Results for Large Amplitude RF Signal

Injected current bias is varied from 25 × 108 to 45 × 108Am−2 and the results are
investigated minutely for various HM and HT structures. Alterations of power output
PRF and efficiency of conversion ηL with different injected current bias for the HMs
and HTs like n-GaN ~ p-GaN, n-AlmGa1−mN ~ p-GaN, n-GaN ~ p-AlmGa1−mN and
n-AlmGa1−mN ~ p-AlxGa1−xN at 1 THz are respectively exhibited in Figs. 3 and 4.
Figure 3 indicates that at first the power at the output from IMPATT rises with rise of
mx, reaches the maximum value at 60%mx, then declines. So, it is apparent that 60%
modulation gives optimum results. This perception remains true for each and every
injected current bias and all HMs and HTs. Moreover, graphical results in Figs. 3
and 4 confirms the acceptance of n-AlmGa1−mN ~ p-GaN heterojunction as the most
efficient HT for operation at 1 THz with respect to output power and the efficiency
of conversion from steady state to RF.

Figure 5 indicates admittance profiles of various HT and HM IMPATTs for a
particular current bias J0 = 45 × 108Am−2 where the peak of the profiles gives the
optimum frequency f p. Negative conductance at this optimum value for HTDD 1is
larger than all other structures. The power obtained at the output for large amplitude ac
signal and the efficiency of conversion are calculated from the expressions provided:
PRF = (1/2) × (VRF)2 × |Gp|×Aj, and ηL = PRF /PDC respectively where the input
power in the steady state condition is PDC = VB × J0 × Aj and Aj = π (Dj/2)2. It is
also inferred from Figs. 3 and 4 that these power and efficiency for HTDD 1 is also
larger than all the other HT and HM structures.
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Fig. 4 Variations of ηL with VRF of: a n-GaN ~ p-GaN, b n-AlmGa1−mN ~ p-GaN, c n-GaN ~ p-
AlmGa1−mN and d n-AlmGa1−mN ~ p-AlmGa1−mN DDR IMPATT diodes at 1.00 THz for various
injected current bias

Fig. 5 Admittance profiles
of HT and HM diodes for
60% modulation and current
bias 45.00 × 108 Am−2
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Quality factor (Qp = –Bp/Gp) of HTDD1, HMDD1, HTDD2 and HMDD2 are
5.10, 6.47, 5.42 and 8.58 respectively at an optimum frequency close to 1 THz and at
a bias current density of J0 = 45 × 108 Am−2. Furthermore, HTDD 1 outshines all
HT and HM diodes concerning Qp as the comparison parameter which is the lowest
for this particular HT.

The specifications obtained using the NSVE model under the impact of large
amplitude signal for various HT andHMdiodes at 1 THz are tabulated above in Table
5. The resonant frequency under avalanche breakdown condition i.e., f a indicates the
transition of conductance from positive to negative value and this is larger for HTs
with respect to HMs and this increase is evenmore at larger values of injected current
bias. Hence, at these larger current bias, oscillation commences at rising frequency
for the HT structures. Quality factor regulates the stability of this oscillation whose
desirable value should be lower, more precisely should be nearer to 1. This Quality
factor is also seen to fulfill the above oscillatory condition for the heterojunctions
but not for homojunctions at any particular frequency. In addition to that, negative
resistance which is also a noteworthy specification as is essential for generation of
output power also gives larger values for HTs over HMs which is obvious from Table
5. These revelations ensure that HT structurespresent themselves with much better
prospective at high frequency than HM structures.

Table 5 also clearly indicates that HTDD 1 outclasses all the other HT and HM
structures concerning power at the output and the efficiency of conversion at every
injected current bias as was also seen from Figs. 3 and 4. Thus, the current bias
values which provides optimum execution of high frequency properties for HTDD
1, HTDD 2, HMDD 1 and HMDD 2 are respectively 40 × 108, 35 × 108, 30 × 108

and 40× 108 Am−2. Eventually, it can be remarked that HTDD 1 or N-Al0.4Ga0.6 N ~
p-GaN surpasses all other HTs and HMs as the best material for IMPATT concerning
high power at the output and higher efficiency of conversion in the terahertz regime,
although here outcomes are presented for 1 THz.

5 Conclusion

Steady state and RF characteristics of heterojunction (HT) and homojunction (HM)
double drift layer IMPATT diodes under the influence of large amplitude ac signal
are inspected in this Chapter usingMATLAB simulation to establish their worthiness
as a generator of power in the terahertz regime with low avalanche noise and large
efficiency of conversion from steady state to RF. Firstly, HTs N-3C-SiC ~ p-Si and n-
Si ~ P-3C-SiC are considered as base semiconductors for IMPATT for performance
analysis and their outcomes are compared with their HM equivalents at 0.3 and
0.5 THz. End results reveal that n-Si ~ P-3C-SiC HT surpasses the ac performance
of the other structures concerning power outcome and efficiency of conversion.

Secondly, HTs N-Al0.4Ga0.6 N ~ p-GaN and n-GaN ~ P-Al0.4Ga0.6 N are taken as
base semiconductors for the diode for realization of their desirability as a propitious
generator of ac power at 1 THz and then their outcomes are minutely analyzed
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with respect to their HM equivalents. End results clearly establish N-Al0.4Ga0.6 N
~ p-GaN HT as the premier base semiconductor for IMPATT or other solid state
source for producing considerable power with large efficiency at the output in the
terahertz regime. All these outcomes combined together will support researchers
and fabricators to pioneer the development of IMPATT diodes using the perfect base
semiconductor to make it compatible with the real world scenario.

References

1. J.C. De Jaeger, R. Kozlowski, G. Salmer, High efficiency GaInAs/InP heterojunction Impatt
diodes. IEEE Trans. Electron. Devices, ED 30, 790 (1983)

2. D.Lippens, J.L.Nieruchalski, E.Constant,Multilayeredheterojunction structure formillemeter
wave Impatt devices. Physics 134 B, 72 (1985)

3. N.S Dogan, J,R. East, M. Elta, G.I. Haddad, Millimeter wave heterojunction MITATT diodes.
IEEE Trans. Microw. Theory Tech.MTT 35, 1304 (1987)

4. M.J. Kearney, N.R. Couch, J. Stephens, R.S. Smith, Heterostructure impact avalanche transit
time diodes grown by molecular beam epitaxy. Semicond. Sci. Tech. 8, 560 (1993)

5. G.N. Dash, S.P. Pati, Computer aided studies on the microwave characteristics of InP/GaInAs
and GaAs/GaInAsheterostructure single drift region impact avalanche transit didoes. J. Phys.
D. Appl. Phys. 27, 1719 (1994)

6. M.J. Bailey, Hetrojunction IMPATT diodes. IEEE Trans. Electron. Devices 39, 1829 (1992)
7. J.K. Mishra, A.K. Panda, G.N. Dash, An extremely low-noise heterojunction IMPATT. IEEE

Trans. Electron. Devices, ED-44(12), 2143–2148 (1997)
8. K.V. Vassilevski, A.V. Zorenko, K. Zekentes, Experimental observation of microwave

oscillations produced by pulsed Silicon Carbide IMPATT diode. Electron. Lett. 37, 466 (2001)
9. L. Yuan, A. James, J.A. Cooper, M.R. Melloch, K.J. Webb, Experimental demonstration of a

silicon carbide IMPATT oscillator. IEEE Electron. Device Lett. 22, 266–268 (2001)
10. S. Mukhopadhyay, S. Banerjee, J. Mukhopadhyayand, J.P. Banerjee, Mobile space charge

effect in 4H-SiC IMPATT diodes, in Proceeding of the Fourteenth International workshop on
the Physics of Semiconductor Devices (IWPSD 2007) (IIT Bombay, 2007)

11. J. Mukhopadhyay, J.P. Banerjee, Mobile space charge effect in Silicon Carbide high-low
SDR IMPATTs, in Proceeding of the International Conference on Computers and Devices
for Communication (CODEC-04) (Hyatt Regency, Kolkata, 2004)

12. A. Acharyya, J.P. Banerjee, Prospects of IMPATT devices based on wide bandgap semicon-
ductors as potential terahertz sources. Appl. Nanosci. 4, 1–14 (2014)

13. A. Acharyya, A. Mallik, D. Banerjee, S. Ganguli, A. Das, S. Dasgupta, J.P. Banerjee, IMPATT
devices based on group III-V compound semiconductors: Prospects as potential terahertz
radiators. HKIE Trans. (2014)

14. F. Sacconi, A.D. Carlo, P. Lugli, H.Morkoç, Spontaneous and piezoelectric polarization effects
on the output characteristics of AlGaN/GaN heterojunction modulation doped FETs. IEEE
Trans. Electron. Devices 48(3), 450–457 (2001)

15. H.G. Xing, U.K. Mishra, Temperature dependent I-V characteristics of AlGaN/GaNHBTs and
GaN BJTs, in Proceedings of IEEE Lester Eastman Conference on High Performance Devices,
4–6 August, vol. 48(3) (2004), pp. 195–200

16. W.L. Chan, J. Deibel, D.M. Mittleman, Imaging with terahertz radiation. Rep. Prog. Phys. 70,
1325–1379 (2007)

17. D. Grischkowsky, S. Keiding, M. Exter, C. Fattinger, Far-infrared time-domain spectroscopy
with terahertz beams of dielectrics and semiconductors. J. Opt. Soc. Am. B 7, 2006–2015
(1990)

18. P.H. Siegel, THz instruments for space. IEEE Trans. Antenn. Propag. 55, 2957–2965 (2007)



Section II: Prospect of Heterojunction (HT) IMPATT Devices … 189

19. C. Debus, P.H. Bolivar, Frequency selective surfaces for high sensitivity terahertz sensing.
Appl. Phys. Lett. 91, 184102–184103 (2007)

20. T. Yasui, T. Yasuda, K. Sawanaka, T. Araki, Terahertz paintmeter for noncontact monitoring
of thickness and drying progress in paint film. Appl. Opt. 44, 6849–6856 (2005)

21. C.D. Stoik, M.J. Bohn, J.L. Blackshire, Nondestructive evaluation of aircraft composites using
transmissive terahertz time domain spectroscopy. Opt. Express 16, 17039–17051 (2008)

22. C. Jördens, M. Koch, Detection of foreign bodies in chocolate with pulsed terahertz
spectroscopy. Opt. Eng. 47, 037003 (2008)

23. A.J. Fitzgerald, B.E. Cole, P.F. Taday, Nondestructive analysis of tablet coating thicknesses
using terahertz pulsed imaging. J. Pharm. Sci. 94, 177–183 (2005)

24. P.H. Siegel, Terahertz technology in biology and medicine. IEEE Trans. Microwave Theor.
Tech. 52, 2438–2447 (2004)

25. A. Acharyya, S. Banerjee, J.P. Banerjee, Influence of skin effect on the series resistance of
millimeter-wave IMPATT devices. J. Comput. Electron. 12, 511–525 (2013)

26. T. Tut, M. Gokkavas, B. Butun, S. Butun, E. Ulker, E. Ozbay, Experimental evaluation of
impact ionization coefficients in AlxGa1−xN based avalanche photodiodes. Appl. Phys. Lett.
89, 183524–1–3, (2006)

27. K. Kunihiro, K. Kasahara, Y. Takahashi, Y. Ohno, Experimental evaluation of impact ionization
coefficients in GaN. IEEE Electron. Device Lett. 20(12), 608–610 (1999)

28. S.C. Shiyu, G. Wang, High-field properties of carrier transport in bulk wurtziteGaN: monte
carlo perspective. J. Appl. Phys. 103, 703–708 (2008)

29. Electronic Archive: New Semiconductor Materials, Characteristics and Properties. Available
from: http://www.ioffe.ru/SVA/NSM/Semicond/index.html, August 2014

30. T.W.Kim,D.C. Choo, K.H. Yoo,M.H. Jung, Y.H. Cho, J.H. Lee, Ju. H. Lee, Carrier density and
mobility modifications of the two-dimensional electron gas due to an embedded AlN potential
barrier layer in AlxGa1−xN/GaNheterostructures. J. Appl. Phys. 97, 103721–1–5 (2005)

31. A. Acharyya, J. Mukherjee, M. Mukherjee, J.P. Banerjee, Heat sink design for IMPATT diode
sources with different base materials operating at 94 GHz. Arch. Phys. Res. 2, 107–126 (2011)

32. A. Acharyya, S. Banerjee, J.P. Banerjee, Large-signal simulation of 94 GHz pulsed DDR
silicon IMPATTs including the temperature transient effect. Radioengineering 21(4), 1218–
1225 (2012)

http://www.ioffe.ru/SVA/NSM/Semicond/index.html


Advanced Materials-Based
Nano-absorbers for Thermo-Photovoltaic
Cells
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Abstract Thin-film solar cells are very popular because of their sustainable feature
of energy generation/conversion. Since the first solar cell was proposed, a number of
advancements took place for the improvement of conversion efficiency of the cell.
Although silicon solar cells have a very acute disadvantage of limited electromag-
netic range, lower terahertz region. These cells are limited to the part of the visible
region, and thus, the improvement of the efficiency is also limited in these cases. Thin
film/nano-absorbers are appeared to overcome this disadvantage of the solar cell and
started awhole newfield for research. Themajor advantage of nano-absorbers is their
wide wavelength bandwidth (wide frequency coverage in terahertz) and high absorp-
tion. There are numerous research groups working on this aspect of energy devices
to improve the efficiency by using different materials and techniques. Advanced
materials, like graphene, metamaterial, and transition metal dichalcogenides, etc.,
are proved to be very efficient to expand the horizon of the energy devices, i.e.,
thermo-photovoltaic solar. In this chapter, a detailed study is given for advanced
material-based nano-absorbers in the field of thermo-photovoltaic cells.
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1 Introduction

Sun is the most important and prime power source of our earth and solar system.
It radiates whole earth in 1 h for year’s energy consumption of society. However,
the direct use of solar energy is not possible without the conversion of solar energy
into electrical energy. Device which is used to convert the solar energy into electrical
energy is known as solar cell or photovoltaic cell. Use of photovoltaic (PV) power
was first discovered by Edmond Becquerel in 1839. However, Charles Fritts first
demonstrated the solar cell in 1882, made of selenium, coated with gold. First silicon
(Si) solar cell was produced by Bell laboratory in 1954. Conversion efficiency of the
proposed cell was 4%. After that D. M. Chapin et al. proposed [1] Si PV cell with
increased conversion efficiency of solar cell, i.e., 6%. Continued work of the eminent
researchers of this field enhanced the conversion efficiency of the solar cells up to
20%. However, in the late 90s awareness of global communities like United Nations
(UN), South Asian Association for Regional Cooperation (SAARC), etc. toward
the global environment changes push the limits further to produce more and more
efficient solar cells. With continuous refinement and development of photovoltaic
cells, a conversion efficiency of 24% is achieved through Si PV cells in early 2000.
By 2007, researchers are able to produce the Si PV cell with 28%efficiency.Although
all the reported works above are intended to use Si as the main cell material, and this
is the key downside of these cells. Since absorption range of the cell depends on the
base material, this absorption range actually refers to the covered wavelength range
of solar spectrum.

Solar spectrum is very broad in nature and varies from 200 to 3000 nm, whereas
the absorption limit of Si PV cell is 300–1100 nm [2]. Thus, most of the solar
spectrum range gets wasted because of the material limitation, as incident photons
of the lower energy (high wavelength) cannot be absorbed, and extra energy is lost
as the heat when high energy photons (higher than bandgap energy) incident on
the materials, and electrons of high energy fall to the edge of band [3]. These two
effects can limit the upper range to 31% for single junction Si PV cell without
concentration and maximum 41% with concentration [4]. Shockley-Queisser limit
is a well-known concept which sets the theoretical upper limit of solar cells [5].
Si PV cell are limited by the temperature factor of the cell which causes drop of
efficiency when module temperature rises. To further improve PV cell efficiency of
single junction/conventional Si cells, various models are developed and these models
are divided into three main categories;

(a) First generation
(b) Second generation
(c) Third generation.

Details of the generations of cells will be discussed later in this chapter. Basically,
all of the solar cell generation pointed out about the various structures/materials of the
Si PV cells. However, all the efforts made by the research of this field are dedicated
toward the reduction of size, thickness and weight of the PV cells [6–10]. No doubt;
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reduced thickness of the PV cells has improved the cell efficiency and controls
the cost, but there is a major challenge with these thin-film solar cells is the weak
absorption of solar light. Thinness of these solar cells causes weak light absorption
because of the Shockley–Queisser limit. Thus, it is required to propose a light-
trapping solar cell structure which may enhance the light absorption as well as the
wavelength range of the cell. Thermo-photovoltaic (TPV) is an efficient technology
which can exceed Shockley-Queisser limit, by enhancing the absorption of solar
spectrum [11]. In the next section, a short review about the Si PV cell generations is
given with the features which are lacking in these structures. Third section comprises
the technical details about theTPVcell and importanceof absorber inTPVcell.Along
with that, importance of constituent material of absorber is also discussed. In fourth
section, various proposed absorbers are discussed based on the advanced constituent
materials. In last section, chapter is concluded based on the arguments discussed in
whole chapter.

1.1 Generations of PV Cells

Si-based solar cells have a long history to evolution. First generation of PV cells
mainly concentrated toward the crystalline solar cells, whereas second generation is
mainly concentrated for thin-film solar cell and third-generation solar cell has various
complex materials as the cell layer.

1.1.1 First-Generation PV Cell

First-generation solar cells are mainly classified into three types;

(a) Mono-crystalline
(b) Poly-crystalline
(c) Ribbon silicon.

Primarily, crystalline Si is the material used in first-generation PV cells. Till now,
most of the commercial market is ruled by the crystalline Si PV cells. Efficiency of
first-generation cells ranges from14 to 19%[12].Domination of first-generation solar
cell in the market is because of its low cost and well-establishedmanufacturing units.
Since the cost of PV cell is the foremost component which can further be reduced
with the advanced manufacturing and material processing technologies [13, 14].

1.1.2 Second-Generation PV Cell

Thin-film solar cells are the advanced stage of crystalline solar cells with reduced cost
ofmanufacturing [15]. In thin-film-based solar cells,multiple layers of same/different
material are deposited one over another, approximately 1–4µm thickness is achieved
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Fig. 1 Example of a
multi-layer thin-film solar
cell based using CIGS and
glass substrate

over an inexpensive substrate like glass, cheap metal, cadmium, etc. The foremost
advantage of thin-film-based solar cells is their ability of packagingwhichmake these
flexible and light-weighted to be installed as an integral part of various components.
Most used thin-filmsolar cells are, amorphous silicon cell [16, 17], cadmium-telluride
[18], copper-indium-selenide [19], and copper-indium-gallium-diselenide (CIGS)
[20] solar cell (Fig. 1).

On reviewing the second-generation solar cell in detail, it is found that these
are attractive due to their low cost and other flexible manufacturing advantages.
However, lower efficiency of these cells balanced out all the good and thin-film
technology is not mature enough to compete with the first-generation solar cell.
Although second-generation solar cells are commercialized but still facing issues
related to the durability and toxicity of the used materials.

1.1.3 Third-Generation PV Cell

Third-generation solar cells are at research stage and very different from the previous
two generations, in terms of structure as well as technology used. Some of the third-
generation solar cells use the concept of quantum mechanics. However, on material
front, third-generation solar cells can be organic [21] or dye-sensitized [22]. The
most attractive cell of this generation is concentrating PV cell in which a lens is used
to concentrate the solar radiation on the active surface of cell. These cells require
heat transport layer, as heating of the structure is a big problem. Figure 2 depicts the
concept of the concentration solar cell structure.

Third-generation solar cells are yet to be commercialized, some of these cells can
challenge the efficiency of previous generation whereas organic and other PV cells
of third-generation may have low-efficiency but with low cost. However, these cells
can fill the gap market where these structures are required.

Solar cells studied and discussed till now in this chapter are thin, cost-effective,
and flexible but still the efficiency is not good enough. Lacking of efficiency in
discussed cells is because of their limited wavelength range. Mostly all the solar
cells are concentrated from visible to near infrared (NIR) region, i.e., 300–1100 nm
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Fig. 2 Schematic of
concentration PV cell [23]

at maximum. Whereas the solar spectrum varies from 200 to 3000 nm thus, most of
the spectrum get wasted which possess most of the heat from sun. Here comes the
TVP cells, these cells covert the thermal energy from sun to useful electrical energy
[11] for much higher temperature and wavelength range than a typical solar cell. It
is suggested by United Nations in its World Population Prospects that the human
population will increase by 2.2 billion by 2050 [24]. This is an alarming figure, as
with the increased population, requirement of energy will also increase, and this
will lead us far away from the sustainability. However, use of renewable energy to
address this issue is a very good way to keep the earth environment sustainable. And
to achieve this, it is important to move toward the alternative PV cells such as TPV
which can improve the overall efficiency of the conversion with almost same or lower
manufacturing cost and toxicity.

2 Basics of Thermo-Photovoltaic Cell

TPVcellwasfirst proposedbyB.D.Wedlock in 1963 [25] as the high temperature and
efficiency replacement of thermionics. This field undergone a numerous evolution,
yet it is not commercialized due to some to its inherent shortcoming of substantial loss
at all conversion points. To understand this, first we should understand the working
of the TPV cell. Figure 3 shows a basic schematic diagram of TPV cell indicating
the most important layers of the cell and the energy conversion sites. It is to be noted
that the basic principle of the TPV cell is same as the conventional PV cell where
optical energy is absorbed by the p–n junction to generate electricity. The elementary
difference between the two is that direct sun radiation is not used to fall upon the p–n
junction instead two extra components are used namely absorber and emitter to do
the job. Work of the absorber in the TPV cell structure to absorb as much as radiation
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Fig. 3 Basic schematic of TPV cell with the conversion efficiency of TPV cell at different stages
with respect to the temperature [3]

from sun is possible and for as much as wide wavelength range like a black body
radiation.

By absorbing such amount to radiation absorber gets heated up to a very high
temperature (300–6000 K). This temperature is used to heat up the emitter of the
TPV cell to emit the light [26] which is basically is concentrator, the upper limit
is governed by the Carnot efficiency [27]. Temperature of the emitter is normally
higher than 1000 K, cause the thermal radiation to be absorbed by the PV cell and
converted in electricity. Thus, efficiency of the TPV cell depends on the temperature
of various layers of the cell as,

η = (
1− T 4/T 4

s

) · (1− Te/T ) (1)

in Eq. (1);T,Ts, andTe are the temperature of absorber, emitter, and sun, respectively.

2.1 Important Parameters, Issues and Constituent Materials

Since TPV cell recycles unabsorbed photons to get heated up for energy conversion,
this has a number of advantages including static conversion process, quiet, separation
of heat conduction and electricity generation processesmake itmore durable, and lack
of fundamental temperature gradients across materials [3]. However, the structure
of TPV cell is much more complex and losses are there at energy conversions sites
which may cause lower efficiency than mere PV cell (Fig. 4).

Since the efficiency of TPV cell solely depends on different layers, i.e., absorber
and emitter, it is important to design these layers properly by choosing appropriate
material, thickness, and structure. It is evident from Eq. (1) that controlling of the
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Fig. 4 Spectra and different
types of absorbers and
emitters [3]

temperature of absorber, emitter, and PV cell is most important parameter to operate
TPV cell effectively. Along with this, solar radiation collection and conversion is
also an imperative factor. Essentially, designers work is to advance the efficiency of
cell for substantial cost, to do so, absorber should capture photons from sun radiation
only [28]. This can be done by concentrating sunlight on absorber surface and by
selecting appropriatematerial for absorber construction.Normallymultiplematerials
and/or nanostructured surfaces are used to keep the fragility at high temperature.
Characteristics of conventional materials depend on their temperature, as expansion
coefficient depends on the temperature and thus the use of conventional material is
not wise in high temperature applications such as TPV cells. Lower melting point of
nanoscale structure compared to bulk material further limits the variety of useable
material in TPV cells.

In conclusion, there are two vital parameters to ensure the satisfying performance
of TPV cell; first is the temperature control and second is enough solar radiation
capturing/transportation. And both of these parameters depend on the material and
structure of the layer. Since high temperature is required at absorber/emitter for high
efficiency and low temperature at PV cell to ensure optimumperformance, it is highly
anticipated to discuss all the parts separately. Although this chapter is dedicated to
the absorber of TPV cell. Authors are likely to discuss the realization of absorber for
TPV cell on the basis of the constituent material. Since it is already established that
the natural and conventional materials may not live up to the aspirations which are
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required in current energy and sustainability crises scenario, thus advanced mate-
rials such as metamaterials and two-dimensional materials, graphene, and TMDs are
discussed in this chapter.

Artificialmaterial, i.e.,metamaterial has displayed incredible features such as high
absorption,wide operatingwavelength range tunability, light-weighted, and exquisite
property of electric and optical tuning. As these materials, i.e., metamaterials possess
tremendous physical, elastic, and electromagnetic properties thus, it is possible to
achieve altered refractive index, negative stiffness, etc. which is not available in
conventional materials. These innovative properties make advanced nano-materials
a perfect candidate for the energy harvesting devices. Apart frommetamaterials, two-
dimensional (2D) materials have unique electronic and structural properties which
are again tunable. The most extensively researched 2D material is Graphene, and
found that its unique properties make it most interesting material for many nano-
applications. This is a single layer 2D sheet that has high electrical and thermal
conductivity, flexibility, charge mobility, large surface area, etc. [29]. And these
properties proved very useful while designing a nano-absorber for TPV cell.

As a rising star in material science, some other TMD 2D material sheets, like
molybdenumdisulfide (MoS2),molybdenumdiselenide (MoSe2), etc. are considered
to have a high potential to further improve the absorber performance for energy
conversion. From all the above argument, it is believed that the use of advanced
materials to manufacture absorber, expected critical parameters of TPV cell can be
achieved with optimum cost while mass manufactured.

3 Advanced Material-Based TPV Cell Absorber

Concept of the TPV cell is solely based on the conversion of solar radiation into
heat/thermal energy by the absorber (first layer in the TPV cell). Then after, thermal
energy is used to energize the electrons of PV cell to convert this energy into elec-
trical form. The main challenge of solar absorbers is their manufacturing for wide
wavelength region and re-radiation suppression for higher temperatures.

For TPV cell, various selective solar absorbers are available, including composite
material [30–32], semiconductor–metal tandems [33], plasmonic material [34], and
one-dimensional (1D)/2D/three-dimensional (3D) materials.

Figure 5 depicts the structure and the proposed absorption for the plasmonic
and tandem absorber. From above spectrum, it is depicted that composite mate-
rials can improve the wavelength range but absorbance is not up to the mark and
further enhancement is possible. To achieve better performance of TPV cell absorber,
advanced materials; metamaterial, 1D/2D/3D materials can be used. Thus, in this
section authors have discussed several advanced material-based absorbers and then
a comparative analysis is done to conclude the study.

To begin with, metamaterial-based solar absorbers are discussed. Although
metamaterial-based absorber was first proposed in 2008 by Landy et al. [35], this
study used a split ring resonator to realize the metamaterial surface. Peak absorbance
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Fig. 5 Schematic structure and absorption spectrum for a semiconductor–metal tandem absorber
[33] b plasmonic absorber [34]

of more than 88% is achieved at 11.5 gigahertz (GHz). However, it is a single band
absorber having very small width of absorbance but it gave a direction to various
researchers to work in this field. Thereafter, numerous researchers started working
for different application of metamaterial absorbers, such as antenna and commu-
nication. Since absorbers have various applications, thus authors selected limited
studies dedicated to TPV cell absorber only. However, most of the metamaterial
absorbers proposed in the starting phase operates in GHz region. Thus, utilization
of these absorbers for solar cell application was not a wise idea. Although with the
advancement and continuous research in this field made metamaterial size smaller
even further to make it compatible with the higher frequency range, such as from
few terahertz (THz) to hundreds of THz and thus metamaterial proved useful for the
solar cell applications. In 2012, Chihhui Wu et al. [36] proposed a metamaterial-
based plasmonic absorber for TPV system. In the proposed study roll-to-roll imprint
lithography is suggested for system construction. For high thermal stability, proposed
model is based on the tungsten (W) metal layer with aluminum nitride (AlN) as the
spacer layer. A cylindrical cone is used to wrap the geometry as the heat exchange
element in the proposed system.

Solar radiation is illuminated through a small slit in coaxial shield, and absorbed
energy is converted into heat which dissipates as radiative emission toward the
emitter. It depicts the absorption spectrum for two different polarizations, i.e., p
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and s polarization and different incident angles. It is detected that the above struc-
ture is not polarization independent, for p polarization absorption is better than the
other one. However, absorption is high for wide wavelength range but spectrum has
fluctuation which in turn affects the overall performance of the proposed system.
Proposed efficiency of the system is 31% for T > 1200 K. After some time in 2014,
Wei Li et al. [37] proposed a three-layer metamaterial structure, where top layer is
made of Titanium Nitride (TiN) square structure having 30 nm thickness. These unit
cells are repeated with a pitch of 300 nm in x and y direction. Second layer is made
of silicon dioxide (SiO2) layer with 60 nm thickness, this layer is optically trans-
parent and melting point is 1600 °C, after that 35 nm thick silicon nitride (Si3N4)
spacer layer is used with higher melting point around 1900 °C, and back layer of
TiN of 150 nm thickness is used over sapphire substrate. This structure possesses the
polarization independent nature for normal incidence of the solar radiation on the top
layer of the cell. It is depicted that TiN upper layer provides high and fluctuation free
absorption, whereas gold (Au) and silver (Ag) based structure has large fluctuations
which degrades the absorber performance. However, the wavelength range for the
proposed absorber is from 400 to 800 nm, which is very small compared to another
metamaterial-based absorber. Thus, it can be said that absorption is improved but the
wavelength range is very narrow and the overall performance is not up to mark.

In 2015, Wang et al. [38] proposed an angle-insensitive integrated broadband
absorber for TPV cell. TiN nanostructured (plus shaped) are used as the unit cell
for the metamaterial below this, dielectric and lower TiN layers are stacked for
approximately 93% light absorption. Operating wavelength range varies from 300
to 900 nm which is better than the above study but not wide enough. Absorption of
the proposed absorber is excellent in visible band and reduced abruptly after that.
In 2016, Hao Wang et al. [39] published a research study for simple metamaterial
absorber made of SiO2 and W as shown in Fig. 6. It is depicted that the upper layer
structure and the lower most layer is made of W, whereas SiO2 layer is used as the
spacer dielectric layer. This simple metamaterial absorber displayed very promising
wavelength range up to 2 µm from 0.2 µm. However, absorption spectrum has large
fluctuations which degrades the overall performance.

Fig. 6 a Graphical representation of proposed absorber b absorption spectrum [39]
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In proposed study, authors discussed various aspects of the absorber performance
based on temperature, cell size, concentration factor, etc. 8 to 10% conversion effi-
ciency is achieved for the proposed absorber, which is good but not as desired.
Quing et al. [40] proposed a three-layer Ag grating-based metamaterial absorber
with, ultrathin gallium antimonide (GaSb) layer, and Ag substrate. In this numerical
study, absorption of visible and NIR photons is achieved by the ultrathin GaSb layer.
This study discussed different parameters and respective absorption spectrum for
transverse magnetic (TM) and transverse electric (TE) light radiation. On observing
the absorption spectrum, it is seen that there are a number of dips present in absorption
spectrum which degrade overall performance of the absorber. In 2016, Agarwal and
Prajapati [41], published a study for a 3-D metamaterial structure having three/four
intertwined helices made of aluminum (Al). A unit cell consists of two sets of left-
handed and right-handed helices each as shown in Fig. 7. Placement of opposite
handed helices in one unit cell confirms the polarization (s and p polarization) inde-
pendent nature of proposed absorber. This structure also ensures the better absorbance
due to better interaction of incident light with the structure. The helix unit is placed
over a thin glass substrate, glass substrate is transparent to the light thus, would not
affect the absorption of the absorber. It is stated in the study that high absorption
through the structure is a combined effect of absorption (ohmic loss) and the end-fire
emissions (transmittance and reflectance).

Geometrical parameters are also varied such as length of the pitch of helix, number
of pitches in the helix, diameter of helix, etc. It is observed that the geometrical
parameter affects the absorptionwidely and longer length of the helix promises better
absorber. However, increasing the length of helix beyond some point is not advised
due to the stability of the helix in free space. Thus, optimizing achieved overall
performance of the absorber is very good with 93% absorbance for a wavelength
range from 340 to 1680 nm. From Fig. 7, it is also seen that the fluctuations are very
less in the proposed absorber; however, fabrication of this structure is bit tricky, but
with advanced fabrication techniques, it is possible. In 2020, Qin et al. [42] proposed
a triple band metamaterial absorber using numerical approach, i.e., finite-difference

Fig. 7 a Schematic diagramof the unit cell of the absorber boverall absorption through the absorber
for four intertwined helices [41]
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Fig. 8 a 3-D view of proposed metamaterial unit cell b top view of the absorber c absorption for
TE and TM polarized incident light [42]

time domain (FDTD)method. Figure 8 has the absorber structure with the absorption
spectrum for TM and TE polarization.

It is depicted from Fig. 8, that the wavelength range varies from 1000 to 3000 nm
but the absorption after 2500 nm is almost null. It is seen that peaks are varied from
1100 to 2100 nm thus, can be used for various applications based on the wavelength
requirement. This study has a full detailed study for angle, geometrical parameter and
polarization variation, and observed that the proposed absorber has high tolerance for
angle and polarization variation. High angle and polarization tolerance are resulted
due to Au nano-cuboids array. And thus, it can be said that based on used material
and structure of the metamaterial, absorption spectrum and wavelength range can be
tuned for optimum and different performance. Now, a detailed study is done for 2D
material-based absorbers.

In 2013,Xuet al. [43] proposed a tunable absorber byusing avery simple geometry
of thin film with graphene layer on top as shown in Fig. 9.

The absorber has a dielectric graphene stack to observe the tunable absorber.
Tunability of the graphene layer conductivity made the proposed absorber tunable.
From detailed study, it is observed that the absorption depends on the graphene
sheet properties such as thickness and chemical potential. The proposed absorber
provides tunability for both polarizations over a wide frequency range. It is also
observed that for various stacking approaches and lattice parameters, absorption

Fig. 9 a 3D view b cross-sectional view c Absorption of the structure by the bias voltage from 0
to 12 V [43]
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Fig. 10 a 3D view b cross-sectional view of the proposed absorber [45]

varied and for high chemical potential absorption is highest. Then in 2016, Fardoost
et al. [44] proposed a multi-layer graphene ultra-wideband THz absorber. This study
quantified the scattering parameters of plasmonic waves for the calculation of the
absorbance, which propagates on graphene layers. Here again, the detailed study is
done for various combinations of geometrical parameter and chemical potential to
optimize the final absorber structure. It is observed that frequency region is 2.7 THz
wide whereas the central frequency is 3 THz, from the results it is evident that the
proposed absorber can be implemented in TPV cells for wide absorption range. In
2017, MoS2 based [45] absorber is proposed by Dewang Huo et al., this absorber
is composed of hexagonally arranged single sized TiN nano-disk. For the dielectric
medium SiO2 layer is used, which is sandwiched between the nano-disk structure
and the Al substrate. MoS2 layer is placed just below the nano-disks. Placement of
the TiN disks is given in Fig. 10, and it is observed that the fabrication of the structure
is easy with the advanced fabrication techniques. Thickness of MoS2 monolayer is
assumed to be 0.625 nm which is a standard thickness.

Simulation of the proposed structure is done using FDTD method. On observing
the absorption closely, it is found that for the wavelength range from 400 to 850 nm,
an average absorption of 96.1% is achieved. It is also observed that introduction of
MoS2 layer provides high absorption at lower wavelengths and thus, enhancement
in the absorption is seen of 98.1%, and wavelength range now varies from 400 to
850 nm, which can be seen from Fig. 11. The most important finding of this study is
its polarization insensitivity, which makes this absorber extremely useful for many
applications where polarization insensitivity is required.

In 2018, Agarwal and Prajapati [46] proposed a combinational absorber having
a stack of graphene and other TMD material sheets over Au substrate for wide
absorption range with high absorption.

Transitionmetal atoms has high absorption of optical spectrumdue to their dipolar
transitions with high joint density of states and oscillator strength in localized states
with strong spatial overlap. Oscillation strengthens are constructively super posi-
tioned in visible region which in turn gives better radiation absorption. The proposed
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absorber having wide operating range from 200 to 1000 nm with perfect absorbance
(Fig. 12) for all over the desired range and only 26 nm overall thickness. This makes
the proposed study very interesting as in any previous studies such high absorbance
is not found for this much thin absorber.

Recently, Mostaan and Saghaei [47] proposed a metamaterial structure which is
made of graphene and it is a very important approach which combining the meta-
material and graphene, this approach provides more tunability of parameters and
wider wavelength range which is required in TPV cell applications. Figure 13 has
the schematics of the proposed structure.

It is observed that the geometry is simple as only nanometer range ‘U’ rings are
made to get themetamaterial effect.Gold is used as the substratematerial andbetween
Au and graphene layers dielectric glass is used as the spacer. In the proposed absorber,
three graphene layers are used to make the top layer and it provides increased inter-
action of light with graphene and thus, improved bandwidth is achieved. This study is
done in detail by observing parametric effect on the absorption and operating region

Fig. 12 Schematic of the
proposed absorber with the
optimized absorbance
spectrum [46]

Fig. 13 a 3D view b top view of proposed absorber [47]
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Fig. 14 Effect of number of
graphene layers on proposed
absorption spectrum [47]

of the absorber. From Fig. 14, it is depicted that stack of number of graphene layers
affects the absorption spectrum severely. Along with this, it is also observed that the
absorption bandwidth of this absorber is 8.48 THz which is fairly large.

There are a number of other studies reviewedbasedon the constituentmaterial, i.e.,
metamaterial and 2Dmaterials for the absorber application; however, in this chapter,
authors pick the work which are dedicated to solar/TPV cell application specifically.
And it can be said that the material has a huge effect on the performance of the
absorber for any application, thus, selection of the material is the most important
step of absorber design. However, comment on the fabrication and realization of
these absorbers for TPV cells is very important part, since fabrication of some of the
complex structure discussed above is still not possible due to the practical limitations
of fabrication technologies. Some of the discussed 2D nano-sheets like MoS2, WS2,
etc. are still under development and large-scale fabrication is not achieved yet. Cost
of realization of complex and advancedmaterials/nano-sheets is very large; however,
this can be optimized by bulk realization of these materials. And it is also believed
that with the advancements in material processing field and fabrication technologies,
realization and cost optimization will be possible in near future.

4 Conclusion

The review study done in this chapter is dedicated to the absorbers having advanced
materials as the constituent one. This chapter consists of a detailed study about the
various generations of the solar absorbers; their shortcomings, advantages, and the
used materials. It is deduced that the conventional materials and simple few layer
structure could not do the job forwide bandwidth and high absorption, thus, advanced
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materials came into picture to improve the performance of the optical absorber.
Although optical absorbers can be used for many applications, but in this chapter,
authors focused on the thermo-photovoltaic application. It is observed from different
studies that 2D materials proved to be an efficient way to improve the absorber
performance however, it is not true every time as the geometry of the absorber also
affects the performance. Thus, to achieve good performance out of an absorber for
TPV cell application, it is important to optimize all the geometrical parameters as
well as the constituent material of the absorber. Although synthesis of the advanced
material is bit tricky, with advanced synthesis techniques, it is possible to do the
large-scale production.
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Broadband SIW Traveling Wave Antenna
Array for Terahertz Applications

Nabil Cherif, Mehadji Abri, Fellah Benzerga, Hadjira Badaoui, Junwu Tao,
Tan-Hoa Vuong, and Sarosh Ahmad

Abstract A substrate integrated waveguide (SIW) traveling wave antenna with
single element was proposed in this paper using novel configuration. This novel
configuration is then used to construct a two-way 1 × 2 linear antenna array feed by
Y-junction SIW power divider for Terahertz applications. The radiation pattern, gain
and return loss were analyzed. We used Rogers RT5880 substrate which has a rela-
tive permittivity of 2.2 for construct the antenna array. Microstrip to SIW transition
is used to provide smooth transition between the structures. The simulation results
obtained by CST simulator show that the 1 × 2 antenna array operated in the range
0.135–0.205 THz with an average gain is about of 8 dBi and the lower return loss is
about of −45 dB. The proposed antenna array is featured by low size, wideband and
high gain which make it a good component for Terahertz applications.

Keywords Substrate integrated waveguide (SIW) · Two-way 1 × 2 linear antenna
array · Terahertz application · Y-junction SIW power divider
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1 Introduction

Terahertz technologies have been one of the topical subjects that have great impor-
tance in industrial and academic research [1]. High gain antennas are essential for
radar imaging and detection devices and wireless communication due to the high
propagation loss of the mm-wave and THz wave transmission [2]. The Substrate
IntegratedWaveguide (SIW) is used for the design of variousmicrowave components
especially millimeter wave antennas due to its low loss characteristics, low manu-
facturing costs, and its ease of integration into the planar circuit [3]. Our research
effort in this article focuses on the design of a broadband two-way 1 × 2 linear
antenna array based on SIW technology operating from 0.135 to 0.205 THz using
novel configuration. Initially, a single element antipodal antenna was proposed and
designed ranging from 0.133 to 0.243 THz. Next a 1 × 2 SIW power divider having
Y-junction was proposed, designed and optimized. Finally, the proposed antenna is
integrated with the optimized 1 × 2 SIW power divider for realizing the antenna
array [4].

2 Single SIW Antenna Design

In this part, we are going to design a new SIW traveling wave antenna (TWA) with
single element used to construct the antenna arrays. Using the CST we designed a
SIWTWA structure withmodified comb-shaped profile configuration. The geometry
of the proposed SIW antenna element is shown in Fig. 1. The used substrate is Rogers
5880 characterized by a loss tangent (tg∂) about of 0.0009, a dielectric constant of
2.2, and a thickness h of 0.508 mm [5].

Fig. 1 The proposed antenna element configuration
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Table 1 Optimized
parameters of the antenna

Parameters Value (mm) Parameters Value (mm)

W1 2.4 d 0.3

W2 1.1 n 0.1

L 2.7 a 0.1

W 1.7 s 0.5

p 0.6 h 0.508

As shown in Fig. 1, the modified antipodal comb-shaped antenna is comprised
of three parts: the taper transition, the SIW feed and the antipodal radiating arms.
The optimized value of the taper and the required vias conditions are determined by
using the equations in [6].

The input impedance is characterized by 50 �. The optimized parameters value
of the antenna is presented in Table 1.

The main design Equation of a SIW is given by Eq. (1).

w = wd + d2

0.95p
(1)

wd represent the dielectric filled waveguide width.

wd = a√
εr

(2)

For TE1.0 mode the cutoff frequency is given by Eq. (3).

fc = c

2a
(3)

From Fig. 2, it can be noticed that the proposed SIW antenna is well adapted and
it operates in the band ranging from 0.133 THz to 0.243 THz and its lower return
loss value is exceeded −60 dB at the frequency of 0.198 THz, with the appearance
of the several resonance frequencies.

3 Single SIW Antenna Design

In this section, we designed a 1 × 2 SIW power divider having Y-junction used to
feeding the array antenna and for dividing the power by the same amount. The vias
P1 and P2 are positioned at the right angle to enhance the input reflection coefficient
[7]. We used Rogers RT5880 substrate for construct the power divider and we used
the parametric studywith CST simulator for optimized the simulation results (Fig. 3).

Figure 4 shows the simulation results of the S parameters of the SIW power
divider. The simulation results of S11, S21 and S31 point out that the power divider
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Fig. 2 Reflection coefficient
of the proposed antenna

Fig. 3. 1 × 2 SIW power divider

Fig. 4 The Simulated
S-Parameters of the 1 × 2
SIW power divider
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is operational over 0.135 to 0.205 THz with S11 < −10 dB with lower return loss
about of −33 dB at the frequency of 143 GHz. it is also noted that the transmission
coefficient is above than −10 dB in the whole functional band.

4 The Proposed Two-Way Linear SIW Antenna Array

The proposed antenna element is integrated with the optimized SIW power divider
to construct a 1 × 2 linear antenna array. The overall size of the proposed SIW array
antenna is 10 mm× 4.3 mm× 0.6 mmwhich make it a compact component (Fig. 5).

Fig. 5. 1 × 2 SIW antenna array

Fig. 6 The 1 × 2 SIW array
antenna return loss
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From Fig. 6, we notice that the value of S11 lower than −10 dB ranging over
0.135–0.205 THz and it reached −45 dB at 172 GHz. Some deteriorations appeared
around the 0.150 THz caused by the resonance between the two elements of the
antenna array.

Regarding to the simulated gain shown in Fig. 7, we notice that the gain values is
acceptable with fair flatness, it exceeds 7.5 dBi from 0.135 to 0.155 THz and from
0.177 to 0.205 THz and its highest value is 10.3 dBi at both frequency of 0.137 THz
and 0.152 THz.

Fig. 8 shows the electric distribution in the radiating arms for the frequency of
0.172 THz. We notice that the field is well distributed in the radiating arms which
mean that the antenna array radiates perfectly with equiamplitude excitation.

Fig. 9 represents the 1 × 2 SIW array antenna pattern for the frequency of
0.182 THz. We can see that the radiation is maximum in the plane (Theta = 90°) in

Fig. 7 The 1 × 2 SIW array
antenna simulated gain

Fig. 8 Electric field distribution for the frequency of 0.172 THz
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(b) 

(a) 

Fig. 9 1 × 2 SIW array antenna pattern in a polar coordinates b 3D
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Table 2 Proposed SIW array antenna compared with previous works

References Technology Frequency (GHz) BW/FBW (GHz/%) Maximum
Gain (dBi)

Li and Chiu
[8]

On-chip DRA
patch antenna

340 25/7.3 7.9

Vettikalladi
et al. [9]

Dipole 1 × 4
array antenna

300 82/27.3 13.6

Kanaya et al.
[10]

Multilayer 1 × 4
Slot antenna
array

300 50/16.6 7.35

This work SIW 1 × 2 array
antenna

172 35/20.3 10

the longitudinal direction, and the maximum directivity is around the 10.2 dB with
an aperture angle of 3 dB of 15.4°.

According to these results, we can use this SIW antenna array for Terahertz
applications, and we can consider it as a novel contribution for scientific research
(Table 2).

5 Conclusion

A 1 × 2 SIW TWA array for Terahertz applications is presented in this article. First
we designed aTWAwith a single element, and thenwe used this antenna for construct
1 × 2 TWA array fed by SIW power divider. The simulated result shows that the 1
× 2 antenna array range from 0.135 to 0.205 THz with an average gain is about of
8 dBi and narrow beamwidth of 15.4°.

This antenna array can be used for ultra wideband radars imaging and biomedical
sensors. As a perspective, we will work to increase the gain and directivity by adding
more antenna elements and proposing solutions for improving the return loss and
eliminate the resonance between adjacent elements.
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Polarization of THz Signals Using
Graphene-Based Metamaterial Structure

Vishal Sorathiya and Sunil Lavadiya

Abstract Graphene-based Terahertz devices have attracted huge attention because
of their ultrathin design and tunable property. The graphene-based polarizer can be
formedusing a single ormultilayer of graphene sheet over the dielectric substrate. The
different shapes and size of the engraved graphene geometry make possible to design
different band and different mode of the polarizer which was ultrathin in design.
The graphene-assisted polarizer also has the tunable by various physical param-
eters such as chemical potential, frequency, scattering rate. The graphene-based
polarizer also provided unusual material properties like negative refractive index
which makes the overall polarizer structure a metamaterial device. The proposed
book chapter provides the fundamentals of graphene-based polarization devices.
The chapter includes the mathematical modeling of the graphene-based polarizers
devices and numerical investigation techniques used to identify the performance of
the graphene-based polarizer structure. The chapter also includes a detailed compar-
ative analysis of the previously published and available polarization devices in the
market.

Keywords Graphene · Polarizer · Terahertz · Tunability

1 Introduction

Metamaterials (MMs), a modern form of the artificial substance that was recently
investigated in terms of their non-traditional electromagnetic properties. These
features are used to achieve numerous results such as negative refractive index [1],
perfect lensing [2], bolometer [3], etc. On the other way, Graphene owns exceptional
optical, electrical, and mechanical properties, such as large young modules, high
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thermal conductivity, and massive carrier mobility [4]. Graphene material can be
realized with the bandgap structure of Dirac tapered. Graphene also offers the prop-
erties of linear dispersion. Graphene is a one-atom-thick two-dimensional material
that provides electrical and optical tunability over the ultra-wide range of THz and
GHz [5] frequency. It is also attracted huge attention for research on preparation
methods of graphene and its composition material. Similarly, the research commu-
nity also identifying the various material property extraction from graphene and its
composite devices. The property of the single-layer graphene can be controlled by
temperature, scattering rate, chemical potential, and frequency [6]. Several devices
were studied previously for Gigahertz to Terahertz region for achieving wide-angle
[7], perfect absorption, tunability [8], and polarization-insensitive [9]. These types
of properties of graphene provide the scope to design different tunable graphene-
based photonics components like absorber [10], THz antenna[11], polarizer [12],
grating structure [13, 14], Frequency selective surfaces [8], and bandpass filters. The
current metamaterial does not have features of tunability. The conventional meta-
material is realized by the different layers of metal, Si3N4, SiO2, and Al material.
It is possible to achieve the tunable feature only with the thicker size of conven-
tional material. The limitation of the size (specially thickens) and tunability can be
fulfilled by the graphene-assisted metamaterial structures. Al, silica and Au substrate
are used to form the single-layered graphene-based metamaterial devices. There are
different shapes like T shaped [15], L shaped [16], rectangular split ring-shaped, C
shaped [12] are engraved on graphene sheets to realize metamaterial polarizer. The
graphene-based polarizerwith composited graphenemetallicwire grid array is one of
the famous types of the polarizer to fabricate. There is wide use of the graphene-based
polarizer in various applications like an attenuator, modulator, photonics sensor, etc.

2 Graphene Conductivity Model

The single layer of the graphene sheet between two different materials has been
depicting as shown in Fig. 1. The sheet of graphene is considered as laterally infi-
nite over the x-z plane. Graphene is interfaced as μ1ε1 for y > 0 and μ2ε2 for
y ≤ 0 between two mediums as shown in Fig. 1. Here we may consider the all-
parameters values consisting of complex terms. The proposed graphene structure
can be considered as ultrathin with a two-sided surface conductivity model with
surface conductivity σ(ω,μc, �, T ). The conductivity of the graphene is considered
by Kubo’s Formula [6, 17, 18]. The equation of the surface conductivity model is
shown in Eq. 1.
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Fig. 1 a Graphene as surface conductivity model (σ ) between two different materials. b Top view
of the graphene. Hexagon is denoted as a six atom carbon structure

σ(ω,μc, �, T ) = je2(ω − j2�)

π�2

⎡
⎣ 1

(ω − j2�)2

∞∫

0

ε

(
∂ fd(ε)

∂ε
− ∂ fd(−ε)

∂ε

)
dε

−
∞∫

0

fd(−ε) − fd(ε)

(ω − j2�)2 − 4(ε/�)2
dε

⎤
⎦ (1)

Here, ω is defined as the frequency in radian, μc is considered as the chem-
ical potential of the graphene sheet. The graphene’s chemical potential can be
controlled externally. � and T are the scattering rate and temperature respec-
tively. Here � is assumed to be not dependent on energy. � and e are the reduced
Planck constant and charge of electron respectively. The function fd(ε) is defined
as fd(ε) = (

e(ε−μc)/kBT + 1
)−1

. Here the local conductivity is considered isotropic
by assuming no magnetic field. Equation 1 is categorized in the two conditions as
intraband (first part) and interband (second part) conductivity. The carrier density
values ns is used to identify the value of chemical potential μc as shown in Eq. 2.

ns = 2

π�2v2
F

∞∫

0

ε[ fd(ε) − fd(ε + 2μc)]dε (2)
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where the value of Fermi velocity vF is considered as approximately 9.5 × 105 m/s.
This carrier density can be controlled using external biasing and/or doping voltage. It
also needs to consider the for non-doped conditions T = 0K as well as ns = μc = 0.

The intraband conductivity term can be derived as shown in Eq. 3. This equation
is first derived by considering the case μc = 0 for graphite (by considering the
additive factor included for the interlayer connection between two-layer graphene
in graphite) intraband conductivity of single-walled carbon nanotube by considering
the infinite radius [19]. The simple conductivity, in this case, is considered as real
and imaginary part using σintra = σ ′ + jσ ′′. Where the values of both part σ

′
intra ≥ 0

and σ
′′
intra < 0. The imaginary part of the graphene sheet will help to propagate the

surface wave guided by graphene sheet [20].

σintra(ω,μc, �, T ) = − je2kBT

π�2(ω − j2�)

(
μc

kBT
+ 2 ln

(
e− μc

kB T + 1
))

(3)

The interbrand conductivity for the approximate condition kBT � |μc|, �ω is
presented by Eq. 4. In this equation, the conductivity values are considered from
scattering rate � = 0 and 2|μc| > �ω, σinter = jσ

′′
inter and σ

′′
inter > 0 conditions.

For the conditions of � = 0 and 2|μc| < �ω, σinter are the complex values with
σ

′
inter = πe2/2h = σmin = 6.085 × 10−5(S) and σ

′′
inter > 0 for μc �= 0.

σinter(ω,μc, �, T ) = − je2

4π�
ln

(
2|μc| − (ω − j2�)�

2|μc| + (ω − j2�)�

)
(4)

3 Graphene-Based Polarizer

They are generally using the Drude models of conductivity to form conventional
polarizers which are based on the quantum well-based semiconductor structure.
While the metal’s imaginary conductivity part is greater than 0, which is used to
design only TM polarizer [21] devices. Some extensive research is available on how
graphene conductivity is to be calculated [22]. The results published in Hanon [18]
in 2008 include most scholars from the industry. Graphene was equated with a 2D
material, The surface conductivity of the graphene was measured using the Kubo
formula. Because of its adjustable conductivity, graphene can achieve the properties
of a metal or transparent medium under the control of different external applied volt-
ages. The polarization controller can therefore be implemented in TE or TM mode
with graphene material that cannot possibly be obtained by previous materials. In
this respect, graphene is increasingly attractive as a newmaterial for the development
of polarizers.
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Fig. 2 Schematic structure of polymer-based graphene polarizer device. a Growth of the graphene
sheet realized. This structure supports the one mode pass (TE mode) polarizer because the air
cladding supports a graphene sheet. bModified TM polarizer structure realized by placing the UV
curable polymer of CVD grown graphene sheet

There is a huge demand for the creation of compatible photonics integrated circuits
with complementary metal-oxide-semiconductor (CMOS) structures. Graphene-
based photonics devices are fortunately highly compatible with available conven-
tional CMOS devices. Kim et al. developed a hybrid, optical flat waveguide polarizer.
The structure is shown in Fig. 2. In this case, it can be used for selection as a TM or
TE pass polarizer to identify whether a top layer cladding is available in the system
[23].

The polarizer is based on the graphene-based single-layer sheet. In this structure,
both layer (Upper and lower) is formed with per fluorinated polymer acrylate, UV
curable, which can adjust graphene’s carrier density and conductivity, to allow TM
or TE surface waves to be selectively supported. The TE pass polarizer consists of
graphene, which consists of a rectangular cross-section corner where the RI is 1.37
and 1.39, as shown in Fig. 2a, respectively. In addition, since in the absence of upper
cladding, the waveguide is covered with air. The electrically tunable TM polarizer
structure with the graphene monolayer sheet on a guide core as shown in Fig. 2b,
The difference between Fig. 2a is only a polymer with a UV curable on top of the
layer of the waveguide. The rest of the RI values of the other layer is the same as the
TE pass polarizer.

The polymer waveguide with graphene sheet in the polarizer is created first by
assembling a lower cladding structure with 20 µm-thick sizes on a silicon slab wafer
and then treating it with UV light. The core of the waveguide is transferred to the
lower cladding layer, which has a thickness of 5 µm and formed with polymer,
which is irradiated with UV light to cure it. The thermochemical vapor deposition
(CVD) method has been used to transfer the graphene film on SiO2/Si substrate. The
graphene film for this structure has been grown using thick nickel sputtering with
a thickness of 300 nm. The mask is created by photolithography and then modifies
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using O2 plasma to form a linear optical fiber waveguide with graphene tape on the
top of the core structure in the polarizer waveguide region.

The graphene polarizer’s optical characteristics were tested first by coating it with
air. Afterward, the upper layer of the polarizer was formed by spin-coated polymer
resin and tested again. To get an infrared image, they did the same as they did with
the photometer, except they used the output port of this waveguide structure as a
polarized light capturing. The intensity of TE polarized light is observed strongly in
the air-clad-based polarizer structure as compared to the TM-polarized light intensity.
The key factor is the air-coupling layer. While the UV curable resin layer is been
placed on the top of the waveguide in the TM polarizer. After placing this layer,
the TM-polarized light is modified to a more intense spot. The TE light has a faint
intensity, which may be detectable by polarized light. There is a very small RI
difference between the upper and lower layers. Although the slab mode can be seen
in TM-polarized light. This structure with UV curable resin work as a TM-polarizing
waveguide. Also, the insertion loss is measured in the waveguide to investigate the
polarizing effect.

Graphene strips have a notable effect on insertion loss in waveguides with cores.
For polarizing TE-treated graphene light, generates the 10.9 dB of the extinction ratio
20.7 dB of the insertion loss. On average, the TE-related modified graphene polarizer
had a 50 dB of insertion loss, and the TE insertion loss was found to be 19.8 dB.
This results in the majority of the optical power being radiating in a radiative mode.
As a result, Kim concluded that the proposed waveguide device takes full advantage
of the variation in optical and electrical characteristics concerning external biasing
connected to graphene for use in on-chip PICs.

4 Graphene-Based Polarizer Using Optical Fiber

In an optical network, an optical fiber polarizer is one of the most important passive
components, as it controls the orientation of the phase and polarization. It is especially
popular due to its lightweight, quick rise time, long lifetime, and ease of integration
with the optical fiber system (High compatibility). At present, the fiber optic sensing
system and fiber gyroscope is the primary device for polarized light generation in
the fiber. This system will also play an important role in the optical fiber system. An
optical attenuator can be split into an optic polarizer. The difference between two
modes of polarization, one stronger and one weaker, is to be increased for creative
interference. The longer the mode is used, the less loss it produces, so the shorter the
other mode gets. The polarization identity of these two endpoints follow is that one
mode of polarization end of the line and the polarization mode flows from it. For the
typical fiber, polarizers based on metal-clad fiber, toroidal clad fiber [24], and crystal
clad fiber are frequently used [25].

Graphene’s outstanding optical and electrical properties mean that its chemical
potential can be externally manipulated. The “n-doped” state of graphene can be
obtained by adding metals to the atom-doped state of graphene, and the “p-doped”
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Fig. 3 a Schematic of the stacked PMMA/graphene-based fiber-based polarizer structure. b Setup
for identifying extinction ratio measurement

graphene state can be attained through the introduction of polymer molecules such
as F, O, N materials. This can be also attained with other semiconductor elements.
Additionally, the surface transfer doping of graphene is containingmore stable condi-
tions. While the variationally doping having less unstable conditions than surface
transfer doping. The quality of the overall surface coverage of the number of atoms
or chemical species or dopant atoms that are mixed into the basal plane is impossible
to replicate. We need precise ways to uniformly and precisely dope n-type/p-type
graphene for various applications, and then use these methods to control the concen-
tration of dopant. It is possible to effectively suppress the Transverse magnetic and
transverse electric modes by controlling the chemical potential of graphene.

Figure 3a shows 3D schematic of the PMMA/Graphene stacked fiber-based polar-
izer structure and Fig. 3b shows the proposed setup for identifying extinction ratio
measurement values. The wheel side-polished method is used to create the polished
surface. The fiber polarizer loss is dependent on parameters such as a side-polished
facet roughness and the length and surface. The measured fiber polarizer loss was
smaller than 1 dB/mm is observed for the polishing depth of 62.5 µm. This loss can
be reduced by making a more polished surface. The CVD method is used to grow
graphene on copper foil. A spin coater with a very high rotation speed is used to
form the 400 nm thick PMMA film.

While this treated copper foil was sitting in ferric nitrate nonahydrate solution
for two hours, the rest of the PMMA-graphene surface was flushed with deionized
water. The evaporation of any leftover solvent left the fiber materials in contact,
which resulted in a single layer of graphene and PMMA. It was coated a second time
with a graphene/PMMA sheet and transferred again, yielding a double-sided PMMA
stack-based graphene polarizer. Because of a modal evanescent field enhancement
associated with the high-index fiber cladding, light can propagate throughout the
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core of the fiber. With strong light interaction between the modes, the attenuation
between orthogonal polarizations is high, and this results in a lower value of the
insertion loss because of the device compactness. When the device is only 2.5 mm
in length, a double-layer PMMA/graphene stacked fiber polarizer is composed of a
5 dB insertion loss and a 36 dB extinction ratio. A double-layer of bilayer graphene
(on both sides) has outperformed single-layer graphene and single-coated graphene
(one side only) in designing and manufacturing polarizers with a ratio of 44 dB for
4 mm device length.

5 Graphene Array-Based Polarizer

Several graphene-based THz polarizers with the composition of other materials
have been presented previously [26]. Metasurfaces devices are manipulating EM
waves using two-dimensional anisotropic array structures. It is possible to create
tunable THz polarizers, either using pure graphenemetasurfaces structure or through
graphene and metal incorporated metamaterial geometries. These structures can
control the polarization direction of the incident light and convert the linear state
of polarization to circular polarization states. More interestingly, graphene-based
THz polarizers are essential to offer THz attenuator devices for switching devices
for THz communications [27]. The wire grids-based THz polarizer with the substrate
[28] or free-standing [29] structures offer an approximately 40 dB of high extinction
ratio and 1 dB of low insertion loss for lower THz range up to 1 THz [30].

This type of polarizer with metallic wire grid structure shows a high transmission
amplitude for TM polarizer wave and low transmission for TE polarized wave [29].
The same effect can be observed for wire grids made up of graphene sheets, for the
near-infrared and microwave range [31–33] of the EM wave spectrum. In addition
to graphene wire grid structure generates the low transmission for THz waves (TM
polarized)with the effect ofwaveplasmoncoupling [34, 35]. This graphenewire grid-
based THz polarizers having a limitation of low transmission in both transmission
modes. Another limitation in graphene wire grid-based polarizer structure is the
low modulation (~10%) (TE mode of polarization), which is created by the Drude
absorption [34] effect.

This polarizer is formed such that both metal and graphene elements are inter-
leaved. Metal metasurface in the polarizer structure is fabricated from a graphene
grid and metal patch array structure. A graphene sheet is used in the metal grid
structure. This offers a higher conductivity than the grid structure formed from indi-
vidual graphene sheets. The graphene wire hybrid polarizer structure, with graphene
wire grid placed onto a metal metasurface, is shown in Fig. 4. The graphene filling
factor (GFF) responsible for the conductivity modulation. Smaller values of GFF
along the wire make a larger conductivity modulation, which will make larger THz
transmission modulation.

The metal metasurface along with the graphene patch wires makes a strong TM-
polarized plasmon mode, which causes the separated graphene patch geometry to be
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Fig. 4 a Three-dimensional
view of hybrid wide grid
formed with graphene
metal-quarts based polarizer
structure. b Cross-sectional
view of the graphene metal
quarts based polarizer
structure

connected with an individual metal strip. The coupling efficiency of wave plasmon
interaction is depending on the dimensions of graphene patch up to a certain width,
the TM-polarized coupling can be suppressed by decreasing graphene wire length
[36]. The metal metasurface provides the TE polarized plasmon into graphene. The
polarized plasmon (TEmode) interacts with the THz wave and it will also tunable by
different values of graphene conductivity. The THz transmission modulation vari-
ation can be realized with these TE polarized plasmons [37]. The metal graphene
structure forms the inductive and capacitive circuitwhich generates the coupling reso-
nance with TE polarized plasmons. In this circuit, charge accumulation is formed by
metal and an inductive channel formed by graphene sheet.

The graphene-wide grid-based polarizer is fabricated on ST-cut SSA quartz
substrate with 0.35 mm thickness. DLP laser lithography uses to fabricate the metal
patterns. In this lithography, the layer of Ti (7 nm) and Au(70 nm) has been formed
with electron beamevaporation. Thewet transfer procedure [38, 39] is used to transfer
the CVD graphene sample on the metal array. The spin coat of the PMMA is taken as
support in this process. The copper foil was removed after this using an ammonium
persulfate solution with a 2% concentration. Initially, graphene is covered the whole
area of the metal surface. The oxygen plasma at 50 W of power has been applied
for 2 min to each graphene wire structure. The photoresist material S1813 is used
to protect the graphene wire. This photoresist was removed in acetone after etching.
The ion gel was prepared by dissolving PVDF-HFP in acetone with the aid of a
magnetic stirrer for an hour, before adding the [EMIM][TFSI] into the solution and
stirring for 24 h. The gel was prepared with ionized solvent as suggested in [40]. This
gel offers large carrier density and good transparency at lower applied gate voltage
[41].
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6 Graphene Gold Patch-Based Three-Layered THz
Polarizer

6.1 Introduction and Design Modeling

Thegraphene conductivity equation allows to articulation single-layer graphene sheet
in various FEMcomputational platforms as a surface conductivitymodel. The single-
layer graphene-based polarizer structure is numerically investigated as per the struc-
ture shown in Fig. 5a. In this structure width and length of the structure (W ) are
set as 7.6 µm. The size of the patch is set as L set as 4 µm. The height of the

Fig. 5 Graphene-based polarizer structure for THz frequency spectrum. a 3D view of the polarizer
structure. b Top view of the polarizer structure. c Reflectance and d transmittance amplitude for
different fermi energy values of graphene and frequency. e Phase variation for the different fermi
energy values of graphene and frequency
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gold patch is set as 200 nm. The graphene is articulated as a cross-shaped structure
with a single-layer structure. The graphene conductivity equation is used as given
in Eqs. 1–4. The length and width of the graphene patch are set as (g × h) 3.25 ×
6.5 µm. The thickness of the silica is set as 1.5 µm. The wave is excited about the
Z-axis. X-Y boundaries are set as periodic boundary conditions. The reflection and
transmitted amplitude variation are calculated by considering the two-port system
for the proposed structure. The fermi voltage of the graphene is varying from 0.1 to
0.9 eV for the graphene sheet.

6.2 Results and Discussion

The reflectance and transmittance amplitude variations are shown in Fig. 5c, d. the
reflected wave phase change is shown in Fig. 5e. This fundamental structure is used
to identify the wave polarization for the THz range and different Fermi energy of
the graphene sheet. The reflected wave amplitude and its polarization values help
to identify the polarization conversion (linear/circular/elliptical). The comparative
table of such layered polarizer devices is shown in Table 1.

Table 1 Comparative study with the proposed polarizer structure and previously studied the
structure in terms of various physical parameters

References Material Dimensions
(W, L, H) in
µm3

Max.
reflectance
(%)

Type of layer Wide-angle
stability

Min. and
max.
frequency
band

Liu et al.
[42]

Metal (200, 200,
90)

55 Single layer 70 1.6–5

Liu et al.
[43]

Metal (100, 100,
26)

70 Multi layer 40 0.76–1.48

Yu et al.
[44]

Graphene
dielectric
gold

(120, 120,
59)

40 Single layer – 0.4–1

Fardoost
et al. [45]

Graphene (15, 15, 19) 25 Multi layer – 1.65–4.35

Deng et al.
[46]

Tantalum
nitride

(70, 70, 25) 60 Single layer 45 1.17–2.99

Zhu et al.
[47]

Graphene
dielectric
Silica

(16, 16, 25) 22 Single layer 40 0.6–2.6

Shi et al.
[48]

Metal (105, 105,
25)

80 Multi layer 60 0.7–2.5

Gao et al.
[49]

Graphene
silica

(4, 4, 0.25) 75 Single-layer – 1–4
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7 Graphene Metamaterial-Based Polarizer

Metamaterials, which are not found in nature, are frequently the focus of interest over
the last two decades, are experiencing increasing levels of public scrutiny in academic
research. a Few kinds of materials can be utilized in the application, including semi-
conductors [50–52], periodic materials containing multiple metals, which are used
in optics and electromagnetics metamaterials, [50–52]. particularly, their property of
being able to be expanded to make lightweight or deformable items without being
of physical substance is noteworthy until that time static does not prove useful,
expansion of metals is unviable, we must restrict development.

The properties of grapheme—an active semiconductor that can also act as a plas-
monic device—have recently increased in use as metamaterials have started to be
focused on its new dynamic properties [53]. Giant gold nanoparticles have the poten-
tial for helping with certain optical devices, especially those with light transmission,
this is known as plasmon-induced transparency (PIT) The rule is that if the linearly
polarized light enters a semi-transparent glass, the model will shift from clear to
opaque. Other than that, dark and bright modes based on the structure of the graphene
can be additionally configured with a fermi level, there are bright and dark ones that
are based on switching to and lowering or increasing the Fermi level within graphene.
PITIs are commonly employed, which may make the PIT phenomenon common.
Thus, metamaterials used in this way have also begun to be discovered as a research
interest.

The metamaterial structure as a single periodic unit comprising four graphene
blocks and strips is shown in Fig. 6a. The linearly polarized light is excited from the

Fig. 6 a Three-dimensional view of the graphene patch array-based polarizer structural unit
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top of the structure as shown in Fig. 6. The different graphene metamaterial structure
generates different transmission spectrum for the different incident source polariza-
tion conditions by exciting different graphene patch on the array. It is possible to
design such an array-based graphene polarizer structure using different graphene
engraved geometries [54, 55]. Many studies show that the polarization angle of the
light will have a great influence on the performance of the metamaterial structure.
To check the behavior of the variation in the polarization state in this study the
different structures of graphene metamaterial will produce individually. The polar-
izer structure with only the P1 patch in Fig. 6 will generate the red Lorenz lines
for X polarization incident conditions. It is possible to generate the bright modes
as they are interacting directly with the incident light and graphene in presence of
patch P1/P3. This interaction generates the red Lorenz line. However, The polar-
izer structure with a single P4 patch generates the dark mode as it is not interacting
with the direct incident light. Surprisingly, In Y polarized light the for all the struc-
tures the red Lorenz lines disappear. A graphene structure can produce multiple
resonances points. Multiple resonant dips appear at different frequencies for this
graphene-based metamaterial structure. In this research study the low-frequency
first-order resonance shown; complex phenomenon results for the second or higher
order resonating modes. This mode is ignored in the studies. Similarly, in many cases
of split ring structure, I shaped, L shaped, cross-shaped graphene engrave geometry
it possible to generates the different polarization effects with different input incident
angles.

The applications of the graphene-based polarizer device are shown in Table 2.
The graphene-based polarizer is used in many fields such as light manipulation
devices, Photodetector, polarization sensors, modulators, radiating antenna, etc. The
short working methodology along with the advantages as compared to other non-
graphene-based devices are shown in Table 2.

8 Conclusion

Graphene-based THz polarizer has attracted the large attention of the scientific
community due to its reconfigurable and ultrathin design. The different graphene-
based polarizer structure offers to generate tunability, TE to TM mode conversion,
ultrathin design. The graphene-based metamaterial polarizer is used for potential
applications such as sensor, photodetector, antenna, modulator, polarizer, etc. In this
chapter, we presented various designs and structures of the polarizer with its working
principles, fabrication techniques, and advantages. We presented useful mathemat-
ical equations to articulate the graphene-based conductivity model which helps to
define properties of graphene in FEM calculation. A Three-layer silica-graphene-
gold-based structure is numerically investigated using the same graphene conduc-
tivity formulation and FEM environment. This chapter will give the idea of forming
fundamental graphene-based polarizer and other photonics devices for various THz
and electro-optical applications.
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Table 2 Application of the graphene-based polarizer devices with working methodology and
possible advantages of structure

Type of devices Working methodology Advantages

Polarization sensor • Enhance the absorption values
• Use the attenuated total
internal reflection

• Fast speed of measurement
• Real-time processing
• Sensitivity is high
• Low sample consumption

Polarization Photodetector • The different shaped structure
used with SiO2 substrate

• Different pattern structure
created different surface
plasmon

• Photodetector tunability
achieved using an external
biasing voltage of graphene

• Fast and responsive speed
• High rate of detection
• Works on broad-spectrum and
tunable

Polarization modulator • Absorption is changed
concerning the applied voltage
by refractive index variation

• Light absorption rate
controlled by an electrical
signal which is ultimately
modulation variation

• Small loss
• Small volume
• Modulation efficiency and
extinction ratio is high

Polarizer • Depends on the leak mode
created by the graphene
surface

• When epsilon reaches zero,
one mode loses from TE/TM
and one remains available at
another side of the structure

• Easy to integrate
• Small size
• High compatibility with
another device

• Working on a wideband
spectrum

Polarizer based antenna • Different shape of structure
generates different polarized
radiation signal

• Graphene work as a
conductive medium for
radiation

• Tunable with external biasing

• Thin and small size
• Tunable
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M. Mitra, and J. Pal

Abstract In this chapter, the Einstein relation (ER) in quantum wells (QWs)
and nano wires (NWs) of opto-electronic materials (taking QWs and NWs n −
Hg1−xCdxT eand n − I n1−xGax Asy P1−y lattice matched to InP as examples)
under terahertz frequency on the basis of Heisenberg’s Uncertainty Principle (HUP)
has been investigated. It has been found that the ER exhibits quantum steps vari-
ations with electron statistics, film thickness, intensity, and wave length for all the
cases. A relationship where the ER is inversely proportional to the thermo electric
power in the presence of a strong magnetic field (L0), which is an easily measurable
experimental quantity, has been suggested in this context.
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1 Introduction

The importance of ER is well-known in the literature and has been investigated
widely for the last forty years mainly by the group of Ghatak et al. [1–35] and
few others [36–40]. In this chapter, an attempt is made to explore the ER in QWs
and NWs of opto-electronic materials [31–39] under terahertz frequency using the
HUP. We shall study the dependence of ER on electron statistics, film thickness,
intensity, andwave length, respectively, takingQWs andNWsof the said compounds.
Besides, a relationshipwhere the ER is inversely proportional to L0 which is an easily
measurable experimental quantity has also been suggested in this context.

2 Theoretical Background

The use of HUP leads to the expression of the electron statistics in the present case
in QWs of opto-electronic materials in accordance with three and two band models
of Kane together with parabolic energy bands as [35]

n2D = m∗gv
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nzπ
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where the notations are defined in [35].
The ER, in general, assumes the form

D

μ
= θ0(|e|)−1n0

[
∂n0
∂EF

]−1

(4)

where θ0 is the correction factor for Terahertz frequency.
Thus, using the above mentioned equations, we can write
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For NWs, the electron statistics in the present case for the said three types of band
models can be expressed as [35]
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The use of the above-mentioned equations leads to the expression of the respective
ER for NW as
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3 Suggestion for Experimental Determination of ER

The L0 assumes the form

L0 =
(

π2k2BT

3|e|n0
)(

∂n0
∂EF

)
(14)

Using (4) and (14), we can write

D

μ
= θ0

(
π2k2BT

3|e|2L0

)
(15)

Thus, we can experimentally determine the ER.

4 Result and Discussion

Using of Eqs. (1) to (3) and (5) to (7) and the values of Eg,
 and m∗[35], the plots
of the normalized ER (denoted by φ) versus dz, n0, I , λ and x for the QWs and
NWs of the said materials have been drawn in Figs. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19 and 20.

From the said graphs, we note the followings:

a. The ER decreases with increasing dz , decreasing n0, decreasing I , and
decreasing λ , respectively, in quantized steps, and the numerical values depend
on the particular dispersion relation.

b. With the decrement of x , the ER assumes increasing values.
c. The points a and b are valid for both QWs and NWs, respectively.
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Fig. 1 Plot of φ versus dz for QWs under terahertz frequency by using Eqs. (1) and (5) (plot a),
Eqs. (2) and (6) (plot b), and Eqs. (3) and (7) (plot c), respectively

Fig. 2 Plot of φ versus dz for QWs under terahertz frequency by using Eqs. (1) and (5) (plot a),
Eqs. (2) and (6) (plot b), and Eqs. (3) and (7) (plot c), respectively

Fig. 3 Plot of φ versus n0 for QWs under terahertz frequency by using Eqs. (1) and (5) (plot a),
Eqs. (2) and (6) (plot b), and Eqs. (3) and (7) (plot c), respectively
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Fig. 4 Plot of φ versus n0 for QWs under terahertz frequency by using Eqs. (1) and (5) (plot a),
Eqs. (2) and (6) (plot b), and Eqs. (3) and (7) (plot c), respectively

Fig. 5 Plot of φ versus I for QWs under terahertz frequency by using Eqs. (1) and (5) (plot a),
Eqs. (2) and (6) (plot b), and Eqs. (3) and (7) (plot c), respectively

Fig. 6 Plot of φ versus I for QWs under terahertz frequency by using Eqs. (1) and (5) (plot a),
Eqs. (2) and (6) (plot b), and Eqs. (3) and (7) (plot c), respectively
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Fig. 7 Plot of φ versus λ for QWs under terahertz frequency by using Eqs. (1) and (5) (plot a),
Eqs. (2) and (6) (plot b), and Eqs. (3) and (7) (plot c), respectively

Fig. 8 Plot of φ versus λ for QWs under terahertz frequency by using Eqs. (1) and (5) (plot a),
Eqs. (2) and (6) (plot b), and Eqs. (3) and (7) (plot c), respectively

5 Conclusion

In this chapter, the Einstein relation (ER) in quantum wells (QWs) and nano wires
(NWs) of opto-electronic materials (taking QWs and NWs n−Hg1−xCdxTeand n−
In1−xGaxAsyP1−ylattice matched to InP as examples) under terahertz frequency on
the basis of Heisenberg ’s Uncertainty Principle (HUP) has been investigated. It has
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Fig. 9 Plot of φ versus x for
QWs under terahertz
frequency by using Eqs. (1)
and (5) (plot a), Eqs. (2) and
(6) (plot b), and Eqs. (3) and
(7) (plot c), respectively

Fig. 10 Plot of φ versus x
for QWs under terahertz
frequency by using Eqs. (1)
and (5) (plot a), Eqs. (2) and
(6) (plot b), and Eqs. (3) and
(7) (plot c), respectively

Fig. 11 Plot of φ versus dz
for NWs under terahertz
frequency by using Eqs. (8)
and (11) (plot a), Eqs. (9) and
(12) (plot b), and Eqs. (10)
and (13) (plot c), respectively

been found that the ER exhibits quantum steps variations with electron statistics,
film thickness, intensity, and wave length for all the cases. A relationship where the
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Fig. 12 Plot of φ versus dz for NWs under terahertz frequency by using Eqs. (8) and (11) (plot a)
Eqs. (9), and (12) (plot b) and Eqs. (10) and (13) (plot c), respectively

Fig. 13 Plot of φ versus n0 for NWs under terahertz frequency by using Eqs. (8) and (11) (plot a),
Eqs. (9) and (12) (plot b), and Eqs. (10) and (13) (plot c), respectively

ER is inversely proportional to the thermo electric power in the presence of a strong
magnetic field (L0), which is an easily measurable experimental quantity, has been
suggested in this context.
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Fig. 14 Plot of φ versus n0 for NWs under terahertz frequency by using Eqs. (8) and (11) (plot a),
Eqs. (9) and (12) (plot b), and Eqs. (10) and (13) (plot c), respectively

Fig. 15 Plot of φ versus I for NWs under terahertz frequency by using Eqs. (8) and (11) (plot a),
Eqs. (9) and (12) (plot b), and Eqs. (10) and (13) (plot c), respectively
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Fig. 16 The plot of φ versus I for NWs under terahertz frequency by using Eqs. (8) and (11) (plot
a), Eqs. (9) and (12) (plot b) and Eqs. (10) and (13) (plot c), respectively

Fig. 17 Plot of φ versus λ for NWs under terahertz frequency by using Eqs. (8) and (11) (plot a),
Eqs. (9) and (12) (plot b), and Eqs. (10) and (13) (plot c), respectively
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Fig. 18 Plot of φ versus λ for NWs under terahertz frequency by using Eqs. (8) and (11) (plot a),
Eqs. (9) and (12) (plot b), and Eqs. (10) and (13) (plot c), respectively

Fig. 19 Plot of φ versus x for NWs under terahertz frequency by using Eqs. (8) and (11) (plot a),
Eqs. (9) and (12) (plot b), and Eqs. (10) and (13) (plot c), respectively
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Fig. 20 Plot of φ versus x for NWs under terahertz frequency by using Eqs. (8) and (11) (plot a),
Eqs. (9) and (12) (plot b), and Eqs. (10) and (13) (plot c), respectively
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Design and Characterization of Novel
Reconfigurable Graphene Terahertz
Antenna Using Metamaterials

T. Sathiyapriya, T. Poornima, and R. Sudhakar

Abstract The desire for wide bandwidth persists in this era of low latency, which
drives research into the high frequency band of the electromagnetic spectrum. There
are several hundred gigahertz of bandwidth available above 100 GHz for appli-
cations such as super-fast wireless communication devices, material investigation,
security, medical scanners, and wireless imaging. The Recent exploration of Tera-
hertz (THz) band (0.1–10 THz) paves the way for significant advancements in Tera-
hertz devices, Signal sources, and measuring instruments. The primary performance
metrics imposed on Terahertz (THz) antennas are high gain and a reduction in size.
The unique properties of graphene, such as its high conductivity, make it perfect for
constructing THz-enabled antennas. This chapter proposes the design and analysis
of Novel Terahertz (THz) antenna loaded with different metamaterial techniques
on reconfigurable graphene layer. The THz antenna’s design complexity, material
selection problems, and performance specifications are discussed. With simulation
results at 4.6 THz, the influence of metasurface on the graphene patch antenna at
THz band has been investigated. Throughout the design and investigation process,
antenna miniaturization is considered as a crucial point and the same is obtained with
metasurface. The antenna has a dimension of 30 × 30 μm with a gold conductor on
a Teflon substrate. Proposed antenna achieves reasonable return loss of −40 dB in
the range of 4.3–5.3 THz with bandwidth of 1 THz.

Keywords Terahertz · Graphene · Metasurface · Miniaturization · High gain
1 Introduction

Today’s world is evolving to go wireless anywhere, at any time, for any service.
Many wireless devices have been developed to meet the needs of consumers. All of
these applications have overburdened the microwave band, resulting in significant
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bandwidth scarcity [1]. Competitions and challenges to provide ultra-fast services
in the blink of an eye drive researchers to look beyond the microwave spectrum
[2]. Millimeter-wave band has been identified as having potential applications in 5G
communication [3], Autonomous Vehicle Systems [4], and other areas [5]. Without
pausing, researchers and wireless service providers have gone to the upper band
of the electromagnetic spectrum, Terahertz band, which ranges from (0.1–10 THz)
between microwave band and infrared light [6].

The digital revolution continues to transform the behavior and frequencies of
Internet use around the world. For millions of people, mobile devices have become
an integral part of everyday life. World Wide Web-enabled hand-held devices like
smartphones and tablets have developed into key communication, information and
entertainment tools. In 2020, there were 4.28 billion single mobile Internet users,
which indicated that over 90% of theworld’s Internet population usedmobile devices
for online use.Mobility and Internet use are forecast to increase in the future, because
the affordability and availability of mobile technology is growing ever greater. This
revolution induces the huge data traffic which is supposed to handle the reliable
communication at data rates of Gbps or Tbps. THz communication presently has a
data rate of Gigabits per second (Gbps), while the Terabit per second (Tbps) data
rate is still in the early stages of research [7].

1.1 Traits and Properties of THz Band

The phrase Terahertz was coined in the microwave community in the 1970s to delin-
eate Michelson interferometer’s spectrum frequency coverage, operating frequency
range of diode detector, and resonance frequency of water laser [8, 9]. Terahertz is
widely applied to submillimeter-wave radiation with frequencies ranging from 100
to 10 THz during the year 2000 [10]. The distinction between far infrared and submil-
limeter is still somewhat unclear, and the categorization is likely to be resolved at that
time [11]. Terahertz electromagnetic waves is specified as 0.3–10 THz per the IEEE
standard and are commonly classified as having a wavelength of 0.03–3mm [12]. All
THz technology characteristics that are expected to transform telecommunications
landscape and change how people connect and receive information. The features
of THz technology expected are unbounded capacity, continuous data transmission,
ultra-low latency and super-fast download [13]. As seen in Fig. 1, Terahertzwaves are
found on the electromagnetic spectrum between optical waves and microwaves.

THz radiation has a number of appealing characteristics: It can, for example,
produce extraordinarily high-resolution photographs and swiftly transport large
amounts of data. Despite this, it is nonionizing, which means that its photons aren’t
powerful enough to knock electrons off atoms and molecules in human flesh, poten-
tially causing hazardous chemical reactions. The wave also excites molecular and
electronic motions in many materials, which reflect off some, propagate through
others, and are absorbed by the remainder. The THzwave has the following excellent
features [14]:
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Fig. 1 THz wave location in the electromagnetic spectrum and respective applications [13]

(1) The ability to penetrate nonmetallic objects

Terahertz radiations have the capacity to permeate nonmetallic things and perceive
molecular movements. Because of the strong transmission of terahertz radiation
through metallic and dielectric materials, the ability to see through the objects is
the most beneficial for object detection imagers. THz waves’ penetrating charac-
teristic makes them ideal for concealed object detection, which is used in high-end
surveillance systems, the military sector, and security robots to identify suspicious
things.

(2) The attenuation loss

The attenuation loss of electromagnetic waves over 275 GHz is significant and it
can be exploited for detection and diagnosis in a variety of medical sectors. Because
THz radiation is non-destructive, it may be used to detect organisms in live time
without ionizing their individual components and damaging their structure. This
characteristic also distinguishes cancer tissues from normal tissues on the basis of
their water content.

(3) THz waves have a strong directivity due to substantial reflection and absorp-
tion losses at high frequencies, which shrinks the communication range to a
directive line-of-sight (LoS) situation due to spreading losses in theNLoS state.
THzwaves are potential for ultra-speed seamlesswireless communications due
to strong directivity features.

(4) The molecular movements (vibrational, rotational, torsional, and transla-
tional) of biological molecules, allowing high-sensitivity spectral probing of
molecular events in areas of practical importance.

5) The High spectral resolution characteristics of Terra Hertz have been used
in lab demonstrations to detect explosives, uncover hidden weapons, inspect
space shuttle tiles for faults, and screen for skin cancer and teeth cavities.

1.2 Evolution of THz Technology

The generation of THz signals with usable power levels is a serious challenge that
must be overcome. Conventional transistor oscillator and diode multiplier technolo-
gies can only reach the lower end of the spectrum. Micromachining methods were
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Fig. 2 Evolution of THz technology [©Tematys 2013]

used to createminiature backward-wave oscillators (BWOs).Quantumcascade lasers
have producedmanymWof power in the 5 THz region; however, theymust be cooled
to liquid nitrogen or lower temperatures. THz sources, detectors, sensors, and other
devices evolved gradually throughout time, as shown in Fig. 2.

1.3 Applications of THz Band

Terahertz bands, like mmwave communications, can be utilized for mobile backhaul
to carry enormous capacity signals between base stations. Point-to-point linkages in
rural areas andmacro-cell communications are two further areaswherefiber or copper
can be replaced. More notably, terahertz bands may be used in whisper radio applica-
tions, which are close-in communications. This comprises circuit board and vehicle
wiring harnesses, nano-sensors, and wireless personal area networks (PANs) [15].
Then there are applications that demand short-range communications in the form of
enormous bandwidth channels with zero error, such as high-resolution spectroscopy
and imaging, as well as high speed communication. Health monitoring, illness detec-
tion, and medicine administration are just a few of the nano-scale applications of
molecular communication possible by THz band [16, 17]. Biological sensing and
threat avoidance, agricultural monitoring and surveillance defense monitoring are
the main applications for THz nano-sensors in outdoor situations. In agriculture, the
nano-sensors enables the interaction between the parts of plants and trees like leaves
to roots. Nano-sensors operating in the THz spectrum can be used to better evolve
and develop speedy communication, performbiomedical diagnosis and capture space
images [18, 19].
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2 Antenna Technologies for Terahertz Communications

This section briefly describes the evolution of THz antennas in order to aid readers’
understanding. The design concepts and thorough examination of materials appro-
priate for making such antennas are then addressed. THz was first researched in the
nineteenth century, although it was not considered a separate field at the time. The
majority of THz research is in the far-infrared range. Researchers did not begin to
expand millimeter-wave research into the THz band and create specialist research
on THz technologies until the middle and late twentieth century. During the 1980s,
the development of THz radiation sources allowed THz waves to be used in practical
systems. Figure 3 shows a timeline of THz communication technology advance-
ments, illustrating how THz research has progressed from an emerging to a more
established area in the recent decade, with a clear technical jump [20].

2.1 Consequences for Antenna Design

THz-enabled communication offers several prospects in both micro and macro scale
applications. From the standpoint of antenna design for different applications, it
imposes various consequences and obstacles to meet out system performance. The
most essential problem is to have a thorough knowledge of the physics of THz
materials, and challenges pertaining to manufacturing and high throughput must
be addressed effectively. Recent advancements in semiconductor component devel-
opment and manufacturing technologies have made THz systems both possible and

Fig. 3 Applications of THz band [©Tematys 2013]
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economical, resulting in small systems. In reality, technological constraints have been
overcome through architectural advancements as well as new smart architectures of
new device structures [13].

2.2 Different Types of THz Antenna

The design of Terra Hertz antennas differs significantly from that of the RF and
microwave domain. Furthermore, for such nanoscale antennas, antenna theory neces-
sitates new modeling techniques that account for the shift from RF and microwave
range to plasmonic nano-antennas. Furthermore, various efforts to develop appro-
priate antennas for theTHz frequency range have been described in the literature. This
section majorly classifies THz antennas based on materials and antenna structure.
THz antennas are categorized into three types based on their production material:
Lens-based antennas [21], Novel material antennas [22], Photo Conductive Antenna
(PCA) [23] and In-chipAntennas [24]. Photoconductive antennas (PCAs) are utilized
for THz wave synthesis and detection. The invention of photoconductive antennas
has an improvement on the THz communication system and related disciplines.

3 Material Selection at THz Band

Another challenging part of developing an efficient antenna is selecting a good mate-
rial with minimal propagation losses. Copper’s properties make it a good mate-
rial for antenna construction. Metals such as copper have a high refractive index
at THz frequencies, reducing conductivity and skin depth which renders it unfit
for efficient THz antenna construction [25]. At lower THz range of frequencies,
the sheet resistance plays a dominant role in contributing to metal conductivity as
they are indirectly proportional. Although copper is regarded as an ideal material
for Microwave antennas, it imposes significant drawbacks to the development of
THz-enabled antennas [26].

Other factors have been investigated by the scientific community in order to
circumvent such limits. According to the literature, materials based on carbon have
considerable attention due to its various forms of the same element that differ in
structure. The Carbon allotrope Graphene and polymer composite CNT (Carbon
nanotubes) are the best alternative to Copper for the manufacturing of THz antennas.
Graphite is black and good conductor of electricity at THz frequency which was
coined by Novoselov et al. in 2004 [27]. The fundamental repeating structure is a
graphene layer which are structured in hexagonal ring called honeycomb lattice.

In the terahertz electromagnetic spectrum, CNT-based composites exhibit favor-
able conditions for making active and passive components. CNTs have a variety
of properties and topologies, and some of their physical impacts include surface
plasmon excitation, EM surface wave guiding, nano-antenna construction, and
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optical imaging. When single-walled Carbon Nano-Tubes and multi-walled CNTs
are treated with various oxidizing agents, they perform well [28]. Due to the high
resistivity factor, the performance of single-walled CNTs (SWCNT) is restricted.
Bundled Carbon Nano-Tubes are made using graphene layers, which reduce the skin
effect to a negligible level at THz frequencies, increasing antenna efficiency [29, 30].

3.1 Graphene for THz Devices

Graphene is a two-dimensional material made up of carbon sheets of one atom thick-
ness organized in a honeycomb lattice [31]. It has been a popular research topic due
to its appealing characteristics and potential new uses [32, 33], particularly in the
terahertz frequency ranges. Currently, experimental research of terahertz graphene-
based devices is being conducted [34]. The fascinating feature of graphene is that
its complicated surface conductivity can be adjusted using the Kubo formalism [35].
By providing a bias voltage to the graphene sheet, μc can switch over to different
values [36]. The operating frequency and electromagnetic behavior of graphene-
based Terahertz antenna can be dynamically adjusted by this technique [37]. The
properties of electromagnetic structures created by graphene material are unprece-
dentedly changeable by manipulating Fermi energy [38]. Graphene-based antennas
can also have a directed beam and those aremade up of huge number of unit elements.
The reflect array proposed in [39] included almost 25,000 elements.

3.2 Graphene Modeling

The Kubo formula may be used to determine the electric conductivity of a graphene
sheet [40].

σ(ω) = e2(ω + iγc)
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where e denotes elementary charge, γc is carrier scattering rate with τ as the charge
carrier relaxation time, � is the reduced Plank constant, and f 0(ε) validates the Fermi
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where T temperature inK and kB is the Boltzmann’s constant respectively. A range of
variables, including frequency response, temperature and chemical potential, impact
the surface conductivity of a graphene sheet [42].

The conductivity of graphene is split into two parts: First one is intraband conduc-
tivity (σ intra) then next is interband (σ inter)where intraband conductivity is dominating
at THz frequencies [42]. The graphene chemical

n0 = 2

πh2v2F

∞∫

0

∫ [
f0

(∫ )
− f0

(∫
+2μc

)]
d

∫
(3)

potential and charging carrier densities are related by following equation.
The Fermi velocity is denoted by vF. The intraband term of graphene conductivity

may be approximated in a simple media as

σ intra(ω) = ie2|μc|
πh2(ω + iγc)

(4)

which is under the supervision of μc Furthermore, the electric field Intensity (Eω)
and surface current density on the graphene layer (Jω) are related as follows:

Jω = σωEω (5)

As a result, Eω and σω have an effect on the performance of graphene-based
devices.

4 Proposed Antenna Design

4.1 Design of Circular Patch Antenna

The method of cavity model analysis is proven as accurate for microstrip patch
antenna analysis. In the cavity-model approach, resonant frequency and the quality
factor of antenna were proven to depend on the solution of a patch-related tran-
scendental equation. Other expressions relating to the patch geometry, for instance,
the trigonometric functions in the case of the rectangle and Bessel functions for the
circular patch, are also required to complete antenna design. As per the terminology
of Carver, [39] the radius of the patch is represented by a refer Fig. 4.

The equation to determine the deign parameters of antenna is usually written in
the form of and it can be represented as like,

k0 J0(k) = (1 − α)J1(k) (6)
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Fig. 4 Geometry of circular
microstrip patch antenna

k
J ′
1(k)

J1(k)
= −α (7)

Here the term k is denoted as complex wave number and α is said to be input
quantity as given below

α = j

(
η0

λ0

)
h(G + j B) (8)

Here G and B are given as,

G = 0.01254(πa/λ0) (9)

B = 0.00834(πa/λ0)εr (10)

The wave number k is a complex term hence we are denoting real and imaginary
part as x and the quantities of attention, f r and Quality factor are given by:

fr = (x/z0) fn (11)

Here the first derivative of Bessel function is given as Z0 = 1.84118, for order
unity. The normalizing magnetic wall frequency is given by

fn=[(cz0)/(2πa)](εr )
−0.5 (12)

Another term of interest the quality factor is given as,

Q = 0.5(x/y) (13)

The design equation of circular patch geometry is given as,
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a = F{
1 + 2h

πεr F

[
ln

(
πF
2h

) + 1.7726
]}1/2 (14)

where

F = 8.791 × 109

fr
√

εr
(15)

The dimensions of above equations are measured in cm.
This section proposes the design of Circular Patch antenna using Graphene

conducting material which is operating at THz frequency range. As the increase
in conduction loss of the copper at high frequency regimes finds, it is unsuitable for
THz applications [54–60]. The replacements suggested are Gold, Graphene, Carbon
Nano-Tube (CNT) and so on. The admirable properties of graphene nanostructure
motivate to choose graphene for our design. The simple circular patch antenna on
graphene material is shown in Fig. 5.

Here the circular patch antenna is designed on a Teflon Substrate with thickness of
2.8 μm and microstrip line feeding technique is chosen to supply the circular patch.

Dimensions Symbol Value(μm)

Length of substrate Ls 30

Width of substrate Ws 30

Height of substrate h 2.8

Circular patch radius a 6.7

Feed line length Lf 8

(continued)

Fig. 5 Geometry of circular patch antenna
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(continued)

Dimensions Symbol Value(μm)

Feed line width Wf 2

The approximate model of graphene material is provided in Computer Simulation
Software (CST) Microwave Studio for terahertz band and optical applications. The
graphene antenna placed upon Teflon substrate with εr = 2.1 is shown in Fig. 6.

The intended antenna design and simulation techniques are carried out using CST
Microwave Studio’s time-domain solver, which employs the FIT (Finite Integration
Method) for transient analysis. As per [43], FIT was presented for the first time
in 1977, and its comprehensive time-domain formulation is published in [44, 45].
In contrast to the Finite-Difference Time-Domain (FDTD) method, which use the
differential version of Maxwell’s curl equations, FIT employs integral balances to
discretize Maxwell’s integral equations using finite volume space grids, allowing the
conservation and stability features of the discrete field to be demonstrated numeri-
cally. Discrete port feeding with a 50 input impedance excites the microstrip feed-
line. Figure 7 depict the proposed antenna’s reflection coefficient (S11) and Voltage
Standing Wave ratio (VSWR) curves, respectively. The designed antenna resonates
at 8.8 THz, 9.9 THz and 10.5 THz respectively without a superstrate layer, with
reasonable return loss of 21, 28, and 16 dB.

The simulated antenna shows the better radiation performance over three different
frequency bands 8.8 THz, 9.9 THz and 10.5 THz respectively as reported in Fig. 8.

The graphene patch antenna has a gain of 6.23, 4.75 and 5.47 dBi correspondingly
at three different resonance band which shows the better performance of antenna as
depicted in Fig. 9.

The two-dimensionalE field andH field pattern of proposes antenna are displayed
in Fig. 10 which indicates the directional radiation pattern in elevation plane.

Fig. 6 Layout of circular patch antenna on Teflon substrate
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Fig. 7 Simulation results of circular patch antenna

4.2 Metasurface Loaded Circular Patch Antenna

The concentric double ring resonators with split gap are chosen as a unit cell for
metasurface design [46–48]. The equivalent circuit of single resonator consists of
Capacitor and Inductor in parallel to each other as depicted in Fig. 11.

The resonant frequency (f 0) of the square Split Ring Resonator is given by [49]

f0 = 1

2π
√
LSRRCSRR

(16)

LSRR andCSRR are the net inductance and net capacitance of the unit cell structure
which can be calculated as follows.

LSRR = (0.0002)l

(
2.303log10

4l

ω
− γ

)
(17)

CSRR =
(
2ae − g

2

)
cpul +

(∫
0 ωt

g

)
(18)

where the term γ = 2.853 is fixed value for square unit cell resonator [48] and the
length of the conductor can be calculated using

l = 8ae − g (19)

The resonant frequency of a defined unit cell ring can be calculated by substituting
total inductance and capacitance value in (f 0) Eq. 16.

As illustrated in Fig. 12, the suggested metasurface unit cell is made up of a pair
of concentric square resonators in a planar arrangement. Here Gold is a chosen as a
conductor for unit cell and multiple unit cells are located over the Teflon Substrate.
An outer unit cell has a length and width of 10 μm (l), inner unit cell has a length of
8.5μm and they are separated by a distance of 0.5μm. The gap coupling of each unit
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Fig. 8 Simulated 3D
radiation pattern of
metasurface loaded graphene
antenna a 8.8 THz b 9.9 THz
c 10.5 THz
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Fig. 9 Simulated graphene antenna gain

cell c and c1 is 0.5 μm by default. The unit cells are repeated to make metamaterial
array called as metasurface [50–53] at THz frequencies.

Because the metamaterial array is mounted on topside of a circular patch antenna,
it is referred to as a metasurface loaded circular patch antenna. The proposed antenna
shown in Fig. 13 is then simulated with discrete port.

The Metasurface loaded graphene Antenna resonates at 4.68 GHz with a band-
width of 1 THz and has a good return loss of -40 dB. The gap (c) of square split ring
resonator is set to 0.5 μm by default. Hence the inner ring gap and outer ring gaps
are varied simultaneously to see the performance of proposed antenna.

Figure 14 indicates that the default value of 0.5 m keeps a suitable return loss
value among all permutations of split ring gap. Again, it is a property proof of split
ring resonators functioning on the metamaterials concept. The resonance frequency
of the designed graphene antenna is pushed toward 4.68 GHz when it is loaded with
metasurface, resulting in a size decrease. Thus the meat surface loaded graphene
patch antenna is highly compact at 4.68 THz.

The intended antenna gain has been improved to 7 dBi in conjunction with size
reduction as depicted in Fig. 15.

The metasurface loading over the graphene patch has a directional radiation
pattern at boresight direction with main lobemagnitude of 20.5 dB (v/m) and angular
width of 83.1° at 4.68 THz as depicted in Fig. 16.

5 Conclusion

Because of the development trend of new generation wireless communication
networks (up to 100 Gbit/s), future spectrum resources are transferring to the THz
band. THz antennas are highly promising for high data rate transmission between
electronic devices. The efficiency of THz antennas also has a considerable impact
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Fig. 10 E field and H field pattern a 8.8 THz b 9.9 THz c 10.5 THz

on the development of completely secured wireless networks and communication
channels. An overview of THz antennas, material suitability in the THz band, the
usage of reconfigurable metamaterials, and a comprehensive analysis of graphene
characteristics have all been discussed in this chapter. This chapter proposes a meta-
surface loaded graphene patch antenna 4.68 THz. The suggested antenna improves
gain while reducing size at the same time is considered as novelty of the proposed
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Fig. 11 Complementary SRR unit cell. a Layout diagram b CSRR Equivalent circuit

Fig. 12 Unit cell square split ring resonator

Metasurfac

Patch Antenna

Fig. 13 Layout of metasurface top loaded on graphene antenna
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Fig. 14 Return loss of Metasurface loaded graphene antenna

Fig. 15 Simulated far-field radiation pattern and antenna gain

Fig. 16 Simulated 2D radiation pattern of metasurface loaded graphene antenna
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work. When compared to a graphene antenna without a metasurface, the miniatur-
ization achieved here is nearly 60%. The performance parameters were examined
and determined to be satisfactory in all respects. The research will be expanded in
the future to include the development of beam switching compact antennas for the
THz frequency band.

References

1. M.A. Jamshed, F. Heliot, T.W.C. Brown, A survey on electromagnetic risk assessment and
evaluation mechanism for future wireless communication systems. IEEE J. Electromagn. RF
Microw. Med. Biol. 4(1), 24–36 (2020)

2. D.Wu, J.Wang, Y. Cai,M. Guizani,Millimeter-wavemultimedia communications: challenges,
methodology, and applications. IEEE Commun. Mag. 53(1), 232–238 (2015)

3. I.P. Roberts, J.G. Andrews, H.B. Jain, S. Vishwanath, Millimeter-wave full duplex radios: new
challenges and techniques. IEEE Wirel. Commun. 28(1), 36–43 (2021)

4. F.J.Martin-Vega,M.C.Aguayo-Torres,G.Gomez, J.T. Entrambasaguas, T.Q.Duong,Key tech-
nologies,modeling approaches, and challenges formillimeter-wave vehicular communications.
IEEE Commun. Mag. 56(10), 28–35 (2018)

5. P. Christopher, A new view of millimeter-wave satellite communication. IEEE Antennas
Propag. Mag. 44(2), 59–61 (2002)

6. I.F. Akyildiz, J.M. Jornet, C. Han, Terahertz band: next frontier for wireless communications.
Phys. Commun. 12, 16–32 (2014)

7. https://www.statista.com/topics/779/mobile-internet/
8. J. Grade, P. Haydon, D. Van Der Weide, Electronic terahertz antennas and probes for

spectroscopic detection and diagnostics. Proc. IEEE 95(8), 1583–1591 (2007)
9. T. Minotani, A. Hirata, T. Nagatsuma, A broadband 120-GHz Schottky-diode receiver for

10-Gbit/s wireless links. IEICE Trans. Electron. 86(8), 1501–1505 (2003)
10. P.H. Siegel, Terahertz technology. IEEE Trans. Microw. Theory Tech. 50(3), 910–928 (2002).

https://doi.org/10.1109/22.989974
11. https://spectrum.ieee.org/aerospace/military/the-truth-about-terahertz
12. T. Nagatsuma, G. Carpintero, Recent progress and future prospect of photonics-enabled

terahertz communications research. IEICE Trans. Electron. 98(12), 1060–1070 (2015)
13. M.A. Jamshed, et al., Antenna selection and designing for THz applications: Suitability and

performance evaluation: a survey IEEE Access 8 (2020)
14. Z. Chen, X. Ma, B. Zhang, Y.X. Zhang, Z. Niu, N. Kuang, W. Chen, L. Li, S. Li, A survey on

terahertz communications. China Commun. 16(2), 1–35 (2019)
15. W. Haiming, H. Wei, C. Jixin, S. Bo, P. Xiaoming, IEEE 802.11aj (45GHz): a new very high

throughput millimeter-wave WLAN system. China Commun. 11(6), 51–62 (2014)
16. H. Tabata, Application of terahertz wave technology in the biomedical field. IEEE Trans.

Terahertz Sci. Technol. 5(6), 1146–1153 (2015)
17. Y.A.Qadri,A.Nauman,Y.B.Zikria,A.V.Vasilakos, S.W.Kim,The future of healthcare Internet

of things: a survey of emerging technologies. IEEECommun. Surv. Tutorials 22(2), 1121–1167
(2nd Quart., 2020)

18. https://spectrum.ieee.org/telecom/internet/wireless-industrys-newest-gambit-terahertz-com
munication-bands

19. N.V. Petrov,M.S. Kulya, A.N. Tsypkin, V.G. Bespalov, A. Gorodetsky, Application of terahertz
pulse time-domain holography for phase imaging. IEEE Trans. Terahertz Sci. Technol. 6(3),
464–472 (2016)

20. T. Nagatsuma, Antenna technologies for terahertz communications, in ISAP 2018—2018
International symposium antennas propagation (2019)

https://www.statista.com/topics/779/mobile-internet/
https://doi.org/10.1109/22.989974
https://spectrum.ieee.org/aerospace/military/the-truth-about-terahertz
https://spectrum.ieee.org/telecom/internet/wireless-industrys-newest-gambit-terahertz-communication-bands


Design and Characterization of Novel Reconfigurable Graphene … 271

21. M. Liang, H. Xin, Microwave to terahertz: characterization of carbon-based nanomaterials.
IEEE Microw. Mag. 15(1), 40–51 (2014)

22. S. Dash, A. Patnaik, Material selection for THz antennas. Microw. Opt. Technol. Lett. 60(5),
1183–1187 (2018)

23. E. Moreno, M.F. Pantoja, A.R. Bretones, M. Ruiz-Cabello, S.G. Garcia, A comparison of
the performance of THz photoconductive antennas. IEEE Antennas Wirel. Propag. Lett. 13,
682–685 (2014)

24. H.M. Cheema, The last barrier. IEEE Microw. Mag. 79–91 (2013)
25. S. Choi, K. Sarabandi, Design of efficient terahertz antennas: carbon nanotube versus gold.

2010 IEEE international symposium antennas propagation CNC-USNC/URSI radio science
meeting—leading the wave, AP-S/URSI 2010 (2010)

26. P.J. Burke, An RF circuit model for carbon nanotubes. IEEE Trans. Nanotechnol. 2, 55–58
(2003)

27. K.S. Novoselov, Electric field effect in atomically thin carbon films. Science 306(5696), 666–
669 (2004)

28. G.W. Hanson, Fundamental transmitting properties of carbon nanotube antennas. IEEE Trans.
Antennas Propag. 53(11), 3426–3435 (2005)

29. Y. Huang, W.-Y. Yin, Q.H. Liu, Performance prediction of carbon nanotube bundle dipole
antennas. IEEE Trans. Nanotechnol. 7(3), 331–337 (2008)

30. F.H.L. Koppens, D.E. Chang, F.J.G. de Abajo, ‘Graphene plasmonics: a platform for strong
light–matter interactions.’ Nano Lett. 11(8), 3370–3377 (2011)

31. G.W. Hanson, Dyadic Green’s functions and guided surface waves for a surface conductivity
model of graphene. J. Appl. Phys. 103(6), Article No. 064302 (2008)

32. J. Murdock, E. Ben-Dor, F. Gutierrez, T.S. Rappaport, Challenges and approaches to on-
chip millimeter wave antenna pattern measurements, in Proceedings of the IEEE International
Microwave Symposium (June 2011), pp. 1–4

33. S. Choi, K. Sarabandi, Performance assessment of bundled carbon nanotube for antenna appli-
cations at terahertz frequencies and higher. IEEE Trans. Antennas Propag. 59(3), 802–809
(2011)

34. Z. Xu, X. Dong, J. Bornemann, Design of a reconfigurable MIMO system for THz commu-
nications based on graphene antennas. IEEE Trans. THz Sci. Technol. 4(5), 609–617
(2014)

35. J.S. Gomez-Diaz, C. Moldovan, S. Capdevila, J. Romeu, L.S. Bernard, A. Magrez, A.M.
Ionescu, J. Perruisseau-Carrier, Self-biased reconfigurable graphene stacks for terahertz
plasmonics. Nat. Commun. 6, 6334 (2015)

36. K. Li, X.Ma, Z. Zhang, J. Song, Y. Xu, G. Song, Sensitive refractive index sensing with tunable
sensing range and good operation angle-polarization tolerance using graphene concentric ring
arrays. J. Phys. D, Appl. Phys. 47(40), 1–7 (2014)

37. M. Tamagnone, J.S. Gomez-Diaz, J.R. Mosig, J. Perruisseau-Carrier, Reconfigurable terahertz
plasmonic antenna concept using a graphene stack. Appl. Phys. Lett. 101(21), 1–4 (2012)

38. D. Correas-Serrano, J.S. Gomez-Diaz, A. Alù, A.Á. Melcón, Electrically and magnetically
biased graphene-based cylindrical waveguides: analysis and applications as reconfigurable
antennas. IEEE Trans. THz Sci. Technol. 5(6), 951–960 (2015)

39. E. Carrasco, J. Perruisseau-Carrier, Reflectarray antenna at terahertz using graphene. IEEE
Antennas Wirel. Propag. Lett. 12, 253–256 (2013)

40. M. Aldrigo, M. Dragoman, D. Dragoman, Smart antennas based on graphene. J. Appl. Phys.
116(11), 1–5 (2014)

41. R. Depine, Graphene Optics: Electromagnetic Solution of Canonical Problems (Morgan &
Claypool, San Rafael, 2017)

42. P. Tassin, T. Koschny, C.M. Soukoulis, Graphene for terahertz applications. Science (80)
341(6146), 620–621 (2013)

43. Weiland, Discretization method for the solution of Maxwell’s equations for six-component
fields. AEU-Archiv fur Elektron. und Ubertragungstechnik 31(3), 116–120 (1977)



272 T. Sathiyapriya et al.

44. M. Clemens, T.Weiland, Discrete electromagnetismwith the finite integration technique. Prog.
Electromagn. Res. 32, 65–87 (2001)

45. T. Weiland, Time domain electromagnetic field computation with finite difference methods.
Int. J. Numer. Model. Electron. Networks Device Fields 9(4), 295–319 (1996)

46. J.B. Pendry, A.J. Holden, D.J. Robbins, W.J. Stewart, Magnetism from conductors, and
enhancednon-linear phenomena. IEEETrans.Microw.TheoryTech.47(11), 2075–2084 (1999)

47. F. Falcone, T. Lopetegi, J. Baena, Effective negative—ε stopband microstrip lines based on
complementary split ring resonators. Microw. 14(6), 280–282 (2004)

48. F. Capolino, Theory and Phenomena of Metamaterials (2017)
49. G.Oliveri, D.H.Werner, A.Massa, Reconfigurable electromagnetics throughmetamaterials—a

review. Proc. IEEE 103(7), 1034–1056 (2015)
50. C.L. Holloway, E.F. Kuester, J.A. Gordon, J. O’Hara, J. Booth, D.R. Smith, An overview of the

theory and applications of metasurfaces: the two-dimensional equivalents of metamaterials.
IEEE Antennas Propag. Mag. 54(2), 10–35 (2012)
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Monopole Patch Antenna to Generate
and Detect THz Pulses

Mohamed Lamiri, Mohammed El Ghzaoui, and Bilal Aghoutane

Abstract The use of electromagnetic waves is a powerful tool for observing and
understanding the world around us. From the infinitely large and distant, electromag-
netic waves allow us to “see” objects and analyze them through spectroscopy. The
tremendous scope of the electromagnetic spectrum multiplies the fields of observa-
tion and applications. Far infrared is a specific region of the electromagnetic spectrum
with frequencies typically between0.3 and20 terahertz (THz). Thewavelengths asso-
ciatedwith these frequencies range from1mm to 15μm.This domain of the so-called
terahertz waves is still little exploited at the technological level. The antenna is one of
the most frequently used components for THz generation and detection. It generates
and detects THz pulses by transient photocurrents induced by ultra-short excitation
laser pulses. In this paper, a rectangular patch antenna having 47.916× 37.693μm2

dimension printed on Rogers RT/duriod 6010 substrate is presented and analyzed.
The proposed MIMO antenna offers high bandwidth with less return loss. Other
antenna parameters were studied in this work such as radiation patterns and current
distribution. To have a good picture about the designed antenna we analyzed the
isolation of the MIMO antenna. Based on simulation, the proposed antenna can be
used efficiently in THz applications.

Keywords Terahertz technologies · THz antenna · MIMO antenna · MIMO
diversity · Antenna gain
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1 Introduction

The 5G frequency bands, currently being tested, will not be able to manage all
applications when the industry is at full capacity. It is therefore necessary to study
solutions to prepare for the evolution of the current infrastructure. The proposed
solution is the terahertz band [1]. The 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. The THz domain is bounded by the violet
square, which extends from the radio waves of the electrical domain (0.1 THz) to
the infrared waves of the optical domain (>20 THz).

The THz pulses produced by these photoconductive antennas also allow time-
resolved measurements. Moreover, the real and imaginary parts of the dielectric
constant of the materials can be determined without recourse to the relations of
Kramers Kronig, since in the field of time-resolved spectroscopy, THz field can
be measured directly in amplitude and phase [1–3]. Photoconductive antennas are
available in various forms, for example, coplanar micro-ribbon [4, 5], butterfly node
[6, 7], periodic logarithmic [8] and logarithmic spirals [9].

In a single-antenna system, increasing the size of the modulation or the frequency
band used is the only solution to increase the data rate, with all the complexity
or congestion problems that this causes. From the point of view of information
theory, the capacity of multi-antenna systems increases linearly with the number of
transmitting antennas, significantly exceeding the theoretical limit of Shannon [10,
11]. The ability of multi-antenna systems to resist fainting and interference is an
undeniable additional benefit [12]. These discoveries made MIMO systems. In this
paper, a MIMO antenna is designed and analyzed for THz bands.

2 MIMO Principle

MIMO technologies use transmit and receive antenna arrays (Fig. 1) to improve the
quality of the signal-to-noise ratio and transmission rate. This then allows the radio
signal emission level to be reduced in order to reduce the surrounding electromagnetic
pollution, but also to extend the battery life in the case of a telephone [13].

3 MIMO Skill Categories

Three categories of MIMO can be considered:

• The MIMO spatial diversity: we simultaneously transmit the same message on
different antennas to the emission. The signals received on each of the receiving
antennas are thenbrought back into phase and summedconsistently. This increases
the signal-to-noise ratio (S/B) of the transmission [14].
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Fig. 1 MIMO principle

• MIMO spatial multiplexing: each message is divided into sub-messages. The
different sub-messages are simultaneously transmitted on each of the transmitting
antennae. The signals received on the receiving antennas are reassembled to re-
form the entire original message. MIMO multiplexing increases the transmission
rate [14].

• MIMO—beamforming: TheMIMOantenna array is used to orient and control the
radio beam. Beamforming techniques allow both to extend radio coverage (from
a base station or access point for example) and to limit interference between users
and surrounding electromagnetic pollution (by targeting the target receiver) [14].

4 MIMO Channel and Signal Patterns

The channel we are interested in for wireless links is the radio-mobile channel. It can
be characterized by a propagation medium: air, by moving obstacles (people, vehi-
cles) or immobile (terrain, buildings). The electromagnetic wave, vector of infor-
mation on this medium, is created by the transmitter for transmission in the air.
Unfortunately, the channel is not transparent to the EM wave and will interact with
it. Knowledge of the propagation channel is essential for the dimensioning of a
communication system and the optimization of algorithms for processing digital
communications signals. For this, a number of propagation channel models were
developed to facilitate simulation and a number of measurements were performed in
different propagation configurations [15, 16].

The EM wave diffuses in a medium and loses part of its energy as it spreads until
it disappears completely. The reception of the signal can only be done if part of the
wave can be received by the antenna of the receiving terminal (Fig. 2).
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Fig. 2 MIMO channel

The phenomena occurring in the propagation channel and causing variations in the
received power are commonly distributed into phenomena of two kinds: large-scale
phenomena and small-scale phenomena.

4.1 Large-Scale Phenomena

Large-scale phenomena correspond to two very special phenomena.

• Free space attenuation: Free space is defined by the line of sight and by the
clearance of the Fresnel ellipsoid. In these propagation conditions, the power
losses between the transmitted power and the received power are expressed by the
relationship of the link balance. This relationship shows that the power received
is inversely proportional to the square of the distance between transmitter and
receiver.

• The masking effect: The masking effect is a loss of power at the receiving
terminal, and occurs when one of the two terminals moves and, in doing so,
causes the line of sight to break between them (the terminal can be masked by
a building). Part of the transmitted wave still arrives at the receiving terminal,
but the power loss of the wave is systematic. This phenomenon is related to the
topology of the channel (obstacles).
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4.2 Small-Scale Phenomena

By observing the power received by a terminal during a small shift, when the power
loss due to masking and free space attenuation is constant, we can still notice a fluc-
tuation in power, a consequence of small-scale phenomena. Large-scale phenomena
take into account the existence of a single path, direct or not, to assess the power
received at the receiver level. In reality, a multitude of paths is created by the channel
according to the phenomena of reflection, refraction, diffraction and diffusion of the
wave. Some of the multiple paths recombine at the receiving terminal and the paths
with their own amplitude and phases can recombine constructively or destructively,
improving or degrading the link balance. It is this phenomenon that is called fainting
on a small scale. In addition, if no motion is present in the channel (the channel
is time-invariant), then recombination generates a constant attenuation or gain over
time. If, conversely, movements exist (the channel evolves over time by the move-
ment of the transmitter, receiver, or moving obstacles), then the attenuation (or gain)
varies according to the new multi-path gives. This phenomenon is therefore related
to the topology of the channel and varies with the movements of the terminals or
channel elements.

4.3 Noise

Noise is any signal that interferes with a communication. The surrounding commu-
nications are therefore noise, even if the term interference is preferred. Apart from
these interferences, the noise can come from atmospheric disturbances (rain for
certain frequency ranges) or cosmic disturbances (solar flares). These noises, which
can be described as external to the communication system, are complemented by
internal noises, such as the thermal noise of the receiver, or the sound of shot.

4.4 Channel Characterization

The characterization of the channel consists in determining its ability to vary in
different domains (temporal, frequency, spatial) [17, 18].

The expression of the impulse response of channelh(τ , t) is defined as the response
of the channel at the moment (t) following a pulse occurring at the moment (t−τ ).
This response at time t is composed of P paths arriving each with an amplitude βp(t),
a phase θp(t)and a delay τ p

h(τ · t) =
P∑

P=1

β p(t) · e j ·θ p(t)·δ(τ−τ p(t))
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4.4.1 Dispersion of Delays

Delay spread is defined as the difference τ = τ p − τ 1. This spread can cause
inter-symbol interference (IES) if the symbol time of a system is too short and
is therefore an important element of channel characterization. The outputs of the
channel produce different spreads, which defines the average delay τ= E{τ }, and
the variance of delays σ 2

τ = E
{
(τ − E{τ })2}(σ τ is called the delay dispersion). The

multi-path channel and its delay dispersion σ τ allow to define the coherence band
Bc, frequency band where attenuations are correlated (above a correlation threshold).

4.4.2 Frequency Dispersion

The notion of temporal variation of the channel is an integral part of its character-
ization. This temporal variation results from displacements (Tx and Rx terminals,
obstacles) which modify the properties of the wave. A displacement of the terminals
in the channel at a speed υ creating an angle of incidence α with the direct path of
the wave between the two terminals causes the appearance of the Doppler effect, that
is to say a frequency shift of the received wave. The resulting wave has a frequency:
f r= f 0+ f d with f 0 the original carrier frequency, and fd = v· f0

c · cos(α) the offset
Doppler frequency. The Doppler frequency f d is included in [−f dmax;+f dmax], avec
fdmax = v· f0

c . The coherence time τ c is defined as the time during which the temporal
fainting of the channel is correlated (above a correlation threshold). It is inversely
proportional to the maximum Doppler frequency f dmax. The coherence time is given
by: τc = 1

fdmax
.

To consider the constant channel, the system symbol time must be much less than
the channel coherence time (Ts � τ c).

4.4.3 Angular Dispersion

Signals are emitted by antennas with starting angles. At reception, the 586 angles
of arrival determine the incidence of rays on the coil. The study of the dispersion of
these angles shows a correlation between the placement of the transmitting antennae
and the correlation of the receiving signals [14].

4.5 Propagation Channel Modeling

To integrate the model into simulations, the impulse response h(τ , t) is used as that
of a FIR filter (finite impulse response). Thus, provided that the channel response is
linear and time-invariant (or at least over a sufficiently long time interval in relation
to the data to be sent), then the y(t) output of the channel filter is the convolution
product between the x(t) input and the impulsional response h(t):
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y(t) = [x ∗ h] = ∞∫
−∞

x(τ ) · h(t − τ , t)dτ

4.5.1 The Gaussian Channel Model

TheGaussian channel for wireless communications is the simplest statistical channel
from an implementation perspective, but not necessarily the most realistic. It only
models the thermal noise of the receiver as a random Gaussian probability density
variable pX(x) and adds to the useful signal. The random variable is called the
Gaussian additive white noise (BBAG). The noise is called white because it disturbs
in an identical way the entire spectrum with a spectral density of constant mono-
lateral power N0 (W/Hz). The noise is then fully defined statistically by its zero μb
mean and its variance σ 2

b .

P X(x) = 1√
2πσ 2

b

· exp
[
−

(
x − μb

)2

2σ 2
b

]

4.5.2 The Rayleigh Model

The Rayleigh model is used in the simulation of indoor-type systems because it takes
into account multiple paths and thus allows to model the phenomena on a small
scale. The Rayleigh model represents multiple paths as a single complex coefficient
(attenuation and phase shift), varying over time. The attenuation of the channel β=
|h| is then represented as a random variable following a Rayleigh law defined by its
probability density PB(β) of parameter σ :

P B(β) = β

σ 2
· exp

[
−β2

2σ 2

]
, ∀β ≥ 0

5 Typical Coil Parameters

An antenna is a device for converting electrical energy into energy electromagnetic
emission or reception. Many parameters are used to describe the characteristics and
performance of the antennas such as input impedance, reflectance, directivity, gain,
efficiency and radiation.

The antenna has several roles, the main ones being:
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• Allow proper adaptation between radio equipment and the propagation.
• Transmit or receive energy in preferred directions.
• Convey information as accurately as possible.

In addition, in order to describe the characteristics and performance of the
antennas, various parameters are used [13–15]. These parameters are divided into
two groups. The first group characterizes the antenna as an electrical circuit element
(Zin and S11) and the second group is interested in its radiation properties, such as
the radiation diagram, directivity and gain. Finally, the notion of power (absorbed or
radiated) plays a role important in the study of antennae.

5.1 Input Impedance

The impedance seen at the input of this component is called the antenna input
impedance. It is represented by: Ze(f )=Re(f )+ j·Xe(f ) (Fig. 3). The input resistance
Re(f ) is a dissipation term. It is linked, on the one hand, to radiated power and, on
the other, to the power lost by the Joule effect. The latter is generally small compared
to the power radiated to ensure the optimal operation of the antenna [19]. However,
losses due to Joule can represent significant values depending on the geometry of
the antenna. Losses in the mass plane are also to be taken into account. The reac-
tance Xe(f ) is related to the reactive power stored and concentrated in the vicinity of
the antenna. The impedance of the antenna is influenced by surrounding objects, in
particular by objects or close metal planes or by other antennas. In the latter case, we
are talking about of mutual impedances between radiating elements. We will deal in
this paragraph only with the antenna’s own impedance, that is, that of the antenna
placed alone and radiating in the infinite empty space [13].

Fig. 3 Input impedance



Monopole Patch Antenna to Generate and Detect THz Pulses 281

5.2 Coefficient of Reflection and ROS

In the previously introduced reference plane, the discontinuity presented by the
antenna can be characterized by the coefficient of reflection ρ (in voltage or field).
This is related to the input impedance of the antenna by a classical relation [10–12]:

ρ = Ze + R0

Ze − R0

With R0 the normalization impedance (equal to 50� in microwave technology),
this parameter allows to characterize the adaptation of the antenna which is realized
ideally for ρ zero (no reflected wave).

In practice, adaptation is characterized by the module of the coefficient of
reflection or, more often than not, by the “Standing Wave Ratio” (R.O.S.) defined
by:

RO S = 1 + |ρ|
1 − |ρ|

The term TOS (Standing Wave Rate) can be used instead of ROS.

5.3 Radiation Pattern

The graphic representation of the characteristic function of the antenna is called
radiation diagram. The direction of the maximum radiation is called the radiation
of the antenna. The representation of this function gives the characteristics of the
radiation in space. Traditionally, it has become customary to represent the radiation
in two perpendicular planes which are: plane E and plane H. Plane E is defined as the
plane containing the antenna axis and the electric field. The plane H is defined as the
plane containing the axis of the antenna and themagnetic field. The radiation, usually
in logarithmic coordinates, is presented either in coordinates rectangular, either in
polar coordinates, in the twoperpendicular planes (E andH). Some three-dimensional
representations have the advantage of showing all the directions of radiation in space,
but hardly allow an appreciation quantitative.

The antennas are rarely omnidirectional and emit or receive in preferred directions.
The radiation pattern represents the variations in power radiated by the antenna in
different directions of space. It indicates the directions of space (θ0, ϕ0) in which the
radiated power is maximum. It is important to note that the radiation pattern only
makes sense if the wave is spherical. The radiation pattern of an antenna is mainly
related to its geometry but can also vary with frequency. Apart from omnidirectional
antennas, antennas do not radiate power uniformly in space. In this case, the radiation
characteristic is equal to 1 regardless of the direction considered. In general, the
power is concentrated in one or more “lobes”. The main lobe corresponds to the
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preferred direction of radiation. Secondary lobes are usually lobes parasites. In these
directions, the radiated energy is lost so efforts are made to mitigate them.

5.4 Antenna Directivity, Gain and Performance

La capacité d’une antenne à diriger l’énergie se traduit par la directivité. Le gain
d’une antenne est directement proportionnel à sa directivité. Le rapport de propor-
tionnalité entre ces deux grandeurs est le ‘rendement’ de l’antenne. Finalement, ces
trois grandeurs permettent de caractériser la façon dont une antenne convertit la
puissance électrique incidente en puissance électromagnétique rayonnée dans une
direction particulière. Le gain et la directivité permettent de comparer les perfor-
mances d’une antenne par rapport à l’antenne de référence qu’est l’antenne isotrope
en général.

5.4.1 Directivity

Directivity characterizes the ability of an antenna to concentrate energy in one or
several privileged directions. It is an intrinsic parameter of the antenna, without
dimension. Directivity D(θ, ϕ) is a relative measure of the power radiated in one
direction P(θ, ϕ) relative to total radiated power rated PR:

D(θ, ϕ) = P(θ, ϕ)
PR
4π

= 4π · P(θ, ϕ)

PR

5.4.2 Gain of an Antenna

In general, an antenna radiates power that varies with direction considered. We call
gain G(θ, ϕ)of an antenna in one direction(θ, ϕ), the ratio of the P(θ, ϕ) power in
this direction at power P0(θ0, ϕ0) of an isotropic source of reference per solid angle
unit with the same power supply.

The gain is proportional to the directivity. It carries the same information on the
directions of radiation.

The gain is expressed in decibel (dB). dBi is sometimes used to specify the refer-
ence to isotropic radiation. Sometimes the gain expressed in dBd , when a dipole
antenna is used as a reference. If the antenna is omnidirectional and without losses,
its gain is 1 or 0 dB. According to the previous definitions the gain G can be written
as follows:

G(θ, ϕ) = 4π · P(θ, ϕ)

PA
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5.4.3 Performance

Let PA be the power supply of an antenna. This power is transformed into a radiated
power PR. In the direction of transmission, the radiated power is less than the power
supply. The antenna is an imperfect transformer. There are losses during the energy
transformation, as in any system. The efficiency of the antenna is defined by:

η = PR

PA

It measures the rate of transformation. It’s a return in the sense of thermodynamics
of the term: η 1 Performance is related to losses in the polarization network and in
the radiant. we see that the efficiency links the gain and the directivity:

PR = η · PA ⇒ G = η · D

5.5 Bandwidth and Quality Factor

Thebandwidth, also knownas bandwidth, of an antennadefines the frequencydomain
inwhich the antenna radiation has the required characteristics. It is also the frequency
band where the energy transfer from the power supply to the antenna (or from the
antenna to the receiver) is maximum. The bandwidth can be defined according to the
coefficient of reflection, provided that the radiation pattern does not change on this
band. To determine the bandwidth of an antenna with respect to radiation, trace the
reflection parameter S11 as a function of frequency. It is generally accepted that if
this parameter is less than −10 dB or −15 dB, the radiation power is sufficient. It’s
enough then locate on the curve the values of the frequency corresponding to this
value as on Fig. 4 (The bandwidth recorded for telecommunications antennas is Coil
with ROS or TOS 2 9.5 dB; T0S = 1.4 S11 = 15 dB).

Fig. 4 Bandwidth
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From an electrical point of view, an antenna can be seen as a RLC resonant
circuit. The BW bandwidth (3 dB bandwidth of the field value) is related to the Q
quality factor of the RLC circuit at the resonance frequency f Res. The quality factor
represents the quantity of resistance present during resonance (for a series resonant
circuit) as shown in equation.

Q = f Res

BW
⇒ 1

Q
= Rant

2π fRes · Lant

An antenna with a high quality factor radiates very efficiently at the frequency
of radiation on a narrow frequency band, which may limit out-of-band interference.
However, if the bandwidth is too narrow, any signal sent or received near the operating
frequency band will be attenuated.

An antenna with a low quality factor is considered broadband if the higher
frequency (f 2) is at least equal to about twice the lower frequency (f 1).

6 Design and Optimization of a MIMO Antenna

The antenna designed on Rogers RT/duriod 6010 substrate with a thickness with
of 0.5μm. The antenna element size where as a ground plan comprise 47.916 ×
37.693μm2 of a size. With relative dielectric permittivity equal 10.2 and tangent
loss 0.0023 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, as shown in Fig. 5. In the design of MIMO antenna, one of the more
significant element is the monopole. This operated under the λ/2 mode. Figure 5
depicted the basic element. Figure 6 shows the configuration of the proposed MIMO
antenna. Two identical patch antennas of rectangular with feed line are used to feed
the two patch antennas also 82.386 × 84.916μm2 is the dimension for the ground
plane. Table 1 shows the antenna’s parameters.

Figure 7 compares between the S11 of the proposed antenna and the single
element. It is clear from this figure that the MIMO antenna offers wide bandwidth
with less return loss. Indeed, the basic element had a bandwidth of about 64 GHz
with a minimum return loss of −52 at 1.47 THz. However, the proposed antenna
presents a bandwidth of 117 GHz at 1.47 THz. Besides, the MIMO antenna gain is
higher than the basic element gain (Table 2).

In order to study the mutual coupling between the two elements, we will plot
the isolation of the MIMO antenna. Figure 8 shows the S12 which the same as S21
of the proposed MIMO antenna. As can be seen in this figure the isolation is less
than −15 dB for the whole band. In addition, we obtain high isolation when the
inter-elements distance is about 5.7777 um.
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v

(a)

(b)

d

Fig. 5 Antenna geometry for Terahertz. a Top view, b Bottom view

Figure 9 shows the radiation patterns in E-plane and H-plane of the proposed
antenna. We observe from the figure that antenna is omnidirectional at 1.2 and
1.4 THz. However, when we increase the frequency, the antenna becomes directive
like for the case when the frequency is 1.6 or 1.8 THz.

Figure 10 shows the current distribution of the proposed antenna. From this, we
figure we saw that the horizontal antenna gives the best performance in terms of
radiation.

In order to validate our results and to certify better MIMO performance, the
proposed antenna is evaluated by examining numerous MIMO metrics such as the
Mean Effective Gain (MEG), the Diversity Gain (DG) and the Envelope Correla-
tion Coefficient (ECC), the Channel Capacity Loss (CCL). The MIMO performance
metrics are depicted in Fig. 11. From this figure, we can conclude that our antenna
present high performance with high diversity at the operating band (1.3–1.5 THz).
The ECC value is less than 0.1 at the operating band which make the antenna very
attractive for diversity need. The value of MEG and CCL show clearly that the
presented antenna present high isolation which mean less mutual coupling.
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(a)

(b)

 

 

Fig. 6 Two-element antennas for Terahertz, a Top view, b Bottom view

Table 1 Optimized
dimensions of the single- and
two-element antennas

Parameters Dimensions (μm)

W p 31.693

L p 21.958

W f 15.846

L f 21.958

W g 37.693

L g 47.916

W p1 7.923

Lm1 84.916

W m1 82.386

d 3.777
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Fig. 7 S11 for the single-element antenna and two-element MIMO antenna

Table 2 Comparison between single-element, two-element MIMO antennas

Antenna Bandwidth (THz) Peak gain (dB) Directivity (dB)

Single element [1.4169–1.4807] 1.20
(0.97 Eff)

1.23

Two element [1.3908–1.5078] 3.14
(0.96 Eff)

3.27

Fig. 8 Comparison of S21
and effect of the distance
between two-element
antenna
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Fig. 9 E-plane (red color) and H-plane (green color) for the proposed MIMO antenna

7 Conclusion

In this chapter, we proposed a MIMO antenna for detection and generation of THz
pulse. The proposed antenna offers high performance which allows it to be a suitable
choice of THz applications. The proposed antenna has a bandwidth of 117 GHZ
with a peak gain more than 3 dB and return loss of about −52 dB. Besides radiation
pattern and current distribution are also studied. An isolation less than −20 dB is
obtained when the distance between the two elements is about 5777 um.
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At 1 THz At 1.2 THz
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Fig. 10 Current distribution for the proposed MIMO antenna
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Fig. 11 MIMO performance metrics for the proposed antenna
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Artificial Neuron Based on Tera Hertz
Optical Asymmetric Demultiplexer Using
Quantum Dot Semiconductor Optical
Amplifier

Kousik Mukherjee

Abstract This chapter deals with the basic concepts of artificial neural networks
(ANN) and design of an artificial photonic neuron using Tera hertz Optical Asym-
metric Demultiplexer. The proposed neuron has sigmoid curve like transfer function.
TOADusing quantumdot semiconductor optical amplifier is used to build this neuron
for the first time to the best of author’s knowledge. ANN is briefly introduced along
with optical neural network (ONN). QDSOA and TOAD are also explained in brief.
Dynamic response of the neuron for different input powers is also included.

Keywords Artificial neuron · Quantum dot SOA · TOAD · Dynamic response

1 Introduction

Artificial neural networks (ANN) have potential to be applicable to almost all
branches of science technology and mathematics [1]. The concept started in 1943
by Walters Pitt [2], designed a mathematical model. Our brain has approximately
100 billion neurons (biological unit of brain). Through synapses, neurons commu-
nicate electromagnetic signals by a network that consists of axons, dendrites, etc.
Figure 1 shows a simplified diagram of a biological neuron. Dendrites are inputs and
the extensions of the axon on the other side of cell body behave like output regions.
Two neurons connect through each other through synapses and generate a neural
network.

Neural computations take place in the cell body and are transmitted through
axon, synapse, and dendrites to the next neuron. In the synaptic junction, some
neurotransmitter diffusion gives rise to electrochemical communication. Figure 2
shows a simplified diagram of biological neural network. A specific neuron has
several dendrites and synaptic junctions and thus can receive and transmits signals
from many other neurons. In this way, the neural network builds in.
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Fig. 1 A biological neuron

Neuron

Neuron

Neuron

Neuron

Neuron

Fig. 2 Biological neural network

Aneuron does not respond instantly and linearly but takes time to receive sufficient
amount of input to trigger its operation. Therefore, there is a threshold for its response.
Generally, inputs (neurotransmitters) generate inhibitory effects, excitatory effects,
ormodulatory effects depending on the neurotransmitters (a chemical). An excitatory
transmitter stimulates to generate electromagnetic signal (called actionpotential), and
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inhibitory one prevents this stimulation. Neuromodulators control the populations
of the neurons and operate slowly compared to other types of neurotransmitters.
The neurotransmitters work through synaptic cleft. It should be remembered that the
interconnections have unequal weights in terms of priority to receive inputs.

The working of biological neural network can be summarized as below:

1. The neurons work in the principle of “all- or- nothing”.
2. A threshold is required for a neuron to be excited.
3. Synaptic delay is the only delay is of significance
4. Inhibitory neurons prevent the activation of a neuron, and
5. Network structure remains unaltered with time.

Next sections will describe design considerations of artificial neural networks
(ANN), photonic or optical neurons, and a new optical neuron QDSOA based on
tera hertz optical asymmetric demultiplexer (TOAD).

2 Artificial Neural Networks (ANN)

ANN is nothing but a simplified model of naturally occurring neural network present
in animal brain. In the previous section, the basic model of biological neural network
is presented. In this section, a basic model of artificial neural network will be
presented. More than half a century ANN has developed significantly [2] and finds
applications in almost all branches of science and technology. ANN has the capa-
bilities of self learning, complex nonlinear relationship, and intense nonlinear fitting
[3, 4] and process huge amount of data very quickly. An artificial neuron has two
basic operations linear and nonlinear [5]. Figure 3 shows a basic multi input single
output artificial neuron model. The neuron consists of input signals, weight and bias,

W1

W2

Wn

x1

x2

xn

Σ

bi (bias)

Summing 

junction 

Activation 

function

Inputs

Weights

Output

Fig. 3 Artificial neuron model
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summing junction, and activation function as basic elements. The weighted sum
constitutes the linear operation given by,

Si = bi + Wi j xi (1)

where bi represents the bias and Wij represents the weight.
The weighted sum of Inputs from other neurons (x1, x2, x3, etc.) is passed through

the activation function (having a nonlinear response) to generate output. The most
commonly used activation function is sigmoid function:

∅(x) = 1

1 + e−(ax−b)
(2)

where a, and b are the parameters. Figure 4 gives plots of Eq. (2) for two different
values of a = 5, 10 and b = 0. The differentiability of the sigmoid function is an
important characteristic suitable for artificial neurons [6].

There are different types of neural network architecture [6]:
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(i) Single-layered feed forward: Input layers of neurons directly project onto the
output layer.

(ii) Multi-layered feed forward network: There are hidden layers in between input
and output layers.

(iii) Recurrent network: In this category at least one feedback loopmust be present.

3 Optical Neural Network

Present day high speed communication systems require optical technologies for over-
coming electronic bottlenecks. This is possible because photons are better informa-
tion carriers than electrons [7, 8]. Photonic systems are not only low power consump-
tion but photons do not interfere with each other during transmission and processing.
Moreover, photonic signals have several controllable properties like intensity, phase,
polarization, and frequency suitable for all optical processing. Therefore, replacing
electrical signals with optical signals is a promising technology for modern day
communication systems [5]. Several logic gates and optical processors use different
kinds of optical nonlinearities based optical switches [9–15]. Photonic processing
will enhance the computational speed and power efficiency of optical neural networks
(ONN) [16]. Moreover, many optical nonlinear properties may be used to implement
optical neuron activation functions. Optical neural networks using photonic tech-
nology have become important due to its scalability, compatibility, and stability
[17]. Several optical neurons using different techniques are also implemented or
proposed in last decade [18–27] also proves the popularity of optical technologies
in this field of study. Different kinds of activation functions with sinusoidal, Heav-
iside step, or sigmoid responses are used to implement the neurons. For powerful
recurrent neural network and long short term memory architectures, sigmoid acti-
vation function is helpful [20]. In [20], the neuron utilizes semiconductor optical
amplifier (SOA) in Mach-Zehnder interferometer (MZI) configuration. The work
[23] deals with neurons using quantum dot mode locked lasers have the capability of
emulating both inhibition and excitation operations. Nonlinear polarization rotation
(NPR) in SOA based neurons with sigmoid activation function is designed in [28].
Optical fiber based neuron is theoretically demonstrated in [29] based on reservoir
computing with optical amplifier as activation element. Therefore, optical activation
using this nonlinearity is an essential part of the neuron and can be achieved using
different techniques like Kerr effect, saturable absorption, nonlinear thermo optic
effect, etc. [2]. Reconfigurable activation function can be designed to program the
optimized performance of different neuromorphic tasks and such neuron is imple-
mented in [30]. In [31], SOA based cross gain modulation (XGM) is utilized for
neuron activation function. The present chapter deals with how TOAD is used to
design neuron with sigmoid activation function with quantum dot SOA.
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4 Quantum Dot Semiconductor Optical Amplifier
(QDSOA)

SOA is a versatile medium with controllable nonlinear properties and finds applica-
tions in various kinds of all optical logic processors [32–38]. In QDSOA the active
region is deposited with quantum dots of size 10–20 nm [37]. QDSOA is an impor-
tant device for all optical switching, and signal processing and has many advantages
over conventional SOA. These advantages include fast gain recovery process, low
current density, higher gain bandwidth, higher input power dynamic range (IPDR),
higher burst mode tolerance, lower noise effect, and compactness in size [39, 40].

Figure 5 shows a diagram of QDSOA. The active layer consists of quantum dots,
is sandwiched between P type and N type layers. A certain biasing current gives
rise to an unsaturated gain when no optical is signal present. Applications of input
light cause gain to be reduced due to carrier dynamics. A comparatively high intense
signal (pump) can modulate gain and phase of a comparatively low intense signal
(probe) by the combination of the processes of cross gain modulation (XGM) with
cross phase modulation (XPM) [36]. These processes can be modeled by the rate
equation model used in our previous works [35–38]. The dynamics are given by the
rate equations:

∂ f

∂t
= (1 − f )h

τ21
− f (1 − h)

τ12
+ f 2

τ1R
− Lwgmax(2 f − 1)P

NQ Aef f hν
(3)

∂h

∂t
= − h

τ2w
− N (1 − h)Lw

τw2NQ
+ (1 − f )h

τ21
− f (1 − h)

τ12
(4)

∂N

∂t
= J

eLw
− N (1 − h)

τw2
+ NQh

τ2wLw
− N

τwR
(5)

∂P

∂z
= [gmax(2 f − 1) − αint ]P

Aef f hν
(6)
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Fig. 5 Structure of QDSOA
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Table 1 Parameters used for
simulations [35–38]

0.2 ns, the Spontaneous lifetime in the WL(τwR)

3 ps, Relaxation time of electron (WL to ES(τw2))

0.16 ps, Relaxation time of electron (ES to GS(τ 21))

8.3 × 107 m/s, Group velocity (Vg)

1 ns, Escape time of electron (ES to WL(τ 2w))

1.2 ps, Escape time of electron (GS to ES(τ 12))

0.4 ns, Radiative lifetime (spontaneous) in Quantum Dot (τ 1R)

gmax, Material gain coefficient = 14 cm−1,

Internal loss,αint = 2 cm−1,

α(l) = 4, line width enhancement factor,

Injection current density, J = 1 kA/cm2

Lw = 250 nm, active layer effective thickness

NQ = 5.0 × 1010, Transparency current density

Aeff = 0.75 µm2, Effective area

∂ϕ

∂z
= −0.5α(l)gmax(2 f − 1) (7)

where N, electron density in the wetting layer, f , h are electron the occupation prob-
abilities of ground state, excited state respectively. Table 1 shows the corresponding
parameters for numerical simulations.

5 Tera Hertz Optical Asymmetric Demultiplexer

TOAD is an SOA based high speed optical switch [41] finds applications in different
aspects of all optical signal processing (AOSP) [37, 42–46]. QDOSA is utilized in
the designing of TOAD in the works [37, 46] enhances the performance because
of superior qualities of QDSOA over SOA. A QDSOA based TOAD is shown in
Fig. 6. In the TOAD shown in Fig. 6, QDSOA is asymmetrically placed in the fiber-
loop, with an input control signal. The probe or data signal is introduced through
a circulator and coupler into the loop. This data signal is broken into two counter
propagating parts, traveling the loop in opposite direction and passing through the
QDSOA at different times. They experience unequal gain and phase variations and
interfere at the coupler. Filters (F, F) are centered at the data or probe wavelength.
The transmitted port (PT ) gives constructive interference output and reflected port
(PR) gives destructive interference output. The gain of the QDSOA is calculated by
solving the coupled differential Eqs. (3) to (7) by numerical technique.

Output of two ports are given by [46],
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Fig. 6 TOAD using
QDSOA

Control 

Signal,C

QDSOA

F PR

Dc              Dcc

F
Din       

PT

PT,R = 0.25Pin[G0 + G(t) ± 2
√
G0G(t) cos(�θ), (8)

wherePin is the power of the data signalDin, G(t) andG0 are dynamic and unsaturated
gain of QDSOA. Two counter propagating signals have phase differences [37].

�θ = −0.5α(l) ln(G(t)/G0), (9)

α(l) is line width enhancement factor. Amplified spontaneous emission (ASE)
noise is given by

Pase = Nsphc2(G0 − 1)�λ

λ3
(10)

where h is Planck’s constant, c is speed of optical signal, λ is wavelength, N sp is
ASE noise factor and �λ is optical bandwidth of (F, F). When control signal is not
present, QDSOA gain is unsaturated, i.e., high. The Dc and Dcc experiences same
gain and phase difference resulting high output at transmitted port and zero output
at reflected port. A considerable power at control is sufficient to make a π phase
change between oppositely propagating signals reduces the transmitted port output
and enhances the reflected port output.

6 Optical Neuron Using TOAD

The neuron is designed using the reflected port of the TOAD shown in Fig. 6. Figure 7
shows the neuron with logistic or sigmoid activation function. Inputs to the TOAD
are differently weighted optical signals (VOAs are used) at wavelength other than
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Fig. 7 Design of the TOAD based neuron using QDSOA

probe signal wavelength acts as a control signal. Another constant input signal called
bias is added with all the weighted sum of the input signals x1 to xN .

Total input power is inserted as a control to the TOAD. As mentioned earlier, a
zero control input causes no signal to be present in the reflected port.With application
of control, QDSOA starts to decrease its gain, and hence nonzero phase difference
between the two counter propagating signals grows up. Since QDSOA is placed
asymmetrically, these two signals pass the QDSOA at different times. The clockwise
data signalDc experiences reduced gain. However, the counter-clockwise component
Dcc experiences a higher gain as it reaches the QDSOA at a later time when the gain
of the QDSOA is recovered. These two differently amplified signals acquire a phase
difference and interfere at the respective ports. With nonzero control signal, since
there is phase difference, the output in the reflected port becomes nonzero. If now
the total input is varied stepwise, output of the neuron changes following a transfer
function shown in Fig. 8. The curve is fitted with sigmoid function is given by
Mourgias-Alexandris et al. [20].

y = A1 + (A2 − A1)(
1 + e[(x−x0)/dx)]) (11)

Simulation results show the values of parameters A1 = −0.00539, A2 = 1.02201,
x0 = 0.56832, and dx = 0.11527. This confirms the fact that the transfer function
is almost sigmoid in nature. The output changes from 10 to 90% for input variation
from 0.3 to 0.8 mW describe sharp response of the TOAD to the input activation.
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Fig. 8 Transfer function of TOAD based artificial neuron

Figure 9 shows the dynamics response of the TOAD based activation function for
total input control signal of 1 dBm (Fig. 9a) and 7 dBm (Fig. 9b). It is interesting to
note that for a considerable value of input control power the high and low outputs
show significant extinction between them signifies proper threshold operation of the
neuron activation function.

7 Conclusions

ANN is briefly introduced with a little survey of optical neural networks. In this
chapter for the first time, a neuron with logistic sigmoid activation function is
designed using QDSOA based TOAD. The transfer function of the TOAD is shown
to be well fitted with sigmoid function proves efficient operation. Time dynamics
show efficient performance of the QDSOA based TOAD as activation unit. This
elementary neuron can be utilized to design complex neural network.
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(a). Input = 1dBm                                                 

(b) Input = 7dBm 
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Fig. 9 Dynamic response of QDSOA based TOAD to input signal
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Abstract The Terahertz frequency-based communications from 300 GHz upto 10
THz are crucial for future generation wireless systems beyond fifth-generation
networks. The pandemics and epidemics occurring because of infectious diseases
like the current COVID-19 leave a formidable effect on people and societies. The
main aim in such situations should be providing timely treatments to prevent losses
due to virus dispersal. But in prevailing healthcare systems, there are many deficits
in distributing medical resources, consumption of enormous power, lower data rates,
and no proper consideration of the patients’ emergency conditions. Also, the growing
use of wireless technologies overcrowds the spectrum that the existing devices and
systems use. This book chapter proposes a unique Terahertz E-health system oper-
ating on intelligent deep learning-based spectrum sensing techniques to alleviate the
problemsmentioned above. This unique Terahertz E-Health system is designed using
a novel Perceptive Hierarchal Networking framework (PHN) that solves spectrum
scarcity by sensing free spectrum slots for transmitting the medical data using perva-
sive sensingmechanisms operating at Terahertz Frequency. The proposed PHNarchi-
tecture comprises novel intelligent blocks that deploy deep learning-based sensing
mechanisms to provide a risk classification of the patients as high, medium, and low
based on their respective medical data and then perform intelligent spectrum alloca-
tion to patients to transmit their medical data. These sensing schemes utilize efficient
deep learning models like Long Short-Term Memory (LSTM), Recurrent Neural
Networks, Convolutional Neural Networks, and CNN-LSTM. This book chapter
will present a progressive vision of how the traditional “THz gap” will transform
into a “Rush of THz” for the next few years.
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1 Introduction

Infectious diseases and pandemics have a daunting impact on individuals and soci-
eties. But virus dispersal can be stopped by catering timely responses and treatments.
Healthcare systems have been saving people’s lives since the influenza cases in 1918
to the ongoing pandemic of COVID-19. Nowadays, intelligent healthcare systems
are a crucial necessity, and wireless communication is the pillar of the developments
in smart healthcare systems. To deliver fast healthcare services and provide patients
with treatments within hospitals or remotely, all the healthcare systems must have
provision to advanced technologies.

In most developed and developing countries, COVID-19 lead to a boom of
patients, a lack of medical facilities, and delayed treatments, which collapsed the
healthcare framework [1]. The prevailing healthcare systems depend upon fourth-
generation networks for smart healthcare applications. But due to insufficient band-
width and spectrum resources, these networks cannot cater to the growing demand for
wireless services in the long run. In contrast to the 4G services, 5G and Beyond Fifth-
generation services supply better bandwidth, robustness, credibility, latency, and data
rate [1]. From the viewpoint of healthcare systems, 5G and beyond generations will
deliver—

(i) internet connectivity to the internet of things based medical systems via
massive machine-type communications

(ii) supply excellent quality video calling for remote treatments, telemedicine,
augmented reality on an excellent diagnosis via enhanced mobile broadband

(iii) supply ultra-reliable low latency communications for drones and self-
governing vehicles to carry out emergency inspection and monitoring.

The crucial motivator for the current pandemic scenario and future should be
developing an E-Health system equipped with the most advanced technologies like
deep learning and cognitive radio at Terahertz band to improve the quality of life
in all aspects [2–4]. In this respect, numerous technologies are anticipated in the
literature like tactile internet, self-governing vehicles, visible light communication,
aerial networks, and Terahertz [5]. A cognitive radio system can be utilized for
intelligent healthcare systems by taking the distinct quality of service requirements
into account. The medical equipment in the healthcare systems is considered as
preserved users who need a good quality of service for various e-health applications
like telemedicine and hospital data system applications.

Telemedicine applications can be regarded as primary users as they have higher
priority, while hospital data systems can be called secondary users as they have lower
priority. ForE-health systems, the cognitive systems shouldmanage the primary users
and the preserved users. These preserved users can be passive or active. Examples
of passive devices are incubators, anesthesia machines, infusion pumps, etc. Active
devices like ECG, wireless monitors, telemetry monitors can transmit information
wirelessly. An extensive band is required to achieve all E-health applications and
efficient cognitive radio system enablers for the health systems, which cannot be
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easily found in spectrum bands below 90 GHz. Therefore, in this book chapter E-
health system based on cognitive radio system in THz has been proposed. The main
advantages of Terahertz communications for E-health applications are—

(1) The high terahertz frequency offers a massive accessible bandwidth and highly
promising data rates.

(2) Directional antennas are anticipated for compulsory use to tackle high path loss
by providing narrow beamwidths and restricted interference. Hence a high data
rate per area can be expected.

(3) The high data rates provide low delays due to effective beam search and
alignment techniques.

In prevailing times, medical information and records of exabyte size are being
digitized at various organizations like hospitals, clinics, diagnostic centers, labs, and
nursing centers. The structure of this medical data is messy and improper, which
is not suitable for the current healthcare systems operating on statistical modeling
and analysis. Hence, shifting to deep learning-enabled platforms that operate on
terahertz communications will connect to many hospital databases. By linking to
many health records and databases, the analysis can be carried out for a complex
mixture of data types like medical history, vital signs data, ECG records, blood
test reports, etc. Pervasive medical devices can estimate patient’s vital signs and
parameters for cognitive radio applications in smart healthcare systems. E-health care
data transmission is a significant application of intelligent cognitive radio networks
based on Artificial intelligence and deep learning. Pervasive spectrum sensing at
Terahertz frequency provides efficient energy consumption and low computational
complexity to transmit health data. The patients receiving medical attention and
treatments can be segregated as follows—

(1) Primary users—These users carry out shared data transmissionwhen accessing
the spectrum band.

(2) Urgent Primary users—These users belong to the highest priority and require
medical attention on an emergency basis. So, they need spectrum urgently to
share their medical data for remote treatments or analyze the disease patterns
in their bodies.

(3) Secondary users—These individuals can use the spectrum when primary users
are silent.

The fifth-generation and beyond wireless generations can deploy the Terahertz
band and deep learning techniques to transmit and receive medical data for treating
patients by a doctor from a remote location, identifying lung cancer, heart diseases,
etc. [6–8]. Hillger et al. [9] discusses a review of the advancements in THz integrated
circuits research for medical imaging. The work [10] presents a broadband THz
absorber planned and invented by electrohydrodynamic printing technology. Ben
Krid et al. [11] proposes a THz bean that is diffraction-free designed using a lens
group system. The crucial medical records can be sent via terahertz communication
appropriately to a secured cloud location to be aggregated and processed. Research
works [12–16] present advancements in applications of THz frequency in various
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domains of healthcare like spectroscopy of tumor samples, in vivo imaging of human
cornea, breast cancer detection with THz imaging and detection of bio samples
aqueous in nature using THz sensors. Incorporating deep learning can help scale the
Terahertz E-health systems to include billions of patient records and predictions for
the large amount of healthcare data generated in today’s scenario. This book chapter
proposes a unique Terahertz E-Health system operating on intelligent deep learning-
based spectrum sensing techniques. This unique Terahertz E-Health system designed
using a novel Perceptive Hierarchal Networking framework (PHN) solves spectrum
scarcity by sensing free spectrum slots to transmit the medical data using pervasive
sensingmechanisms operating at Terahertz frequency. These sensing schemes utilize
efficient deep learning models like Long Short-Term Memory (LSTM), Recurrent
Neural Networks, Convolutional Neural Networks, and CNN-LSTM.

1.1 Contributions of the Book Chapter

The contribution of this book chapter is manifold. It proposes a unique approach to a
smart healthcare system deploying deep learning at THz frequencies. Following are
the main contributions of the book chapter—

• A novel THz E-Health System is proposed, an approach to smart healthcare for
transmitting patients’ medical data for remote treatments and smart diagnosis.

• A unique Pervasive Hierarchal Networking (PHN) framework is proposed, which
comprises intelligent blocks to design the THz E-Health system based on Deep
learning models.

• Efficient Deep learning-based spectrum sensingmechanisms utilizingmodels like
LSTM, CNN, RNN, and CNN-LSTM are proposed and deployed in the THz E-
health system for intelligent spectrum allocation to transmit patients’ medical
data.

• The patients are classified based on their health history and risks into high,
medium, and low using deep learning predictions. Patient’s medical data with
emergency cases can be transmitted with the highest priority on the free spectrum
slots sensed using deep learning mechanisms.

2 Role of THz Frequency in Forthcoming Wireless
Generations and E-Health Systems

The THz frequency communications will play a crucial part in the forthcoming
wireless generations, namely the fifth generation and beyond. Ultra-high bandwidth
systems can be enabled in this frequency band. Even though the defined frequency
range for THz communications is 300 GHz–10 THz [17, 18], the researchers have
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found it expedient to determine the frequency ranges above 100 GHz as the THz-
based communications.Data rates of terabits/sec can be achieved due toTHz commu-
nications’ vast, accessible bandwidth [19] without extra spectral efficiency-boosting
schemes. THz-based systems can provide higher link directionality [20] due to the
shorter wavelengths of this frequency band. The THz band systems are also less
vulnerable to free space diffraction and inter-antenna interference. They also have
the advantages of being immune to eavesdropping and can be illustrated in much
smaller footprints. Moreover, the THz band has many benefits like advanced user
concentrations,more excellent reliability, low latency, improved spectrumutilization,
boosted energy efficiency, higher positioning accuracy, and augmented adaptability
[21] to propagation situations. Table 1 lists the electromagnetic band segregation and
their respective advantages and disadvantages.

Table 1 Electromagnetic spectrum band segregation and respective advantages and disadvantages

Name of spectrum
band

Appointed frequency
band

Frequency range Advantages (A) and
disadvantages (D)

Radio spectrum Very low frequency 3–30 kHz A: Ability to infiltrate
buildings and solid
objects to carry out
broadcasting, satellite,
mobile communication,
and radar-long distance
communication
D: This frequency band is
very busy, and obtainable
bandwidth is only a few
MHz

Low frequency 30–300 kHz

Medium frequency 300 Hz–3 MHz

High frequency 3–30 MHz

Very high frequency 30–300 MHz

Microwave
spectrum

Ultra High frequency 300 MHz–3 GHz A: Applicable to medium
distance communications
like radar and Wi-Fi
D: Higher bandwidths are
prone to atmospheric
absorption

Cm wave frequency 3–30 GHz

Mm wave band 30–300 GHz

Infrared spectrum Sub-mm wave band 300 GHz–3 THz A: This spectrum band
supports green field
communication and is
immune to interference
D: Its usage is restricted
to indoor and
point-to-point scenarios
called short-range
communication due to
high path loss and noise

Infrared-C 300 GHz–100 THz

Infrared-B 100–215 THz

Infrared-A 215–430 THz

Visible light – 430–790 THz

Anticipated THz
spectrum band

95 GHz–10 THz Combination of
microwave and infrared
spectrums
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Fig. 1 Unique characteristics of THz spectrum for E-health system and spectrum sensing
applications

Figure 1 illustrates the THz spectrum’s different unique features, which can be
utilized for E-Health systems and Spectrum sensing applications.

2.1 THz Technology for Medical Applications

The Terahertz frequency is the end slot of the electromagnetic spectrum, which has
not been thoroughly researched and exploited, also called the “Terahertz gap. The
frequency range of THz is from 95 GHz to 10 THz. THz has a non-ionizing nature
making it alluring for the health industry. Imaging in the THz band provides a non-
invasive and non ionizing substitute to X-rays and delivers higher contrast in medical
treatments [22, 23]. Dental Imaging, wound and burn examinations, spectroscopy,
detection of cancer tumours, blood and breath analysis, and air quality inspections
are some of the potential researches [24] being carried out. The See-through char-
acteristic of THz makes it very appealing as it can infiltrate most of the dielectric
materials like plastic, paper, wood, and clothing.

The X-ray photons have KeV energies which are drastically higher than the meV
energies of THz photons. In contrast to the ionizing nature of the X-rays, the non
ionizing property of THz is deficient, with inadequate energy to remove tightly bound
electrons. So THz radiation is having the benefit of not causing any harm to the body
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Fig. 2 Medical imaging applications for THz

tissues and DNA and is regarded safe to human bodies. The THz is also an eco-
friendly and safer substitute for health applications. So all these properties make
THz a crucial contender paving its way for E-health and smart healthcare systems.

Figure 2 depicts the medical imaging applications of THz, which are being
researched and implemented with much potential.

3 Terahertz E-Health System—A Novel Approach to Smart
Healthcare

A novel architecture for the E-health system is proposed based on Terahertz tech-
nology in this section. The proposed novel architecture follows an internet of things-
based framework that aims to provide Terahertz-based intelligent engines concerning
synchronized medical devices with diverse requirements. The novel architecture
introduces sub-processes that intend to gather, collect, analyze and visualize all the
data of medical devices through five different stages, as illustrated in Fig. 3. The
internet of things enabled devices is primarily revealed and linked to the mechanism
through the available Radio Access Network of Beyond 5G networks, followed by
gathering their data integrated with the diverse requirements that all these devices
possess. Different engines are formed for fulfilling the management needs based
upon the data and the requirements. The moment these engines are deployed in the
Terahertz E-Health system, the analysis of the collected data takes place, executing
intelligent and pervasive deep learning techniques upon them. The analysis using
deep learning techniques is followed by analyzing the results in an ultra-reliable
manner. The different components of the architecture and their functionality is given
as follows—
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Fig. 3 Terahertz E-health system

(i) Beyond Fifth-Generation Wireless Network Connectivity and Terahertz
Technology—The E-health system architecture comprises two crucial steps.
Firstly, the physical and virtual environments are linked together by permit-
ting data collection at high reliable edge nodes. The data analysis inside the
Terahertz platform takes place through suitable integration of intelligent deep
learning techniques enabled by deploying an edge node in eachmedical device
linked through a radio access network. The internet of things medical devices
are recognized through the established radio access communication network.
The radio access network is designed to function in a vast bandwidth of the
Terahertz spectrum with various features like channel bandwidth and prop-
agation environment to cater to the diverse and complicated medical data
and healthcare services requirements. The novel THz E-health system partly
centralizes the functionalities of the radio access network reliant upon the
concrete needs, as well as the network features, being able to maneuver vast
amounts of data, at high speed with low cost, delivering on-demand resource
furnishing, delay conscious storage and increased network capacity wher-
ever and whenever needed. The data management techniques provided (data
collection, engine placement, data analysis, and visualization) are created in
the formof dedicated engines for each of these services. This provides efficient
operation of the E-health system based on Thz, equipping it with flexibility,
cost-efficacy, scalability, and being virtualized in distinct E-Health systems
running in various hospitals, clinics, labs, etc.

(ii) Data Collection Engine—This is the second phase in the THz E-health
system. Hence the Data collection Engine is accountable for gathering the
requirements by the various linked medical devices and their heterogeneous
e-health data. The internet of things enabled devices and smartphones are
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connected to the internet through the radio access network. The data collec-
tion engine has duties of (a) recognizing possible contradictory needs (b)
resolving these contradictions by delivering an optimal- aggregated outcome.
So the multi-objective optimization methods are considered by resolving the
contradictions for diverse requirements of different health devices and parallel
medical data. The different sources for the collected medical data are—(a)
health monitoring equipment used by the users at their homes (b) clinical
and medical devices, Electronic health records, PHRs that the patients utilize,
doctors, and hospital professionals for storing the patients’ measurements in
the hospitals and diagnostic labs (c) health tracking devices andmonitors used
by the patients for their outside activities.

(iii) Engines Placement Block—The Engines placement block plans the end-to-
end deployment. The output of the Data collection engine is the starting point
for the Engines placement block. The implemented feasibility scrutiny decides
about the attainability of the demanded resource requests for the active users,
linked medical devices, etc. So, the feasibility analysis inevitably decides
about the heterogeneous requirements for deploying the essential engines into
the E-health system. The engines placement block guarantees that the delivery
of the resources, management, and transposition are viable for synchronized
usage in the respective engines in the health system. For attaining the optimal
resource placement, the dynamic engine enabling part occurs when the feasi-
bility of the resources is guaranteed to support the defined requirements of
the health system. Using the accumulated and feasible requirements coming
from the synchronized medical devices, EHRs, PHRs, etc., the primary duty
of the Engines placement block is to support the dynamic provisioning of the
various engines in the system. So, the engines placement block automatically
scans and analyzes the requirements and obtainable infrastructure resources
and then decides upon the most suitable ones.

(iv) Data Analysis Engine—The fourth stage in the Terahertz E-health system is
theDataAnalysis Engine. The collected data is analyzed using intelligent deep
learning methods like Long Short Term memory, Recurrent Neural networks,
Convolutional Neural networks, and CNN-LSTM. The medical data attained
from datasets comprising various patients’ health conditions, diagnosis, and
activity status is given input to the data analysis engine. The engine contrasts
these data with comparable data from other patients who had similar health
issues. The engine approximates the likelihood of identical living conditions
and diagnoses based on the health enhancement or worsening of prior users.
The confidence rate regarding user actions is set at 75%, and if it is greater
than 75%, only then the data from these activities are stored and analyzed.
The periodic unlabeled information from the sensors of medical devices is
collected and used for training the deep learning classifiers upon the patients’
activities. Each device records the sensor data for a particular time period,
like 24 h for each patient. Various features and statistics are calculated for
the recorded sensor data, and then these features act as input parameters to
the deep learning classifier models. The deep learning models categorize the
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data received from input into classes like walking, running, etc., to predict
probable treatments of the patients. The main categories of medical decision
support are (a) proof-based medicine and (b) treatment-based support. The
proof-based medicines follow the perceptions extracted from the medical data
(mainly diagnosis, treatment, and practice) integrated with a knowledge base
with analogous cases and used to find the most apt treatment for each patient
and predict and evade possible aggravation difficulty and risks.

(v) Data Visualization Engine—The fifth stage comprises a data visualization
engine that captures the users’ information and uses it suitably. The gathered
data is changed incoherently, offering the medical professionals the ability
to attain perceptions regarding their patients’ disease and health patterns.
Valuable data performance and visual analytics mechanisms are utilized like
charts, graphs with proper sizes to depict contrasting diagrams, and accu-
rate information labeling to decrease possible misconceptions. It uses bar
charts, pie charts, scatterplots, heatmaps, and histograms to illustrate concepts
and information according to their specific uses. It provides high-quality
visual analytics methods crucial tomanaging complicated datasets, increasing
swiftly in capacity and complexity. Medical professionals attain admittance
to the patients’ location, activity status, and medical condition during the
anticipated time period through the data visualization engine and patients’
information through charts. The patients’ information is gathered through
indoor/outdoor location trailing, outdoor activity training, and health numbers
based on measurements. The influence of outdoor activities can be observed
through the data visualization techniques on the patients’ health progress and
which specific outside routine can enhance the health condition. Goal achieve-
ment charts are also delivered in the data visualization to depict the degree to
which the personal goal of a user is attained by integrating time-series data
and assessing these data in one chart.

3.1 Proposed Perceptive Hierarchal Networking Architecture
and Intelligent Spectrum Sensing for Medical Data
Transmission

The existing state-of-the-art healthcare systems face three challenges: (1) ultra-
low latency, (2) ultra-high reliability (3) healthcare cognitive intelligence. A novel
Perceptive Hierarchal Networking Architecture (PHN) has been proposed based
on Beyond 5G communication in the THz band in response to these challenges.
For meeting the demands mentioned above, the proposed architecture incorporates
information cognitive block and resource cognitive block. The resource cognitive
block achieves the required ultra-low latency and ultra-high reliability by using the
cognitive radio spectrum sensing function to cognize the network’s resources. The
information cognitive block achieves the system’s required medical intelligence by
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leveraging the deep learning-based models to analyze the healthcare data and cate-
gorize it as high, medium, and low. It ensures reliable and latest patient data to the
doctor. Figure 4 represents the proposed PHN architecture. There are the following
levels in the Proposed framework-

(i) Level 1 Cognitive Radio Users (CU)—At this level, a combination of primary
and secondary users occurs. These patients are classified into primary, emer-
gency primary, and secondary users for whom the spectrum would be allotted
for transmitting their vital signs data based on their conditions. At this level,
there are N networks of CR users represented by n1, n2 … nN.

(ii) Level 2 Information Cognitive Block and Resource Cognitive Block—In
the information cognitive block, data supply is critical. The cognitive medical
application relies on the sustainable provisioning of healthcare data. With this
data, the information cognitive block can achieve environmental perception
and human cognition with deep learning. Perception and cognition are based
on the data flow in the PHN system, while the information cognitive block
analyzes the data flow to detect various healthcare requests. Here a multi-user
spectrum allocation uses necessary static data about patients and the vital signs
risk level information updated by the users in real-time. Vital signs of physio-
logical parameters like Blood pressure, Heart Rate, and Body Temperature are
collected through the wearable sensors on the patient’s body. These critical
signs serve as features for training the deep learning models. The resource
cognitive block can achieve resource optimization through perception and
learning of network contexts (such as network type, data flow, communication
quality, and other dynamic environmental parameters) and user information.
Utilizing the resource cognitive block, PHN can achieve green communi-
cations and energy efficiency, critical for its infrastructure to fulfil health-
care applications’ requirements. Furthermore, the intelligence generated by
cognizing hardware systems and various available resources in computing,
communications, and networking, can achieve high reliability, high flexibility,
ultra-low latency, and scalability. The patientswith high-risk levels are allotted
spectrum first, then medium and low priority patients.

(iii) Level 3 Cognitive Gateways—These gateways employ cloud processing to
attain rewards, reduced computing costs, combining resources and flexibility.
Deep learning is used for consolidated data processing. The information gath-
ered by the cognitive gateways is transmitted to the cloud server, where the
data is stored centrally for medical data transmission.

(iv) Level 4 Cloud Platform—The medical data is transmitted after the spectrum
is allocated to the patients classified and categorized using the deep learning
model. This data is stored on the cloud platform and swiftly transferred to
the doctors and other required destinations to diagnose patients through THz
communication.

In smart health data transmission, several sensors can be connected for patient
monitoring, and their data can be stored in a cloud network for future use. With
the rising number of diseases, environmental issues, and the number of growing
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Fig. 4 Proposed perceptive hierarchal networking architecture for medical data transmission
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Table 2 Blood pressure
categorization

Blood pressure
category

Systolic mm Hg
(upper level)

Diastolic mm Hg
(lower level)

High priority 130 and higher 80 and higher

Medium priority 120–129 Less than 80

Low priority Less than 120 Less than 80

Table 3 Heart rate
categorization

Heart rate category Range (beats per minute bpm)

High priority Greater than 130 or less than 60

Medium priority 101–130

Low priority 60–100 bpm

Table 4 Body Temperature
categorization

Body temperature category Range (F)

High priority 103 or above

Medium priority 100.4–103

Low priority 97–99

patients, healthcare networks’ serviceable area has become very dense, for example,
approximately 106 connections per km2. The ultra-densification of connections with
very ultra-low latency can be fulfilled by providing a vast bandwidth through THz
communication to transmit a tremendous amount of healthcare data. Physiological
parameters of vitals are used as feature parameters for training the deep learning
models to classify patients into high, medium, and low priority. The deep learning
classifier can identify the patient with the most critical condition and detect an avail-
able spectrum on the highest priority. According to the American Heart Association
(AHA), these vital signs parameter ranges are given in Tables 2, 3, and 4. According
to these tables, the patients can be classified as high, medium, or low based on the
vital signs data collected from the sensors through the THz network. A patient with
a blood pressure of 130 or higher in the upper level and 80 or higher in the lower
level, heart rate greater than 130 or less than 60, and body temperature of 103 F
or higher have the highest priority for spectrum sensing and allocation for sending
their health data. The proposed PHN framework senses the free spectrum using deep
learning techniques and allocates it for a critical patient so that its medical data can
be transmitted for remote treatment at a remote location or urgent diagnosis by the
doctors. The spectrum is sensed, and if the primary users or patients are not active,
then the secondary patients can utilize the spectrum.

In addition to these vital signs parameters, many other healthcare features like lab
reports, diagnostic tests, ECGs, MRI scans, ultrasound results, blood tests, X Rays,
and other Electronic Health records. So, all these variations of the healthcare dataset
can be transmitted using the PHN architecture on an available spectrum slot on a
THz band.
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4 Intelligent Spectrum Sensing Based on Deep Learning
Classifiers for THz E-Healthcare System

Secondary users and primary users can coexist andmanage the spectrum band intelli-
gently using a promising technology called cognitive Radio. It permits the secondary
users to unscrupulously access the licensed band of licensed users when the primary
users or authorized users are absent. The crucial roles of cognitive radio wireless
spectrum analysis, spectrum management, estimation of channel conditions, power
control, etc. Hence spectrum sensing methods leveraging deep learning classifiers
[25, 26] will diminish the flaws in classification and recognition of channels as
the deep learning classifiers are not dependent on signal features, but relatively,
it inevitably learns the features. So, deep learning will enhance the performance
metrics of spectrum classification. Deep Learning is composed of numerous transi-
tional layers of non-linear processing for modeling multifaceted representations in
data. Deep learning possesses big data investigation that makes it more apt to iden-
tify patterns in several applications of economics, computer vision, natural language
processing, bioinformatics.

The intelligent machine will be aware of its surroundings and conduct activities to
increase its efficacy.Thenecessary actions of deep learning involve inference, percep-
tion, problem resolution, knowledge illustration, and learning. The chief processes
in the learning methodology of cognitive radio based on deep learning are illus-
trated in Fig. 5. The learning methodology can be given as follows: (i) sensing the
spectrum bands and detecting the channel specifications like channel quality (ii)
observing, perceiving, and analyzing the feedback like Acknowledgment responses
(iii) learning (iv) storing the outcomes and observations for apprising the model
and attaining better accuracy in imminent decision formulation (v) Determining the
issues of spectrum management and adapting the transmission errors consequently.
The Deep Learning Classifiers used for Intelligent Spectrum sensing are discussed
as follows.

4.1 Recurrent Neural Network-Based Intelligent Spectrum
Sensing

TheRecurrent neural networks comprise an internalmemorywhich is a simplification
of the feedforward neural network. It has a repeating nature, as the name suggests,
as it executes the same function for each input data while the outcome of the existing
input is reliant on the prior one calculation. When the outcome is generated, it is
replicated and transferred back into the recurrent network [27, 28]. The existing input
and outcome learned from the prior input are considered for decision formulation.
The recurrent neural networks utilize their internal memory to process the input
arrangements. All the inputs are associated with each other.
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Fig. 5 Learning methodology in cognitive radio based on deep learning

Figure 6 depicts the block diagram of a recurrent neural network. In the first stage,
the recurrent neural network takes XO as the input sequence and gives the output as
ho. So the output of the first stage, which is ho, acts as an input, and the X1 for the
second stage. So this keeps on continuing to train the model. Hence the current state
in a recurrent neural network can be formulated as—

Fig. 6 Block diagram of recurrent neural network
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ht = f (ht−1, Xt ) (1)

Activation function (A), when applied to Eq. 1, will yield the current state as—

ht = tanh(Whhht−1 + Wxh Xt ) (2)

The meanings of the symbols in Eqs. (1) and (2) are—W is weight vector, h is
the hidden vector, the weight of the prior hidden state is denoted by Whh , the weight
of the existing state is denoted by Wxh , and the activation function here is tanh
which transforms the activations of the model in the range [−1, 1], implementing
non-linearity. The final output of a recurrent neural network can be defined as—

Yt = Whyht (3)

In Eq. (3) Yt denotes the output vector, and the weight of the output is represented
by Why .

Based on the above-presented model of RNN, a model for spectrum sensing can
be formed using the RNN deep learning classifier to detect free spectrum for the E-
Health system. Suppose a primary user system is assumedwithN number of channels
where n ∈ {1, 2, 3,…N} depicts the nth channel having BHz bandwidth allocated to
each channel. These channels belonging to primary users are mutually independent
of each other. So the aim is to detect spectrum holes or free bands for a specific time
period where the secondary users can access the spectrum bands. It can be presumed
that the primary user interaction follows the hidden Markov model, where the time
duration is exponentially distributed. If the primary users act as intermingling objects
with one primary user denoted asP1 and the other primary user asP2, four interacting
states can be between them from 00 to 11. 01 state indicates that the primary user
P2 sends information to P1. State 10 denotes that P1 transfers information to P2.

State 00 and 11 depict that both the intermingling primary users are free and busy,
respectively. Hence the primary user categorization can be depicted as a sequence as
follows—

Pnt = {Pnt (1), . . . Pnt (t), . . . , Pnt (T )} (4)

Here Pmt (t) denotes the primary user incumbency state at the nth channel in the
tth time slot.

The primary user incumbency and interaction with each other are dependent upon
time and are therefore time-correlated. Hence, recurrent neural network features can
be used to represent the spectrum states and primary usermodel. The binary sequence
of the primary user interactions can illustrate the past information of the primary
user state in the frequency channel and acts as the input. So the outcome of the
recurrent network acts as the channel state at the succeeding time slot. Incumbencies
of various channels simultaneously is fed into the system as a time step, and the
past incumbency state information for the prior M time slots is utilized to predict
the channel condition at the time slot M + 1. The anticipated channel condition at
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the M + 1 time slot and prior M − 1 slot past information is used to indicate the
channel condition at the time slot M + 2 and so on. Therefore the output layer of
the spectrum incumbency condition predictor can be formulated using the sigmoid
activation function as follows—

output = 1

1 + e−x
(5)

As the output function formulated in Eq. (5) involves the sigmoid activation func-
tion, the outcome of the whole system lies in the range [0, 1]. If a decision threshold
d is set, then the output greater than d indicates that the primary user’s anticipated
time slot is busy. Otherwise, the anticipated time slot is free and available. Hence,
the RNN deep learning model helps the secondary user find the available time slot
intelligently based on the modelled incumbencies. The THz E-Health system could
then utilise the detected free spectrum slot to transmit the medical data of an urgent
patient on a high-priority basis to receive a medical diagnosis and remote treatments.

4.2 Long Short Term Memory Based Spectrum Sensing
Model

The LSTM [29, 30] is an improved version of the recurrent neural network model. A
cognitive system can be considered, including theM number of secondary users, one
primary user, and a fusion centre. The secondary users extract the local signal features
of the received signal. The fusion centre or FC combines the features obtained by
the secondary user. A hypotheses model can be formulated for the primary user as
follows-

Y =
{

ϕ(θ(n1), . . . θ(nM))HO

ϕ(θ(h1xPU + n1), . . . θ(hMxPU + nM))H1
(6)

In Eq. (6), hypotheses HO and H1 depict the absence and presence of the primary
user, the primary signal transferred is represented as xPU , hidenotesthechannel
coefficient amongst the primary user and ith secondary user, ni denotes the noise
encountered. The signal received by an ith secondary user can be represented as—

yi = [yi (1), yi (2) . . . yi (l)] (7)

‘l’ represents the span of the received signal. Therefore the received signal of
the secondary user is yi = hi xPU + ni when the primary user is present. If the
primary user is not present, then the received signal can be formulated as yi = ni .
The recurrent neural network model is dependent on sequences. But there are many
issues with the RNN classifier, such as loss of gradient and its explosion. So the
LSTM model is applied to solve the problems occurring because of recurrent neural
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Fig. 7 Architecture of LSTM cell

networks by including a memory unit. The LSTM consists of a hidden layer. Each
recurring component has a tanh activation function. The storage cells in the hidden
layer ensure that the LSTM is present in the recurrent model in an arrangement of
weights and transient activations.

Figure 7 illustrates the Architecture of a Long Short Term Memory cell. The
different crucial parts of the LSTM cell are—

i. Input gate—This is the gate that chooses when to appraise the existing cell
condition and decides how much new data can transfer into the memory unit.
It is represented by δi .

ii. Forget gate—This component comes to an outcome about when to discard the
existing cell. It is represented by δ f .

iii. Output gate—This gate is denoted by δO It manages the amount of data for
output activation of the memory cell and then transfers it into the remaining
network.

In the architecture, the input is denoted by Xt , the output othe LSTM cell is
denoted by ht , ht−1 is the output of the last unit of LSTM, Ct and Ct−1 are the
current and previous cell states respectively, tanh function is used as the activation
function of the long short term memory cell, which is like a squashing function to
convert values between −1 and 1, σ is the sigmoid layer and bc, b f , bO , bi are the
bias vectors of contender vector, forget gate, output gate, and input gate.

The tanh activation function can be given as-

tanh = ez − e−z

ez + e−z
(8)
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For updating the cell state, c̃t vector of contender values is formed-

c̃t = tanh[Wc(ht−1, Xt ) + bc] (9)

where bc is the bias. The sigmoid activation can be utilized to calculate the values of
the update, forget and output gates as follows—

δi = σ [Wi (ht−1, Xt ) + bi ] (10)

δ f = σ [W f (ht−1, Xt ) + b f ] (11)

δO = σ [WO(ht−1, Xt ) + bO ] (12)

σ(z) = 1

1 + e−z
(13)

Here Wi , W f ,WO are the matrices of weight vectors. Also, an element-wise
multiplication is taken between the forget gate δf and cell state of the previous
timestampCt−1 and also, between the input gate δi and c̃t [31, 32]. The output gate δO
and the hyperbolic tangent c̃t give the output ht by using elementwise multiplication
given in Eqs. 16 and 17—

Ct = δuoc̃t + δ f oCt−1 (14)

ht = δOotanh(Ct ) (15)

The Hadamard product is denoted by o, and the element-wise addition is denoted
by ‘+.’The different features of the secondary user are combined in the fusion center
using the eigen vector as follows-

FSU = [FSU1, FSU2, . . . FSUi ] (16)

Back propagation and gradient descent algorithms are used to manage the weight
parameters of the connections to combine the features of all the secondary users in the
process of training. The final output of theLSTMnetwork is computed by the softmax
function that depicts output as a two-dimensional vector[l,m]T . The vector [0, 1]T
indicates the existence of a primary user, and [1, 0]T denotes the nonappearance of
the primary user. A Euclidean distance can be computed between the output and the
vector [0, 1]T , which is formulated as below-

E =
√

(l − 0)2 + (b − 1)2 (17)
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The detection probability increases for a low false alarm probability, and this is
ensured by setting an error threshold Eth. Hence the primary user is considered to be
present if E is lesser than Eth; otherwise, the primary user is absent.

4.3 Convolutional Neural Network-Based Spectrum Sensing
Model

Convolutional Neural Network is a categorization of deep neural networks that
employs a mathematical algorithm called convolution. The CNN network [33, 34]
comprises input, hidden, and output layers. TheCNNarchitecture is formed of hidden
layers in the middle as the inputs and outputs of the hidden layers are concealed by
the activation function and the ultimate convolution operation. The hidden layers
are used to perform convolution using a dot product of the convolution kernel with
the input matrix of the layer. The convolution operation produces a feature map as
the convolution layer goes along the input matrix. This acts as the input for the next
layer. The other layers inside the CNN network are pooling layers, fully connected
layers, and the normalization layer.

A spectrum sensing model can be formulated using a binary hypothesis model as
follows-

HO : y(t) = w(t) (18)

H1 : y(t) = x(t) + w(t) (19)

HO and H1 are the two hypotheses where it represents the absence and pres-
ence of primary users respectively in a T time period, x(t) is the primary user signal
with cyclostationary property, y(t) is the received signal, and w(t) denotes the addi-
tive white gaussian noise possessing variance σ 2

n . The features are extracted for the
primary user signal. Then the training and testing data is used to build the spectrum
sensing model using CNN architecture. Here cyclostationary property of the primary
user and the static nature of the noise signal extract the features using the autocorrela-
tion function. The signal y(t) received by the secondary user can be used to compute
its cyclic autocorrelation property. The equation of the cyclic autocorrelation can be
depicted as-

Rμ
y = 1

T

∫ T

0
Ry(t, τ )e− j2πμtdt (20)

In Eq. 20, μ is a cyclic frequency which can be formulated as μ = N(1/T ), N is
an integer, and the time period is symbolized by T.

The process of spectrum sensing using the CNN framework is depicted in Fig. 8.
The extracted features are pre-processed and then divided into training and testing
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Fig. 8 Flow chart of spectrum sensing using CNN

datasets for establishing the spectrum sensing model. The training data trains the
convolutional neural network classifier, and the testing data is used to make the
spectrum predictions. The autocorrelation feature can be formulated as-

Ry(t, τ ) = E{y
(
t + τ

2

)
y∗

(
t − τ

2

)
} (21)

The autocorrelation function exists in the time domain. So if the Fourier transform
of the autocorrelation function is taken, then the spectral correlation function is
achieved as follows-

Sμ
y ( f ) =

∫ ∞

−∞
Rμ
y (τ )e− j2πμτdτ (22)

The autocorrelation feature used to present the cyclostaionarity nature is stan-
dardized as—

γl = m − ml

ε
(23)

Here ml = ∑M
l=1 ml and ε =

√∑M
l=1 m−ml

N−1 are the mean and standard devia-
tion of the cyclostationary features extracted by calculating autocorrelation and M
number of samples. Therefore, the spectral correlation function is formulated as
Sμ
y = (γ1, γ2, . . . γM)T . The CNN architecture consists of an input layer formed by

the extracted features from primary and secondary users, the convolutional layer, the
sampling, and the fully connected layers. The input layer is formed by the cyclosta-
tionary features formed and extracted using the autocorrelation function. Then after
this, the convolution operation takes place according to the following equation—
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Xl = f (wl ⊗ Xl−1 + bl) (24)

In Eq. 24, the layer of neurons is symbolized by Xl , the weight of a particular
layer l is denoted by wl , the bias vector of the l layer is symbolized by bl , ⊗ is
the symbol for convolution operation, and f is the activation function. Here the Relu
activation function is utilized by the CNN model for spectrum sensing. For an input
X, the Relu function can be formulated as follows—

Relu(X) = max(0, X) (25)

The pooling layer in the CNN framework is utilized to eliminate redundant infor-
mation and decrease the parameter training. After this, finally, in the fully connected
layer, the softmax function acts as activation to output the probability value according
to the hypotheses HO and H1. Out of the probability values obtained from the softmax
function, themaximumprobability values determinewhich category the data belongs
to according to the binary hypotheses model to estimate the presence of the primary
user. If the primary user is present, then channel slots of the spectrum are deemed
busy; otherwise, they are accessible. The softmax function for the spectrum sensing
can be expressed as follows-

softmax(ϕ) = 1∑M
m=1 exp(ϕm)

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

exp(ϕ1)

exp(ϕ2)

.

.

.

exp(ϕM)

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

(26)

The training and testing data sets obtained are used to train the CNN model to
perform spectrum sensing of slots and categorize the E-Health system patients based
on their risk classification as high, low, or medium. So the testing data set is input
into the CNN model to obtain the spectrum sensing predictions. These predictions
are made on the highest priority for a critical patient requiring urgent medical care.
The CNN-based spectrum sensing model will identify and classify the spectrum as
busy or free for such a patient. The free spectrum slots sensed by the technique are
then used to transmit the patient’s medical data requiring remote treatments or some
analysis of the disease. So, the output of the spectrum sensing is decided according
to the hypotheses mentioned above using the softmax function.

4.4 CNN-LSTM Classifier Model-Based Spectrum Sensing

The sequential reliance in a time series data is taken into account by the recurrent
neural networks, and then the model is trained using this data. Long short-term



Terahertz E-Healthcare System and Intelligent Spectrum … 329

memory is a kind of RNN model which considers the dependencies of the time-
based information sets. A conventional neural network ignores these dependencies
in the data and treats all the data as independent, inaccurate, and produces deceptive
outcomes. The Convolutional neural networks use a mathematical operation called
convolution to find out the relationships amongst two functions, say f and g, where
the convolution integral describes how the shape of one function is altered by the
other. The CNN models are conventionally applied in image classification and do
not consider sequential dependencies. The convolutional neural networks have a
unique feature of dilated convolutions in which they employ filters to calculate the
dilations between each unit. The space dimensions between every cell permit the
neural networks to predict the time series data better. Hence, LSTMandCNNmodels
are integrated for predicting the time series sequence. The LSTM units consider the
sequential dependencies in the time series data, and the convolutional neural network
also analyses this procedure by using dilated convolution steps.

Figure 9 illustrates the CNN-LSTM model for spectrum sensing. The block
diagram is characterized by implementing CNN units in the front, followed by the
LSTM units and a dense layer on the output. The CNN model is used to extract the
features for spectrum sensing, and the LSTM units are then executed to analyze the
collected features across time steps. For implementing the spectrum sensing based on
the CNN-LSTM [35, 36] model, the primary user movement pattern is first studied
and collected in different spectrum sensing time periods. The information collected
from the prevailing time period and the information gathered from the prior sensing
time periods are converted into matrices. Then the CNNmodel [36] is used to extract

Fig. 9 Block diagram of
CNN-LSTM model
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the features from these matrices, and the extracted features then act as input to the
LSTM units for further analyzing the primary user movement patterns.

A particular spectrum sensing time period can be referred to as a tth sensing frame.
M signal samples can be considered to be collected for a specific sensing frame based
on the primary user movement analysis. During this sensing frame, the secondary
user can decide to remain inactive or transmit for the rest of the sensing period. Hence
in a cognitive radio network based on the CNN-LSTM model, the primary user can
be considered to bear one antenna, and the secondary user can be considered to have
A number of antennas. Therefore, a binary hypothesis model can be framed for the
spectrum sensing following the CNN-LSTM architecture as follows—

HO : {yt (n)}Mn=1 = {nt (n)}Mn=1 (27)

H1 : {yt (n)}Mn=1 = {ht st (n) + nt (n)}Mn=1 (28)

HO and H1 denote the absence and presence of the primary user, respectively. ht
represents the channel coefficient between the primary user and the secondary user.
st (n) and nt (n) are the signal transferred by the primary user and the noise received
in an nth sample in the tth sensing period, respectively. The complete received signal
can be considered to be a stream of the different gathered signals of different sensing
samples as follows—

Yt = [yt (1), yt (2) . . . yt (M)] (29)

For training the CNN-LSTM spectrum sensing model, a labeled training dataset
is needed, which can be formulated as-

T = {(Y1, l1) . . . (Yt , lt ) . . . (YS, lS)} (30)

In Eq. 30, S is the training dataset’s size, which defines the actual primary user
movement condition corresponding to Yt . The size of Yt is A × M which comprises
the sensing data. This data set is then preprocessed to form a matrix as follows—

Mt = 1

M
YtY

H
t (31)

So the preprocessed training dataset can be illustrated as {(M1, l1), …
(Mt , lt ) . . . (MS, lS)}. Firstly, the training matrix dataset is input into the CNN unit,
which comprises the convolution layers. The outcome conforming to each sensing
frame is vectorized and then input into the respective LSTM units. The vectorized
outcome of the CNN cells comprises the features of each sensing frame, and the
LSTM units further analyze them to extract the time dynamic features hidden in the
sequence of sensing frames. Finally, the last LSTM unit’s output, which comprises
the features of the entire input sensing sequence, is input into a dense layer to adapt
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the output dimensions according to the different data classes. The output of the
CNN-LSTM is normalized by a softmax function and formulated as follows—

[dα|HO(Mt), dα|H1(Mt)] (32)

Heredα|HO (Mt )+dα|H1(Mt )=1,Mt corresponds to the state HO and H1 determines
the presence or absence of the primary user, and α represents the parameters of the
CNN-LSTMmodel. Therefore, after an effective training of the CNN-LSTMmodel,
as a new incoming sequence arrives, its fundamental primary user state can be found
by comparing the CNN-LSTM output value dα|HO (Mt )anddα|H1(Mt ).

So, the CNN-LSTM based spectrum sensing scheme helps determine whether the
spectrum is free or not based on the primary user movement status. So, themovement
status of the primary user can be evaluated, and then in the E-health system, the
available spectrum can be utilized to transmit the medical data of a particular patient
decided according to their priority. The priority of the patients can be selected based
on the severity of their vital signs data and other diagnostic data, which is to be sent
on the detected free spectrum slot using the CNN-LSTM model.

4.5 Advantages and Disadvantages of RNN, CNN, LSTM,
and CNN-LSTM Models

The different deep learning classifiers, namely recurrent neural networks, convo-
lutional neural networks, long short term memory, and CNN-LSTM, have been
contrasted based on their advantages and disadvantages in Tables 5 and 6.

5 Conclusion

This book chapter presents a novel THz E-Health system designed using Deep
Learning-based Spectrum sensing mechanisms. The THz band between 300 GHz
to 10 THz is crucial for the fifth-generation wireless systems and beyond. The
pandemics like the current COVID-19 require timely treatments to prevent losses
due to virus dispersal. The different intelligent components engines of the proposed
THz E-Health system have been accounted for based on their functionalities. A novel
Pervasive Hierarchal Networking (PHN) framework has also been proposed, which
is used to transmit patients’ medical data according to their health priority. The
priority and severity of their health can be evaluated based on their vital signs like
blood pressure, body temperature, heart rate ranges, and electronic health records
comprising diagnosis reports, clinical lab results, and doctor analysis. The patient
with the highest severity is then allotted a free spectrum slot senses by the deep
learning sensing mechanisms based on efficient models like LSTM, RNN, CNN,
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Table 5 Advantages of different deep learning classifiers

Recurrent neural
networks

Long short term
memory

Convolutional neural
network

CNN-LSTM

1. The RNN model
can have any span of
input that resolves the
neural networks’ static
window issue
2. Optimization of the
weight matrix is done
in the RNN model,
and the same size
matrix is applied at
each of the inputs,
which was an issue for
the neural networks
3. The dimensions of
the RNN model
remain the same for
any input size

1. LSTM model can
safeguard the data
from the past steps
and resolve the
vanishing gradient
issue of RNN models
2. Very long time gaps
can be reduced by the
steady error
backpropagation
within the memory
units of the LSTM
model
3. The LSTM
classifier can manage
time lags by handling
noise, distributed
representations, and
continuous values
4. There is no
requirement for
parameter alteration as
it operates well on a
broad range of
constraints like
learning rate, input,
and output gate bias

1. The CNN model
has good classification
performance and does
not require parameter
alteration to enhance
performance
2. Parallelization
concept is possible in
CNN models and
contributes to the
efficacy of the model’s
performance
3. It has very high
accuracy and
inevitably senses the
features requiring no
human regulation
4. The CNN model
has a weight-sharing
feature

1. The advantages of
the CNN model and
the LSTM model are
integrated to form this
effective model
amalgamation. The
CNN model can
effectually extract the
features from the
information, and the
LSTM improves the
accuracy of the
performance by
identifying the
interrelationship of
data in the time-series
data. It also inevitably
senses the best
approach for pertinent
data
2. The CNN-LSTM
model is efficient in
extracting spatial and
sequential structures
of the input
information generated
by the spectrum
sensing data and learn
the movement of the
primary user to sense
the free spectrum
3. CNN-LSTM is
different from the
other deep learning
techniques as it is not
dependent upon any
signal–noise model
presumptions, which
helps it learn the
primary users
movements and can be
trained efficiently to
extract the features for
spectrum sensing
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Table 6 Disadvantages of different deep learning classifiers

Recurrent neural
networks

Long short-term
memory (LSTM)

Convolutional neural
network (CNN)

CNN-LSTM

1. The calculation is
very slow in every
hidden state and
cannot be calculated
until the computation
of the prior hidden
state is accomplished
2. The RNN models
cannot be
implemented in
parallel form, and
training of the RNN
units takes more
resources and time
3. RNN has the
vanishing gradient
issue in which the
prior hidden states
have a minor influence
on the ultimate hidden
state. As the data from
the past hidden states
is carried forward to
newer hidden states,
then the data will
become reduced at
each additional hidden
state. Therefore this is
called the vanishing
gradient as the effect
of the prior hidden
states keeps reducing
until it becomes
inconsequential

1. LSTM model does
not resolve the
parallelization issue of
the RNN model as the
calculation of each
hidden state, and cell
state has to be done
before the next hidden
and cell state arrives
2. LSTM model
requires a lengthier
time to train and also
needs more storage
memories
3. The LSTM units are
necessarily required to
move in one direction,
usually left to right.
However, during
machine translation
tasks, the LSTM units
start going in both
directions, which
affects the
performance

1. The CNN model
needs padding before
the first word and the
last word
2. The CNN model
does not encode the
location and
alignment of the
object
3. It lacks the skill to
be spatially
unalterable to the
input information
4. The CNN model
needs a large size of
training data set

1. The CNN-LSTM
model has difficulty in
detecting small-sized
objects due to a lack
of discriminativeness
2. The CNN-LSTM
can only predict a
label and not a
segmentation box

and CNN-LSTM. The advantages and disadvantages of all the models have been
presented, along with the unique characteristics and applications of the THz for
Smart Healthcare. So, this book chapter can be envisioned as a beginning stage for
the discussions and proposal of THz technology applications inE-Healthcare systems
and beyond fifth generation systems.
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Overview of THz Antenna Design
Methodologies
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Abstract The potential growth in the domain of wireless communication is bound-
less. Ultra-high speed with low-latency communications will be the foundation for
the next-generation wireless systems. Henceforth, the futuristic massively intercon-
nected wireless system immensely relies on terahertz (THz) spectrum devices. The
THz band of frequency ranging between 0.1 and 10 THz will be primarily employed
in 6G communication for enabling smart interconnections and high data rates. Due
to the inherent characteristics of the THz spectrum, the modularity of the antenna
is a miniaturized structure. Atmospheric attenuation and free space path loss of the
signals in this spectrumare high due to itswave properties. There aremany challenges
in developing devices operating in the THz range. To overcome these downsides,
the antenna designed for this spectrum must possess high gain and directivity. The
conventional method of performance enhancement of antenna incorporate variation
in material composition, structure, inclusion of defected ground, Photonic Band Gap
(PBG) structure or meta-material superstrate. Only few of these methods will be
applicable for THz antenna. The availability of antenna capable of providing ultra-
wide band (UWB) capability in THz band will be a major bottleneck in the imple-
mentation of 6G wireless system. In recent years, research activities of THz antenna
design methodologies have gained momentum due to high potential of the antenna in
applications like ultra-fast short-range communication, medical imaging, and remote
sensing. This chapter highlights the recent trends and the key breakthroughs in the
antenna design in THz spectrum.
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1 Introduction

The potential growth of wireless communication is boundless. The next genera-
tion of 6G communication will necessitate the need of seamless, ultra-high-speed
connectivity between the various subsystems. The frequency ranging between 0.1
and 10 THz is collectively identified as THz band [1]. Figure 1 depicts a simplistic
representation of electromagnetic spectrum. The sub-THz region, far infrared, and
near millimeter wave comprise of the frequencies from 0.1 THz to 0.3 THz [2]. The
potential of this band was not explored till recent years. The band has been reported
as THz gap due to the unavailability of materials and generators in this frequency
spectrum [3]. The recent advancements in the field semiconductor technology have
augmented the availability of the terahertz devices. This has steered a huge leap in
the research activities in the THz band.

Present wireless systems are constrained with limited resource and capacity. THz
band communication aids to overcome these short coming. THz spectrum will be
primarily deployed in wireless communication for enabling a smart interconnection
and realizing high data rates [4]. The futuristic massively interconnected wireless
system will immensely rely on terahertz (THz) spectrum devices.

The non-ionizing radiation characteristics of the THz band make it a safer alter-
native for applications in which human tissues are involved [5]. In recent days, many
applications in biomedical imaging are implemented in the THz band. This spec-
trum is also utilized in military applications and space explorations. The difficulties
in fabrication and testing facilities in the THz band have been a major concern for
development of devices in this spectrum. With the advent of innovative fabrication
methods, the THz band will be able to support wide range of applications.

The significant contributions in this work are:

• Application of THz band.
• Investigation of the various structures and material used in THz antenna.
• Outline the challenges and research scope in THz antenna.

The chapter is structured as follows: Outline of features and applications of THz
antenna is examined in Sects. 2 and 3, Sect. 4 discusses the existing material and

Fig. 1 Electromagnetic spectrum representation
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structures deployed in THz antenna, Sect. 5 summarizes the challenges and research
scope in THz antenna, and Section 6 focuses on the conclusion.

2 Features of THz Spectrum

THz spectrum is the sub-mmwaves engulfed betweenmicrowaves and infrared light.
The lower frequency spectrum is extensively used in wireless communication and
the higher frequencies utilized in the optical domain [6–9]. The features of the THz
bad are summarized below:

• Penetration: Due to the inherent properties at sub-mm wavelength, the amount
of scattering observed in this spectrum scattering is very minimum. As a result,
the depth of penetration is high. The waves exhibit an ability to penetrate through
amorphous substances.

• Spectroscopy: The molecular vibrational modes of many materials are in this
spectrum. Hence, the waves can be utilized to detect the nature of the material.

• Resolution: In general, the resolution of the image is inversely proportional to the
wavelength of operation. Shorter the wavelength, better is the resolution. THz
band provides better resolution than the microwave imaging systems.

• Non-ionizing radiation: The photon energy level associated with the spectrum is
low leading to a non-ionizing property of radiation. When biological tissues are
exposed to THz band, the hazardous effects are less in contrast to X-Ray imaging
systems

• Path loss: The path loss associated with a wave is calculated using Friis trans-
mission equation. Owing to the shorter wavelength, the THz band has a higher
atmospheric and path loss. The path loss associated in the THz band varies with
transmission distances.

The unique features of THz spectrum extend its usage in many real-time appli-
cations. The limiting factor in unleashing the potential in this band is the high path
loss that can be overcome with proper design techniques [3]. The THz spectrum
property of creating a natural resonance unique to the specific molecule is utilized
for molecular detection. The non-ionizing property of the waves is used in many
biomedical imaging systems.

3 Applications of THz Antenna

Thewave characteristics of the THz band facilitate application in numerous domains,
from imaging, communication, quality management, and security. The prominent
application in the THz spectrum is illustrated in Fig. 2. Considering the prominence
of THz antenna, various applications of THz spectrum associated to optoelectronic
systems are discussed in detail in this section.
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Fig. 2 THz application

3.1 Medical Application

The non-ionizing radiation characteristic of THz band makes it a significant player
in medical imaging domain. The THz imaging system can be utilized for cancer
cell detection, tissue identification, and for many diagnostic purposes. The better
resolution and detection are achieved by employing nanotechnology in THz system.
THz waves can penetrate up to a few 100 µm in human tissues and are utilized for
medical diagnosis in detection of skin, breast, and mouth cancer [9, 10]. In dentistry,
it is used for imaging for detection of dental erosion [11].

Conventional cancer detection causes enormous radiation hazards to the patients.
An imaging system based on THz spectrum incorporating nanomaterial-based
microstrip antenna provides better resolution at lower cost. A miniaturized antenna
with low power levels of 3.58 mV and specific absorption rate (SAR) value of
3.8W/Kg has been demonstrated that outperforms than the exiting imaging methods
[10]. Breast cancer detection using THz imaging has been demonstrated in a simple
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Fig. 3 Graphene-based reconfigurable patch antenna THz spectrum ([13], reproduced courtesy of
The Electromagnetics Academy)

rectangular patch [10] and also by incorporating a liner array in a rectangular patch
microstrip antenna [12].

The tunability of the imaging system can be improved by utilizing a reconfigurable
antenna as shown in Fig. 3 [13].

In medical domain for certain disease diagnosis, clinical procedure of DNA and
protein signature analysis are done. Recently, pulsed THz spectroscopy has been
used for these clinical diagnosis procedures [14]. In clinical diagnosis, spectroscopy
of the bacteria plays a vital role. Due to the penetration ability of the THz spectrum,
the radiation can penetrate, and a high-resolution image can be obtained. Split ring
resonator (SRR)-loaded meta-material structure implemented for E-Coli bacteria
detection that provided high sensitivity is used for clinical diagnosis [15]. Pharma
industry is an alliedfield ofmedical science; there is a need for quality assurance of the
materials, chemical composition of the drugs. These quality control measures in the
pharmaceutical industry can be implemented by deploying time domain spectroscopy
in the THz frequency spectrum [16].

3.2 Wireless Communication

The requirement of high data rate communication inwireless communication domain
has increased manifold in recent years. In a wireless environment, we can provide
high data rates for short distance communication. The long haul applications necessi-
tate higher power levels and bandwidth at the modulating frequency. The bandwidth
of a wireless system is nominally 10% of the operating frequency. THz spectrum
can provide an enhanced bandwidth and higher data rates than the existing standards
[17].

The natural phenomenon of attenuation andmolecular absorption losses that occur
in the THz spectrum is a major constrain on the range of communication. Due to the
size similitudes ofwatermolecules andoxygen to thewavelength ofTHzband, results
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in absorption and scattering of the particles in the atmosphere [3]. To transcend the
atmospheric loss, wireless communication antenna must be a high-gain directional
antenna [18].

The next generation of wireless communication 6G technology stipulates data
rates of 1 Tbpswith a latency of 1ms. Conventional antenna structures such as bowtie
[7] and Yagi uda [19] are reengineered as nanoantennas and deployed for application
requiring high directional connectivity. A bowtie nanoarray configuration as in Fig. 4
[7] is fabricated using electronbeam lithography technique, anmetal–insulator–metal
(MIM) diode.

Ultra-massive multiple input multiple output (MIMO) technology [20] can be
incorporated to provide the required capacity. A nanoantenna array fabricated with
graphene material is widely used in many applications and also provides tunability
characteristics [20]. In recent times, multilayered antenna loaded with meta-material
on different substrate are used to render seamless connectivity [21]. An array antenna
utilized for wireless communication in THz spectrum is shown in Fig. 5 [22].

The wireless scenario is certain instances involves beam steering which can
be implemented using reconfigurable antenna. The reconfigurable antenna based
on meta-surfaces offer better performance in the THz band. To summarize for
high data rate communication plasmon-based antenna, massive MIMO, multilay-
ered graphene/Teflon-coated antenna, SRR integratedmeta-material antenna, tapered
array structure, PBG, defective ground structure (DGS), electronic band gap (EBG)
incorporated planar antenna have been used utilized. In recent years,meta-superstrate
and substrate variants are also examined for better gain andminimization of radiators
in the THz frequency spectrum.

Fig. 4 Bowtie nanoarray
antenna structure
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Fig. 5 Antenna array for wireless communication (reproduced courtesy Luk et al. [22])

3.3 Security

The THz frequency region of the electromagnetic spectrum (i.e., below 1 THz) is
employed in security applications primarily for identifying hidden hazardous objects.
The barrier materials that conceal deadly things carried by potential terrorists are
typically clothing that are semi-transparent to THz radiation. It is also necessary to
analyze the contents of various sorts of shipments delivered through any modes of
freight transit.

The non-hazardous scanning system can be used to detect real-time concealed
threat detection. Military applications need high security fool proof communication
systems. The several applications in the military have diverse requirements in terms
of security and coverage area [23]. At higher frequencies, narrow beam width can
be obtained using high-gain directional antenna providing a jam resistant network.

THz imaging can be provided greater security with 2D and 3D imaging schemes.
It can be used to detect tiny layers of powder and individual sheets inside an envelope
[24]. THz spectroscopy allows the detection of chemical signals even when they are
enclosed within a packet or disguised in clothes.

3.4 Space Application

The THz signals in the space are atmosphere-free environment, and the atmospheric
attenuation can be neglected. Research in THz technology for space application
has gained momentum with the advent of electronic devices operating in this band.
Research in the development of sensors and instruments in astronomy in the THz
band has been carried out in NASA for past 2 decades [25]. High-gain antennas can
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provide higher data rates for the uplink and downlink. A massive MIMO antenna
in space application can create high-gain narrow beam between the transmitter and
receiver.

4 Salient Features of THz Antenna

Depending on the coverage range and terrain conditions, the THz-enabled appli-
cations can be classified into nano and macroscale networks. Most of the medical
applications are implemented using nanosensors and the data communicated over a
wireless network. Macroscale network is crucial in wireless communication, radars,
and military security applications [17, 18, 23, 24]. By nature, the resolution of THz
imaging is higher and provides better quality images. The antenna design basically
depends on the application, coverage area, power requirement, and the layout.

The fundamental necessity for applications in the THz spectrum is ultra-wideband
and multiband antenna [3]. UWB antenna requires that the fractional bandwidth of
antenna to be more than 50%. The directionality property of the antenna depends
on the specific application. Integration of multiband antenna in certain applications
enhances the performance and functionality of the system [26]. For next generation,
wireless application UWB with circular polarization is the most feasible antenna.
In general, the antenna must be compact size and low cost. To counterpart the high
propagation losses in THz spectrum, the antenna needs to be a designed with higher
gain for long haul applications [20].

To achieve high performance of THz band, antenna requires a complete reevalu-
ation of the conventional antenna designing practices. There is significant increase
in ohmic losses with an increase in the frequency range. At higher frequency, the
conventional perfect electrical conductors-based approach becomes redundant. At
nanoscale dimensions, the existence of surface plasmon polaritons waves is domi-
nant. As a result, the THz spectrum antenna design necessities an understanding of
the dimensional nanoscale characteristics, and the design concepts must be revisited
for better designed structures [19].

The performance of the application relies on the efficacy of the antenna parame-
ters. The conventional antenna design in the RF region is still regarded as prospective
research area. THz antenna is less explored territory, and there are lot of challenges
and research scope in this domain. Innovation in antenna design with comprehen-
sive knowledge of the underlaying physical processes in the THz spectrum will pave
for better utilization of the resources. A detailed discussion on the materials and
structures deployed in THz antenna is presented in this section.
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4.1 THz Antenna Materials

The lack of material resources capable of operating in this spectrum has stifled the
growth of THz communication for several years. The availability of sources, detec-
tors, and measuring devices is critical to establishing communication. The dielectric
strength of the substrate determines the performance of the antenna [27]. In general,
the dielectric constant of the material is determined from Drude model [7] and is
stated as in Eq. 1:

ε(ω) = ε∞ − ωp
2

ω2 − jωτ

(1)

ε∞—Contribution of the bound electrons to the relative dielectric constant, ωp—
Plasma frequency,ωτ—Damping frequency.

The lower conductivity of the metals at higher frequencies increases the field
penetration resulting in degradation of the radiation efficiency [28]. Also, THz band
suffers large path loss and selection of material with minimum propagation loss is a
key factor in the design of antenna. Copper is by far themost commonly usedmaterial
in antenna fabrication. Copper cannot be used in the THz band due to ohmic losses
and wave properties. This necessitates the investigation of materials suitable for use
in the THz band. This section examines the various elements that can be used in THz
antennas.

4.1.1 Gold (Au)

Gold is chemically inert metal with very high conductivity, lower skin depth and
exhibits plasmonic characteristics in THz frequency band. THz sensors developed
using gold layer deposits have been reported in many literatures [29]. The use of
gold also aids in the creation of corrosion-resistant and chemically stable antennas.
The fabrication can be done using electron beam lithography [30]. A double spiral
antenna structure fabricated using electron beam lithography is shown in Fig. 6 [30].

An array of gold planar inverted cone antenna (PICA) demonstrated has a band-
width of 37.9%, is fabricated with metal deposition techniques, and has been demon-
strated in the frequency range of 0.75–1.10 THz [31]. The performance indicators of
the radiator like the radiation efficiency and gain are also in the satisfactory range.

Ultra-wideband capability is also demonstrated in the THz frequency band using
gold with deposition of other elements. Additional layer of perovskite material laid
over the gold has a higher radiation characteristic [32]. The hybrid antenna with
perovskite antenna array operated in the band of 0.9–1 THz with a gain of 11.4 dBi.
Appropriate preparation process also aids to achieve better electrical properties of the
fabricated antenna. These materials have the characteristics that make them a viable
option for next-generation wireless systems that need to be miniaturized, wearable,
and reconfigurable.
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Fig. 6 Double spiral antenna fabricated by electron beam lithography ([30], reproduced courtesy
of The Electromagnetics Academy)

4.1.2 Graphene

Graphene’s molecular structure is in the shape of a honeycomb hexagonal lattice.
High electron mobility, better thermal and electrical conductivity, imperviousness,
and a large surface area are unique properties associated with graphene [33]. These
exclusive structures of graphenemake it an ideal solution forTHzantenna fabrication.
The complex surface conductivity of graphene can be calculated usingKubo formula,
and using chemical doping, it can be controlled in the fabrication process. The total
surface conductivity is the sum of inter and intra-surface conductivity represented as
in Eq. 2

σTotal = σInter + σIntra (2)

The expression for surface conductivity in the terahertz band in terms of inter-band
is calculated in Eq. 3

σinter(ω) = e2

4h
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H(ε) is stated as Eq. 4
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The intra-band term conductivity is modeled as in Eq. 5

σIntra(ω) = 2e2KBTi
πh2

(
ω + iτ−1

) In(2Cosh(
μc

2KBT

))
(5)

where e represents electron charge constant, T the temperature, ω the angular
frequency, KB the Boltzmann, h the reduced Planck’s constant, μc the chemical
potential, and τ the relaxation time. In the THz spectrum, inter-band conductivity is
negligible, and the surface conductivity can be represented as in Eq. 6

σ(ω) = 2e2KBTi
πh2

(
ω + iτ−1

) In(2Cosh(
μc

2KBT

))
(6)

For higher-order frequencies, it can be approximated as in Eq. 7

σ0 = πe2

2h
(7)

For THz antenna, simulation based on graphene is considered as material with
thickness 	, and the plasma frequency is characterized as in Eq. 8

ωP =
√
2e2KBT

	πε0h2
In

(
2Cosh

(
μc

2KBT

))
(8)

Due to the effect of the imaginary portion of graphene conductivity, the transverse
electric (TE) and transverse magnetic (TM) mode propagation of surface plasmon
polariton (SPP) waves propagation exit in the terahertz band [34]. In terms of the
effective index, the SPP dispersion relationship for TM mode can be described as
Eq. 9

√
n2 − n2eff + n2

√
n2 − n2eff + 4π

c
σω

√
1 − n2eff

√
n2 − n2eff = 0 (9)

where neff represents the complex refractive index, c is Speed of light, and σω is
frequency dependent graphene surface conductivity. The SPP wave propagation
determines the resonant properties of graphene.

The coupling of incident EM radiation with SPP modes induces resonance, the
resonant condition depends on the length of graphene L, and m is the number of
resonant modes is defined as per Eq. 10



348 K. Anusha et al.

L ≈ m
λspp

2
≈ m

π

Re
{
Kspp

} (10)

where mode wavenumber kspp is determined by from the free space wave number ko
using the relation as in Eq. 11.

kspp = koneff (11)

In the THz spectrum, graphene is employed to implement ultra-wide band
antennas [35]. In the initial works, graphene-based THz antennas using different
substrates like silicon, silicon dioxide, and quartz FR-4 have been analyzed for THz
spectrum utilization [35]. Silicon-based substrate had better radiation performance
for graphene-based THz antennas.

The antenna gain increases with the additional superstrate layer. The addition of
high dielectric constant superstrate layer increasing the gain at the cost of reduction
in bandwidth. The integration of a Teflon superstrate to a graphene circular radiating
patch provided environmental protection and improved antenna performance [36].

High-gain and UWB antenna with single element hexagonal-shaped graphene
patch antenna implemented with photonic crystal and dielectric grating is reported
to have a bandwidth of 9.552 THz [26]. The variation in the shape, periodicity,
and the dimensions of photonic crystals do not have a major impact in the antenna
performance.

Modern era reconfigurability has become a needed feature in antenna for many
applications [37]. Reconfigurable characteristic is possible by using graphene load
at THz band. The antenna gain also can be improved in the reconfigurable graphene-
loaded patch antenna. Increase in the graphene chemical potential causes a shift in the
antenna resonant frequency but there is drastic increase in the gain [37]. Split ring
resonators exhibit negative permeability below plasma frequency. In conventional
antenna, inclusion of improves the antenna radiation characteristics. Addition of the
meta-material layer in a graphene-loaded patch results in improved gain and gener-
ated more linear characteristics of graphene. The features of graphene are utilized in
many medical imaging applications in the THz spectrum.

4.1.3 Carbon Nanotubes

Carbon nanotubes (CNT) are one-dimensional molecular structure constructed by
rolling graphene sheet into cylinder. Depending on the sheets of graphene utilized,
it can be classified into single-walled carbon nanotube (SWCNT) and multiwalled
carbon nanotube (MWCNT), doped CNT, bundled CNT (BCNT), and hybrid CNT.
The electrical properties of CNT are determined by the material’s dimension and
edge geometry. The skin effect of carbon bonds in CNT becomes highly negligible
at the THz frequency band.
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The properties of BCNT are scaled version of single CNT and vary on the number
of sheets that are over laid. The radiation metrics of the CNT antenna are based
on various factors such as the anisotropic surface resistivity, density of the layers,
and its wavelength scaling factor. BCNT is a smart alternative for THz and optical
frequencies as it has a higher current density. An efficient antenna THz frequency
range requires the density of BCNTs to be more than 103 (CNTs/µm) [38].

Forming a compositematerial ofCNTandmetal, the characteristics of thematerial
changed significantly. The integration of a dipole antenna with the CNT composite
material resulted in a performance enhancement [39]. The new CNT antenna had a
better efficiency in theTHz frequency bandwith each double-walled carbon nanotube
(DWCNT) is surrounded by another material jacket as depicted in Fig. 7 [39]. The
graphene-coated jacket of DWCNT decreased the resonant frequency, whereas the
copper-coated DWCNT increased the resonant frequency [39]. The radiation perfor-
mance of the conventional material used in antenna fabrication can be incorporated
with the double-layer structures for operation in THz region.

The surface conductivity of the fabricated structure depends on the material
composition. The surface conductivity of the single CNT for small radii can be
approximated as given Eq. 12

σcnt
∼= − j

2e02νF

π2h
(
ω − j

τ

) (12)

Fig. 7 Double-walled carbon nanotube composite structure ([39], reproduced courtesy of The
Electromagnetics Academy)
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Table 1 Comparison of material properties

Parameter Copper Gold Graphene CNT

Tensile strength 587 MPa 124 MPa 1.5 TPa 5–500 GPa

Thermal conductivity (W m−1 K−1) 400 310 5000 3000

Density (g cm−3) 8.92 19.3 2.267 1.40

Electronic mobility (cm2 V−1 S−1) 32 42.6 2 × 105 8 × 104

Current density (A cm−1) 106 106 109 109

Velocity of electron (m S−1) 1.57 × 106 1.40 × 106 106 106

where e0 is the electron charge, νF is the Fermi velocity of graphene, and τ is the
relaxation time.

The effective conductivity of SWCNT composite material depends on the number
of coating material and their conductivity. The effective conductivity with k different
materials is given by Eq. 13

σcomposite =
k∑
j=1

m jσz j (13)

where m j represents the volume fraction of the material.
The CNT structures support lower modes of wave propagation resulting in size

reduction of the antennas. For the same dimensions, the resistivity of a single CNT
is lower than that of a strand of gold resulting in lower fabrication costs. The higher
electrical conductivity of CNT gives a greater edge as a choice of material in THz
spectrum. Due to its physical and electrical properties, CNT makes a suitable choice
in many THz application including wearable antenna.

Apart from the conventional materials used in antenna design, there has been
exploration of composite materials for efficient radiation characteristics in the THz
spectrum. The combination of the elements creates a variation in the chemical and
electrical properties of the structure. From the above discussion, we can conclude
that the material properties have a major impact on the performance of the antenna.
A comparison of the material properties suitable for THz antenna design is stated in
Table 1.

A comparative analysis of the various research works related to THz antenna
design based on different material composition is summarized in Table 2.

4.2 THz Antenna Structures

The physical dimension and the structural layout of the antenna govern the opera-
tional performance of the system. By varying the geometrical attributes, the perfor-
mance parameters of the antenna such as bandwidth, gain, and directivity can be
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enhanced. Addition of slots, layers, and defects in ground plane leads to multiband
operation features [27]. The prominent THz antenna structures and their relevance
is discussed in this section.

Several high-gain antennae have been reported in the literature in the THz band.
In the initial phases, the traditional antenna structures were adapted for operating in
the higher frequency. Scaling conventional antenna structures to the terahertz range
leads in suboptimal designs.

• P. Neikirk et al. [43] demonstrated an imaging application in the THz band
incorporating lens antennas arrays.

• Nagatsuma et al. [44] implemented a short-range communication link around
120 GHz was using planar dipole, slot antenna, and a silicon lens.

• Tomohiro Seki et al. [21] presented a high-gain multilayers antenna on a Teflon
substrate for wireless communication.

• MengLi et al. [45] demonstrated aminiaturizedmeta-material based antenna using
SRRwith gain of 2.25 dB andVSWR1.143was for wireless communication [45].

• G. Singh [46] enhanced frequency reuse at THz frequency was using 2D electro-
magnetic crystal substrate on the rectangular microstrip patch radiator. The patch
enhanced with a substrate had a higher gain of 8.248 dB at 852 GHz.

• Younssi et al. [47] presented a study on the performance metrics of a RMSA
operating at 0.6 to 0.8 THz with and without superstrate. The addition of the
superstrate enhanced the radiation efficiency of the antenna. A gain of 10.43 dBi
at 0.6929 THz reported makes it an optimal choice for long haul communication.

• Akyildiz et al. [20] proposed ultra-massiveMIMO (1024× 1024) communication
in the THz band using graphene-based THz plasmonic antenna. For the lower
frequency band, meta-material-based nanoantennas and the upper band deploys
graphene material.

• S. Singhal [48] depicted an elliptical-shaped antenna on a polyamide substrate
with a defective ground plane. The structure radiated an omnidirectional radiation
with a 12 dB peak gain and 5 THz impedance bandwidth.

• Kushwala et al. [49] proposed a linear scaling of patch antenna from GHz to THz
band using CSRR with a bandwidth of 1 THz

• Goyal et al. [50] analyzed the impact of variation in dimension of patch and
PBG structure. The antenna has an impedance bandwidth: 36.23 GHz. Photonic
crystals are incorporated to improve the performance.

• Zhou et al. [51] presented a reconfigurable rectangular patch antenna on a glass
substrate with an efficiency of 66.71% and bandwidth of 79.01GHz. The structure
has a peak gain of 5.08 dB at 1 THz

A comparative analysis of the various research works related to THz antenna
design based on different antenna structures is summarized in Table 3.
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5 Challenges and Research Scope

The data rates requirements using wireless communication are increasing manifold
with each passing day. The unleashed capacity of THz frequency spectrum is the
most feasible option to envision the high data rates. Additional band to the existing
operational spectrum enhances bandwidth capacity of the wireless system allowing
the user to navigate the applications at much higher data rates. THz communication is
in the tethering stage, and there are several challenges exist in the implementation of
this technology.With the increase in frequency, the attenuation of the signal increases
rapidly [3]. For better efficiency, the THz systems must avert the atmospheric path
loss encountered in this spectrum and require a robust system design. The antenna
design, fabrication, and validation issues are discussed in this section.

5.1 Antenna Design Parameters

For application in the RF band, a high-gain narrow band or wide band moderate
gain antenna are utilized. The antenna design is focused on achieving the optimal
parameters of gain, band width, size, and cost. Achieving a combination of these
parameters generally results in conflict of interest.

Thebandwidth achievedbya radiating structure depends on the size of the antenna.
Ultra-wide band antenna leads to a larger size of the antenna [57]. Conventional
antennae achieve larger bandwidthwith an increase in dimensions of the structure that
in turn increases the fabrication cost. In general, narrow band antenna have high gain
while ultra-wideband antenna has low gain. THz spectrum yields smaller dimension
structure, and gain can be improved with the increase in aperture. Achieving a wide
band characteristic with high directivity is not possible without an enlargement in
the dimensions of the antenna. Therefore, in compact low-profile antenna, there is
an always a compromise with the directivity and wideband attained.

In THz antenna, we need more stringent features which are a combination
of high gain, ultra-wide band/multiband functionality, small size and conformal.
Designing an antenna incorporating with all these performance metrics demands a
more innovative design procedure.

5.2 Antenna Fabrication

5.2.1 Fabrication Material

Conventional antennas are fabricated using substrate like FR-4, Roger and similar
dielectric polymers. For THz band, the loss associated with these materials is high
causing a decrease in gain of antenna. Deficient matching of substrate material can
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lead to inefficient radiation. The challenge is to enhance to conventional elements to
match the THz band or discover alternate material to meet the requirements.

The design of antenna using composite material combining already proven mate-
rials like copper with graphene/Teflon leads to new innovativematerials. These struc-
tures achieve better performance than single element radiators [32]. Variants of CNT
materials with additional layers improve the radiation characteristics and enable
dimension reduction [39]. The creation of new materials will revolutionize the THz
antenna utilization.

For THz antenna, graphene is a promising material for simple antenna shapes.
Complex structures and 3D fabrication are yet to be explored [35]. There is very
minimal measured statistics for analyzing the performance of graphene. The low
refractive index and absorption properties of polymer materials in the THz band
help to achieve enhanced bandwidth and efficiency [58]. Meta-materials are another
potential element for THz antenna [48]. For application requiring beam steering
features, reconfigurable meta-surface is a viable solution. The addition of superstrate
layer improves the performance. The material compatibility of the different layers is
also an area to be explored.

5.2.2 Fabrication Technology

Due to their shorter wavelength, THz antenna is smaller in dimensions causing diffi-
culties in the fabrication process. At higher frequencies, the texture of the material
varies. THz spectrum antenna must have a smooth surface finish that can be fabri-
cates only with precision machinery with low tolerance. These specifications cannot
be met with the existing technology used for conventional antenna fabrication. The
fabrication cost depends on the material and shape of the antenna. For wide usage
of the antenna, the cost must be minimum.

The existing manufacturing approaches for THz band reported in literature are
printed circuit broad (PCB) technology, 3D printer technology [34], micromachining
microelectromechanical system (MEMS) technology, focused ion beam technology,
and nanofabrication technology [59–61].

At present, the THz fabrication is limited to 1 THz. More unique and robust
fabricating methods are required for high precision THz antenna. Availability of
affordable, reliable high precision fabrication techniques will facilitate for more
utilization of THz antenna.

5.3 THz Measurement

There are many reported study on the simulation of high-performance THz antenna;
however, the fabrication and measurement are major concerns in the antenna valida-
tion [62]. The measurement of antenna performance metrics is done in the far field
region by providing uniform illumination of the antenna. It is more convenient to
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Fig. 8 Antenna measurement a Power pattern measurement reception. bAmplitude measurement.
c Phase measurement. d Interferometric amplitude and phase measurement

measure themetrics by featuring the test antenna as a receiver configuration.Byvirtue
of reciprocity theorem, the parameters are identical for transmitter mode. In THz
spectrum antenna measurement technique, it is more expedient to model the antenna
under test (AUT) in reception rather than transmission. The power measurements are
more prominently done in this spectrum.

In general, the AUT is rotated in the receiving mode to capture the radia-
tion measurements [63]. The arrangement can be used for amplitude and phase
measurement as shown in Fig. 8 [63].

A compact test range (CATR) based on geometric optics has been validated
for testing horn antenna in the THz range [64]. For testing micromachined-based
components, a two hologram-based antenna test ranges have been demonstrated.

There is a dearth in the availability of measurement equipment for validation of
THz antenna due to availability of measurement equipment, such as vector network
analyzer operating in the entire spectrum of THz band. The measurement facilities
in the THz band are still an evolving research area by itself.

5.4 Future Research Scope

The salient research scope in THz antenna is briefed below:

• Redesign the conventional metals antenna to suit THz band.
• Optimize the antenna geometry UWB operation with high gain and directivity.
• Develop antenna using graphene/meta-material/meta-surfaces.
• Design low-cost miniaturized antenna for specific applications.
• Create innovative fabrication technologies.
• Build testing range for THz band.
• Integrate THz antenna on a chip.
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6 Conclusion

THz band is a prospective solution for ultra-high-speed communication in future
wireless applications. In this chapter, a comprehensive review of the THz band
antenna is presented. The salient features and applications of THz band are discussed.
The antenna design in THz band based on material and antenna structure available
in literature is presented. The difficulties in antenna fabrication and measurement
available in the THz band are highlighted. Finally, we have put forward some open
research issues in THZ antenna design.
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THz Meta-Atoms Versus Lattice
to Non-invasively Sense MDAMB 231
Cells in Near Field

Abhirupa Saha, Sanjib Sil, Srikanta Pal, Bhaskar Gupta, and Piyali Basak

Abstract In this chapter, the utility of THz metasurface versus a single unit cell in
sensing MDAMB 231 breast cancer cells at 0.75 THz has been demonstrated with
a sensitivity of 43 GHz per RIU. A meta-atom is sufficient to exhibit the properties
of a left-handed material as in simultaneously negative permeability and a negative
permittivity, thus leading to a negative refraction with the cancer cell suspension
measured under room temperature condition. It is much easier to drop the minute
quantity of the analyte and incubate the cultures in batches by dedicating single unit
cells to detect carcinoma condition with time. This problem of choosing a single
versus an array of cells is solved using FDTD computational results that guarantee
accurate outcomes in the presence of a greater number of inductors and capacitors
to enhance the shift and improve the Q factor to track any tender cellular metabolic
changes in space and time. Capacity of reflectance and transmittance extracted meta-
scattered information using wave ports replaced the challenges of the TDS setup of
a terahertz spectroscopy for a single cell. Comparisons with seeded cells were done
with that of bare meta-units to further study the overall refractive index enhancement
and see their impact on the efficacy of the sensors. The novel single-atom approach
gives more information via percentage reflectance rather than conventional metasur-
face that takes up a lot of area; hence, a single surface can be used to sense different
types of cells and their metabolism with time.
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1 Introduction

Terahertz bio-sensing via metamaterials is an ongoing trend in the biomedical
industry [1]. There have been permutations and combinations of active and passive
elements along with tuning the Fermi energy [2] of the metallic element to enhance
the sensitivity toward the intended molecule. Micro-fluidic approaches have been
gaining quite a lot of exposure, and here, mostly one unit cell is quite enough [3]
rather than the two-dimensional pattern of cells. THz window spectral signatures
can actually better match to that of the inherent vibrations of the dipoles in the non-
ionized molecular aggregates. Artificial dielectrics were first introduced during the
SecondWorldWar by J. C. Bose while attempting to rotate electromagnetic waves by
using twisted fibers, and then, lightweight lenses were designed byWinston E. Kock
in Bell Laboratories. The molecules making up these dielectrics are small metallic
patterns printed on a substrate; the size is decided by the frequency, conventionally
to behave as sub -wavelength lattice units. Wolfgang J. R. Hoefer et al [4] have
presented the embedded elements that are reactive and add to the real network nodes
to form a negative refractive index verified by measuring the scattering angle [5],
and bioengineers cultivate Fano resonance [6] that aids in tracing cell metabolism
changes, and thus live cell imaging. Metamaterials have thus become non-invasive
chiral detectors of electric as well as magnetic properties of a given analyte. In the
present chapter, reflectance-based spectroscopy-aided localized surface plasmons
overcome impedance mismatches due to electromagnetic field enhancements of a
metasurface absorber cavity [7]. Although there are several reviews of THz-based
biological applications of various nanostructures [8], there is a lack of delving into
an array preference; Sect. 2 elaborates this along with Floquet theory in near field.
Section 3 describes the cell culture aspect, followed by Brillouin zone in Sect. 4,
Sect. 5 illustrates the sensor design, setup in Sect. 6, and finally, the unit sensor
results are discussed in Sect. 7.

The designs of the units [9] differ in their intended mode generation and further
functionality that serves the application. Labyrinth type patterns activate certain areas
of the units across the surface and the analyte in their case a fungus has to be seeded
at the specific locations where the field confinement takes place. There have been
many utilizations of dielectric spectroscopy [10], but using them to intervene with
the sensing capabilities is rare. And then, associating this with overcoming with the
drawbacks of THz is further interesting. In this chapter, we are going to understand
the necessity of a single unit cell versus an entire array of cells. If we delve into the
antenna engineering analogy, the increase in the number of meta-atoms enhances
the directivity of the entire sensing platform that is reflecting the sensed information
to the receiving antenna that acts as the port to measure the scattering parameters.
The SRR and their variations have been a major player in the sensing league, and
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their contribution to react smartly under THz has been useful for detecting various
bio-molecules with their spectral signature exactly matching under the irradiation of
THz window. The material science and chemistry involved with photonic transaction
havemade the bioengineers join hands with the microwave community, and this calls
for a setup where the biological cells can be sensed using the fabricated platform
without any kind of contamination and the treated cells can be immediately incubated
for further analysis.

2 Metasurface Versus Unit Atom

Let us start by thinking why we need to mold passive structures to manipulate their
wave matter interaction such that they have a negative group velocity and negative
refractive index. The main topic of concern is the need for an array of unit meta-
atoms to weave a platform or to just leave it at one lattice atom. The author has done
simulations comparing the use of Floquet ports to that of the use of wave port to
excite only one cell. In both the cases, the THz water absorption problem is same.
But the difference is in the effective circuit response controlling the sensitivity in
terms of resonant frequency shift due to subtle changes in the refractive index of
the biological element to be monitored. The use of unit cell can be beneficial for
micro-fluidic setup and an IC with other modules to acquire and process the data
before storing it at a cloud database to make an entire system out of the metamaterial
sensor flow. The cells form a continuous effective medium whose series impedance
Zs and shunt capacitance Yp are given by the following equations:

Zs = j2ωL
′
l�l + 1

jωC0
= jω

(
2L

′
l�l − 1

ω2C0

)
= j2ωμm�l (1)

Yp = j2ωC
′
l�l + 1

jωL0
= jω

(
2C

′
l�l − 1

ω2L0

)
= j2ωεm�l (2)

2.1 Floquet Theory Bloch Waves

During simulation of an array, the concept of Bloch waves come up. The use of
Floquet is to shine the incoming THz light along the cells very uniformly so that each
and every cell gets equal amount of power that the unit cell aloe would have got. The
fermions should be actively coupled in forming the surface plasmon polariton which
is a periodic excess and shortage of electrons along themetal dielectric interface of the
meta-surface containing the analyte and the incoming radiation; we have considered
near-field versus far-field analogy as well in the next sections of the chapter. In order
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to have non-invasive prototype, the far-field is a pragmatic approachwhere the patient
or the target can be located at a distance 2D2/λ.

2.2 Near-Field Theory

Apart from plasmonic effect in 0.1–1.1 THz operating frequency range, reducing
the distance between the sensing platforms and the source of test radiation prevents
isotropic loss due to the vague presence of distance and other environmental factors.
We also compare the effect of varying refractive index under near field for a seeded
unit cell, in terms of sensitivity, and will also be varying the distance of the test ports
from the live cells under diagnosis in the next sections. The power intensity reaching
the material overcomes the free space or isotropic loss as the distance between the
feeding antenna and the sensor platform is gradually reduced such that there is an
inductive coupling that feeds power from one cell to the other medium. The electric
field remains parallel to the surface of the asymmetrical split ring resonator with a
backward strip fromwhere themeasurements are taken. The near field is such that the
meta-atoms are adhered on the surface facing the cells and the strip is serving as the
inductor where the resonances due to polarized dipoles and L-C systems interfere
to create locally confined hot spots that act as absorbers in some frequencies and
reflectors in the neighborhood (Fig. 2).

2.3 Transmission Line Model for Unit Cells and an Array

As implied fromFig. 1b, the only difference due to the addition of a greater number of
cells is in the capacitative loading due to the presence of large number of gaps between
the corresponding units. Inductive loading and periodicity affect the generation of

0 100000 200000 300000

Breast cancer (new cases)

Breast cancer (deaths)

Ovarian cancer (new cases)
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2020
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Fig. 1 Over the years, breast cancer is still a prevalent problem in women than ovarian carcinoma
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(a) (b)

Fig. 2 a Radiation experiment to check the health of the cells while testing. b Fabricated structures
and transceiving patch antennas

dipole responsible for radiation. In the chapter objective, the sensing capabilities are
compared, and hence for themetasurface or cell to behave as a detector, non-radiative
losses are highly important in the presence of forwardwaves and the backward waves
that get induced.

3 Cell Culture

Preparing the cells to be diagnosed under live conditions is very important for testing
the sensor. Protocols for culturing MDAB 231 cells in Gibco Dulbecco’s Modified
Eagle Medium (DMEM) were conducted as per conventional methodology in a ster-
ilized environment. Experiments have been done to make sure that the temperature
and power density and range of radiation do not disrupt the cell health. In fact, the
morphology does not change and no cell wall perforation took place [10]. Dielectric
properties were measured in the C band and coded to the THz regime (Fig. 3).

4 Brillouin Zone in THz Excitation

Thermal changes were not observed while treating the cells, yet an array periodicity
affects folding the Brillouin zone; hence, the resonating points and this determine
the choice of the material to be used for the patterns to responsively transmit useful
information after encountering the cells to be measured. If the use of multiple unit
cells makes the real part of the refractive index shift beyond the edges of the Brilluoin
zone, that means the use of negative refractive index [11, 12]-based Q factor Fano
delays are redundant and hence unit cells are better. Furthermore, if the wavelength
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(a) (b)

Fig. 3 a Cultured MDAMB 231 dispersed in DMEM medium. b Equivalent circuit of the cell on
MS

of the impinged radiation deceases beyond the lattice dimension, here each unit cell
is a meta-atom, then the sub-wavelength characteristics of the medium perishes.

5 Sensor Methodology

The spade structure has been chosen [13] to form the atoms. This geometry has been
simulated to give the best results in terms of quality factor, and hence a smart material
detector. The workflow starts with the source of THz light, and this can be either
antenna that emits the required working frequency and then the sensor and then the
receiving antenna to acquire and serve as the second port of the system to understand
the transmittance and absorbance property of the unit cell vs an entire surface. This
is different than the array of atom-based sensors that have specific microlocation for
microorganisms like E. Coli [14], yet again the health of the cells under test have not
been monitored although such experiments exist [15]. This setup of non-invasively
testing a unit cell is much convenient than dipping the unit cell in glucose or analyte
solution [16].

5.1 Design of Unit Cell

The asymmetric split-based unit cell is uniquely defined as a continuation the field
and port analysis are focused in this chapter although holography can also be carried
out as the oblique angle of incidence of the irradiating C band radiation is varied [17].
If we study the pattern of the metal, it has a broken asymmetry at two the sides of the
arms that are diagonally opposite to each other, and hence, due to the non-radiative
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fields at these gaps, the incoming radiation gets confined at these locations. And
there is no ground plane in this case that is replaced by a strip line to resemble the
permeability negating metallic coupler. Thus, the magnetic field permeates through
the broken asymmetry split spades while the back strips create the polarization of
electric field along them instead of a ground plane. Gaps imply capacitance resulting
in magnetic polarization while electric polarization is caused by inductive strips:

∇ × −→
H = jωε0

−→
E + jω

−→
Pe = jωε0ω

−→
E − j

−→
E

ωL0d
(3)

∇ × −→
E = − jωμ0

−→
H − jωμ0

−→
Pe = − jωμ0

−→
H + j

−→
E

ωC0d
(4)

where the effective material permittivity and permeability are expressed in terms of
ε0 and μ0, respectively.

6 Experiments for Comparing Seeded Atoms

The setup is done in CST Studio Suite® initially that involves a layer of dielectric
1.6mm thickwhich is generally the conventional FR4 and a pattern ofmetal generally
copper that is 0.02 mm thick and the cells seeded uniformly on top of the layer on
which the material under test is seeded or in housed adhered to the culture flasks
(Fig. 4).

For the simulations, at first, the Floquet port tests were carried out on the seeded
membrane, and then, only one meta-unit was taken with the perfect electric and
perfect magnetic wall boundaries across the x and y boundary walls depending on the
impinging wave polarization. The z-direction is always open both in case of periodic
and single unit. The position of the wave port is also varied to study the impact of
one cell and find out if it can compensate the efficacy of the membrane altogether,

Fig. 4 CSTMicrowave Studio simulation setup, with two wave ports shown in red, and blue region
showing cells
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and the effect on scattered waves is also interpreted. The important aspect of this
experiment is to find if there is any change in the sensitivity due to the presence of the
periodic array. The periodicity is kept as a constant value. Thermal and mechanical
parameters were also kept unperturbed. Normal incidence with TM mode excitation
is done by choosing a single mode in the wave ports and the Floquet mode. This
technique can be used to tinker the dielectric properties instead of using a THz TDS
[18] or facing the problems of open-ended coaxial probe technique [19, 20]. All of
the biophysics have their roots in Maxwell’s equations [20, 21, 22].

7 Resulting Nature of Biosensor

7.1 Unit Cell Results

The unit meta-atom acts as a reflector after 0.15 THz from the reflectance parameters,
and from the transmittance, it is also evident that our atom works as a broadband
sensing reflector. This is a similar behavior in case of a bunch of cells housed together,
where the Q factor is much higher; this contributes to the transmission resonance at
a precise point that shifts with the change of the refractive index of the cells. SAR
was observed to be same for both cases.

a. Comparing single meta-atom with and without MDAMB layers (Fig. 5).

b. Varying the near-field proximity of the meta-units fromwave ports (Figs. 6,
7 and 8).

In the figures, the z1 implies distance between two wave ports. As the distance
between the ports is increased, the reflectance becomes more and more perfect, with
a 100% reflectance at 0.3 THz and a transmission at 0.1 THz that reduces with the
increase. A typical gap of 120 mm from our meta-atom creates an unusual response,
whereas the scattering reflectance from the second port behind the surface is well
responsive to the distance of the target from the ports, and thus can be used as a
proximity sensor too. The simulations were done in MATLAB.

7.2 Meta Surface-Based Array Results

Periodic boundary conditions were imposed along the xz- and yz-directions, the
simulation results to which the progress has meshing errors, but the Floquet port
approach ismore flexiblewith the specification of TE andTMmodes in the frequency
solver settings. The point is to investigate whether the unit cell and the array give
the same results in terms of resonant frequency and in terms of more frequency shift
and higher Q factor that is higher return loss at the point of resonance and also the
change in the amplitude of the reflected signal.
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(a)

(b)

Fig. 5 a Transmitted signals on the meta-unit with and without MDAMB 231 cells. b Reflectance
from the meta-atom with and without cells

a. Transmittance and reflectance for cells versus no cells on an array (Fig. 9).

b. S11 array versus unit cell (Fig. 10).

From the figure, it is evident that the amplitude of reflectedwaves is increased from
−16 to −7.49 dB when the cells are introduced to the array, along with a frequency
shift of −188.54 GHz. Finally, it is noted that the unit cell behaves as an efficient
filter as compared to that of the array that had a few frequency points where the
array behaves as a complete absorber and thus might affect the sensor performance.
Comparison of refractive index-based identification capability for array and unit cell
in Fig. 11 proves that a unit cell is sufficient to even sub-categorize cancer.
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(a)

(b)

Fig. 6 a S11 parameters when no cells are present. b S11 parameters as a result of port to sensor
gap variation

Fig. 7 Effect of port distance on S12 and complete reflectance observed at 0.3 THz
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Fig. 8 S22 parameters as a result of port to sensor distance variation

(a)

(b)

Fig. 9 a S21 parameter comparing the bare and the cell seeded metasurface. b S22 parameter
comparing the bare and the cell seeded metasurface
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(a)

(b)

Fig. 10 a Comparing S11 curves, blue—array, and red—unit cell without cells. b Seeded unit
versus seeded array S11 comparison, deep red—unit cell, dotted—array

Fig. 11 43 GHz delay after varying the RIU by 1 unit, green: epsilon 64.57, orange: 92.98
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8 Conclusion

The need for a single unit cell that suffices bio-sensing requirements is claimed after
comparing the results from their corresponding infinite array, and this happened to be
an effective deciding factor to design smart THz communication platform for future
biotelemetry-based sensor IC design. Unit cells give better capability to differentiate
sub-types, while an array has the benefit of high Q deciding factor. The unit cell has a
sensitivity of 43GHz per unit increase in refractive index. Results infer that the single
atoms provide better sensitivity when it comes to categorizing sub-types with a red
shift of 188.54 GHz; even if the impedance spectrum is calculated from the results,
the difference in the amplitude of reflected wave can be another significant parameter
as proven from the results, considering a single unit will of course lead to a compact
packaging capability to accommodate other components like signal processing and
power amplifier circuitry. It is found that the reflection is much more enhanced in
case of a single cell but that does not aid to sensitivity for which the membrane
gives us an appreciable resonant frequency blue shift. The resonant frequency can
be explicitly tuned by changing the chemical potential if a material like graphene is
used instead of titanium, which excites surface plasmons in the THz spectra.
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