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Preface

The scope of this book includes a significantly long portion of the electromagnetic
spectrum, starting from the mm-waves (i.e., 30 GHz) and extended up to the end of the
near-IR spectrum (i.e., 450 THz). Most significant aspect of this portion of the electro-
magnetic spectrum is that itincludes a frequency regime where the gradual technolog-
ical transition from electronics to photonics can be observed; this frequency regime is
nothing but the THz frequency spectrum (0.3—10 THz). This book provides detailed
analysis, description, and discussion of some recently developed technologies under
this extended frequency spectrum. Especially, the emphasis is given to the state-of-the-
art and upcoming research going on at various parts of the globe on THz science and
technology. Some significant contents of this book are Ku-band substrate integrated
waveguide, galliumnitride terahertz integrated power module, heterostructure electro-
optic modulator, graphene nanoribbon field effect transistors, birhythmic behavior
in dual loop optielectronic oscillators, infrared sensor-based object detection circuit
for computer vision applications, bandwidth management techniques in 6th genera-
tion mobile communication, noise performance of millimeter-wave impact avalanche
transit time (IMPATT) oscillators, high frequency passive circuits, asymmetric junc-
tionless dual material double gate MOSFETs, gate all round tunneling field-effect
transistor (GAA-TFET) based on graphene nanoribbon (GNR), generalized distribu-
tion functions in heavily doped nanomaterials at terahertz frequencies, influence of
THz frequency on the gate capacitance in two-dimensional quantum-well field effect
transistors, alternative scheme of quantum optical superfast tri-state controlled-NOT
gate using frequency encoding principle of light with semiconductor optical amplifier,
use of frequency encoding principle forimplementing nano-photonic ultrafast tri-state



vi Preface

Pauli X gate, etc. This book covers a very vast audience from basic science to engi-
neering and technology experts as well as learners. This could eventually work as a
textbook for engineering students or science masters programs and for researchers.

Cooch Behar, India Aritra Acharyya
Asansol, India Arindam Biswas
Shizuoka, Japan Hiroshi Inokawa
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Introduction to Millimeter-Wave, )
Infrared and Terahertz Technologies e

Aritra Acharyya, Arindam Biswas, and Hiroshi Inokawa

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

1 Introduction

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

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

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

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

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

2 Brief Overview of the Book

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

Pampa Debnath, Arpan Deyasi, and Ujjwal Mondal

Abstract Electromagnetic bandgap structure has remained the backbone of
photonic circuit design and fabrication, precisely after the invention of photonic
crystal structure. However, another interesting field has also progressed in parallel
with EBG is transmission line design, both in unbounded and bounded forms. There-
fore, it becomes compatible to invoke waveguide and 2D planar antenna in the
photonic circuit, as far as from a material science point of view, and here lies the
need for research in estimating the performance parameters of those structures for
successful integration. The two fundamental parameters, that need to be evaluated
in this context, are cut-off frequency and impedance sensitivity for any bounded
transmission line; which shapes the propagation of electromagnetic field inside the
guided medium. In this present chapter, analysis has been carried out for substrate
integrated waveguide at microwave frequency spectrum for performance evaluation,
which speaks about its candidature for photonic circuit integration.

1 Introduction

Modern communication systems have the operating spectrum in microwave and
millimeter wave spectra, and therefore, all the corresponding trans-receiver sections
including antennas and channel needs to be designed considering the region of opera-
tion. Though conventional optical communication systems have exhibited improved
characteristics in the last two decades in terms of lower loss and reduced cost, but
the requirement has shifted in a new paradigm since the development of all-optical
integrated circuit. More precisely, research on photonic crystal (PhC) structure has
ushered an emerging communication system which requires the invention of secured
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channel transmission having compatible electromagnetic characteristics. Substrate
integrated waveguide (SIW) is probably the promising candidate in this regard till
date where electromagnetic waves can be transmitted in those desired narrow EBG
regions as offered by PhC based filters and isolators.

Conventional transmission lines such as coaxial cables or two wire transmission
lines are generally used for the propagation of electromagnetic energy, as evident
from day-to-day utilization. However, for application point-of-view, these non-planar
structures are difficult to integrate with planar structures. Conventional waveguides
are improved versions of the traditional transmission line. But they are bulky and
non-planar also. A well-accepted recent technological solution to this long-standing
problem comes with the invention of the Substrate Integrated waveguide, which
is an advanced module of conventional metallic counterpart. In this modern high-
frequency device, two rows of metallic vias have been embedded in a dielectric
substrate between two conductors. It can alternatively be looked at as a rectangular
waveguide filled with dielectric substrate. Similar configurations were developed
previously under several terminologies such as post wall [1-3] and laminated [4—7]
waveguide.

Rapid improvement of high frequency communication systems has forced an
ever-rising demand for low cost, high power, high efficiency and easy to integrate
compact devices. Microstrip line and conventional hollow waveguide have been used
extensively for the recognition of high frequency devices [8—10]. These conventional
technologies reveal certain disadvantages. Rectangular waveguide suffers from high
cost, massive in size and complex developing process, whereas dielectric loss is the
main drawback of microstrip technology at high frequency. A new technology known
as gap waveguide [11] has been recently developed that overcomes the disadvantages
of traditional technologies like a rectangular waveguide. Several transitions have
been found in different literature. A simple transition of coaxial port to Ridge Gap
waveguide (RGW) has been made by feeding the port in the top plate of RGW [12].
A bandwidth of 4 GHz with 10 dB return loss has been found in this transition. Ina
waveguide [13] to RGW transition using excitation of the coaxial port has been done
where a bandwidth of 20% at —15 dB matching level has been observed. A transition
of microstrip to RGW has been designed in [14] with 25.4% bandwidth at better than
15 dB return loss and 0.85 dB insertion loss. A transition of inverted microstrip gap
waveguide to rectangular waveguide using a planar probe to feed a horn antenna
array has been presented in [15]. This transition has been done in two configurations
in which a bandwidth of 45% at —15 dB return loss and 0.5 dB insertion loss has
been found.

Most of the benefits like high quality factor and electrical-mechanical shielding
are preserved by these SIW structures. Press worthy characteristic is that by using
the same technology complete balance integration can be accomplished concerning
active—passive circuits [16-20] and antenna [21] on the same substrate. For mm
wave applications, circuits and antennas cannot be independently manufactured at
very high frequency bands. Different processing technique such as LTCC and PCB
has been used for the integration of several circuits and antenna using single or
multi-layered SIW.
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Role of material parameters in this system design plays a pivotal role as the
compatibility of channel and circuit components augments the integration process.
Henceforth, circuit components should be made by the materials of the channel. This
is possible for SIW as channel and PhC based devices as transmitter and receiver
circuits. The next section of the chapter depicts the pioneering works carried out in
these fields individually without visualizing the system integration perspective.

2 Literature Review

An increased demand has been observed in wireless communication systems as
several applications have been developed in micro and millimeter wave range of
frequencies. Diverse applications [22-25] in the area of automotive RADARsS,
Biomedical devices and wireless sensors in millimeter wave frequency range have
been anticipated in millimeter frequency range. The success of any system depends
on cost effective equipments, appropriate for the mass production of systems. The
heart of any system depends on the active components such as filters, mixers, local
oscillators and low noise amplifiers (LNA). The most talented technology to build
this stage is Substrate Integrated waveguide (SIW) [16-18, 26, 27]. It is similar
to the structure of a conventional waveguide fabricated by two rows of metallic
vias in a dielectric substrate. Its propagation characteristics, field configuration and
dispersion characteristics are similar to the conventional waveguide. Most reliable
and interesting features of SIW are high power handling capability in addition
to high quality factors. Also, all active and passive components and antennas are
implemented on the same substrate. SIW was initially invented as a post wall or
laminated waveguide [6, 7] in an array of antennae. SIW technology has been
employed in different applications [16-20, 28, 29] like filters, couplers, circulators,
slot and leaky wave antennas. Several waveguide components have already been
employed using SIW. For analysis of dispersion characteristics of SIW, either
commercial software or electromagnetic simulators based on finite difference time
domain or frequency domain technique [30], transverse resonance method [27],
boundary integral-resonant mode expansion technique [31] have been used. Critical
issue in the design of SIW when operated in mm wave frequency range is the
minimization of loss. Conductor loss, dielectric loss and radiation losses are the
major three losses [32, 33] that have to be taken into account in the design of SITW.
For practical application, electromagnetic wave transmitted inside SIW has to be
transferred inside the confined channel, and for secure transmission with minimum
data loss, photonic crystal based fibre has paved the way for replacing the age-old Cu
cable. Ever since the conceptual formation of all-optical integrated circuit [18, 19],
the requirement of photonic components [34-37] is emerging day-by-day in order
to replace the existing electronic counterparts for better SNR, reliability, efficiency
or compatible integration. This eventually leads to search of novel materials [38—40]
from a performance improvement point-of-view. Here comes the importance of
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photonic crystal, which makes a major breakthrough for the design of photonic inte-
grated circuits by enabling the possible realization of different optical components
[41, 42] considering the inherent feature of restricting electromagnetic waves of a
few selected wavelengths and allowing others in the direction of propagation; and
negative refractive index-based materials are the new class added to enhance the
selective feature for ultra-narrowband spectrum [43]. However, low-K dielectrics
are also investigated in the recent past for PhC based filter design, which also helps
to integrate with SIW structure. In this context, design frequency and sensitivity
become two extremely critical parameters for future circuit design.

In the present chapter, both cut-off frequency and sensitivity of SIW structure
are analytically computed as a function of dimensions and operating spectrum (Ku
band). The total manuscript is subdivided in the following sections: Sect. 3 exhibits
design rule, Sects. 4 and 5 respectively describe cut-off frequency and sensitivity
respectively, and chapter is ended with conclusion.

3 Design Rule

The main parameters of SIW are the thickness of substrate ‘A’, relative permittivity
‘e,’, ‘a’ (width of SIW), ‘d’ (diameter of vias) and ‘s’ (separation between adja-
cent viases). The cut off frequency has been determined by taking into consideration
the separation between the rows of metalized vias and the permittivity of dielec-
tric material. As the current flow does not present through the two side walls of
SIW, therefore transverse magnetic mode has not been supported by SIW instead
propagation of transverse electric mode is only possible in this waveguide (Fig. 1).

Dispersion characteristics of [44] an SIW were meticulously examined and
acknowledged with the combined method of BI-RME and Floquet theorem. The
study of this characteristic reveals that both SIW and conventional rectangular waveg-
uide has similar transmission characteristic provided both waveguides are filled with
the same type of dielectric material using the equivalent width ‘w’ of SIW. It can be
obtained by

d2
—a— 1
W= 0955 M

Diameter to width ratio has not been included in the above Eq. (1) and error comes
into view when diameter ‘d’ increases.

To defeat this flaw, a numerical formulation was suggested in [26] based on the
finite element method for finding the propagation constant of SIW in complex form.
A precise empirical equation can be presented as:



Sensitivity Analysis of Substrate Integrated Waveguide at Ku Band ... 11

Metallic Via

Top Conductor
Dielectric Substrate
Bottom Conductor

(a)

(b)

Fig. 1 Substrate Integrated Waveguide a side view; b top view

1.084>  0.1d?
+

Wlrg, =a— P 2
d? 43
Whrew =a =90+ 5602 ®)

An additional accurate full-wave approach based on the method of lines (MoL)
is mentioned in [44] where an eigenvalue equation has been formulated to enhance
the computational efficiency to represent the transmission characteristics of SIW.
The proposed method helped to formulate valuable empirical equations to construct
different components of SIW.

A high frequency software simulator has been chosen for analysis of SIW modes
because the S matrix formed by this software is appropriate for integration with
mathematical calibration technique. Both SIW and conventional rectangular waveg-
uides have identical properties but few differences still exist. Periodic structure exists
in the configuration of SIW which may produce electromagnetic band-stop circum-
stances. SIW structure suffers a leakage difficulty owing to periodic gaps. Therefore,
a leakage wave has been found in the analysis of SIW.
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3.1 SIW Modes

Only TEy modes exist in SIW configurations. This is a very significant characteristic
of SIW. In a guided structure, the establishment of mode refers that there should be
the existence of surface currents. SIW can be considered as a rectangular waveguide
with periodic holes on side walls. A huge radiation may exist if the currents cross
the holes. There will be a very negligible radiation if the holes are aligned along the
direction of movement of current.

The surface current has not been disturbed by periodic holes; therefore, the mode
can be conserved in SIW. Identical surface currents have been found on the side
walls in all TEyp modes which is the reason for existing modes in SIW. Consider
TM mode is propagating with holes of the side walls of SIW; a surface current
with longitudinal feature has been generated by a transverse magnetic field. A high
radiation occurred as transverse holes cut the surface current. These holes will also
generate high radiation if TE,y modes propagate in SIW with holes on side walls. So
only TE,y modes should be endorsed in SIW as suggested by holes radiation. The
basic mode of SIW is TE;y mode as shown in Fig. 2. Similar field configuration has
been observed in SIW as well as rectangular waveguide.

4 Cut-Off Frequency of SIW

Figure 1 demonstrates a distinctive SIW structure that is amalgamated with metallic
holes. A substrate with low loss has been used here. Dimensions of SIW structure
are optimized as mentioned in the figures, where ranges are considered within a
practical framework. The dispersion features of SIW are equivalent to a conventional
rectangular waveguide with equal width. As we assumed that the distance between
two rows of metallic holes of SIW is ‘a’, diameter of hole is ‘d’, distance between
adjacent hole ‘s’, therefore the effective width can be given as mentioned by Eq. 2.
The propagation constant of SIW may be written as

- 2
Bw) = Jwipe — <W ff) )

From Egs. 2 and 4, propagation constant ‘3’ is calculated by the distance between
two rows of metallic holes of SIW entirely for known values of dimensional as well
as material parameters.

From Fig. 3, it has been observed that cut-off frequency varies monotonically
with all the dimensional variations. However, it decreases with increasing both ‘a/h’
and ‘a/d’, whereas slowly increases with ‘d/s’.
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Fig. 2 Field & current distribution of Substrate Integrated Waveguide: a TE ¢ Electric field vector
distribution; b Magnitude of Electric field distribution; ¢ Surface current distribution
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SIW has cutoff frequency for basic mode TE( alike rectangular waveguide. The
cutoff frequency for TE10 mode and TE20 mode [22] are given by Eqgs. 5, 6 and 7,
8 respectively. Frequency of operation of SIW should satisfy the criteria f.rgjo < f
<ferE20

c a2\
gy = ———=(a - 5
Felrey 2~ﬂ57<a (l95s> ©)
C
c = —— 6
Jelrz 2werp /Er ©
¢ d? 3\
g = —(a — — + 7
felres JEr (a 1.1s + 6.6s2) ™

c
fc|TE20 = W 3

It has been observed that with increasing ‘a/h’ and ‘a/d’ ratio cut-off frequen-
cies for TE g and TE,( mode are exponentially decreasing whereas cut-off frequen-
cies increase with increasing d/s ratio. Using the combined method of BI-RME and
Floquet’s theorem, cut-off frequencies of TEo and TE,, for SIW as shown in Eqs. 5
and 7 respectively, have been found out.

5 Sensitivity

Good performance SIW can be designed and its achievability can be obtained by using
a commercial software HFSS. But surplus alternation in measurement can cause a
change in electrical properties. Due to a small change in the electrical dimension of
SIW, change in relative permittivity of substrate material, or inaccuracy of substrate
thickness, this type of divergence may occur.

Reduction of tolerance can be possible by using more accurate fabrication as well
as using a very good dielectric substrate. Other way to design a tolerance insensible
SIW, is depending on the tolerance effect of the structure.

Sensitivity can be defined as

X AX

YT ar ®

The above equation can be employed to establish the divergence in circuit features
for a particular tolerance. Sensitivity investigation for Z is presented here.
The impedance of SIW can be calculated using the given formula
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Fig. 3 (continued)

Sensitivity tolerance with respect to ‘a/h’, ‘a/d’, ‘d/s’, and N are presented in
Fig. 4. It has been observed that all sensitivity curves are monotonically changing
without any abrupt fluctuation. The tolerance consequence of each parameter is
approximately identical but the changing limit is dissimilar. It has been also observed
that SIW impedance decreases with increase of ‘a/h’ and ‘a/d” whereas sensitivity
increases with increase of ‘d/s’ and \.

6 Summary

The present analysis deals with the impedance sensitivity of high-frequency commu-
nication channel at Ku band when integrated in an optical integrated circuit. Results
exhibit variation of sensitivity with structural parameters which helps the design
engineer to set the operating point as per the practical limit. For integrated design,
the range of channel dimension becomes extremely important as far as wired commu-
nication is concerned, and the present work throws light on that factor. This work
may further be extended when a proper EBG structure with pre-defined bandgap can
be designed, and then only the composite system may function successfully.
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Abstract Gallium nitride (GaN) has been emerged as a potential semiconductor
material for realizing terahertz (THz) solid-state sources. In this chapter, possibilities
of realizing two GaN avalanche transit time (ATT) diode based integrated THz power
module structures have been discussed. Design and simulation of the GaN ATT diode
have been carried out by using an indigenously developed large-signal simulation
tool; diode structure and its detailed simulation results are already reported elsewhere.
In this work, two integrated power module structures consisting of (i) a disk-cap
circular microstrip patch antenna for narrowband operation and (ii) a slotted-disk
circular microstrip antenna for the broadband operation to be fabricated on the diode-
head are proposed and analyzed. High Frequency Structure Simulator (HFSS) is used
to simulate the frequency response of the proposed structures.
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1 Introduction

It is already well known fact that gallium nitride (GaN) is a potential material
for realizing micro- and nano-scale devices which are capable of radiating high
power terahertz (THz) waves [1-10]. Out of various solid-state THz radiators like
resonant tunneling diodes, heterojunction bipolar transistors (HBTs), high electron
mobility field effect transistors (HEMTs), quantum cascade lasers (QCLs), etc. [11-
37] avalanche transit time (ATT) devices, more specifically impact avalanche transit
time sources (IMPATT) diodes have more capabilities of generating high-power,
high-efficient THz waves [38, 39]. Theoretical studies predict that the GaN based
IMPATT oscillators are capable of THz power of the order of milli-watt (mW) up to
5 THz. In this chapter, the authors have presented an elaborated discussion on the
possibilities of realizing a novel integrated power module by integrating the passive
radiating element (i.e. the antenna) with the active source (i.e. the IMPATT structure).

Initially, the chapter can be organized into six sections which provided brief
discussions on the primary developmental steps of the proposed integrated power
module. Those are given by.

(i) Design and Fabrication of the Seed IMPATT diode Structure,
(ii)) Bonding and Packaging,

(iii) Resonant-Cap Cavity for THz IMPATT Source,

(iv) Broadband Oscillator Realization,

(v) Source-Antenna Integration, and

(vi) Power Combining.

Finally, in the final section device structure, material properties, simulation technique
and simulation results are presented.

2 Design and Fabrication of the Seed IMPATT Diode
Structure

Design and simulation of GaN based DDR IMPATT seed structure shown in Fig. 1 for
1.0 THz frequency generation has already been carried out [39]. Doping and thickness
of different layers of the DDR structure are already chosen subject to obtain maximum
DC to RF conversion efficiency [39]. The metal contacts for both anode and cathode
have been confirmed by acquiring knowledge from the published literature. All details
regarding the proposed DDR structure and its large-signal performance have been
already published elsewhere [39]. However, after several close investigations, some
issues have been raised regarding the proposed structure; those are point-wise briefed
below.

1. Instead of using Sapphire [c(1000)-Al, O3] as the substrate for growing the entire
DDR structure, it can be grown on GaN substrate. Primary advantage of homo-
epitaxial growth over hetero-epitaxial growth is the reduction of dislocation at the
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Fig. 1 Schematic diagram showing the vertical section of the 1.0-THz GaN DDR IMPATT structure
grown on sapphire substrate [39]

interface of the substrate and grown layer. Moreover, better thermal conductivity
of GaN than Sapphire enables the GaN substrate to act as an internal heat sink.

2. Since the efficiency of the THz diode is expected to be smaller than 10%; therefore
alarge amount of heat energy is supposed to be dissipated within the diode during
its continuous wave steady-state operation. This will lead to a thermal runway
of the diode. In order to avoid this thermal issue, an external heat sink (having
cylindrical shape) preferably made of type-Ila diamond (thermal conductivity
~ 1200 W m~! K=!) has to be attached below the substrate layer (Fig. 2a) of
the diode chip by using an appropriate adhesive substance (having high thermal
conductivity) [40-42]. The temperature distribution inside the type-Ila diamond
heat sink is shown in Fig. 2b.

3. Proposed structure may face an electric field crowding effect which may lead
to the edge (local) a breakdown or premature breakdown. Necessary structural
modification has to be incorporated into the device structure in order to avoid
such premature breakdown.

After finding the appropriate solutions for the abovementioned three issues, the
bonding and packaging issues will have to be taken into consideration.
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(a)

Fig. 2 a Diode chip attached on a cylindrical shaped type-1la diamond heat sink, and b temperature
distribution inside the heat sink for steady-state thermal operation at 500 K [40]

3 Bonding and Packaging

Wire bonding of anode and cathode terminals of the diode has to be done with the
S4 package. Wire bonding of the anode can be done by following the conventional
wire edge boding technique. Middle portion of a 5-10 pm diameter gold wire can
be bonded on the top of the diode chip (anode) by the thermal sonic compressor
and both ends of the gold wire can be connected with gold coated ring-cap (package
anode) of the S4 package by using silver epoxy baked at 150 °C for half an hour.
The diode chip attached with the external type-Ila diamond heat sink has to be die-
bonded to gold coated copper cylinder at the lower surface of the S4 package; it will
act as an integral heat sink along with the diamond heat sink. However, the bonding
of the cathode with the gold coated copper cylinder (package cathode) is a tricky job.
Figure 3 shows the bonding and packaging of the diode chip in an S4 package. Both
anode and cathode of the diode chip have to be bonded with gold coated cap and gold
plated copper cylinder respectively by using multiple numbers of gold wires in order
to reduce effective parasitic series resistance; however, only single wire bonding is
shown in Fig. 3. After packaging, the overall equivalent circuit of the packaged diode
is shown in Fig. 4. Here, L, and C, are the package inductance and capacitance, -
Rp, Cp and Ry are the diodes negative resistance, capacitance and parasitic series
resistance (all are functions of frequency). At THz regime, stud-type package may
be the better option as compared to the S4 package [43].

4 Resonant-Cap Cavity for THz IMPATT Source

The packaged diode has to be embedded in an appropriately designed rectangular
waveguide cavity resonator as shown in Fig. 5. The diode has to be reverse-biased
and may be embedded inside the cavity via a bias post as shown in Fig. 5. The
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packaged diode mounted inside the suitable cavity resonator (circuit) leads to device-
circuit interaction which results in oscillation. The magnitude of the overall negative
resistance of the packaged diode designed to operate at 1.0 THz is very small, in the
orders of 0.1-1.0 €2 [39]. On the other hand, the real part of the circuit impedance of
the cavity resonator (resonant frequency f, = 1.0 THz) remains in the order of 100 2.
Therefore, a huge impedance mismatch is expected at this point and very inefficient
power transfer can occur from the diode to the resonator. The impedance matching
between the device and circuit can be achieved by using two possible methods. Those
are.

(1) By using reduced height waveguide cavity, and.
(i) By using resonant-cap cavity.

First method may be suitable for microwave/millimetre frequency range up to even
94 GHz. However, to match impedance from the reduced height waveguide in which
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Fig. 5 Schematic of the packaged diode embedded inside a rectangular waveguide cavity resonator
via a bias post

the diode is mounted needs to be matched with the full-height waveguide system
either with stub matching or stepped impedance/exponential taper transformer. But
for higher millimetre-wave frequencies and THz (0.3—10 THz) range it is impractical
to use the post-mounting technique. Thus at the THz frequency range, resonant-cap
cavity using a disk-cap resonator circuit is the best choice for impedance matching
at THz regime [44, 45].

In a resonant-cap cavity type source, the packaged diode is embedded in a high-
Q resonant-cap cavity and two together are mounted in a rectangular waveguide
through which the source is connected to the load as shown in Fig. 6 [44]. The disk
of the resonant-cap and the bottom broad-wall of the rectangular waveguide form the
cap cavity, which is equivalent to a radial transmission line causing efficient power
transfer from the device to the load [46]. The diameter of the disk must have the
dimension D = (/4 4+ m A,./2), where X, is the resonant wavelength and m = 0,
1,2,3,...... [46]. By choosing the suitable value of m, an appropriate cap-cavity
structure can be designed.

5 Broadband Oscillation

The disk can be made slotted (Fig. 7) in order to increase the bandwidth of the
cap-cavity oscillator [47-50].
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Fig. 7 a Side and top views of slotted disk structure, and b frequency response of slotted and
un-slotted disk structure together with the bottom broad-wall of the waveguide
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6 Source-Antenna Integration

The radial transmission line structure itself can behave like an integral antenna for
the THz IMPATT source. Its principle of working may be understood in terms of
modelling it like a microstrip antenna. Its major radiation lobe will be along the
direction of z-axis as shown in Fig. 8. However, the bias feeding point to the packaged
IMPATT will have to be decided (bias post should not interfere with the major lobe)
in order to obtain the best radiation efficiency.

7 Power Combining

THz power output from a single source may be very small (practically < 10 mW).
Therefore, suitable power combining multiple sources must be implemented in order
to enhance the radiated THz power. Twin-cap IMPATT power combining technique
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Fig. 9 Twin-cap IMPATT power combiner [50]

[50], vide Fig. 9, may be used that may be optimized for phase coherence using some
form of Meta-surface too.

8 Proposed Device Structures and Simulation Results

Design and simulation of the GaN ATT diode have been carried out by using an
indigenously developed large-signal simulation tool [39]; diode structure and its
detailed simulation results are already reported elsewhere [39]. The important mate-
rial parameters used in the simulation are tabulated in Table 1 [51-54]. In this
work, two integrated power module structures consisting of (i) a disk-cap circular
microstrip patch antenna for narrowband operation and (ii) a slotted-disk circular
microstrip antenna for the broadband operation to be fabricated on the diode-head
are proposed and analyzed. High Frequency Structure Simulator (HFSS) is used to
simulate the frequency response of the proposed structures. Figures 10 and 11 show
the device structures and Figs. 12 and 13 show corresponding HFSS layouts. The
two-dimensional (2D) electric field and carrier concentrations plot for the centre
voltage 30 V are shown in Figs. 16 and 17 respectively. Maximum electric field at
the metallurgical junction is found to be & ,,, = 22.5476 x 10’ V m~!. The electric
field crowding effect was not considered for our simulation; however, it is better
to study its impact while simulation its actual structure. The real and imaginary
parts of the device (Z,(f) = Ry(f) + jX4(f)) and antenna (Z.(f) = R.(f) + jX.(f))
impedances are plotted against frequency in Fig. 18. Antenna part is designed such
a way that perfect impedance match between the device and circuit is achieved (i.e.
IRa(Flr =1 1Hz = IRy = 111, and IXy(F)lr = 1 1H, = X (Ol = 17H) at f = 1 THz
(Figs. 14 and 15).
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Table 1 Important material parameters of GaN at room temperature

A. Acharyya et al.

Material parameter Value Electric Field range, & | Corresponding Citation
(x107 Vm™) equation

Bandgap, E,; (eV) 34691 |- [51,52]
Density of state 1.5000 |- [51,52]
effective mass, my " (X

mo)

Effective mass of 0.2000 [51,52]
electrons, m, " (xng)

Effective mass of holes, | 0.8000 [51,52]
mp * (xmg)

Permittivity, &, 10.4000 |- [51,52]
Electron mobility, u, 0.1000 |- [51,52]
(m2 V71 Sfl)

Hole mobility, w, (m?® ]0.0034 |- [51, 52]
\Van 1 s~ 1 )

Electron diffusivity, D, |2.6000 |- [51,52]
(x10* m? s 1)

Hole diffusivity, D, (x |0.8798 |- [51,52]
104 m?s™ 1)

Electron diffusion 6.5000 |- [51,52]
length, L, (x107 m)

Hole diffusion length, 2.1000 |- [51,52]
L, (x10°° m)

Critical field, &, (x 0.5000 |- [51,52]
100 Vvmh

Saturation drift velocity |3.0000 |- v (&) = [53]
(I)(f)g lf;c tsrf) ln)s’ Van (X i +vin €] £)*

1+(&/ &)
Saturation drift velocity | 0.7500 |- vy(§) = [53]
of holes, v, (x
—npé

10° ms™!) vsp[l _CXP<IZ+;>]

First ionization 13.8000 | 4.00-10.00 oy (&) = [54]
coefficient of electrons, s
Ap (x10° m™1) Anexp[ g”}

12.2700 | >10.00

Second ionization 1.4280 | 4.00-10.00

coefficient of electrons,

B, (x10° Vm™h)

1.3630 >10.00

(continued)
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Table 1 (continued)
Material parameter Value Electric Field range, £ | Corresponding Citation
(x107 Vm™) equation
First ionization 0.6867 | 4.00-10.00 apé) = [54]
coefficient of holes, A, B
(x10° m™) A[,exp[—ga’i]
0.3840 >10.00
Second ionization 0.8720 | 4.00-10.00
coefficient of holes, B,
(x10° V)
0.7950 >10.00

mo = 9.1 x 10731 kg is the rest mass of an electron

&5 = &, &9 is the permittivity of the semiconductor material; where &9 = 8.85 x 10712 Fm~! is the

permittivity of vacuum
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Figures 17 and 18 show the variations of S;; parameter and VSWR of the disk-cap
and slotted-disk GaN integrated power modules respectively. Narrowband operation
of the disk-cap structure and broadband operation of the slotted-disk structure can be
confirmed from Figs. 17 and 18. Two-dimensional field plots, 3D Gain and directivity
plots of those structures shown in Figs. 19 and 20 depict the antenna performance at
1.0 THz (Table 2).

Fig. 17.Variation of S11 parameter of the disk-cap and slotted-disk GaN integrated
power modules with frequency

9 Summary

In this chapter, possibilities of realizing two GaN ATT diode based integrated THz
power module structures have been discussed. Design and simulation of the GaN
ATT diode have been carried out by using an indigenously developed large-signal
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Fig. 12 HFSS layout of the GaN integrated power module
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Fig. 13 HFSS layout of the slotted-disk GaN integrated power module

simulation tool; diode structure and its detailed simulation results are already reported
elsewhere. In this work, two integrated power module structures consisting of a
disk-cap circular microstrip patch antenna for narrowband operation and a slotted-
disk circular microstrip antenna for the broadband operation to be fabricated on
the diode-head are proposed and analyzed. High Frequency Structure Simulator
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Fig. 19 2-D field patterns of a disk-cap and b slotted-disk GaN integrated power module for ¢
values of 00, 900 and 1800 at 1.0 THz
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Fig. 20 3-D a gain and b directivity plots (3-D radiation patterns) of disk-cap GaN integrated
power module at 1.0 THz; 3-D ¢ gain and d directivity plots (3-D radiation patterns) of slotted-disk

GaN integrated power module at 1.0 THz

(HFSS) is used to simulate the frequency response of the proposed structures. The
proposed integrated power module structures have immense potentialities to be used
as powerful and efficient THz source in various THz biomedical applications.
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Table 2 Design parameters of the 1.0 THz GaN integrated power module considering the effect
of fringing field

Length/breadth/thickness Value (pm) Doping concentration | Value (m™3)
W, 0.185 Nas 2.0 x 10%*
W, 0.185 Np. 2.0 x 10%
Wt 0.300 Na 7.0 x 10%
Wyt 0.200 Np 6.8 x 10%
hau 2.410 N 1.0 x 104
hyi 0.020
he 0.300
te 0.100
h = (hay + hni + Wpe + Wy + W, | 3.000
—he)
D, 174.000
D; 11.900
D, 20.000
Dy 30.000
Dyo = (Dj + 2hay cotd —2t.) 16.720 — 200'2500
(for6 =30 -45)
Dy = (Dj —2t.) 11.700
bs 500.000
Is 600.000
Lpc 180.000
Wpe 10.000
by 30.000
Iy 20.000
r 24.990
c 12.490
ri=(Dc/2~r) 74.510
re = D¢/2 87.000
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Design of Si(1_x—_y) Sn) Cy)/Si M)
Hetrostructure EOM for Optical Signal ke
Processing Applications

Jayabrata Goswami, Rupanjana Chattaopadhyay, and Tanushree Saha

Abstract Design and Simulation are carried out to achieve Si (1x_y) Sny) Cy)
/81 hetrostructure Electro-Optic Modulator (EOM) for optimum performance. The
absorption coefficient, current and turn on time are calculated by solving the equations
by utilizing an indigenously created program for simulation of the device properties.
Therefore the come about shows that the on-current and switching speed of opera-
tion of the modulator is found better at 20 jum design length. Thus Si¢j_x_y) Sn) Cy)
/81 hetrostructure broadband Electro-Optic Modulator (EOM) are promising next
generation devices for optical signal processing applications.

1 Introduction

Si is the material that has overwhelmed the semiconductor business for over the
previous couple of decades as a result Si is the least expensive electronics innovation
for integrated circuits. The foremost necessary reason for the dominance of Si is that
the accessibility of its 2 insulators, silicon oxide and chemical element compound.
The chemistry of Si and Si insulators enables statement on any particular etching
forms to be created with outstandingly high consistency. The chemical element mate-
rial system has a beautiful target for photonic system applications currently on a daily
basis. In recent years, work on Si primarily based hetrostructure and quantum wells
have been extended to hide different opto-electronic devices, still as Si primarily
based opto-physics has been gaining additional and additional importance day by day.
Each all-silicon and silicon—germanium electro-optic modulators are incontestable
[1]. Most of the arranged electro-optic devices misuse the free carrier dispersion result
to differ each real index of refraction and optical coefficient of absorption. Typically
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regularly as a result of the unstrained unadulterated crystalline Si doesn’t show direct
electro-optic (Pockels) result, and thus the refractive-index changes much appreciated
to the Franz-Keldysh result and Kerr result is fantastically powerless PM in a really
specific region of optical devices, like Mach—Zehnder modulators, total-internal-
reflection (TIR)-based structures, cross switches, Y switches, and Fabry—Pérot (F-P)
resonators, to boot usual tweak the yield concentrated. So, the modulators essentially
based upon the plasma scattering result require a conventional cover of the optical
mode with the locale wherever there’ll be larger than usual concentrations square
measure injected [2-5].

In SiGe/Si heterostructures, there’ll be an oversized lattice match between Ge
and chemical element ends up in terribly little values for the vital thickness of
epitaxial layers [6-8]. Recently, it had been shown that Sil-yCy & Sil-x-yGexCy
layers will be adult pseudomorphically on Si (001) victimization MBE or completely
different chemical vapour deposition technique [9]. This new material would possibly
overcome a number of the constraints of SiGe on Si (001). Inquire about greatly
super saturated, carbon containing combinations on Si substrate begun exclusively
numerous years past. In the interim, information has been collected on growth, strain,
control, thermal stability, carbon effects on band structure and charge transport. Low
carbon concentrations will indeed be accustomed smother diffusion of dopants. Thus
SiGeC/Si Electro-Optic Modulator has been reported [10] at 30 pwm length.

In this analysis work, the authors will examine that silicon-tin-carbon (SiSnC)
alloy heterostructures will be accustomed style optical wave guides which will
confine each of the injected carriers and therefore the optical mode to the waveguide
core, in this manner giving openings for realizing predominant compact broadband
electro-optic phase/intensity modulators on the chemical component. SiSnC alloys
are around for over ten a long time and are accustomed create numerous electronic
devices like hetrojunction bipolar transistors and thermo-electrical coolers, though
SiSnC/Si hetrostructures have additionally been utilized in wave guide picture detec-
tors. Throughout this analysis work, authors will examine SiSnC because of the active
region material p-i-n hetrostructure electro-optic modulator. In this way, it’ll appear
that the modulators with lengths around 20 wm and turn on times underneath 0.1 ns
are feasible with optimized styles.

2 Device Band Diagram and Analysis

In SiSnC/Si electro-optic modulator wave guide, there’ll be 2 bands offset shown
in Fig. 1 during this 2 band profile i.e. the physical phenomenon and valence band
profile, the physical phenomenon band offset between Si and Si |.x_y Sny Cy for tiny
carbon fraction and therefore the serious hole valence band offset is shown within
the figure.

The physical phenomenon band offset is going to increase between Si and SiSnC
compared thereto between Si and SiGe for the addition of carbon. Thus for big band
offset values square measure decent to restrict the injected electrons and holes within
the wave guide active region.
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Fig.1 Band diagram for a SiSnC p-i-n hetrostructure device
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3 Device Absorption Coefficient Model and Refractive
Index Model

In SiSnC alloys, the refractive model depends solely on the band gap of the alloy
and therefore the indexes of bulk chemical elements and tin. Therefore during this
work, the author’s square measure studied the index of refraction of a SiSnC layer
is assumed to be a twin of that of a SiGe layer with an identical band gap [11].

2.
nSil—x—ySnxCy = Nsi + (Msy — nsi)(x — ﬁy) (D

It is attention-grabbing to match a straightforward free-carrier or Drude model of
¢-Si An results and to experimental Aa information [12]. The well-known equations
refraction and absorption are much appreciated to free electrons and free holes unit
of measurement as takes after:

e\? AN, AN,
An = — + 2)
8m2c2gpn m¥, m,
e\? AN, AN,
And Aa = +— , 3)
dr2cdeon ) L mi2pme  m¥

where g is the permittivity of free house, e is the electronic charge, n is the index of
refraction of unflurried c-Si, m" .. is the conduction effective mass of electrons, m”
is the conduction effective mass of holes, i, is that the lepton quality and py, is that
the hole quality.

The external potency is powerfully enthusiastic about the fabric coefficient of
absorption, A, associate degree estimate of A as an operation of gauge boson energy
(or wavelength) and tin content of the alloy is critical. During this work, material
absorption was calculated employing a show for phonon-assisted indirect optical
moves. Therefore the absorption coefficient is given by

A =0ho <E, — K6 )
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[hw — Eq + K01?

= B, 5 E; — K6 < hw <E, + K60 (®)]
exp(T)—l
hw — Eg + K6]? fiw — By — KOJ?
exp(T) —1 1 —exp(—7)

where E; is the indirect-bandgap, T is the temperature, and K is the Boltzman
constant, and 0 is the phonon equivalent temperature. The parameters Ba and Be
square measure quotient factors for the method of phonon absorption and phonon
emission, severally. From the higher than expression, the primary term, hw > E; +
K©, whereas within the second, hw < E,—K®8. This expression depicts the absorption
of indirect electronic moves including the creation additionally the destruction of
phonons of given energy (K0).

On the off chance that the phonons handiest in supporting the indirect transitions
truly have a place to one branch of the undulation range, the higher than expression
suffices to give up their vitality appropriately. That the result of carbon and strain is
ignored with the special case of the adjustment to the band gap.

4 Modulator Design Model

In Fig. 2 a pair shows the actual cross-sectional read of the p-i-n diode a broad-
band electro-optic modulator with SiSnC /Si Hetero Structure materials. The most
attention of the Mach—Zehnder measuring instrument style is to convert modulation
in one arm of the measuring instrument to amplitude/intensity modulation at the
output [10]. The section shift is sort of near to require in one arm of the measuring
instrument with relevance to the opposite arm. The dynamic region of the SiSnC is
sandwiched between n- and p-doped Si protection layers that’s why the core layer
makes a difference to restrict each of the injected carriers moreover since the optical
mode. That the execution of the modulator is characterized by the length additionally
the altered current required to achieve to accomplish segment move. The modulator
current (I,) can be calculated as

ol Im I !

—=—— — Rayger (1) —
ot qV  TsrH “aer Ton(l)

(7

where V is the overall core region volume, tsry is the Schockley-Read-Hall carrier
recombination time period, Rauger is the Auger recombination rate that is given by

Rauger = Cun?p + Cpnp® (8)
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Fig. 2 Particular cross-sectional read of the p-i-n diode electro-optic modulator
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From that by the higher than Eq. 8 the common relationship for the Auger time
period in n-type and p-type material beneath low injection(tli) and high injection
conditions(thi) will be determined.

)

1
5 and 1, =

For n — type t; = S
YPET= e N (Cr + Cp)Ap?
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1 1
d f —t ;= dto = — 10
and for p YPE Ui CnNi and Tpi (Cr + Cp)Al’lz (10)

where Np and metallic element square measure the density of donor and acceptor
atoms, An and Ap square measure the surplus carrier densities and Ca = Cn + Cp is
ambipolar constant from Egs. (9) and (10). Therefore it will be seen that the Auger
time period ideally depends on the inverse of the carrier density square. Therefore
the calculation of turn on time of the modulator is written as

qhl

Pleak

Ton(l) = (1)

Subsequently, the total minority carrier current thickness is a pleasant estimate of
this that leaks out of the dynamic region Pleak. The lepton and hole density going
absent the dynamic locale unit of measurement each given by P leak/gh, wherever h
is the height of the designed modulator.

5 Simulations Results

The material interband absorption coefficient is calculated from the Egs. (4)—(6),
and once the calculation the corresponding simulation results are shown in Fig. 3.
The plotting curve provides a concept of absorption coefficient results for SiSnC
alloys. The character of the curve is precisely the same as the SiGeC alloys [10].
Because of the result of carbon fraction are the values of (0, 0.01, 0.02, 0.03,) and
strain is neglected within the SiSnC, and with the exception of the modification to the
bandgap. Therefore in application, it’s found that the range for each test considered
may perhaps be fitted very pleasantly by these equations.

The turn on time will be calculated just by the condition (7). This turn on time
is expected to be the constraining portion of choosing the altered speed of SiSnC
modulators. Figure 4 appears to turn on time as a work of the current infusion level.

Figure 5 appears that the altered time for modulators with a total injected current is
a work of the modulator length for the optimized modulators, once carbon divisions
are bigger than zero.02, sub-100 pm modulator gadget lengths unit of measurement
doable with alter times around 1 ns. Therefore for bigger carbon fractions, lengths
unit drawing nearer 20 pm unit pertinent. So the small device lengths unit suitable
for each optical mode confinement conjointly with the charge confinement given by
the SiSnC/Si heterostructures,



Design of Si(1_x_y) Sn(xy C(y)/Si Hetrostructure EOM for Optical Signal ... 47

10 ! T T T T T T T T T
€=0.00
€=0.01
€=0.02
€=0.03
C=0.04

h

!

!

!
2

c
o 10°t 1
=
l_
z
Q
b4
14
S
e

10" L L L L L L L L L

0 10 20 30 40 50 60 70 80 90 100
CURRENT ( mA ) -------- >

Fig. 4 Turn-on time of 20 pwm modulators with carbon fractions of 0.01, 0.02, 0.03, 0.04

10 T T T
9L C=0.04 ]
C=0.03
8| C=0.02 |
C=0.01
/\ 70 €=0.00 |
|
~ 6L |
[72]
c
w 50 |
=
'_
=z 4L 4
e
Z
3| 4
S
'_
2L |
10 |
1 1
10" 102 10° 10* 10°

LENGTH ( mm ) ~--mmmmmr >

Fig. 5 Turn-on time of optimized modulators for a 20 wm length with carbon fractions of 0.04,
0.03,0.02, 0.01 and O



48 J. Goswami et al.

6 Summary

Design and Simulation square measure dole out to attain Si(jx—y)SnCy)/Si
hetrostructure Electro-Optic Modulator (EOM) for optimum performance. The
absorption coefficient, on current and turn on time are calculated by finding the
equations by device property analysis. So the authors indigenously created a soft-
ware system for simulation of the device properties. In this manner to boot, since
the band counterbalanced between Si and SiSnC capably limits carriers to the wave
direct center, in this manner as a result which supplies in durable cover between
massive infused carrier concentration conjointly the optical mode, and authors can
indeed think about that SiSnC/Si modulators with lengths around 20 pm and turn
on time are found 0.1 ns. Therefore this new style model is beneficial for coming
optical signal process applications.
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Design and Optimization of Graphene M)
Nanoribbon TFETSs for Low Power ek
Digital Applications

Jayabrata Goswami, Anuva Ganguly, Anirudhha Ghosal, and J. P. Banerjee

Abstract Plan and optimization of a P-channel Tunnel Field Effect Transistor
(TFET) with Graphene Nanoribbon (GNR) as channel material are carried out in this
paper to attain high performance in low power advanced circuits. A self-consistent
iterative strategy is utilized to illuminate numerically 1-D Poisson’s condition subject
to suitable boundary conditions at the source and drain closes of the device. The
energy band diagram is gotten from which surface potential and boundary heights
are extracted. The structural parameters are appropriately designed to optimize the
performance of the device for future application in low power digital circuits.

1 Introduction

The sub-threshold slope of Silicon Metal Oxide Semiconductor Field Effect Transis-
tors (MOSFETs) cannot be diminished underneath 60 mV/decade at room tempera-
ture due to thermionic limitation. This is a fundamental limitation of Si MOSFETs in
ULSI (Ultra Large Scale Integration) chips. However, this limitation does not arise if
Si MOSFETs are replaced by Tunnel Field Effect Transistors (TFETSs). Theoretical
and experimental studies reported so far [1, 2] show that the subthreshold slope of
TFETs can be decreased below 60 mV/decade at room temperature. It is also reported
[3, 4] that TFETs provide a higher on—off current ratio than MOSFETs.
Heterojunction TFETs based on Si/SixGe;_x and III-V semiconductors as
channel material are reported [5, 6] to have a steep sub-threshold swing of about
15 mV/decade, suitable for application in low power, energy efficient digital circuits.
Double gate TFETSs based on strained Ge heterostructure as channel material with
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a high current density of 300t A/pum are also reported in the literature [7]. In these
devices, the on-current is high while off-current remains almost constant leading to
a significant increase in on—off current ratio.

Tunnel field effect transistors (TFETs) using Graphene Nanoribbon (GNR) as
channel material are attracting considerable attention due to the favourable electronic
properties of Graphene which lead to high performance from the device in low power
digital circuits. GNR FETs with channel lengths less than 10 nm are reported to
provide a high On—Off current ratio (~10°) [8].

The room temperature mobility of Graphene is significantly higher than the
conventional semiconductors [9, 10]. GNR possesses the unique property of tunable
band gap with respect to its ribbon width. Graphene possesses robust mechanical
strength and high thermal conductivity. The scattering relations for electrons and
holes in Graphene are symmetric which is insensitive to doping fluctuation. Further
TFETs based on GNR as channel material have distinct advantages so far as planar
processing in ULSI is concerned.

Zhang et al. [11] used a semi classical analytical model with a triangular good
approximation at the source-channel interface to evaluate various key performance
parameters of GNR TFET. They observed a high On—Off current ratio of the order
of 107 and a very low subthreshold slope below 3 mV/decade from a GNR TFET
whose channel length is 20 nm and ribbon width is 5 nm. These results were however
not verified from experiments or numerical simulations. Zhao et al. [12] reported a
much higher On—Off current ratio of the order of 10'! from a p-i-n type GNR TFET.

The main objective of the present work is to design the structural parameters of a
GNR PTFET inconsistent with the current ITRS requirement [13] and optimize the
On—Off current ratio and subthreshold swing of the device. The intrinsic gate delay
(Tins), gate capacitance (C¢) and quantum capacitance (Cg) of the device are also
studied to test the suitability of the optimized device in low power digital circuits.

2 Device Structure and Analysis

The quasi 1-D geometry of GNR PTFET structure is appeared in Fig. 1. The
n*source and p*drain regions are intensely doped with doping concentrations of
3.4 x 10 cm™3 and 1.1 x 10% cm™ respectively. The channel is formed with a
1-D channel layer of GNR, uniformly deposited over Si substrate. The thickness of
monolayer graphene (tgngr) is in the range of 0.3-0.4 nm [14]. GNR is intensely
doped to make a p + n + tunnel junction and the gate is put over the channel which
is totally depleted at zero gate bias. Chemical and electrostatic doping are reported
[15, 16] to form good p* n* tunnel junction in Carbon Nanotube (CNT) FET and
this type of doping can also be used in GNR. A high-k dielectric material like Y,0O3
(eox = 10gp) is used as gate oxide having a thickness (¢,,) of 2 nm.

In the on state the applied gate-source and drain-source voltages are Vg and
Vs respectively. The length of the channel is Ly as shown in Fig. 1.
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Fig. 1 The quasi 1-D structure of a p-channel GNR TFET

The surface potential method in the channel region is calculated from the
numerical solution of the following 1-D Poisson’s equation

dz(ps(x) _ (03()6) - Vgs - VBI - _ ,O(X) (1)

dx? A2 EGNR

In Eq. (1), ¢, (x) is the surface potential at the interface of gate oxide and channel
material, V,, is the gate to source voltage, Vp; is the built-in potential, p(x) is
the total charge density, A is the screening length [17] for the particular device
structure and V gng is the permittivity of GNR. Assuming the channel region to be
completely drained within the off state as well as in the on state with low V 4, the total
charge density is taken to be approximately equal to the impurity charge density. The
bandgap of GNR arises from lateral confinement of charge carriers and is dependent
on the ribbon width. The dispersion relation of a mobile electron in graphene is given
by [18]

E(k) = snVrlk| 2

In Eq. (2), V- is the Fermi velocity of the carrier in graphene, taken to be 10° m/s,
the wave vector is |k| = /k2 + k%, h is the reduced Planck’s constant and the value

of s is 41 for the conduction band and —1 for the valence band.
The electron wave vector k, in y direction can be expressed as

mim

ky =
Wenr

3)

In Eq. (3), m is an integer both positive and negative and Wgnr is the ribbon
width.
Using Eq. (3) in Eq. (2), the energy dispersion relation can be communicated as

2
E(m, k) = sqVi, k2 + <ﬂ) @)
GNR

The band gap energy of GNR is obtained as
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2anVE

Wenr

Ec=Ec—Ey=E(1,04_; —E1,0)5__; = 4)

Therefore the bandgap of GNR depends inversely on the ribbon width W gyg and
directly on Fermi velocity (Vg). The screening length A is written as [17]

EGNR
A= - tonrtox = vIGNRlOX (6)
ox

In Eq. (6), t,, and tgyg are the gate oxide and GNR thicknesses respectively.
High-k dielectric material Y,Oj3 is chosen as gate oxide so that the gate leakage is
minimised. The screening length expressed in Eq. (6) depends only on the thicknesses
of the gate oxide and GNR since egyr = €0x.

The drain current arises from the tunnelling of charge carriers from source to drain
which can be found by using Landauer’s expression.

The energy dependent tunnelling probability Ts(E) is written as

Ts(E) = exp<—2/|kx|dx) @)

In a highly-doped GNR p + n + structure, the primary sub-band is only considered
for tunnelling and the wave vector in x-direction is expressed as

1 EcT* [Eg\’
kanF\/[EC(X) —FE— 7i| - (7) ®)

The wave vector, k, in Eq. (8) is necessarily an imaginary quantity for the exponential
decay of tunnelling current to take place in the channel region.
Using Eq. (8) in Eq. (7), we obtain

Ts(E) = 2 (Ee) g erEo) |y 9
s(E) = exp —nTfo! (7) - C(X)—< +7) x €))

InEq. (9), Ec(x)is the energy at the bottom of the conduction band and x; and x; are
the initial and final positions of tunnelling respectively. The tunnel injected charges
from source to channel (Q¢s) and drain to channel (Q¢p) are expressed as

Ocs = CI/PGNR(E)(l — fs(E)Ts(E)dE (10

Qcp = q/pGNR(E)[(fD(E) — DT5(E) +2(1 — fp(E))AE (1)
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In Egs. (10) and (11), fs(E) and f p(E) denote the Fermi—Dirac distribution func-
tion at the source and drain regions individually. The density of states function of
1-D GNR for mth subband is expressed as

4

E
mnVr JE? — E2

In Eq. (12), V is the Fermi velocity (10° m/s), ® is the Heaviside unit step
function, E,, = manVp/Wenr = mEg/2.
The total density of state function is

penr(m, E) = O(E — En) (12)

ponr(E) =Y panr(m, E) (13)

Now substituting the expressions for pgy g (E) and Ts(E) from Egs. (13) and (9)
respectively into Egs. (10) and (11), numerical integration is carried out to find out
QOcs and Qcp.

The overall channel charge of the device (Q¢c = Qcs + Qcp) is included and
the surface potential is evaluated from Eq. (1). The drain current is calculated from
Landauer’s expression

Ip = f(fs(E) — /p(E)P(E)dE (14)

where P(E) = (2¢%/n)H(E)Ts(E),and H(E) = Wgyr(2I€|/mnVE), Wy is the
ribbon width, is n the reduce Plank’s constant, |£| is the transverse mode energy and
the expression of H(FE) is specific to graphene [19].

The following boundary conditions are used to solve Eq. (1) numerically.

(1) Electric fields at the heavily doped source and drain terminals of the channel
are taken to be zero.

(i) Both the electric field and potential functions at the source-channel and drain—
channel interfaces are continuous.

(iii) The Fermi level at the source terminal is aligned with that at the channel region
for Vgs = 0 and

(iv) Ep—E.=FE,—Ep=kT atthe source and drain ends, k7 is the thermal energy.

A MATLAB based program is developed to obtain the energy band profile. The
surface potential and barrier height can be extracted from the simulated band diagram.

With expanding current thickness, increasingly carriers will be infused into the
channel and accordingly the energy band profile in the channel region is adjusted
with new surface potential. The self-consistent iterative method is used for the said
adjustment. The steps to achieve self-consistency are.

Stepl: The energy band is computed first from the solution of Poisson’s equation by
the solution of boundary conditions as described earlier.
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Step2: The energy-dependent tunneling probability, 7's(E) is at that point calculated
from the band diagram. The charges infused from the source and the deplete (Qs and
QOp) are at that point calculated.

Step3: The total injected charge QO = Qg + QOp in the channel is obtained and
substituted in Poisson’s equation to adjust the band diagram.

The aforementioned steps are repeated till the condition, d)gH — ¢% < 0.0001 eV is
fulfilled where ¢% is the surface potential of the channel at nth iteration. The energy
band diagram is then obtained as appeared in Fig. 5.

3 Simulation Results

Figure 2a shows on-current with gate-source voltage for ribbon widths of 2, 3, 4 and
5 nm with a fixed channel length of 20 nm and oxide thickness of 2 nm while Fig. 2b
shows on-current versus gate-source voltage for channel lengths of 20, 25, 28 and
30 nm with a settled ribbon width of 4 nm and oxide thickness of 2 nm at a fixed
drain to source bias, V4 of —0.1 V.

It is observed from Fig. 2a that the drain current is higher for larger ribbon width
at a particular Vg. As ribbon width increases, the band gap (Eg) decreases and
therefore tunnelling current or on-current increases. Figure 2b shows that on current
diminishes with the increment of channel length at a particular V. The on-current
is therefore optimized for a channel length of 20 nm.

Neglecting gate leakage and considering thermionic emission across the potential
barrier, the off state current is obtained from the following equation [20]

‘On Current (nA)
On Current (pd)

012 0.08 0.06 002 ] 02 018 016 - 0 08 -0.06
Vs (Volr) Vgs (Volt)

(a) (b)

Fig. 2 a On-current versus Vg for different ribbon widths b On-current versus Vg for different
channel lengths
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2 _
Iorr = <q vT)exp( wB) (15)
nwt qur

In Eq. (15), gvr is the thermal energy and ¢j is the barrier height.

Figure 3 shows the plot of Off-state current versus ribbon width for Lcy =20 nm
and tox = 2 nm. The Off-state current is 0.15pA for ribbon width of 4 nm and channel
length of GNR 20 nm which is lower than that reported in [8]. The increase of Off-state
current with the increase of ribbon width is inconsistent with that reported in [21].

Figure 4 shows the On-Off current ratio versus gate-source voltage (V) for three
different gate oxide thicknesses (7,,). It is watched that On—Off current proportion
is higher for more slender gate oxide at a specific value of Vgs. Further On-current
increases more rapidly than Off-current leading to an increase of On—Off current
ratio with the decrease of gate oxide thickness. Figure 4 shows that On—Off current
ratio attains a value of 2.71 x 10%at Vg =-0.1V and tox =2 nm and Lcyg = 20 nm.

With the application of Voo = —0.1 V and V4; = —0.1 V, the drain current starts
to flow and the device goes to On-state. Figure 5a shows the On-state energy band
profile of the designed device structure at Vg = —0.1 V and V43 = 0.1 V while
Fig. 5b shows the Off-state band profile at Vg =0V, Vgg =-0.1 V.

The aforementioned studies indicate that the optimum performance is obtained
from appropriately designed GNR TFET. The design values of ribbon width is
Weng = 4 nm and channel length is Ly = 20 nm.

Figure 6a shows the On-state current density versus gate-source voltage, Vg of
the device at channel length (Lcy) = 20 nm, ribbon width (W) = 4 nm and t,x =
2 nm. The On-state current density of the device is 406 WA/pm at Vg =—-0.1 V. The
sub-threshold swing (SS) of a TFET [22] is calculated from

Ip
SS = lnm(—> (16)
m
Fig. 3 Off state current 10°%
versus ribbon width of GNR
PTFET
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Fig. 5 Energy band diagrams for a GNR PTFET in the a ON-state and b OFF-state

In Eq. (16), g, is the transconductance of the device. The sub-threshold swing
(SS) of the device is found to be 8 mV/decade at Vg = —0.1 V. The variation of
drain current density with temperature is shown in Fig. 6b. It is observed that the
drain current density decreases sharply when the temperature is increased from 200
to 400 K. The sharp decrease of drain current density in the temperature range of
200 to 400 K agrees with that reported in [9]. This is due to a sharp increase of
the resistivity of GNR above 200 K caused by the scattering of intra-ripple flexural
phonons. The increase of channel resistance leads to a decrease of drain current at
temperatures exceeding 200 K. The intrinsic gate delay (tjy), characterized as the
proportion of the gate initiated channel charge to the limit current to make the device
on is an important parameter which controls the performance of the device in digital
circuits. The gate delay is given by
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Fig. 6 a On current density versus Vg, b On current density versus temperature

— Ocony) — QcorFrF) a7
Ip

In Eq. (17), Ip is the threshold or on-state drain current, Qcon) and Qcorr)
are the channel charges in the off and on-states respectively. In the present work, the
supply voltages are taken to be Voo = —0.1 V and V4 = -0.1 V. The intrinsic gate
delay of the optimized GNR PTFET is found to be 2fg which satisfies the current
ITRS requirement. The gate capacitance (C¢) is the rate of alter of add up to channel
charge (Qc) with gate to source voltage (V) given by

:dQc

18
A (18)

Cg

The sizes of C for different values of the gate-source voltages (V) are gotten from
the entirety of gate to source and gate to drain capacitances i.e.,

Ce =Cgs+Cqp (19)

Figure 7a shows the plots of Cgs, Cgp and Cg versus Vg of the optimized device
whose channel length, ribbon width and oxide thickness are 20 nm, 4 nm and 2 nm
respectively. The values of Cgs, Cgp and Cg at Vgs = —0.1 V and Vpg = -0.1 V
are found to be 27.66 aF/pum, 23.06 aF/ pm and 50.72 aF/pwm respectively. In the
ON-state the gate capacitance Cg is usually equal to the gate oxide capacitance Cox.
In the OFF state i.e., at zero gate to source voltage, the surface potential is zero. In
the ON-state, the surface potential, gy is less than gate to source voltage by Q¢/Cox,
ie.,
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Fig. 7 a Gate capacitance versus Vg5 of GNR PTFET and b Quantum capacitance versus Vg of
GNR PTFET

Oc

_— 20
Qox (0

Ps = Vg‘v -

The rate of alter of channel charge with gate to source voltage is written as

dQc dQc dos

= 21
dVs dos dVys
Now substituting Eq. (20) into Eq. (21) we obtain
dQc
Oc _ dos (22)

W con+ ]

InEq. (22),d Q¢ /d Vs has the unit of capacitance known as quantum capacitance,
C which is the characteristic property of a 1-D wire structure like GNR [23]. The
quantum capacitance of GNR is proportional to the density of states function of
one-dimensional wire. In terms of quantum capacitance, Eq. (22) can be rewritten as

dQOc  CoxCq
dVg Cox +Cyp

(23)

Figure 7b shows the variation of quantum capacitance of the optimized GNR
PTFET as a function of gate to source voltage. It is watched that the values of Cg
and Cy are 50.72 and 51.72 aF/pm respectively at Voo =—0.1 V and V4 = -0.1 V.
Theratio of C/C 15 0.98, close to the quantum limit of unity. This study reveals that
both gate capacitance and quantum capacitance play a significant role to determine
the high performance of the device in low power digital circuits.

From Table 1, it appears that both on—off current ratio and subthreshold swing
(SS) are better for the proposed GNR PTFET structure as compared to those reported
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Table 1 Comparison of the Performance Proposed GNR | Reported GNR FET
performance parameters of parameters TFET
the proposed GNR TFET
with those of GNR FET On —state current | 406 (WA/pm) 2000 (WA/pm)
reported in [8] density

Off-state current 0.15 (pA) 1 pA

On-Off current 271 x 103 106

ratio

SS 8 (mV/decade) Not available

in [8]. Thus the proposed GNR PTFET device can be used in future low power digital
ULSI chips.

4 Summary

The design and analysis of a GNR PTFET are carried out to achieve various perfor-
mance parameters such as on—off current ratio, subthreshold swing, intrinsic gate
delay, gate capacitance and quantum capacitance. Different structural parameters of
the device such as the ribbon width, channel length and gate oxide thickness are
suitable designed for high performance in low power digital circuits. Simulation is
based on a self-consistent iterative strategy to carry out numerical arrangement of
1-D Poisson’s condition subject to suitable boundary conditions at the source and
drain ends. The energy band diagram of the device is also simulated to obtain the
surface potential and barrier height. The source and drain currents of the device
are found from the tunneling probability and Fermi functions. The study provides
the key performance parameters of the optimized device such as on—off current
ratio, sub-threshold swing, intrinsic gate delay, gate capacitance and quantum capac-
itance which show that the optimized device is highly suitable for low power digital
applications.
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Birhythmic Behavior in a New Dual Loop | m)
Optoelectronic Oscillator o

Srishti Pal, Kankana Choudhury, Shayantan Kr Roy, Arindum Mukherjee,
and Dia Ghosh

Abstract In the present paper, we report the birhythmic behavior of a time delayed
Optoelectronic Oscillator (OEO) with two delays, popularly known as the Dual Loop
Optoelectronic Oscillator (DLOEO). The present DLOEO contains a van der Pol
Oscillator (VDPO) in its feedback loop, in place of the RF Band Pass Filter (BPF).
We derive the system equation of the oscillator using weak nonlinear analysis. Coex-
istence of the two limit cycle oscillation is known as birhythmicity. Birhythmicity
in an oscillator is an intriguing phenomenon. Often, birhythmicity is desirable as
it presents us with two possible coexisting stable oscillatory states for common
values of system parameters. It can also be a nuisance because a random perturba-
tion may make the system settle onto an unwanted stable state. Therefore, identifying
birhythmic behavior in an oscillator is an important task. Through detail analytical
and numerical bifurcation analysis, for the first time, our study reveals birhythmic
behavior in a DLOEO.

1 Introduction

Nonlinear dynamics of time delayed systems has been a fascinating area of research
during the last few decades. A delay appears in any physical or engineering system
because time is needed to sense information and react to it. This time lag may often
introduce oscillatory instabilities in the system. These instabilities, generated by the
delay, arise in all areas of science and engineering such as mechanical, chemical, elec-
trical, optical etc. In optical and photonic nonlinear time delayed systems, different
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stability problems have been extensively studied both analytically and experimen-
tally [1]. These regular or irregular behaviors are either desirable or undesirable. They
are desirable because they can be used to design a high frequency broadband chaotic
photonic oscillator. However, they can limit the performance of the system, which
makes them undesirable. The Optoelectronic Oscillators (OEOs) are classical exam-
ples of the time delayed photonic system. A lot of theoretical as well as experimental
studies have been devoted to unveil the collective dynamical behavior of OEOs. For
instance, ultrapure microwave signal generation [2—4], injection synchronization [5—
8], chaotic dynamics [9-15], Chimera death state [16, 17], and amplitude death [18]
both in single and dual loop OEO have been studied. While there is a substantial
amount of work devoted to explore the single delayed feedback problems, little
effort is made for the two delay problems. In the present work, we investigate the
birhythmic behavior in a modified Dual Loop Optoelectronic Oscillator (DLOEO).
Birhythmicity is a phenomena where two stable periodic oscillations of different
amplitudes and frequencies coexist, with different initial conditions. Birhythmicity
may produce major nuisance in engineering systems, because in a noisy environment
the system may portray irregular dynamics. On the other hand, it may proffer good
flexibility in the system performance, without altering major parameters. Lately, the
multirhythmic behavior of a single loop OEO has been revealed by Weicker et al.
[19]. They have demonstrated the emergence of coexisting multiple square-wave
oscillations from successive Hopf bifurcation. In [20], the birhythmic behavior of a
single loop OEO and its control has been recently reported by the present author.
It is worthwhile to point out that bifurcation analysis of time delayed systems is a
difficult task. The presence of delay in the feedback loop makes the system infinitly
dimensional. Moreover, a DLOEO holds two sets of delay lines in its feedback loop
[21, 22]. Due to the presence of two feedback delay lines, bifurcation analysis of the
system becomes more complicated. So far our knowledge is concerned, bifurcation
analysis to unveil the birhythmic behavior of a DLOEO has never been approached
previously. The DLOEO contains two feedback delays of different lengths. Each
loop contains its own individual sets of cavity modes. However, the closest oscil-
lation modes from both loops will synchronize and eradicate the extra modes. In
DLOEDO, the phase noise is an average of noise in the two individual loops instead
of the phase noise of the longer loop. Moreover, side modes from individual loops
are not completely removed, but merely suppressed.

Here, we consider a new architecture of DLOEO [23]. The oscillator holds a
VDPO in its feedback loop instead of the band pass filter. The photodetector output
drives the VDPO. The VDPO output must be well-matched with one of the desir-
able oscillation modes, coming out from the photodetector. Consequently, these two
signals are injection locked and a single mode of oscillation can be achieved at the
output of the oscillator [24]. The driven VDPO serves the purpose of the RF BPE.
Several studies report different architectures of OEO using VDPO in the feedback
loop [13, 14], nevertheless, in these reports the VDPO is not used to replace the RF
filter. Replacement of the RF filter using the injection synchronized VDPO is advan-
tageous since in high frequency region designing of an RF filter is a quite difficult
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task. In the present study, we aim to explore the birhythmic behavior of the modified
DLOEO with the help of numerical and analytical bifurcation analysis, considering
delay as a control parameter.

The chapter is organized in the following sequence: Sect. 2 reports the basic
architecture of the proposed oscillator along with the derivation of nonlinear delay
dynamical system equation of the oscillator. In Sect. 3, we produce the linear stability
analysis. The bifurcation analysis of periodic motion using the Multiple Time Scale
Method is described in Sect. 4. Finally, Sect. 5 summarizes the chapter.

2 The Dynamical Model

The basic architecture of the proposed DLOEO is depicted in Fig. 1. The oscillator
includes a continuous wave (CW) laser source, where the output optical signal from
the CW laser is applied to a Mach—Zehnder modulator (MZM). The MZM works
as an intensity modulator. The oscillator consists of two delay lines in its feedback
loop. The shorter loop delay is 77y, and the longer loop delay is ty,. The MZM
produces an intensity modulated output signal which traverses through the delay
lines. The combined feedback loop gain must be greater than unity in order to sustain
oscillation. The cavity modes emerging out from each loop should add up in the
same phase and finally be converted to the RF signal by the photodetectors. The
RF combiner combines the output of the photodetectors. However, it is important
to mention here that since both the loops carry side modes, they are not entirely
removed, but only suppressed. To eliminate these side modes a VDPO is used in
place of the BPF following the RF combiner. Consequently the two signals i.e.,
output of the VDPO and the oscillatory signal, sustained in the feedback loop, will
be injected in a synchronized manner and the OEO generates a single RF oscillation
mode. The usefulness of the injection locked VDPO as an RF BPF is reported in
the appendix of [20]. Since injection synchronization improves spectral purity and
reduces phase noise, it is expected that the spectral purity of the RF output signal
will be improved compared to the conventional OEQO. The optical output power of
the MZM and the input voltage of the oscillator are related by Mukherjee et al. [5].

Py(t) = %a Po[l — mﬁinn(@)}, (1)

T

where V; (¢) is the input RF voltage and represented as V; (t) = V (t)e/ @) The
applied optical power is Py, o stands for the insertion loss of the MZM, the extinction
ratio of the MZM is 1., Vp and V,, correspond to the bias voltage and the half wave
voltage of the MZM, respectively. For DLOEO, let us consider the output of the
photodetector which after passing through the VDPO becomes [20, 21].
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Now this output signal V(¢) falls on the VDPO. The oscillation frequency of
the VDPO is kept same as the highest spectrum component of Vy(#). As the oscil-
lation amplitude increases, the bandwidth of the tuned circuit becomes narrower;
as a result, small components of the spectrum would be attenuated, whereas
the highest component of the spectrum would prevail. After passing through the
VDPO, the photodetector output will be reduced to the following form Vy(t) =

NIV—z/1)] NIVa—t)]
[ V(t)‘rjl e”f'—{— V([)‘L’/z e”fz]Vi(t).

Where N[V (t — /)] = =20,V cos(%)]l (%) and V,;, = M.
Now for the ease of derivation, let us considern, = 1; Vg = VsV, = Vs Vi =
mand N[V(t — 17)] = 2Ji[V(t — 14)]; here J; represents the Bessel function
of the first kind of order one. We consider the cubic nonlinearity of the VDPO as
Ni(V) = a V(t)—y V3(t). Consequently the overall output voltage of the oscillator
can be expressed as [20, 21].

\% ) 3
Zk) & [zfl[vu — )] e 4 2LV — T2 e 4 ("‘ vin -7 v3(z>) }
3)

After some algebraic manipulation one can obtain the system equation of the
oscillator as [20, 21].
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v d 3, v
E —ME v — D]+ v — wm2)] + (Xv(tn)—zyv ) )g—n5——v
“4)

3 Linear Stability Analysis

Equation (4) has a single steady state at v = 0. When all the characteristic roots lie
on the left half of the complex plane, the steady state remains stable. As soon as a
pair of complex conjugate roots lie on the imaginary axis, i.e., A = £iw, the system
will be at the boundary of the stability; this is known as Hopf bifurcation [28]. To
obtain the Hopf bifurcation points, we write Eq. (4) in the following linearized form

d*v

d dv
P_HE{V (tn —T) + v, —Tn2)+OlV(1n)}+77—+V=O (5)

dt,
Now let us consider v = ¢ and the characteristic equation becomes
M—p(e?™ +re ™ 4 ar)+nh+1=0 (6)

Further from (6) one can obtain the following equations

1 2 2
to = —{+Cos | P9 —tan—‘(1>+2mn )
® 2uwy/ p? + ¢ p

In a similar way one can get

1 _ PP+q’ _,<q>
Tp=—{+Cos'|—— = — L | —tan"! L) + 207 (8)
a){ |: 2uwy/ p* + q* P

where m and n are integers. Figure 2 depicts the Hopf bifurcation curve in p and
7,1 parameter space. Birhythmic oscillation is expected at those values of u and 7,
wherein, two Hopf bifurcation lines coexist. This is being further confirmed from
the bifurcation of periodic solution in the next section.

4 Periodic Motion Using Multiple Time Scale Method

Here, using the weak nonlinear analysis, we derive the periodic solution of the system
[25-28]. The solution of (4) can be achieved in the following form
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Fig. 2 Hopf bifurcation
curves. The parameter values
aren =0.04,0 =0.5, y =
0.5, T2 = 9.2

Tn1
v(t,) = vo(To, T1) + e vi(To, T)) + O(e?) ©)

where ¢ is a small parameter (0 < ¢ << 1), Ty = ¢, is the fast time scale and
T\ = ¢ty, is the slow time scale. We take u = ¢ o and n = € n9.Using the chain
rule, one can write the following differential operator

d_ 0 .0 + 0(?) =Dy +eD; + 0
d[n_aTo a7y - !

d2
dr

D} + 2e DyD; + O(?) (10)

Substituting (9), and (10) in (4) and equating the same power of ¢, the following
equations can be achieved

Divo (To, Ty) + vo (To, Ty) = 0 (11

Divi(To, T1) + v(To, T1) = —2 Do D1 vo(To, T1) + 1o Dovo(To — Tt T1)
+ woDovo(To — w2, T1)

+ noa Dovo(To, T1) — %IJ«OV Dovo(To. T1)* — no Dovo(To, T1)
The solution of (11) can be considered as

vo(To, T1) = A(Ty) e + c.c (12)
A represents the amplitude of periodic oscillation. Substituting (12) into (11),

eliminating the secular terms and introducing A = R e’? one can get the periodic
motion of the oscillator as
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20 = _/J/O[Sin (Tnl +we Tnl) + Sin (Tn2 +we TnZ)] (13)

9
“yuoR* = poa + ol Cos (11 + e 1) + Cos (T + we ) —no  (14)

4

The bifurcation diagram of the periodic solution is shown in Fig. 3. Figure 3a
shows the analytical bifurcation diagram of the periodic motion, achieved using (13)
and (14). Figure 3b is achieved by solving (4) using MATLAB continuation package
DDEBIFTOOL [29, 30]. It is evident from the numerical diagram that in Fig. 3b,
the periodic motions emerge from the supercritical Hopf bifurcation, since the stable
periodic solution (blue dots) coexists with an unstable steady state (red line). It is
apparent from Fig. 3 that two different branches of periodic oscillations are coexisting
at different values of t,,;. The hysteresis curve as a function of 7,1, is shown in Fig. 4.
With progressive increment of the delay t,,; bithythmicity emerges through saddle
node bifurcation. The critical value of 7| and 1), at which birhythmicity appears
can be computed by differentiating (13) with respect to w. Once differentiated, we

obtain

2 = —{poetn1 Cos(ty1 + weTy1) + (oeTu2 Cos(Tyn + weTy)} (15)

Differentiating again
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Fig. 3 Bifurcation diagram of periodic motion considering 7, as a control parameter: a Analytical
bifurcation diagram (obtained using (13) and (14)) b Numerical bifurcation diagram. The parameter
values are ¢ = 0.1, ug = 3.56, u = 0.356, 710 = 0.4, =0.04, 7,0 = 9.2, = 0.5, y =0.5
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Fig. 4 Hysteresis curve: 10
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Using (13) and (16) we achieve the solution for w as a function of 7,,; considering
a fixed value of 1,,; . Using (15) one can obtain the critical value of delay at which
birhythmicity appears, as given below

2nm (17
Ty =
! 1 4+ we
and
2mm (18)
Ty = ————
2 1+ we

here, m and n are integers. It is evident from Fig. (4) that for the parameters ¢ =
0.1, @ =0.35,1,2 = 9.2, birhythmicity appears close to 7,; = 3.

Next in Fig. 5, we demonstrate the birhythmic behavior of the system through the
phase plane and time series plot obtained numerically using (4). Figure 5a reveals the
coexistence of the two periodic oscillations with different amplitudes and frequencies
defined using different initial conditions. The blue (small) limit cycle is obtained
using the initial condition vy = 7, vo = 0 and the red (large) limit cycle is achieved

for the initial condition vy = 1 vy = 0. The parameter values are u = 0.35,
y=05;0=05, 1,1 =3, 1,0 =9.2,n=0.04.
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(a) ! (b)
10F
05 "

Fig. 5 Phase plane trajectories and Time series Plot: a Birhythmicity in the absence of the self
feedback control. The red limit cycle is obtained using initial condition vy = 1, vo = 0 and the

blue limit cycle is obtained using initial condition vo = 7, vo = 0. The parameter values are
nw=03571=3,12=92,7=0.04, =05,y =05

Figure 6 shows the numerically obtained RF output spectrum of the oscillator. The
spectrum of f; = 0.125 is shown in Fig. 6a, the initial condition is vy = 1, vb =0,
and the other signal f, is also visible in the figure at f, = 0.198. Similarly the
spectrum of the limit cycle oscillation at f> = 0.198 is obtained with initial condition

vo = 7 v = 0, (Fig. 6b), where the presence of f; = 0.125 can be previewed in
this figure along with f5.
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Fig. 6 RF output spectrum: a RF spectrum of f; = 0.125 when the initial condition is vy =
1, vo = 0. b RF spectrum of f, = 0.198 when the initial condition is vy = 7, vo = 0. The
parameter values are = 0.35,7,1 = 3, 7,0 =9.2,n = 0.04,0 = 0.5, y = 0.5
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5 Summary

In the present work, for the first time we have investigated the birhythmic behavior of
amodified DLOEO. The basic configuration of the oscillator under study is different
from the original DLOEO. Compared to the fundamental DLOEO, in the proposed
model, we replace the RF BPF by a VDPO with cubic nonlinearity. The VDPO
output signal is injection synchronized with the RF output from the photodetector.
The injection locked VDPO is more helpful to reject unwanted signals compared
to an RF BPF. We explore through a detail analytical and numerical study, how
the interplay between feedback delay, feedback gain and overall nonlinearity of the
oscillator generates bihythmicity in the system through the saddle node bifurcation.
We obtain the periodic solution of the oscillator through perturbative calculations,
using the multiple time scale method. The analytical findings are supplemented
through numerical solutions using DDEBIFTOOL. We believe that this study is
important in identifying the birhythmic behavior of the oscillator before using it
in different applications, for instance, as a stable local oscillator in RADAR, and
PLL for acquiring signals from a spacecraft in deep space missions and in optical
communication. Also, an interesting future direction of this study is to investigate
how to control the birhythmic oscillation and induce the monorhythmicity in the
oscillator.
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work.
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Performance Analysis of Optical M)
Arithmetic Circuit Using Artificial T
Neural Network

Dilip Kumar Gayen

Abstract Modern communication technologies need huge operational speed. This
will be achieved if a standard data service, i.e. electron, is substituted by photon for
the devices which are mainly focused on switching and logic. Gates are the basic
building blocks of any complex circuit. Different logic and arithmetic operations
can be carried out using these. In high-speed communication networks, all-optical
arithmetic and logic operations are highly anticipated. In this chapter, the author
has designed a parallel model to perform addition of two binary digits based on
terahertz optical asymetric demultiplexer (TOAD)/semiconductor optical amplifier
(SOA)-assisted Sagnac gates. By using only two parallely operating TOADs-based
switches, a half adder has been designed. An equivalent model of this circuit has also
been designed using artificial neural networks (ANN). This circuit design has been
verified by using ANN. This optical circuit not only increases the speed of operation
but also produces the desired output in the optical domain. The most significant
advantage of this parallel circuit is that no synchronization is required for the inputs.
Details of the performance analysis of this circuit, using the ANN model, have been
presented.

1 Introduction

Today’s optical networks depend heavily on high-speed all-optical logic gates
because they perform critical signal processing functions like switching regenera-
tion and identification processing on photonic switching nodes [1-3]. The system for
optically processing data has undergone a revolution. The Sagnac Gate with a Tere-
hartz Optical Asymmetric Demaltiplexer (TOAD)/Semiconductor Optical Amplifier
(SOA) is one of the optical switches that successfully combines low power consump-
tion, high repetition rate, and quick switching time [4—6]. The SOA-assisted Sagnac
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interferometer has been used to implement the half-adder, as proposed and shown by
various research teams [7—11]. Using the Mach—Zehnder interferometer, Ghosh et al.
have developed a contemporary method of expanding SOA to use optical frequency
encoded operations [12]. Recently, neural networks have evolved into incredibly
encouraging elective computing stages. Neural networks are developing theories to
remove barriers to increase computational efficiency. A potentially effective way to
address the energy-cost issue raised by deep learning is provided by optical neural
networks [13]. Optics, which are caused by the local impedance characteristics of
light, have been applied to neural network applications or free-space optical circuits
to understand an optical lattice duplication unit that is completely inactive [14]. With
the assistance of Machine Learning (ML), all scientists working on light-matter
collaboration have turned onto another level, helped by material science, physical
science, and photonic innovations. The first is the rise of wise photonic frameworks,
another is the reconciliation of ML into physical and substance sciences for top to
bottom information securing and inventive principal experiences [15]. Wu et al. have
presented a method for optical performance monitoring of quadrature phase-shift-
keying (QPSK) data signals by training the artificial neural networks and the param-
eters extracted from asynchronous diagrams. They demonstrated that in a 100 Gb/s
QPSK system, balanced detection produces asynchronous diagrams that perform
better than single-ended detection. Also, the usefulness of the proposed technique
has been experimentally demonstrated [16]. The author has proved that an atomic
vapor cell can conduct a local, consequently, a nonlinear activation in two dimen-
sions. It is possible to use fully optical ANN for picture recognition written in digits.
A network of this kind may manage a huge number of concurrent data streams
[17]. Large-area optical switches, which have the important advantages of short idle
time and low power consumption, are essential for facilitating the ever-increasing
information exchange between servers in both intra- and inter-datacenter environ-
ments. Because of the advantages of low imprint and quick reaction time, coordinated
silicon photonics has recently shown remarkable potential for developing large-scale
optical switch textures for applications in the cutting-edge all-optical network [18].
Authors propose a binaries lucid optical beneficiary. This optical neural network
uses opto-electronics components. This network comprises of a number of layers.
Here, it uses three layers. The first layer is the transmission layer, second layer is
the optical neuron layer, and the third layer is the electronic neuron layer. The trans-
mission layer, which is based on the Mach—Zehnder interferometer (MZI), copies
and selects the information optical sign for transmission into the opto-electronic
network. The optical layer, which can be implemented on silicon alongside the trans-
mission layer, consists of specially developed designs for planning binarized loads
into optical space [19]. In this chapter, the author has provided a parallel model that
uses Sagnac gates supported by semiconductor optical amplifiers (SOA)/terahertz
optical asymetric demultiplexers (TOAD) to add two binary digits. Only two paral-
lelly running TOADs-based switches have been used to design a half-adder. The
author has also designed a comparable model of this circuit by utilizing the ANN.
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This circuit configuration has been verified by using the said ANN model. The advan-
tage of this parallel circuit is that no synchronization is needed for the inputs. An
ANN model was used to analyze this circuit’s performance in detail.

2 Architecture of Switch

Figure 1 depicts the fundamental design of a TOAD-based switch [20-25]. An ampli-
fier component is arranged unevenly in a circle in this illustration. The semicon-
ductor optical amplifier is used for the optical amplifier. The output from both the
transmitting and reflecting modes of this switch have to be used.

The power of the transmitting (POWy,) and reflecting (POWLy ) ports might be
expressed as [20-25]

POW;,(t
POWy, (1) = — " O (GAINwy (1) + GAIN s (1)

— 2\/GAINu (1) - GAINwon (1) - cos(A@)} )

POWin(t)
POWLOW(I) = T . {GAINm(t) + GAINCCw(t)

+2V/GAINg, (1) - GAIN 0, (1) - cos(A(Zi)] 2)

Here, gain in clockwise direction is GAIN,,,(t) and gain in counter clockwise direc-
tion is GAIN,.,(t). Phase difference between these two gains is A} =—p/2 log.
(GAIN,,,(t)/GAIN ¢, (t)). The line-width enhancement factor is f.

Incoming signal enters the circular system via the optical circulator in the absence
of a control (CP). This signal is split into two halves and sent through the loop. One
portion moves in a clockwise manner, while the other moves in the opposite way.
Both signals have the same amount of unsaturated gain. When the two signals meet
again at the input, they achieve the same gain, i.e. GAIN,.,, & GAIN,,,. The phase

Fig. 1 Basic structure of ==
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Fig. 2 The block diagram of Incoming
TOAD signal

Upper channel

SO

Lower channel

Control pulse

difference between them is nearly equal to zero at that point, i.e. AP = 0. Then
the gain in the upper port is nearly equivalent to zero, i.e. POWy,(t) ~ 0. The
gain in the lower port is hence POWy,,,(t) = POW;,(t) - GAIN,,, where GAIN;
is the small signal gain. Information appears to be reflected back to the source.
After applying a CP, when it is fed into the system, it changes the properties of the
SOA. SOA’s popularity is rapidly dwindling. Both signals have different amounts of
unsaturated gain. When the two signals meet again at the input, they achieve different
gains, i.e. GAIN,.,, # GAIN,,,. At that time, the phase difference between them is
roughly equivalent to — 1, i.e. A@ &~ —1. The upper port gain is then almost equal
to POWy,(t), which is not zero. However, the power in the lower port is almost nil,
i.e. POWp,,(t) ~ 0. So the information appears only in the upper port at this point.
Equation (1) can be used to calculate the power at the upper port. Similarly, Eq. (2)
can be used to calculate the value of power at the lower port. At the output ports, a
band pass filter can be employed. The incoming signal will pass through this filter,
but the control signal will be blocked. The block diagram of a TOAD is shown in
Fig. 2.

3 Parallel Half Adder

Half-adder accepts two binary values as inputs, A and B, and provides a sum (S) and
a carry as outputs (Cout). The sum (S) and the carry (Cout) are each one bit. Figure 3
shows a circuit diagram for an optical parallel half adder. Only two TOAD-based
switches, TOAD1 and TOAD?2, are used in this circuit.

By suitably adjusting the wavelength of the input signal through the wavelength
converter, the same input can be used both as a control and an incoming signal in

Fig. 3 Diagram of parallel Input A o T AB » Carry (Cont)
half adder, where A and B: 0 ’
Inputs, BC: Beam combiner, A [AB Sum ()
/: Beam splitter and Sum and Input B D
Cout: Final outputs 1

AB

BT e 0
o
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this circuit. By combining the lower channels of TOAD1 and TOAD2, the Sum (S)
output is obtained, and similarly by combining the upper channels of TOAD1 and
TOAD?2, the Carry (Coy) output is obtained. These are depicted in Fig. 3.

4 Optical Neural Network

When necessary, optical neural networks (ONN) are developed. They have the qual-
ities of high transmission capacity, high interconnection and interior equal handling,
which can speed up the halfway activity of programming and electronic equipment,
even up to the “light speed”, is a promising strategy to supplant counterfeit neural
network. Lattice increase can be done at the speed of light in the photonic structure,
which can really settle the thick grid augmentation in the artificial neural network,
to lessen the utilization of energy and time. In addition, the nonlinearity in ANN can
likewise be acknowledged by nonlinear optical components. When the preparation of
the optical brain network is finished, the whole construction can play out the optical
sign computation without any additional energy input, at the speed of light.

Today, ANN vanquishes the requirements of ordinary techniques. A specific
condition structure isn’t used for setting up an ANN, but satisfactory input and
output data are fundamental. After being trained, an ANN estimates output to new
input data. When configured correctly, an ANN can examine the known data to learn
any straight or nonlinear link. The fundamental step is to set up an ANN calculation
with the aid of input and output data. As shown in Fig. 4, this neural network has
three levels: the first level is the input level, the last level is the output level, and the
intermediate level is the hidden level. This figure is represented by a single TOAD. In
this plan, the input layer comprises of seven neurons, in particular, incoming pulse
(Pin(t)), width of the incoming pulse (1), recovery of gain time of the SOA (z.),
Tisym, the loop eccentricity, CP as (P (t)), control pulse energy (Ep), and width of
control pulse (o) as indicated by the contributions of the framework. The resulting
layer comprises of two neurons in particular, the upper channel (Pypper) and the lower
channel (Pyower). Our dataset has been divided into three parts: the test dataset, the
training dataset, and the validation dataset. For diverse objectives, multiple datasets
are used. The arrangement of the neurons has been contrilled by using the training
dataset.

To minimise error, the network adjusts its own weight capacity. Preparation is
finished while network hypotheses are not outperforming, which is decided by the
validation dataset. With the use of the testing dataset, the network performance both
during and after training is evaluated. In this strategy, the training data use 85% of
the total data collection, testing makes use of 10% of the data collection, and network
validation is assessed using the remaining dataset.

For this method, 18 neurons are used in the hidden layer. Mean Square Error
(MSE) is the common squared deviation between the results and targets. It is better
to make it small. This value is closer to zero. Figure 5 displays the variation of MSE
for training, validation, and testing datasets with many epochs. This figure shows
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Fig. 4 An artificial neural network with a single TOAD has an input level with seven neurons and
an output level with two neurons as its structural components

that the best result occurs at epoch number 22. The valuse of error is 0.099065. The
training must be stoped after the epoch number 22.

The correlation between the results and goals determines the significance of a
direct relapse. Close relationships always have a value between 1 and 0. Figure 6
displays the informative collection’s relapse. As can be observed from the figure, the
error factor is closer to 1, emphasising the close relationship between the input data
and output data.

Connection among information sources and result focuses can be obtained by
ANN in a direct or nonlinear relapse approach. Here, a straight relapse approach is
applied for deciding the connection among the information sources and results. This
ANN configuration acknowledges seven contributions as the incoming pulse (P, (t))
[x1], width of the incoming pulse (tp) [x2], recovery time of gain of SOA (z.) [x3],
Tisym is the loop eccentricity as [x4],control pulse (Pcp(1)) [x5], control pulse energy
(Ecp) [x6], and width of the control pulse (o) [x7] and produce two outputs as the
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Fig. 6 Modeled data, training datasets, validation datasets, testing datasets, and the input dataset
itself were used to fit regression to the input dataset

upper channel (Pypper) [v1] and lower channel (Pyower) [y2]. This capacity is for the
most part eluded as actuation work. The author has endeavored to tackle a straight
relapse issue with an essential direct condition as our enactment work. As far as a
direct capacity, the straight relapse is characterized as

Y= b1+ pixi + pixs + pixs + pixs + psxs + pexe + phxs 3)
y2 = by + pixi + pixa + pixs + pixs + pixs + pexe + pyxs )

where y;” and y,” are the forecast for the result variables y; and y, and x1, x3,...,
x7 are the sources of info, py, pa,..., p7 are the loads and b, and b, indicate the
predisposition terms. With this direct initiation work, the author has accomplished in
general 99.74% precision of this ANN plan. Figure 6 shows the correlation between
unique information with anticipated information and the relapse coefficient. From
the figures (Figs. 5 and 6) it is seen that relapse factor is more like 1 depicting
the power full relationship among the input informational index and demonstrated
informational index in this neural network.
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5 Results and Analysis

The writing guidelines for many research publications were used as the basis for
the parameters used in this paper [5, 6, 15]. The values of several parameters are as
follows: The SOA’s unsaturated enhancer pickup (Gss) is 20 dB and 100 ps as t.
is the pickup recuperation time of SOA. The others parameters are the E¢, as the
exchanging beat vitality of 100 fJ, E, as the immersion vitality of the SOA of 1000
fJ, T, as the bit period of 50 ps, o as the full width at half greatest of the control
beat of 12 ps, and Ty as the unpredictability of the circle of 30 ps. These criteria
were selected such that they must satisfy the operational requirement. Figures 7 and
8, respectively, show the adder circuit’s corresponding input and output waveforms.

To concentrate on the capacity of the circuit, increase in the proper width of the
SOA short sign is observed for which the exchanging power is decreased. Therefore,
the reliance of the turning power on the little sign increase is plotted in Fig. 9. From
this figure it is seen that the power diminishes essentially with the increment of the
little sign addition and arrives at least 100 fJ at 20 dB.

ER is the extinction ratio. To evaluate our plan, considering the ER as [22],

1

PO
=10 x log| ——in 5
0g<P0 ) &)

max

In this Eq. (5), PO' i, stands for the minimum power of the 1-state. Similarly
PO, stands for the maximum power of the O-state. For better output, ER should
ideally be more than 8.50 dB. 1- and O-states can be distinguished from one another
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quite clearly based on the extinction ratio. Functionality of this design is dependent
on CP energy and SOA recovery.

Figure 10 shows how the expansion, recovery, and energy of CP affect the ER.
It is shown that ER grows with increasing CP energy and that ER decreases after a
certain value (100 fJ and 100 ps). High expansion recovery times and CP energy also
reduce ER, as can be observed in Fig. 10. This was protected by obtaining a dynamic
SOA answer. Beat requires more opportunity to recover its fundamental increment
for high expansion recovery times, which reduces ER. With a fixed inundation power,
the submersion energy decreases as the gain recovery time increases. Less energy is
anticipated to flood the SOA as a result, which is the rationale.

The optical bit rate component is a key restriction that affects the circuit display.
Figure 11 shows how gain recovery time and information estimation affect the ER. It
states that a lower ER results from a lower bit estimation and a longer recovery period.
This happens as a result of an improper method; altogether, the SOA needs more in
order to reclaim its advantage and supplies the required fragment adjustment. The ER
demonstrates consistency once a bit and the recovery time cost of gain calculation
has been completed. A specified ER will be reached with less energy and a more
limited bit estimation.
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When information sources are used multiple times, such as when the inputs range
from zero to one or one to one, etc., the results are superimposed to make an eye-
chart [26]. Figure 12 is clearly not a typical eye-outline because the locator and
optical strands provide connection links, such as clamor source, which are not as
enlightening as in the deteriorating effects, which are often observed in the highlight
point. This figure is known as a pseudo-eye-diagram[27].

The general eye opening (O) is characterized O = (P, — P2.)/ Pain. as PO,
and P, are the maximum and minimum powers at the outputs at O-state and 1-state,
respectively. Huge eyes on an eye-graph indicate a transmission that is unambiguous
and has a low piece rate [28]. The value of eye opening (O) is found to be 87.5%.
This value displays a fairly respectable response from the circuit’s output terminals.

6 Summary

The author has designed an optical parallel half adder utilizing only two TOAD-based
switches. The circuit has designed theoretically and verified through numerical simu-
lations. Both the ports, reflected and transmitted, are used to perform the simulation
of the circuit. This circuit gives the desired result at the outputs. The author has also
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designed a comparable model of this circuit by utilizing ANN. This circuit configu-
ration has been confirmed by utilizing ANN. This optical circuit not only increases
the speed of the operation but also produces the desired output in the optical domain.
The most notable advantage of this parallel circuit is that no synchronization is
required for the inputs. This circuit can serve as a fundamental building block for
more complicated circuit designs.
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Design and Modeling of an Infrared M)
Sensor-Based Object Detection Circuit ek
for Computer Vision Applications

Pratik Acharjee, Avirup Majumder, Aritrya Chatterjee,
and Jayabrata Goswami

Abstract Infrared (IR) sensor utilizes the principle of selective light sensing by
distinguishing a particular light wavelength within the entire infrared (IR) spectrum.
Currently, the cutting-edge industries are utilizing infrared sensors in various appli-
cations. In this chapter, the authors have proposed a contemporary demonstration of
Infrared Sensor-based object detection circuit (ODC) by using Multisim software.
The proposed circuit will be useful for various computer vision applications.

1 Introduction

Theoretical analysis of object detection, by utilizing the infrared (IR) spectrum,
has already shown various potential capabilities. The essential deep neural network
for object detection is already over-feat. Object detection combines the tasks of
object classification and localization. An object detector can be defined as a network
separating the task of deciding the placement of objects and classification [1].

An IR device measures and recognizes infrared wavelength in its encompassing
air medium. The infrared radiation from the semiconductor light emitting diode gets
reflected by the object and that reflected IR’s wavelength is sensed by the IR sensor
[2]. Object detection is a crucial task that deals with various kinds of investigation
on the instances of visual objects (such as humans, animals, or cars) in one or more
digital pictures. The target of object detection is to develop procedural models and
techniques. The IR sensing component may be a simple device that transmits IR
radiation, senses the reflected wave and identifies the object from the reflected IR
radiation in order to detect the bound obstacles [3]. Object detection is the process
of finding and classifying a variety of objects on an image. The output of an object
detector may be very complex in nature, since the quantity of the detected objects
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might change from image to image [4]. In order to overcome those drawbacks, the
authors have used the associate degree IR sensing element [5] in their design.

The authors are aiming to modify and improve the model of the IR (infrared)
sensor-based circuit of the existing object detection system for physically challenged
persons, which is a part of computer vision application.

2 Circuit Design and Principle

Figure 1 shows the basic IR sensor-based circuit which was reported in Ref. [6]. The
circuit is capable of detecting a single object at a time. But the major drawback of
this circuit is that it cannot detect multiple-objects simultaneously, which is essential
for the real-world scenario.

The circuit shown in Fig. 1 is implemented and analyzed using Multisim Software.
An infrared sensor is an electronic device which can recognize the degree of the
transmitted infrared radiation in its surrounding environment. As a result, when any
obstacle or a body comes close to the sensor, the infrared light emitted from the circuit
gets reflected by the obstacle or body and that the reflected light is recognized by the
beneficiary IR sensor. Figure 2 shows the modified circuit designed by the authors
using IR sensor, Zener diode, P-N Junction diode. It is capable of detecting multiple
objects simultaneously. This circuit is also simulated by the Multisim software.

Table 1 provides the list of basic components which are used for the circuit
implementation. Therefore, the above mentioned new design model is a very
promising circuit for multiple signal detection circuit analysis for Computer Vision
Applications.
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Fig. 1 IR sensor-based circuit for object detection [6]
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Fig. 2 Infrared sensor-based modified object detection circuit
Table1 List of basic Serial number Parts list Values
components
01 Resistance R1 10k (2W)
02 Resistance R2, RS, 1k2W)
R6, R9
03 Resistance R3 33R(2W)
04 Resistance R4, R8 1MQ2W)
05 Trimmer Cermet R7 10k
06 Resistance R10 22k (2W)
07 Capacitance C1, C4 1 uF
08 Capacitance C2 47 pF
09 Capacitance C3, C5, 100 uF
C6
10 Diode D1 IR LED
11 Diode D2 IR photo-diode
12 Diode D3, D4 1N4148
(75 W/150 mA)
13 Diode D5 LED
14 Diode D6, D7 1 N 4002
15 PNP Transistor Q1 BC 558
(45v/800 mA)
16 Timer IC IC1 NE 555
17 PNP transistor BC 558
18 NPN transistor BC 548
19 Relay SPDT (2A/220v)
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3 Circuit Operation

The circuit uses a yield of IC1 555 IC implied for a prerequisite cycle of 0.8 ms,
with a recurrence of 120 Hz and 300 mA top current. It is utilized to drive the ruddy
intersection rectifier (D1) diode. From the connection, it is clear that the diodes D1
and D2 are in a straight-line and essentially a few centimeters separated on the board.
Hence, the diode D2 gets the infra-red yield from the diode D1. The diode flag that
is connected to the rearranging terminal of the op-amp IC LM358 gets intensified
IR radiation and finally it is recognized by diode D4 and capacitor C4. The forward
voltage developed across diode D4 is compensated by diode D3 and resistances R5
and R6. According to the separation between the infra-red transmitter and receiver, a
relative DC voltage is applied to the modifying input of IC2. According to the yield
of the comparator, the intersection rectifier is either turned ON or OFF. It is often
regularly recognized by the semiconductor device Q1. Thus the hand-off is driven
as per the output of Q1. This circuit is mainly utilized for discovering the fluid level
location or its vicinity. A leading advantage of this circuit is that no physical contact
is required from the distance measurement. Accurate remote distance measurement
is possible.

4 Summary

In this chapter, the authors have presented a modified and improved design of
IR sensor-based object detection circuit by using Multisim software simulation
tools. This system can distinguish the infrared signal for detecting any object in
its proximity and can be very useful for physically challenged people to identify
obstacles.
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Abstract The performance of the traditional cellular network becomes restricted
due to significant increase in the number of mobile users with high data rate appli-
cations. Nowadays, growing number of network connectivity creates a tremendous
spectrum crisis on the usage of cellular licensed band. In this context, the sixth
generation (6G) network system is envisioning the promise of very high data rate
with increased network capacity. However, limitation in the availability of cellular
licensed spectrum limits the performance of existing cellular systems. To increase
the system capacity, a number of attempts have been initiated in the recent past. It
may be noted that the upgradation to a higher generation network system is mainly
concerned about (a) increasing the spectral efficiency by intelligently sharing the
spectrum among the users (e.g., cognitive radio, device-to-device communication) (b)
increasing the available bandwidth by introducing new frequency bands (e.g., unli-
censed band, terahertz frequency, millimetre wave frequency etc.) and (c) increasing
the reuse of the existing bandwidth (e.g., ultra-densification, reconfigurable intel-
ligent surface, interference cancellation etc.). In this work, first we have analysed
different solutions for bandwidth increment comprehensively, and then pointed out
the challenges and opportunities associated with each particular paradigm.
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1 Introduction

Future wireless communications will be driven by technology that promises Internet
of Everything (IoE). It will revolutionize people’s daily life by their rich technolog-
ical features. The sixth-generation cellular system (6G) is expected to be a hetero-
geneous network (HetNet) consisting of different kinds of radio access technologies
such as new radio (NR), long term evolution advanced (LTE-A) and 802.11 wire-
less local area networks (WLAN). In addition, 6G is expected to introduce several
service classes requiring high reliability, low latency and high throughput. Ultra-
dense connectivity, high data rate and low latency remain the basic requirements of 6G
that are further extended to meet the demands of IoE. Such demanding requirements
may include tera-hertz communications, large intelligent surface, orbital angular
momentum (OAM), spectrum sharing using blockchain technology, quantum and
molecular communications [1]. Network capacity becomes restricted due to the
increasing load from the ongoing densification of the different networks. While
roaming across such HetNet, the data rate received by the mobile terminals (MTs)
may fall below the requested rate due to path loss, fading and increased interference.
Such data rate reduction calls for frequent network switching between adjacent cells.
Frequent network switching also has a significant influence on the interference rela-
tionship resulting in a gross degradation of network performance. Coexistence of such
multiple networks calls for an efficient user association mechanism that would not
only mitigates the interference but also helps to attain the desired quality of service
(QoS) through achieving a high data rate. Hence, designing appropriate user associ-
ation remains a praising research challenge in this direction. This requires detailed
consideration of service requirement, network characteristics and communication
technology used.

Since high data rate is the main concern in the forthcoming 6G systems, so far,
there is no unified solution to provide the expected data rate and it is worthy to analyse
the scope of bandwidth increment. We consider the well-known Shannon Capacity
formulae as the starting point of our analysis: B = logy(1 + S/(N + 1)), where
B represents the communication bandwidth, S represents the signal strength and I
represents the interference. It may be noted that the upgradation to a higher generation
network system is mainly concerned about (a) increasing the bandwidth (B) by
intelligently sharing the spectrum among the users (e.g., cognitive radio, device-to-
device communication) (b) increasing the available bandwidth (B) by introducing
new frequency bands (e.g., unlicensed band, terahertz frequency, millimetre wave
frequency etc.) and (c) decreasing the interference (I) by increasing the reuse of
the existing bandwidth (e.g., ultra-densification, reconfigurable intelligent surface,
interference cancellation etc.).

Device-to-Device (D2D) communication helps to coordinate communication
among two nearby devices without taking support from any existing infrastructure
[2]. The main advantages of D2D communications are increased spectrum efficiency,
high proximity gain and reuse gain. As D2D enables short range direct communica-
tion, it has a positive impact on energy efficiency and maintaining QoS [3]. Sharing
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the uplink spectrum resource with the existing cellular network enables the D2D
technology to achieve a higher spectrum efficiency [3, 4]. The potential data rate
of D2D communication can be immensely higher with the help of millimetre-wave
(mm-wave) technology. Therefore, mm-wave enabled D2D technology is an impor-
tant technological feature for future wireless communications. Despite such advan-
tages, mm-wave suffers from the drawback of high propagation loss and path loss
from the obstacles [5, 6]. Hence, there is a continuous need for finding a suitable
D2D user association technique that uses such high data rate enabling technology
while avoiding the drawback of intermediate obstacles. Sharing an uplink spectrum
resource leads spectrum efficiency, however, significant interferences are caused
by simultaneous communications in the same band of a heterogeneous networks.
Therefore, along with an intelligent user association scheme there is also a need for
a suitable interference management policy.

Reconfigurable intelligent surface (RIS) has been introduced to eliminate the
interference in ongoing D2D communications [3]. Using RIS, the interference can
be cancelled with appropriate beamforming. Moreover, RIS can also help to avoid
the loss from intermediate obstacles. To provide high throughput to the users, RIS
has emerged as one of the promising solutions to improve the coverage and data
rate in 6G systems. RIS is a holographic multiple input multiple output surface [3].
In RIS, a massive number of passive radiating elements are stacked to realize a
continuous electromagnetically active surface. In an RIS assisted environment, data
can be communicated to the users in two ways: firstly, through the direct channel
from the serving base station (BS) to the user (namely channel A) and secondly,
through the indirect channel via the RIS (namely channel B). Due to availability of
an additional channel, throughput performance in the RIS assisted environment is
greatly enhanced [7].

It may be noted that although RIS has been envisioned to reduce interference
in D2D communication, it imposes a significant design complexity in the commu-
nication system. It has been shown that interference may become significantly
higher depending on the beamwidth when D2D communication is integrated with
RIS. Therefore, RIS deployment must be taken care with appropriate beamwidth
selection [8].

To satisfy the requested bandwidth, appropriate associations between MTs access
networks are very crucial. The traditional user association problem is known to
be NP-hard [9, 10]. On top of that 6G introduces new challenges. For example, a
user can be associated with the target network via RIS in the presence of dynamic
obstacles even if the direct channel from the serving base station is not available.
Since, the RIS assisted wireless environment involves a lot of stochastic components
including intermittency of channel B, user preference, user mobility and type of
requested service, the user association mechanisms designed so far cannot address the
challenges associated with RIS enabled networks. Hence, designing user association
algorithms in such context is still a challenging problem for the research community.

In this work, our objective is to provide a comprehensive review on different
paradigms of increasing spectral efficiency and then analyse the challenges and
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opportunities associated with each paradigm. Our contributions can be summarized
as follows:

e First, we provide a brief discussion on the existing capacity improving paradigms
such as D2D, millimeter wave communication, unlicensed band communication
and RIS.

e Then we classify the existing approaches to improve spectral efficiency in the
context of forthcoming 6G systems.

e Next, we analyse the advantages and drawbacks associated with each paradigm.

We organize the paper as follows: Sect. 2 describes a brief overview of the existing
paradigms followed by a comprehensive analysis on the existing approaches in
Sect. 3. Section 4 presents the challenges and opportunities associated with each
paradigm. Finally, we conclude the paper in Sect. 5.

2 Brief Overview of Existing Approaches

D2D communications has been evolved as one of the important communication
paradigms under 5G cellular communications. This allows two nearby devices to
communicate directly without taking infrastructure support from the existing cellular
base station (BS) or evolved NodeB. It is a key enabling technology that provides
high speed QoS specific communication with suitable spectrum efficiency. In licensed
band cellular communication, D2D carries opportunistic use of the spectrum band
with the existing cellular communication and the approach is called the underlay
D2D mode [11]. On the other hand, when it uses its reserved band other than the
cellular users it is supposed to operate in the overlay mode. D2D communication
may take place in the unlicensed spectrum without affecting the performance of
the existing Wi-Fi communications [2]. D2D communication contributes high data
rate, feasible spectrum efficiency and low energy consumption to the 5G and B5G
communications.

RIS has been envisioned as a new type of relaying technology for future wireless
communications [8]. RIS is a holographic multiple input multiple output surface
[12]. In RIS, a massive number of passive radiating elements are stacked to realize a
continuous electromagnetically active surface. In an RIS assisted environment, data
can be communicated to the mobile terminal (MT) in two ways: firstly, through the
direct channel from the serving BS to the MT (namely channel A) and secondly,
through the indirect channel via the RIS (namely channel B). Due to the availability
of an additional channel, throughput performance in the RIS assisted environment is
greatly enhanced [7].

Millimeter wave communication has been exploited as one of the spectrum band
solutions for 5G communications [11]. It is a promising solution for high-speed
communications in a short range. In mm wave, a wide range of carrier frequencies
operate over the 3-300 GHz band and include many feasible characteristics like
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higher bandwidth and directional transmissions. Using mm wave the D2D commu-
nications can take place at a very high speed and thereby can achieve a high network
performance.

3 Comprehensive Analysis on Existing Approaches

The performance of the traditional cellular network is limited by the availability of
bandwidth. To increase the system capacity, a number of attempts have been initi-
ated in the recent past. The upgradation to a higher generation network system is
mainly concerned about (a) increasing the spectral efficiency by intelligently sharing
the spectrum among the users (e.g., cognitive radio, D2D) (b) increasing the avail-
able bandwidth by introducing new frequency bands (e.g., unlicensed band, terahertz
frequency, millimetre wave frequency etc.) and (c) increasing the reuse of the existing
bandwidth (e.g., ultra-densification, RIS, interference cancellation etc.). With the
introduction of different access technologies (e.g., OFDMA, BDMA) and various
kinds of user demands, the future generation networks are moving towards hetero-
geneity. In this section, we will provide a brief description of the existing works in
the aforesaid directions as long as the upgradation from 5 to 6G is concerned. The
existing works can be summarized as follows (Table 1).

3.1 Intelligently Sharing the Spectrum

D2D communications is an emerging communication paradigm for B5G systems
where closely located user equipment can directly communicate with each other
without the involvement of any physical infrastructure support. In such communica-
tions, D2D users opportunistically use the cellular spectrum to satisfy their demands.
D2D communication was proposed to increase the service coverage of the existing

Table 1 Summary of the existing works

Main concern Technology used Existing works
Intelligently sharing the spectrum D2D [4,9, 13-17]
Load balancing [18,19]
Introducing new frequency bands Unlicensed band [2, 10, 20]
Millimetre wave frequency [21, 22]
Reuse of existing bandwidth Ultra-densification [23, 24]
RIS [3,25-29]
Interference management [4]
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base stations by sending the data packets over multiple hops [4, 9]. In D2D commu-
nications, two closely located user equipment can directly communicate with each
other without any infrastructure support [9]. Wagqas et al have addressed the mobility
management perspectives in D2D association mechanisms [13]. In Ref. [14], a user
association mechanism has been proposed explicitly considering the delay and power
constraints. In the D2D environment, user association is quite challenging because of
the mobility of the users [9]. In Refs. [4, 15], user association mechanisms have been
proposed to minimize interference and power allocation, respectively. Mukherjee
and Ghosh [16] have proposed a game theoretic approach for the resource allocation
among the 5G D2D users considering the issue of fairness between the legacy 4G
users and 5G users. Ghosal et al. has proposed a near optimal solution for joint power
and channel allocation problem for D2D users [17].

In Ref. [18], Zhou et al. have proposed a load balancing strategy with frequency
partitioning scheme with an objective to maximize the logarithmic sum-rate. Load
balancing in the context of D2D resource allocation from the perspective of orthog-
onal frequency division multiple access (OFDMA) has been addressed by Zhang et al
[19]. In Ref. [13], Wagqas et al have proposed a D2D association considering mobility
perspective [13]. Here, an integrated approach of power control and user association
has been taken with an objective to minimize the overall power consumption [14].
Here, the authors have framed the problem as a mixed linear integer programming
problem. In Ref. [15], Liang et al. have proposed a D2D resource allocation mecha-
nism through spectrum sharing and power allocation for vehicular communications.
A review on resource allocation for D2D communications has been presented by
Jayakumar and Nandankumar [30].

3.2 Introducing New Frequency Bands

The main reason of interference is that D2D users as well as the usual mobile termi-
nals are sharing the same band of frequency among them [3]. So, the D2D associa-
tion ensuring spectrum efficiency is of utmost importance. To alleviate the crisis of
licensed spectrum, several efforts have been initiated to introduce an unlicensed band
in D2D communication [2, 20]. The authors have analysed interference when both
licensed and unlicensed spectrums are used for communication in D2D. Exploiting
the frequency band having a higher frequency (e.g., millimetre wave) is also an option
to improve data rates in the forthcoming wireless systems. In Ref. [22], Liu et al.
have introduced the millimetre wave in D2D communications for enhanced capacity.
However, it is important to note that due to the presence of obstacles, millimetre wave
communication may suffer a high path loss. A detailed survey in this direction can
be found in Ref. [31]. In Ref. [21], Basar et al. have addressed the importance of
designing a new radio interface in order to communicate in 6G systems. User asso-
ciation in the context of 802.11 WLAN which is fully based on an unlicensed band
has been addressed by Tewari and Ghosh [10].
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High propagation and penetration losses from the obstacles are the major perfor-
mance constraints in millimetre wave D2D communications as reported in Ref. [5]. To
address this problem, Ganesan and Ghosh have introduced multiple hops in between
the source and destination to avoid the obstacles [6]. Here, the authors have shown
that introducing multiple hops is a better solution than that of the existing proba-
bilistic models. Dutta et al. have addressed the resource allocation in the context of
arelay-based D2D association [29].

3.3 Reuse of Existing Bandwidth

To improve spectral efficiency, ultra-densification has emerged as a promising solu-
tion. However, due to limited coverage regions of small cells in ultra-dense networks,
frequent handover may occur which results in severe performance degradation [23].
Habbal et al. have proposed a context aware network selection mechanism for the
ultra-dense network scenario [23]. In Ref. [24], an adaptive cell selection method-
ology has been proposed for ultra-dense heterogeneous networks considering load
balancing.

In Ref. [3], Chen et al. have shown how RIS deployment can help to reduce inter-
ference in the heterogeneous network scenario. In Ref. [25], it has been shown that
the reflecting surface of the RIS helps appropriate beamforming optimization leading
to an enhanced data rate and interference cancellation. Zhang et al. have analysed the
impact of phase shift on the obtained datarate [27]. A hybrid beamforming scheme for
multiple users in the RIS deployed environment has been proposed by Di et al. [28].
Mao et al. [32] have addressed the use of an intelligent surface for the purpose of task
offloading and simultaneous resource management. Here, different system param-
eters such as power management, bandwidth allocation and phase beamforming of
the surface have been considered. Cao et al. [12] have addressed the challenges
associated with RIS functioning in the medium access control (MAC) layer. It has
been argued that Al-assisted MAC will result in less complexity in the RIS assisted
environment. Cai et al. [26] proposed a time scale optimization technique for RIS
assisted D2D communications in the underlay mode. It may be noted that the existing
works either have considered the random deployment of the RIS or have assumed
an existing deployment of the RIS.

Millimetre-wave can help to obtain a high data rate but they are obstacles
prone. Dev et al. have shown that deployment of RIS can mitigate interference in
millimetre wave D2D communications [29]. The authors have argued for deployment
of minimum number of RISs. Dev and Ghosh have proposed a resource block alloca-
tion problem for the RIS assisted network environment considering both direct and
indirect channels. In these works, the authors have assumed a random deployment
of the RISs.
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4 Challenges and Opportunities

4.1 User Association in RIS Assisted Environment

In recent past, a number of user association mechanisms have been proposed for 5G
cellular networks. A survey of such mechanisms can be found in Ref. [9]. In Ref. [23],
a context aware user association algorithm has been proposed for HetNets based on
the context-aware analytic hierarchy process. In Ref. [33], a user association mech-
anism has been proposed for 5G networks based on a metric namely the reference
base station efficiency (RBSE). The RBSE metric explicitly considers the cumula-
tive effect of transmitted powers, traffic load and user’s spectral efficiency to select
the target network. In Ref. [34], a user association mechanism has been proposed
for 5G ultra dense networks which can estimate achievable throughput values from
different candidate access networks after handoff execution. However, these existing
user association mechanisms are inefficient in RIS assisted environment as the effect
of indirect channels are not taken care of.

B5G wireless systems are highly complex due to the exponential increase of traffic
demand, service categories, end- user devices and time-sensitive applications. Hence,
an automated network procedure is the need of the hour. Reinforcement learning
(RL), Machine Learning (ML) and Deep Learning (DL) techniques have been proved
to be the promising techniques in various domains such as health care, environmental
modelling [35], automation [36] etc. In B5G also, a lot of application have been
witnessed in the proceeding literature [37, 38]. However, training a supervised ML
model requires labelled data to be generated using some simulated experiments.
Features that are used to train the models are chosen based on domain knowledge.
The DL and RL models are ahead of traditional supervised ML since they try to
identify the high-level features from the training data [37]. It also eliminates the
need to develop a new feature extractor for every problem.

Developing a user association mechanism for RIS assisted B5G systems to ensure
requested throughput and low latency to the end users is a challenging research
concern. The point of interest is to investigate DL-based techniques. Association
mechanisms must explicitly consider the presence of an additional channel via RIS.
Specifically, the major concerns of the investigations are as follows:

e How to capture the effect of RIS assisted B5G network characteristics in the
decision process for network selection?

e Given a set of conflicting objectives (e.g., throughput vs energy consumption),
how do we evaluate the performance of user association algorithms specific to
RIS assisted B5G?

e (Can we minimize the number of networks switching? Can we reduce the control
overhead by serving a group of users via RIS intelligently?
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4.2 Interference Management Using RIS

It is always a challenging research issue to determine the target network for an active
user either for ahomogeneous network [ 10] or for a heterogeneous network [18]. User
association problem in 5G networks has been addressed in Ref. [9]. User association
has been designed by taking care of user mobility in a survey paper described in
Ref. [13]. Network load, throughput and interference relationship are significantly
influenced by the choice of a target network of a user [14, 19].

Spectrum efficiency is significantly influenced by appropriate interference
management in D2D enabled network for 5G and B5G. There can be a potentially
large number of users in future wireless communications that would necessarily
increase the required number of spectrum resources [30]. In D2D communication,
spectrum efficiency is achieved through a direct communication avoiding the need of
a supporting infrastructure. However, the potential benefit of D2D communication
can only be achieved through appropriate interference management.

Deployment of RIS can play a pivotal role for interference management in D2D
enabled network. RIS is a new paradigm for B5G and future wireless communications
which not only alleviate the issue of interference but also can lead to an improved
throughput. RIS is able to control the wireless propagation that results in a higher
system capacity [12, 21]. The basic working principle of the RIS is shown in Fig. 1.

Here, we demonstrate 7x and Rx as the D2D transmitter and receiver, respectively,
and their communication is assisted by RIS (a single RIS). Considering, & as the
channel coefficient from the transmitter to the receiver, and €2 being the phase shift,
the received signal can be represented as (for more than one RIS deployment):

Fig. 1 RIS based Reconfigurable Intelligent Surface
communication
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Y = (i + £ Q) Xi +w (1)
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Note that X; is the transmit data symbol of the user i, w; is the additive white
Gaussian noise at the /th receiver. Considering P as the transmit power, signal to
noise plus interference ratio is given by:
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So, the achievable sum rate of the system is represented as follows:

B=> log,(1+ 2Z). 3)

i=1

As noted, the obtained data rate is motivated by the phase shift. So, in this context
the challenging concerns are as follows:

e To determine an appropriate phase shift to avoid the interference among the
intended signal and the reflective signal.

e How to take care of power optimization in the context of RIS to mitigate the
interference.

e How to select the deployed number of RIS to control the interference. Here,
exhaustive search can result in a high computational cost hence, DL- and ML-
based approach may be followed.

4.3 Millimetre Wave (mm-Wave) Communication

In future wireless communication, mm wave has got significant attention as it is able
to provide a very high data rate to the short-range communicating devices. It oper-
ates at a higher frequency band of up to 300 GHz [11] and thus is able to provide an
extremely high data rate and network capacity. However, mm-wave has high propa-
gation loss which results in major technical challenges in interference management in
mm-wave assisted D2D communication. Furthermore, the mm-wave is prone to high
packet losses due the presence of dynamic obstacles as it has very limited penetra-
tion capability, and thereby restricting the capacity of the communication. Therefore,
significant effort has been initiated to deal with the dynamic obstacle management
in D2D enabled mm wave communications [11].
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5

Summary

Starting from Shannon’s capacity formulae, in this work, an effort has been initiated
to outline the different paradigms for capacity improvement. For each paradigm, we
have listed the different technologies used and the works that have been done so
far. Such a comprehensive analysis serves as a guideline towards developing new
techniques for throughput improvement to the research community.
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Noise Performance of IMPATT Diode )
Oscillator at Different mm-Wave T
Frequencies

S. J. Mukhopadhyay, R. Dhar, and Aritra Acharyya

Abstract The performance of noise of Silicon (Si) DDR (Double Drift Region)
IMPATT (Impact Ionization Avalanche Transit Time) devices at different millimeter-
wave frequencies is studied and presented in this article. The motivation behind this
study is to see how the device operates at high frequencies. The temperature for the
system has been kept constant at 300 K. Double iterative method has been used for the
simulation. The noise measure and the noise spectral density at the desired window
frequencies has been studied, analyzed and presented in this article. The direct depen-
dence of noise on frequency has not been presented in any previous work; however,
the dependence of ionization on frequency has been presented in some articles which
have been described here. The authors here have tried to provide a dependence of
noise performance on the operating frequency based on the given literature and simu-
lated results. Simulated results show that the noise measure improves significantly
with increase in frequency and the device thus proves to be more effective in use at
higher frequencies. Different doping and structural parameters for the Si IMPATTSs
at different operating frequencies have been reported and used in the present work.
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1 Introduction

IMPATTs are high frequency generators and amplifier devices with frequencies
ranging from a few gigahertz to several hundred gigahertz. IMPATTSs have proven
to be the most popular in military, defense, and radar applications, as well as non-
military ones. IMPATTSs have to be mounted on resonators to be used for sustain-
able use; otherwise they cannot be used for very high power applications. In DDR
IMPATTS both the holes and electrons have different individual drift regions which
help in more power handling and more efficient operations. The theory and devel-
opment of SDR and DDR IMPATTSs over the years presented in Refs. [1-5], have
made it possible for the devices to be used for high power RF applications.

Although IMPATTs are very useful devices, their main drawback is that they
are very noisy devices with noise measures ranging between 30 and 60 dB or even
more—a cause for decrease in their efficiency. The main source of noise in these
devices is the avalanching process which includes the collision of electrons in a very
thin avalanche region leading to the generation of Electron—Hole-Pairs or EHPs.
There are a lot of other noises too like the shot noise, Johnson noise, etc., but their
effect is suppressed by the avalanching noise. The avalanching region in IMPATT
devices plays a very important role in determining the noise performance of the
devices [6-8].

In this article, we have presented the noise performance on Si DDR IMPATTs
over a range of different window frequencies at mm-wave. Gummel and Blue [9]
have presented a small signal theory on the avalanche noise of these devices. They
contemplated field-dependent charge carrier ionization rates in their model, which
assumed that electron and hole drift velocity is saturated and independent of the
electric field even at the depletion layer’s boundaries. In their simulation with realistic
diodes they have shown that IMPATT devices can achieve 20-30 dB Noise Measures
using different current densities from 100 to 1000 A/cm?, parasitic resistances of 0
and 1 © and frequencies ranging from 7 to 40 GHz. Hines [10] has on the other
hand presented the large signal noise properties along with the frequency conversion
effects in IMPATT devices for the X-band frequencies. The same motivation has
been used in this article with much higher frequency ranges starting from 94 GHz
to nearly 400 GHz, with a constant parasitic capacitance of 1.5 Q. Frequency up-
conversion at the test frequencies can affect the noise performance of these devices.
Moreover the temperature is kept fixed at 300 K which is one of the idealities that we
have considered here. Moreover, the high noise measures in the devices can affect
the sustainability of the frequency output with considerable amount of power. Thus,
noise performance of these devices at these frequencies is very necessary to study.

Since the noise depends on the ionization of the device at the junction, the way
by which ionizations depend on the frequency of operation is an important aspect to
study. Earlier [11, 12] the authors verified the following relation,
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where W is the width of depletion layer, vy, is the saturation drift velocity of the
electrons and f; is the design frequency.
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2 Simulation Methods

In Ref. [13] the computer simulation of noise characteristics of the IMPATT diodes
has been reported. Along with it in Refs. [14, 15] the small signal noise analysis
and intrinsic noise theories have been reported for IMPATT devices. In Ref. [14] the
IMPATT device used is a SDR or Single Drift Region type while the one that we have
used in our study is a DDR or Double Drift Region type whose structure is shown in
Fig. 1. In this figure, W = Wn 4+ Wp represents the total active region of the diode.
The region denoted by x, represents the avalanching region of the diode. The Jyis
the total current density of the diode and it flows from the N-side to the P-side. Vp
and Vn represent the drift velocities of the holes and electrons, respectively. X is the
center of the diode and it is considered that that the avalanching process starts at that
point. Table 1 depicts the parameters used for the simulation purpose.

In a DDR diode, the regions are structured as p*p-nn*; there are two separate drift
regions for the holes and electrons. An elemental current di, in the avalanche region
over a small region dx is given by,

dic = (apl, +ayl,)dx 2)

where o), , are the hole and electron ionization coefficients and /;, are the average
hole and electron currents. Thus the mean-square of this current can be written as,

Jo=Jptin

Electric Field
—_—

n+ n ; : p pt
End Drift Jp=Jn Drift End
+ Region Region | Region Region |__~
Generation/
Vp Avalanche Region Vn
— l -
-X1 -Xal Xo XAz X2
Xa -
} Wn I Wp :
I w 1

Fig.1 1-D diagram of a Si DDR IMPATT
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Table 1 Structural and doping parameters for Si for different operating frequencies

Operating Wn (um) Wp (um) Np (x Na (x Nn+ (x Np+ (x
frequency 1023/m3) 1023/m3) 1026/m3) 1026/m3)
(GHz)
94 0.32 0.30 1.50 1.55 5.0 2.7
140 0.28 0.245 1.80 2.10 6.2 3.5
220 0.18 0.16 3.95 4.59 7.5 4.7
300 0.132 0.112 6.00 7.32 9.0 5.9
< di? >=2qdi.df =2q(a,l, + a,1,)dxdf 3)

The open-circuit mean-square noise voltage <v>> can be computed by integrating
the mean square current given in (3) against the absolute square of the transfer
impedance, as given by the following relation,

<v'>/df = 261f 1 Zi(x, ) |*(ap I, + o 1)dx “4)
The terminal noise voltage at a particular frequency w is obtained by integrating

the noise electric field over the whole space charge region,

x=W
vi(x, w) = / e,(x, w)dx (®)]

x=0

The transfer impedance is measured by dividing the noise voltage by the noise
current generated due to the noise source,

Z,(r,0) = S (©)
in(x, ®)
Thus by substituting Eq. (6) in Eq. (4), we can finally get the value of <v>>.
The noise measure (My) is given by the following expression,
(va)/d
v o] ™

 4kpT;(—Zg — Rs)’

3 Results and Discussion

The entire simulation has been done in MATLAB environment at different window or
operating frequencies of 94 GHz, 140 GHz, 220 GHz and 300 GHz, respectively, and
the following results have been obtained. The results show that the Noise Measure
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decreases with the frequency which is shown by the following figures. It is noted that
in all the figures the least measure of noise is not perfectly placed at the respective
window frequencies but with a little offset from them. The reason is justified by the
non-ideality of the diodes.

Figure 2 shows the noise measure at a window frequency of 94 GHz and the noise
measure is around 36.36 dB at a frequency of 117 GHz.

Figure 3 shows the noise measure at a window frequency of 140 GHz and the
noise measure is around 19.72 dB at a frequency of 218 GHz.

Figure 4 shows the noise measure at a window frequency of 200 GHz and the
noise measure is around 11.16 dB at a frequency of 270 GHz.

Figure 5 shows the noise measure at a window frequency of 300 GHz and the
noise measure is around 0.64 dB at a frequency of 117 GHz. Thus it can be seen that
with the increase of operating frequencies the noise measure reduces significantly to
less than 1 dB at around 300 GHz, which is shown in the following Fig. 6.

The validation for decrease in noise figure with frequency can be explained by
the works done in Refs. [11, 12]. There it has been shown that as we increase the
operating frequency the depletion width decreases and hence the avalanching process
confines to a very small region. As a result, the collision between the ions decreases
and hence the noise measure reduces significantly. Thus at high frequencies, it can
be concluded that the diode can be used much more efficiently but at even higher
frequencies the depletion width will reduce so much that the ionization will cease to
occur, rendering the diode to be absolutely useless as there will be no production of
power at any frequency.

The values of all the noise measures at different operating frequencies are given
in Table 2.
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Figure 7 shows the noise spectral density over the desired operating frequency
range. The points where the NSD takes the dip in the curve, are the points of desired
frequency. The Noise Measure is then measured taking the values of NSD at those
points.
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Fig. 6 Noise measure versus frequency for progressive atmospheric window frequencies
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Table 2 Wind(.)w freguencies Window frequency (GHz) Noise measure (dB)
and the respective noise
measures 94 36.36

140 19.72

200 11.16

300 0.64

Fig. 7 Noise spectral
density versus frequency for
the whole operating
frequency range

NOISE SPECTRAL DENSITY (VZ-sec)

FREQUENCY (GHz)

Zg is the frequency dependent thing in the relation. The negative resistance is
obtained from the Conductance-Susceptance curve or the G-B curve. The point of
frequency where the lowest conductance is achieved is considered the operating
frequency. The negative resistance is obtained from the inversion of the conductance
value. Hence, the lowest conductance turns into the highest negative resistance at
the desired frequency. Hence the value of the noise measure decreases with increase
in negative resistance. According to the results shown above it can be assumed that
increase in frequency leads to the increase in negative resistance which in turn leads
to the decrease in Noise Measure.

Moreover at higher frequencies, according to Eq. 1, we find that as the operating
frequency increases, the depletion width of the diode decreases, hence the space width
for the noise to generate decreases, thus this also acts as a method of decreasing Noise
Measure at higher frequencies.
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4 Summary

After obtaining all the results we can conclude that operating the IMPATT Diodes
at higher frequencies can help in reduction of the noise measures of the device, thus
effectively improving the noise performance of the device. As discussed above, one
of the reasons for reduction in Noise Measure at higher frequencies is the reduction
of depletion width at high frequencies. The reduction in the depletion region also
leads to the decrease in ionization and thus that may affect the performance of
the device. The power handling capacity of the device reduces due to decrease in
ionization which is not a property for IMPATT Diodes. Thus in order to achieve
optimum performance from the device the trade-off between power and noise must
be considered carefully. Thus to achieve a good balance between power and noise,
the device must be carefully fabricated using proper structural and doping parameters
required for the device to perform at that desired operating frequency.
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Brief Introduction to High Frequency M)
Passive Circuits ezt

Hiranmay Mistri

Abstract Component used in any circuit, as per functionality, can be classified
into two basic categories, passive and active components. Passive component can’t
provide energy to the circuit in the form of voltage or current i.e. provides no power
gain to the circuit. As well as it can’t amplify or process any signal. In low frequency
(considerable up to 3 GHz, parasitic effect and radiation loss increases fatally beyond
that) circuit where the component dimension is very less than operating wave-
length (%), i.e. Lumped parameter circuit, Resistor, Capacitor, Inductor or Conven-
tional PN Junction diode can be the typical example of passive circuit components.
Passive device or component characterized with monotonic I-V curve which must
be within 1st or 3rd (or both) quadrant with always positive differential resistance.
In high frequency where the dimension of '\ is in order of the component dimension,
Distributed parameter concept is applicable. Microwave device is the most suitable
device to operate in this range. The frequency range can be from 3 to 100 GHz or
even more. But at very high frequency dielectric and Ohmic losses became fatal
and manufacturing devices for higher frequency became very demanding. Different
waveguide sections like Attenuator, Terminator, Filter, Coupler and Ferrite devices
are passive microwave components. Whereas, different types of Oscillators, Ampli-
fiers, Mixers, Multipliers and detectors used in microwave frequency are the typical
examples of active devices. Passive device in Microwave frequency range can be
characterized based on several aspects. Transfer characteristics of a passive device
must be linear, continuous wave signal must not get distorted and the S- parameter
of the device have to be independent of power. For a two-port passive device or
component, reflection at both port are identical, i.e. ISy, 12 = 1S,,I?. And most of the
passive components used in microwave circuit are reciprocal except Ferrite isolators
and circulators [1]. In this chapter, we will discuss about different types of passive
circuit components used in microwave frequency range.
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1 Waveguide TEE Junctions

Waveguide junction consists of three or more individual ports and is called a Tee
junction. By connecting a section of waveguide with the main waveguide in series
or parallel, a Tee junction can be formed. Based on structure, Tee junction can be of
three types, such as.

1.1 H-Plane TEE

By connecting another rectangular waveguide section along the thinner side of the
main waveguide, H-plane Tee is formed. The section which is connected to the main
waveguide is called side arm and collinear arm is formed by both ends of the main
waveguide. Here the plane containing the magnetic field of the main waveguide is
parallel to the axis of the side arm; hence it is called H-plane Tee. Collinear arm
contains portl and port2 whereas side arm contains port3 (Figs. 1 and 2).

H-plane Tee is completely symmetric and port3 is perfectly matched. If any input
signal is given at port3, get divided between portl and port2 with equal magnitude
and in phase components i.e. S;3 = S,3, provides both collinear arms having an
absolutely equal length.

Fig. 1 H-plane TEE

H-Plane TEE

Collinear arms

Port1: \ ® port2

Side arm
Port 3

Fig. 2 Ports of H-plane TEE
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1.1.1 S-Matrix of H-Plane TEE

Scattering matrix of a three port device must be a 3 x 3 matrix.
So, scattering matrix can be the form of,

S11 S12 S13
S=| S S22 S 1
S31 832 833
It is a symmetrical device i.e.
Sii = Sii, S21 = Si2, 831 = S13 and Sz = S3 ()

Input power from port3 gets divided into two equal, in-phase parts at portl and
port2. So,

S13 = 823 3)

Port3 is perfectly matched S33 = 0,

From Eq. (1),
Si1 S12 Si3 S11 S12 Si3
S=1 818283 | =| Si2S»n S €]
S31 S32 833 Si383 0

As per unitary property, [S][S*] = [I]

Si Sz Si3 | [ Sh S, Sy 100
SO, SlZ 522 523 ST2 5;2 S;3 = 010 (5)
S13853 0 LSS5 0 001
From Eq. (5),
RI'Cl => [S)P +ISnl*+ S =1 (©6)
R2°C2 => [Spl* + ISnl* +ISx)* =1 7
R3*C3 => [S;31* + [Snl* =1 (8)

But from Eq. (3) S13 = S23

1
SO, S13 = 523 = E (9)
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From Egs. (6), (7) and (9) we have,

1

111> + [S12]* = 3 (10)
1

1S121* + S |* = 3 (11)

Again, from Eq. (5), R1°C3 => SiSf; + 81285, =0
Or, Si1Sf5+ Si2Si5=0  [as, Si3 = Sl (12)

Or, Si5(8S11 + S12) =0 but S5 #0;

Hence, S;; = —Si».

And from Eq. (10) we have, S, = % and S;p = —
Similarly, from Eq. (11) S = %

Finally, the scattering matrix for H-plane Tee can be written as,

1
7

13)

o S5k

|
S\l’— N — =
|
Sl

1.1.2 Applications

(a)

(b)

As Power Divider: Incident signal at port3 get divided into two equal, in-
phase part at port1 and port2. Let’s consider the incident signal at port3 having
amplitude A and power P, then as, Sj3 = S»;3 = %, signal appears at portl and
port2 is % and power is g. So it can act as a power divider. It is to be noted
here that the input signal level at port3 reduced to portl and port2 by a factor
of %2 and in dB scale, it is equivalent to 20log (%) = —3 dB. For that reason,
H-plane TEE is called a 3 dB signal splitter.

As Power Combiner: If the lengths of collinear arms are same, two in-phase
input signals given through portl and port2 get added and appear at port3. So,
H-plane Tee can be used as a signal combiner.

Except that H-plane Tee can be used as a tuner or in duplexer assemblies of radar

ins

tallation operating.

Ilustrative Example 1: A 48 mW signal is fed into one of the collinear arm of
a H-plane Tee. Determine the power that appears at all the ports when ports are
terminated by a perfectly matched load.
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Solution: We know that scattering element, S;; = ;* analogous to voltage ratio and
power, P « v2 5o P o 82 s0 P, = [S][S*I[P;].

Let’s consider input and output power of portl, port2 and port3 are
P;1, Pin, Pz and P,y, Py, Py respectively.

Py S121 5122 5123 Piy
We have, | P, | = S%l S%z 5223 Py
Po3 S§1 53?2 S%.% Pi3

Given that P;; = 48mW, P, = 0, P;3 = 0; and we know that s-matrix of a
H-plane Tee is given as,

1 11
2 T2/
S = —% % % Using all these values we have,
Lo
50
Py 11Ar48
o, |Pa|=|1111|0
Py itofLo

o et ()10 (10 () -
remss (30 (30 () o

1
Py=48. (2> +0- <2> +0-(0) =24mW

So, the power output at portl, port2 and port3 are 12 mW, 12 mW and 24 mW
respectively.

1.2 E-Plane TEE

By connecting another rectangular waveguide along the width of the main waveguide
E-plane TEE can be formed. As the electric field of the main waveguide is parallel
to the axis of the side arm, it is called E-plane TEE (Fig. 3).

Input power at port3 gets divided into two parts and comes out from portl and
port2 with an equal magnitude but one signal is 180° out of phase with others i.e.
S23 = —Si3.
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a b
E-Plane TEE
Port 3
Port 2
Port 1 & Port2
Collinear arms o—L1 1
Fig. 3 E-plane TEE a schematic, b ports
1.2.1 S-Matrix for E-Plane TEE
Scattering matrix for E-plane Tee can be a 3 x 3 matrix.
Si1 812 Si3
S=| 81 S»n Sx»
S31 832 833
As side arm i.e. port3 is perfectly matched S3;3 = 0.
SO, 523 = —513 and S33 =0 (14)

All the three ports are perfectly symmetric, hence S;; = Sj;.
So, 821 = S12, 832 = 3 and 31 = i3 (15)

Using the values from Egs. (14) and (15) the scattering matrix can be modified to

St Sz Sis
S=| S S$» —Si (16)
Si3 =813 0

As per unitary property, [S][S*] = [I]

Su S Si StoSHL Sh 100
So, [ Si2 S =Sz ||Sh S5 =S5 |=[010 (17)
Si3—=Si3 0 St =S 0 001

From matrix multiplication,

Rl x Cl=> [Sy* +|Snl*+ IS =1 (18)
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R2 x C2=> [Sp*+ Sl + IS5/ =1 (19)
R3 x C3=> |Suxl>+1Ss%=1 (20)
1 1
SO, S|3 = ﬁ and S23 = —E (21)
From Egs. (18), (19) and (21) we have,
2 » 1
[S1l” + 1S12]” = 3 (22)
2 1
[Si2l” + 18S2]” = 2 (23)
Again, from Eq. (17), R1 x C3 => §;5]; —S128]3 =0
OI', S11ST3 — 81251“3 =0 (24)
Or, S75(S11— S12) =0 but Sj5 #0;
Hence, S1; = S12, putting this value in Egs. (22) and (23) we have,
1
Si1=81p=>58»= > (25)

Substituting all these values in Eq. (16) we have

Si-

1 1

2 2

1 1 1
S=|2 2 —5

L _1L 9

NI

1.2.2 Applications

(a) AsPower Divider: If input signal of amplitude A and power P is given through
port3 then output at ports1 and 2 having equal amplitude % and power g but
both outputs are 180° out of phase from one another i.e. S»3 = —S3.

(b) As Power Combiner: Conversely, when two input signals of opposite phase
are given through ports1 and 2 it gets added and appears at port3. So, E-plane
Tee can be used as a signal combiner.
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Illustrative Example 2: An E-plane Tee made of waveguide section of 50 €2 charac-
teristics impedance. A signal power of 40 mW is applied to E-arm which is perfectly
matched. Determine the amount of power that is delivered to the load of 75 and 100
2 connected to portl and port2 respectively.

Solution: Clearly both of the collinear arms are not matched properly, so having a
reflection from there. Ideally the 40 mW should be equally distributed to both of the
arms having 20 mW each with opposite phase. But reflection due to load mismatch
some of the power gets reflected.

Zp—2Zo  75-50
Zii+2Zo 75450
Zin—Zo 100 —50

Reflection coefficient at port2, p, = 70, Zo = 100350 =10.33

Reflection coefficient at portl, p; =

Here, ideally received power at portl and port2 should be 20 mW each, but it should
be less practical due to the reflection present there. Actual received power Py and P,
can be calculated as:

P =20[1— p;] =20[1—(0.2)’] =19.2mW
P, =20[1 - p3] =20[1 — (0.33)*] = 17.82mW

Hence power received at portl and port2 is 19.2 mW and 17.82 mW respectively.

1.3 Magic TEE or Hybrid TEE

The structural combination of E-plane TEE and H-plane TEE is called Hybrid TEE
or Magic TEE. It is formed by connecting two side arms along the broad and narrow
side wall of the main waveguide. Two arms of the main waveguide i.e. portl and
port2 called collinear arms. Other two arms are E-arm and H-arm can be considered
as port3 and port4 respectively or vice-versa (Figs. 4 and 5).

Fig. 4 Magic TEE Port 3
Port 2
Collinear
arms E arm
Port 4
H arm
Port 1

Magic TEE
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E-arm (Port 3)

H-arm (Port 4) Port 2

Fig. 5 Illustration of ports of magic TEE

1.3.1 Characteristics of Magic TEE

(i) If two waves with equal amplitude and phase incident on portl and 2 respec-
tively then there will be zero output at port3 and the sum of the two waves will
appear at port4.

(i) If wave incident at port3, it gets equally divided between portl and port2 but
in opposite phase and no power appears at port4 i.e. Sy3 = 0.

(iii) If wave incident at port4 then it gets equally distributed between portl and 2
and both of the parts are in-phase and no power appears at port3 i.e. S34 = 0.

(iv) If signal incident into one of the collinear arms then no output appears at other
collinear arm as E-arm produces a phase delay and H-arm produce a phase
advance to the wave. Hence S>; = S, = 0.

1.3.2 Scattering Matrix of Magic TEE
Scattering matrix for any four port device can be given as

S11 812 813 S14
So1 822 823 So4

S =
S31 832 833 S34
Sa1 Saz Sa3 Saa
For H-plane Tee section S14 = S,4 and for E-plane Tee section Sy3 = —S;3 (26)

From characteristics, we have Sy43 = 0, S34 = 0 and S = S1» = 0. 27
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Magic Tee is a symmetric device, hence S;; = Sj;,

So, S = S12, 831 = S13, Sa1 = S14, S30 = $23, Su2 = S04, Sa3 = S

Port3 and port4 are perfectly matched, hence S33 = 0 and Sy =0
Putting the above values in scattering matrix,

St 0 Si3 Suis
0 S» —S513Su
Sz =83 0 O
Sis Su 0 0

S =

As per unitary property, [S][S*] = [I]

S 0 S Su[S, 0 S oS 1000
s | O Sz —SaSul| 0 S -Shsy|_|0100
| S3=85 0 0 ||S,—=S5 0 0 0010
S Sie 0 0 LSy s, 0 0 0001

From matrix multiplication,

RI*Cl => [Sul®+ [Sis)2 + [Sul? =1
R2'C2 => [Syul? +|Si3/> + 1S1)> = 1

R3*C3 => [S;31* + |S;31* =1

1
SO, S13 = %
RA*C4 => [Sul* + ISl =1
1
SO, S]4 = E

H. Mistri

(28)

(29)

(30)

€1V

(32)

(33)

(34)

(35)

Putting the values of S;3 and Si4 in Eqgs. (32) and (33) we have S;; = 0 and Sx»

=0.
Replacing these values into Eq. (30) we have
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o o0 L L
Jil \? 00 11
0 0 —— —= 1 —
s=| | 1 VRV 0 ()1 11 (36)
-5 0 0 J2l1-100
L L o0 0 11 00
NZENG)

It is to be noted here that port3 can also be considered at H-arm and port4 as

E-arm. In that case, scattering matrix will be different as, Sp4 = —S14 and S»3 = Si3
under that consideration.

1.3.3 Applications

(a)

Impedance Measurement: Microwave source can be connected at port4, null
detector at port3 and two collinear arms can form a bridge which can be used
to measure the impedance.

(b) AsaDuplexer: Duplexer is a circuit where a single antenna is used as transmitter

(©)

and receiver. As both of the collinear arms are mutually isolated, it can be used as
transmitter and receiver. Antenna is connected to E-arm and H-arm is perfectly
matched.

As a Signal Mixer: E-arm is to be connected to an antenna and H-arm is to be
connected to a local oscillator. One of the collinear ports is perfectly matched
and the other collinear port consisting the mixer circuit which gets half of the
total signal and local oscillator power to produce the intermediate frequency
{F).

Ilustrative Example3: If 1 W power is applied to the perfectly matched port3

of

a magic Tee, what will be the power delivered to portl, port2 and port4 if it is

terminated by a reflection of 0.5, 0.6 and 0.8 respectively?

Solution: Here port3 is perfectly matched but all other ports are having reflections,

L1

=0.5, pp =0.6,and p;, = 0.8
We know that if [a] and [b] are the normalized parameter for input and output

voltage then, [b] = [S] [a]

by St 812 813 Suis | [ an

So by | _ | Sa1 S22 523 S || @2
" bs S31 832 833 S || a3
by Sa1 Sa2 Sz Sas | Las

Given that, P; = 1 W, power delivered at port3, P; = %|a3|2 —% ,03a3|2

P_—1| |2——1|b|2 d b3 =
= a an = p3a
3 2 3 ) 3 3 343
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where, p3 =0, s0 P; = %Iagl2 =1Wor, a3z = V2V
Hence, a3 = V2, bi=pra;=05a;;b=prya, =0.6ax; by = psas =0.8ay

00 11
1 _
And s-matrix for magic Tee is, [S] = ﬁ (1) O] 01(1)
11 00
Using these values, we have,

0.5a, 00 1 10[a
0.6a, _L 00 —-11 a
V2 | T 20 1-100]|a
0.8a4 11 00 Las

Or, 0.5a1 = 75 (a3 +as); 0.6a; = 55 (=a3 +ap); V2 = 55 (a1 — a)
And 0.8a, = %(a1 + ).
Solving the above four equations we have a; = 0.928; a, = —1.07; a3 = 0.781;
as = —0.125
1 1
Power delivered at Portl, P; = E|al|2[1 —1pl*] = §|0.928|2[1 —10.51%]
=0.3225W

1 1
Power delivered at Port2, P, = §|a2|2[1 — |l = §|_1'O7|2[1 —10.6/7]
=0.366 W

1 1
Power delivered at Port3, P; = E|a3|2[1 —1pl*] = E|0.781|2[1 —107]
=0.304W

1 1
Power delivered at Port4, Py, = §|a4|2[1 —|pal*] = §|_0'125|2[1 —10.81]
=0.0028 W
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2 Directional Coupler

It is a 4-port passive waveguide device that can couple a small fraction of total
microwave power for measurement. It can measure incident and reflected power and
VSWR values etc. It is a 4-port device where the main waveguide contains portl (i.e.
input port) and port2 (i.e. output port). And secondary auxiliary waveguide contains
port3 (i.e. isolated port) and port4 (i.e. coupled port). Power at the coupled port is
called forward power and the power at the isolated port is called back power. For
bi-directional device, input can be given from port2 and for that case, port3 is coupled
port and port4 is isolated port as shown in Fig. 6.

2.1 Properties of Directional Coupler

(i) All ports are perfectly matched i.e. S1; = S» = S33 = Sy = 0.

(i) When power travels from portl to port2, some portion of it gets coupled to
port4 but no power appears at port3 i.e. S3; = 0.

(iii) For bi-directional coupler, when power travels from port2 to port1, some portion
of it gets coupled at port3 and no power appears at port4 Sy, = 0.

(iv) Generally, same degree of coupling is used between portl to port4 and port2
to port3.

(v) Output from directional couplers are always in phase quadrature.

A directional coupler can be characterized by four parameters,

i. Coupling Factor (C)
ii. Directivity (D)

iii. Isolation (I)

iv. Insertion Loss (IL)

Coupling Factor (C): It is the fraction of input power that is coupled at the coupling
port. If the input power is P; and coupled power is P4 then coupling factor is given
by,

— Y
Port 1 (Input Power) @ = @ Port 2 (Output Power)
PR S
— Y
Port 3 (Back Power) @ @ Port 4 (Forward Power)
— —
(Isolated Port) (Coupled Port)

Fig. 6 Directional coupler
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P
C = 10log Fl dB = —201log(|S4|) dB. (37)
4

Directivity (D): It is the ratio of forward power to the back power of a directional
coupler.

P S
D = 10log — dB = 20log Batl g (38)
P [S31]

Isolation (I): The ratio of incident power to the back power is called isolation.

P
I=10log Fl dB = —201og(|S3|)dB.
3

101og 2L = 1010g| L1 . F4 1010g 2+ 1010g 24 |dB = (C + D)dB
= 0g — = (0] R — — 0g — 09 — o
*P |7 P =P, =P
(39
Insertion Loss (IL): It is the ratio of input power to output power.
Py
IL = 10log 5= —201og(|S211)dB. (40)
2
2.2 S-Matrix of Directional Coupler
Scattering matrix of any 4-port device can be written as,
Sit Si2 Si3 Sia
g | 52152 523 Su 41)

S31 832 833 S34
Sa1 Saz Sa3 Saa

As it is a symmetrical device, S;; = S,
So, So1 = 812, 831 = S13, $30 = 823, Sa1 = Si4, Sa2 = S04, Sa3 = S (42)
All ports are perfectly matched S;; = 0.

So, Si1 =580 =533=384=0. (43)
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Again from property of isolation S3; = S13 = 0 and S = S = 0. 44)
Using Eqgs. (42), (43) and (44), the above s-matrix reduced to

0 S, 0 Sis
S12 0 Sz 0
0 S 0 S
Si2 0 S34 0

As per unitary property, [S][S*] = [I]

0 S, 0 S, 0 855 0 8%, 1000
So. | S12 0 S50 S 0850 | _ {0100 45)

0 Sy 0 S || 0 85 0 8% 0010

Si4 0 S 0 JLSH 0 S5 0 0001

From matrix multiplication,

RI*Cl=> [Spl*+|Sul*=1 (46)
R2*C2 => [Sp|*+[Sul* =1 (47)
R3*C3 => [Su|>+ |Sul’? =1 (48)
RA*C4 => [Sul* 4+ |Sul* =1 (49)

From Eqgs. (46) and (47) S14 = S>3 and from (47) and (48) Si» = S34 (50)

R1 % C3 => 512S;3 + S14S;4 =0
or, S1285; + S2357, =0 [from Eq. (50)]
S1285; + 82381, =0

Multiplied both sides by Si2, [S12/*[S23 + S3] = 0,

Or, S»3 = —853; only possible when Sy3 is purely imaginary. Whereas Si» = S34
used to be real.

Let consider Sj4 = S>3 = jq and Sj, = S34 = p where p is purely real.

The scattering matrix of directional coupler used to be, using these values,
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0 p 0 jg
p 0jg0
0jg 0 p
Jjg 0 p O

2.3 Applications

(a) As Reflectometer: By connecting the power sensor at the coupled port, VSWR
of the antenna system can be measured. Many RF devices need to have minimum
VSWR or protection from excessive VSWR from the circuit.

(b) As Signal Sampler: Coupled port provides a fraction of the power of the
main waveguide. This fraction is called coupling factor. By using this spectrum
analysis, waveform monitoring etc. of any RF system can be done.

(c) As Reference Signal Generator: Signal of the coupled port can be used as a
reference signal to control feedback circuitry.

Ilustrative Example 4: Two identical couplers are used in a waveguide to sample
the incident power of 5 mW and reflected power as 0.16 mW. What will be the value
of VSWR?

Solution: Here reflection coefficient, p = % = O'Si =0.179.

Now, Voltage Standing Wave Ratio (VSWR) = %z = }fg:};g ~ 1.44.
So, VSWR = 1.44.

Ilustrative Example S: Two identical 40 dB directional couplers are used to sample
incident and reflected power in a waveguide. Voltage standing wave ratio is 1.5 and
the output of the coupler sampling incident power is 6 mW. Calculate the value of
the reflected power.

Solution: Here VSWR = }%g =15
Or, 1 + p=1.5-1.5p.
Or,25p=05
Or,p=9%2=02

Now, we know that p = /% = p = \/g

or,p>=% or, £ =004 or, P, =024mW.

So, the reflected power is 0.24 mW.

Ilustrative Example 6: Scattering matrix of a directional is given by

0.03 0.85 0.10 0.03
0.85 0.03 0.03 0.10
0.10 0.03 0.06 0.85
0.03 0.10 0.85 0.03

[S]=
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Calculate Directivity, Coupling factor, Isolation and Insertion loss.

Solution: The port orientation of directional coupler is given by,

@: :@
©) @

0.03 0.85 0.10 0.03 S11 S12 S13 S1a
(S] = 0.85 0.03 0.03 0.10 _ So1 S22 S23 S
0.10 0.03 0.06 0.85 S31 832 833 Saa
0.03 0.10 0.85 0.03 Sa1 Sa2 Saz Sas

Directivity is given by, D = 10 log £ dB = 10 log (ﬁ %) dB =20 log 1Sul 4B,

D =20 log (2%2) =-10.46 dB.

Coupling, C = 10 log P‘ dB =-20 log (] S4;]) dB. = -2010g(0.03) = 30.46 dB.
Isolation, I = 10 log dB = -201og (|531]) =-2010g(0.10) = 20 dB.

Here Isolation, I = 30 dB = 30 46 + (-10.46) = C + D = Coupling + Directivity.
Insertion Loss, IL = 10 log B = —20log (]S21]) dB. =-2010g(0.85) = 1.41 dB.

3 Isolator

It is a passive, non-reciprocal two-port waveguide section that passes signals coming
from one direction but blocks signals coming from other direction or any reflected
signal (Fig. 7). Usually, an isolator is placed after the microwave source to pass the
signal transmitted from the source but blocks any reflected wave to go to the source.
That’s how it isolates the source from other parts of the circuit.

Microwave Source Isolator Load

Fig. 7 Isolator
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ISOLATOR

Port 2 (Output)

Fig. 8 Illustration of the working of an Isolator

Usually, an isolator consists of a waveguide section containing two slots of resis-
tive card at both ends of it. A 45° anti-clockwise twist is used in between and after
the twist a slot of ferrite rod so chosen that it can provide a 45° clockwise turn to the
wave passing through it as illustrated in Fig. 8.

When wave travels from input to output port, resistive card at the input end blocks
horizontally polarized wave and passes vertically polarized wave through it. Then
this vertically polarized wave gets rotated by 45° anti-clockwise by the twist in the
waveguide. Ferrite rod provides 45° further rotation to the wave so that it became
vertically polarized again and gets easily passed through the resistive card at the
output end.

But when wave travels from output side, resistive card at the output end passes
vertically polarized wave but blocks horizontally polarized wave. Ferrite rod which
provides rotation in the same direction to the wave coming from both directions
provides 45° clockwise rotation to it. The twist in the waveguide provides further 45°
clockwise (opposite due to wave coming from reverse side) rotation and ultimately
it became horizontally polarized due to two consecutive turns of 45° each. This
horizontally polarized wave gets blocked by a resistive card at the input side. Hence
no power from output can appear at input side [2].
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3.1 S-Matrix of Isolator

It is a two-port device. S-matrix of a two-port device can be written as,

S 512]
S = (51)
|:S21 S22

As both of the ports are perfectly matched, S;; = 0 and Sy, = 0.
If signal is applied from port2 no power appears at portl, hence S;» = 0.
When signal is applied from portl, total output appears at port2 i.e. Sp; = 1.

So, s-matrix of isolator can be written as, S = |:(l) 81| (52)

3.2 Applications

(a) As Protecting Device: In the process of testing and measurement (T&M) it is
very possible that any undesired reflection from device under test (DUT) can
damage the original circuit. So, the Isolator is employed in between to suppress
that undesired reflection.

Ilustrative Example 7: Determine the scattering matrix of an isolator having inser-
tion loss of 0.5 dB and that provides an isolation of 40 dB. Consider all the ports are
perfectly matched.

Solution: As we know that isolator is a two-port device, the generic form of scattering

matrix will be, [S] = [S“ S”].

S$1 S
Here, it is given that all the ports are perfectly matched, hence S;; = Sy = 0;
Insertion loss is given as 0.5 dB, hence —20 log|$>;| = 0.5

Or, S71 = 0.994.
Again isolation is 40 dB so, —20log|S}2| = 40.
Ol‘, 512 = 0.01.

So, the s-matrix will be, [S] = |: 0 0'01]

0.994 0
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4 Circulator

Circulator is a 3-port or 4-port device which can circulate RF signal in a partic-
ular direction (mainly clockwise but can be anti-clockwise as well). The structure
is a combination of rectangular and circular waveguide and ferrite rod inserted in
between, so that if input is given from portl output can be obtained from port2 only,
similarly if input is given from port2, output is available only at port3 and so on
(Figs. 9 and 10).

Let’s Consider RF signal of the dominant TE;y mode inserted from portl of the
rectangular waveguide section and get converted to TM;; dominant mode when it
approaches circular waveguide section. But the orientation of port3 is completely
out of phase with portl so no output appears at port3. The ferrite rod between port3
and port4 provides 45° clockwise rotations to the signal and so that port4 became
completely out of phase hence no output appears at port4. The RF signal then enters to
rectangular waveguide section at port2 as the dominant TE;y mode. So the complete
output appears at port2 [3].

Similarly, any input applied through port3 does appear at portl as it is completely
out of phase. But after 45° clockwise rotations through the ferrite rod, it appears
at port4 and as port2 is again completely out of phase, no output appears at port2.
Likewise, any input applied through port2 can appear at port3 only (Fig. 11).

Signal Source Device Under

Test (DUT)
}
:,:\t

4-Port circulator

Fig. 9 Circulator

Port 3

Port 4

Fig. 10 Four-port circulator
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Port-3 Circular‘
Taper - /wavegu:de Bodd
. ™, s ) Port-2
. 45°
Port - 1TE
10 /
Ferrite

Internal Structure of 4-port Circulator

Fig. 11 Internal structure of a circulator

4.1 S-Matrix

For any 4-port device S-matrix can be the form of,

S11 812 813 S14
So1 822 823 So4

S = (53)
S31 832 833 S34
Sa1 Saz Sa3 Saa
As all the four ports are perfectly matched, S;; = 0.
SO, S]1 = Szz = S33 = S44 =0. (54)

Again from the property of isolation, Sj4 = S;» = S3 = S43 = 1 and all other
elements are zero. So S-matrix reduce to the form of

0001
1000
5= 0100 (53)

0010
For exactly similar reason S-matrix of a 3-port circulator will be
001
S=1100 (56)
010

Here, S13 = S3; = S3» = 1 and all other elements are zero.
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4.2 Applications

Due to its unique isolation property, circulator can be employed for several important
applications like,

As Duplexer

As Reflection amplifier

In Radar systems

In Amplifier systems

In Antenna transmitting or receiving Systems

Illustrative Example 8: Determine the scattering matrix of a 3-port circulator
having an insertion loss of 0.5 dB, isolation of 40 dB and VSWR 0f 3.

Solution: The generic form of s-matrix of a 3-port device can be written as,

S11 S12 Si3
[S]=| S21 S22 S23
S31 832 S33

For circulator, insertion loss is given by Sp; = S5, = Si3

3

And isolation is given by, S;» = S31 = Sz3.

And reflection coefficient which is related to VSWR is represented by S;; =
S, = Ss3. In this case, all ports are not matched perfectly.

Here, —2010g|S21| = 05, or S21 = 0994, SO, 521 = S32 = S13 = 0.994.

Again, —20log|S2| = 40, or, S1, = 0.01.

SO, S]2 = S3| = 523 =0.01.

Now reflection coefficient, p = S1; = Sy = S33 = % = % =05

SO, S]1 = Szz = S33 =0.5

Putting all these values we have,

0.5 0.01 0.994
[S]=|0.994 0.5 0.01
0.01 0.994 0.5
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5 Gyrator

Gyrator is a passive, 2-port, non-reciprocal, ferrite device which can provide a phase
shift of 180° for RF signal transmission in the forward direction and 0° phase shift
in the reverse direction [4]. It is a linear and lossless device which is very similar
like a transformer but the fundamental difference is, a transformer does not provide
any phase shift i.e. if voltage is at the primary end, induced secondary signal will be
in the form of voltage only. But in the case of gyrator due to 180° phase reversal it
will be in current form. Reverse transmission is very similar for both (Fig. 12).

Gyrator consists of two rectangular waveguide sections in both ends of port1 and
port2, circular waveguide in between which contains ferrite rod to provide 90° F
rotation in counter clockwise direction. There is a twist of 90° between rectangular
waveguide and circular waveguide at portl.

Consider the figure shown below, for wave that propagates from left to right; it
passes the twist and gets rotated by 90° in a counter clockwise direction. Again the
ferrite rod provides another 90° rotation; the total rotation will be 180° at port2.
The wave that propagates from right to left, experiences Faraday rotation of 90° in a
similar manner. But while passing through the twist, it gets another 90° of rotation
in a direction that cancels the Faraday rotation. For that reason, in transmission from
port2 to portl, there is no phase shift (Fig. 13).

Fig. 12 Gyrator
Portl 7 -Phase shift Port2
o— ——0
Gyrator
Fig. 13 Internal structure JBO
Gyrator N
Portl o 2
uﬁernte Ftod__,__, Port2
E
| I S—
~ T T ™
e h

Gyrator
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5.1 S-Matrix

S-matrix of a 2-port device having generic form of,

g |:511 512] (57)
S21 S22

As it is a symmetrical device, S;; = 0;

SO, S]l = Szz =0 (58)
And from property of transmission S>; = —1 and S1, = 0; 59
So, S-matrix for Gyrator is
01
S = 60
] (60)

5.2 Applications

Gyrator can be employed for several applications like,

As an Inductor

As BPF

In Telephony device that is connected to POTS
As parametric equalizer.

6 Rat Race Coupler

Rat race or hybrid ring is a 4-port passive device that is used to combine two in-phase
signals or nullify the signals having path differences. Total circumference of the ring
is 1.5\, where portl, port2 and port3 are 0.5\ apart and the distance between portl
to port4 is 0.75\ (Fig. 14).

When input is applied through portl, it appears as two equal parts one at port2
in clockwise direction and other at port4 in counter clockwise direction. As \/4
path difference corresponds to 90° phase shift, port2 and port4 became in-phase and
output appears there. And no output appears at port3 as it is out of phase.

Similarly, when input signal is applied to port3 it gets equally divided between
port2 and port4 and no output appears at portl. Again if two different signals are
applied to portl half of the sum appears at port2 and another half appears at port4
and the difference appears at port3.
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Fig. 14 Rat race coupler Port3
Port2
Aa
< >
S
«
Na N4
- <
Port1 Port4
< >
3\/4
Rat Race

6.1 S-Matrix

S-matrix of a 4-port device can be written as,

S11 S12 813 S1a
S21 S22 $23 So4
S31 832 833 S34
Sa1 Sa2 S43 Saq

(61)

As it is a symmetrical device, S;; = S,
So, S21 = Si2, S31 = S13, S32 = S23, Sa1 = Si4, Sz = 24, Sa3 = Ssa - (62)

All ports are perfectly matched S;; = 0.
So, Si1 =580 =3_533=584=0. (63)

Using Eqgs. (62) and (63) above s-matrix reduced to

0 Sz 0 Sis
Si2 0 83 0
S 64
0 S5 0 S ©4)
Si4 0 S34 0
Considering input from portl, S>; = —S4; and S3; = 0;

For input from port2, S;, = S3; and Sy = 0;
For input from port3, S>3 = S43 and S13 = 0;
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For input from port4, S34 = —S14 and Sy4 = 0;

For perfect matching from the feed line to the ring, impedance at the port should
be «/LZ times of the impedance of the ring. For example, it can be 75 €2 for ring and
50 €2 for ports and it is imaginary by nature. Combining all these, Eq. (64) can be
reduced as

0 10-1
—jl 1010
) 65
7 0101 (63)
—101 0

6.2 Application

e Combiner of signal
e Splitter of signal.

7 Matched Termination

Itis a two-port passive waveguide section which used to absorb all the incident power
without any reflection or radiation from it. Though it is a two-port waveguide section
port2 is perfectly matched and terminated by characteristics impedance (Fig. 15).

Practical circuit includes a tapered section of waveguide with one end terminated
and a lossy dielectric inside it. Any input from portl is absorbed at port2 due to the
presence of lossy dielectric which formed matched termination (Fig. 16).

Fig. 15 Matched terminator MATCHED TERMINATOR

Port1



Brief Introduction to High Frequency Passive Circuits 137

Fig. 16 Internal structure of
matched terminator

Port1 Port2

Lossy dielectric

Matched Termination

7.1 S-Matrix

As port2 is terminated by characteristics impedance, Z;j, = Z,, and there is no
reflection from port2 as it is perfectly matched. Thus the reflection coefficient is I"
= 511 =0.

7.2 Application

The Matched Termination is used to terminate the waveguide transmission line with
no reflection at all.

8 Attenuator

It is a passive waveguide device that is used to diminish the strength of the signal
without affecting the characteristics impedance (Zy) of the waveguide. If character-
istics impedance is not maintain fixed, there caused impedance discontinuity and
hence undesired reflection. Generally, a resistive material is placed in parallel to the
electric field line, current induce in the resistive material which introduced I?R loss
that introduces attenuation (Fig. 17).

Basically, attenuator is of three types,

e Fixed type attenuator
e Electronically or Mechanically variable type
e Series of fixed step type

A fixed slab of dielectric is placed inside the waveguide to provide a fixed amount
of attenuation, in fixed type attenuator.

Variable attenuator is used to provide fixed or variable attenuation. The depth of
attenuation depends on the insertion depth of the plate containing absorbing material
into the waveguide. The attenuation is maximum when the dielectric slab is inserted
totally into the waveguide. Variable attenuator can be of different types, like.
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Fig. 17 Variable attenuator

Variable Attenuator

e Resistive card type (flap type) attenuator
e Slide vane attenuator
e Rotary vane attenuator

Among these, rotary vane attenuator is the most widely employed attenuator. It
is having two tapered sections of rectangular to circular waveguide along with an
intermediate circular waveguide section which is free to rotate. All the three waveg-
uide section contains thin resistive cards [5]. When dominant TE;y mode enters
from rectangular to circular waveguide, input resistive card allows only perpen-
dicular components to pass. Resistive card inside the circular waveguide is avail-
able to rotate and adjust its orientation as per attenuation required. Inside circular
waveguide TE;; mode have parallel and perpendicular components. Parallel compo-
nent absorbed through resistive card and perpendicular component passes through
it. Output resistive card further attenuates parallel components and perpendicular
components appear at the output. The output power can be controlled by rotating
circular waveguide to change the orientation of the resistive card inside it which can
change the attenuation (Fig. 18).

Resistive cards

l
e K4 .
'MP.& oo, % wg%f%ﬁ@ i
o) dihe) o

Rectangular to Circular Rotating Circular
tapered section waveguide

Fig. 18 Rotary vane
attenuator

Rotary Vane Attenuator
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As the basic property of the attenuator is to maintain characteristics impedance
(Zy) fixed, it does not introduce any reflection to the waveguide, hence no additional
scattering property for it.

8.1 Applications

It provides attenuation to the waveguide where a signal with lower strength is
required.

9 Phase-Shifter

Microwave phase-shifter is a passive device which can alter the phase of oscillation
of electromagnetic wave at the output of the transmission line with respect to the
phase at the input. Microwave phase-shifter can be used as power divider, beam
forming network, phase discriminator and in phase-array antenna. The main differ-
ence between phase-shifter and attenuator is, the phase-shifter alters the phase of
RF signal in a desired manner without doing any change in signal strength, whereas
attenuator changes signal strength without altering the phase of the signal. There are
different types of phase-shifter available in the industry, among them the two most
widely employed phase-shifter are,

e Dielectric Phase-Shifter
e Precision Rotary Phase-Shifter

The working principle of all the phase-shifter is fundamentally similar. If we
consider two arbitrary points having phases ¢; and ¢, and distance L among them.
The phase difference, Ap = (¢ —¢;) =pL = (ZT”)L Where B is phase constant. This
means, by changing the distance between two points, phase alteration is possible.
Alternatively, if the velocity of RF signal can get changed, that is equivalent to the
change in distance travel considering the time as constant. This implies that any
retardation in velocity can have a net effect on the phase of the signal. Applying this
principle different phase-shifter is developed.

9.1 Dielectric Phase-Shifter

Inside a rectangular waveguide a slab of dielectric of thickness ‘t’ and height ‘h’ is
inserted so that ‘h’ is in parallel orientation to the electric field. When the dominant
TE o mode is propagated through the waveguide, due to the presence of dielectric
constant ¢, the effective path length increased and hence velocity of propagation is
reduced. Due to that, ultimately phase of the signal gets delayed [6].



140 H. Mistri

Rotating Section

V/

A
A
A %1

/4 Plate 3J2 Plate /4 Plate

Precision Rotary Phase-shifter

Fig. 19 Precision Rotary Phase-Shifter

9.2 Precision Rotary Phase-Shifter

This is one of the most widely employed phase-shifter, where a particular waveguide
structure, one half-wave plate and two quarter-wave plate are used. Two rectangular to
circular tapered section contains a quarter-wave plate inside it, mounted at 45° angles
with the broad wall of the rectangular waveguide. The rotating circular waveguide
contains half-wave plate at 0° default angle and precision over there (Fig. 19).

Both of the quarter-wave plates provides a phase shift of 90° each and a 180°
phase shift for the half-wave plate. So when the signal of the dominant TE;y mode is
applied to the input end it gets converted to TE|; mode inside the circular waveguide
section and reaches the half-wave plate as a parallel and perpendicular component.
Perpendicular component passes it with a net phase delay of (90° + 180°) = 270°
for quarter-wave and half-wave plate respectively when half-wave plate is in Oth or
default position. Ultimately it passes the quarter-wave with an accumulated phase of
(270° 4+ 90°) = 360°. So there is no phase alteration of the signal. But when the half-
wave plate rotates from Oth position to an angle of 6, the output signal experienced a
total phase delay of 26. So, by rotating the circular waveguide section, i.e. changing
the orientation of half-wave plate, the output phase of the signal can be regulated in
the desired manner.

9.3 Applications

Microwave phase-shifter can be employed in different types of communication
systems, radar systems, microwave measurement systems and in different industrial
operations.
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10 Waveguide Bends and Twists

Sometimes it became necessary to have bends in the waveguide structure to direct
the signal in the desired direction. But any abrupt variation in the size or shape of the
waveguide can cause reflection and hence a loss in efficiency. When such a change
is required, certain conditions must be satisfied to prevent unwanted reflection. In
general, bends can be of four types,

Gradual E-Bend
Gradual H-Bend
Sharp E-Bend
Sharp H-Bend

Gradual E-Bend: It is a gradual bend that distorts the E-field only. The bend grad-
ually follows a radius of curvature where radius r must satisfy the condition of r >
2, to avoid unwanted reflection (Fig. 20).

Gradual H-Bend: It is a gradual bend that distorts H-field only. Radius of curvature
of the bend is greater than twice the wavelength i.e. r > 21, to avoid any unwanted
reflection through it (Fig. 21).

Sharp E-Bend: Two sharp bends of 45° on E-field waveguide placed quarter-wave
(%’) apart so that reflection caused by one sharp bend can be canceled by another,
leaving no net reflection at all (Fig. 22).

Fig. 20 Gradual E-Bend

Gradual E-Bend

Fig. 21 Gradual H-Bend

r>lg

Gradual H-Bend



142 H. Mistri

Fig. 22 Sharp E-Bend

Sharp E-Bend

Sharp E-Bend: Two sharp bends of 45° on H-field waveguide placed quarter-wave
(%) apart so that reflection caused by one sharp bend can be canceled by another,
leaving no net reflection at all (Fig. 23).

Twist: For some particular use, sometimes it is required to rotate the RF signal in
such a way that it can get the desired phase for phase adjustment at load. That can

be achieved by using a twist in the waveguide which is gradual in nature and greater
than 2}, (Fig. 24).

Fig. 23 Sharp H-Bend

-

4,

Sharp H-Bend

Fig. 24 Waveguide twist

Waveguide Twist
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Some special kinds of lossy bends can also be used that consist of wound ribbons
of conducting material like brass with chromium plated inner surface. It is used for
a short section when no other solution is possible.

11 Cavity Resonator

Cavity resonator is a closed metallic structure that encloses electromagnetic energy.
The structure can be hollow or filled with dielectric material. Cavity resonator can be
formed by introducing metallic walls at a distance d apart both ends of a rectangular
or circular waveguide along z direction. The microwave signal bounces back and
forth inside the cavity to form a standing wave. Thus it can act like a Band Pass Filter
(BPF) allowing a particular band of frequency to pass through it and blocking all
other frequencies. Microwave cavity resonator acts as a very low loss resonant device
at its resonance frequency and offers a quality factor as high as 10°. At resonance
stored electrical energy is equal to stored magnetic energy and impedance is purely
real in nature. Here we will discuss about the cavity resonator made of rectangular
i.e. rectangular cavity resonator and of circular waveguide i.e. cylindrical cavity
resonator [7].

11.1 Rectangular Cavity Resonator

Rectangular waveguide closed from both ends by a metallic wall along z direction at
a distance of d (Fig. 15). The transverse component of electric field can be written
as (Fig. 25),

Eu(x, y, 2) = 8(x, y){A+e‘jﬁ + At } (66)

mnZ mnZ

where By = /K2 — K2 = \/KZ - (mT”)z - (%)2 and K=o me (67)

Putting boundary condition E; = 0 for z = 0;
We have, &(x, y){AT + A7} =0;

Or, {A"+A7}=0; so, A*=-A" (68)
Second boundary condition is E; = 0 for z = d;
Or, &(x, y){A+er;nﬂd + A‘eﬁnﬂd} =0;
Or, [A+er:1j;1/3d + A‘eﬁl’sd} =0;
Or, [A+e,;{{5d — A+e${{5d] =0; [using Eq. (67)].
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Fig. 25 Rectangular cavity vA

resonator / X

Rectangular Cavity Resonator

Or, A*[=2j sin(Bmd)] =0 [as % sin(x)].
That implies, Bmnd = p7 where p =0,1,2,3, .......
Or, fn = (69)

From Eq. (67) we have,

pon = K= ()= ()7 o 7= 3 () + ()

mi\2 nm\?2 P2
K= () +(5) + () 70
or mnp \/ a + b + d ( )

Now resonance frequency for different modes can be presented as,

1 mi \2 nm\?2 pm\2
o = 57V () +(5) + () T
T o /w\/ a + b + d D

For dominant mode i.e. TE(;
c mi\2 pr\2

= 5+ () "
101 = o~ P + 7 (72)

Ilustrative Example 9: Determine the lowest resonant frequency of a rectangular
cavity resonator having dimensions 3 cm x 4 cm x 5 cm. Also find the change in
length required to have a resonant frequency of 1.5 times than the earlier one.

Solution: Here given thata =3 cm; b=4 cm;d =5 cm;
Dominant mode is TEo; here.

Resonant frequency, f. = %\/(%)2 + (%)2 + (5)2
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For TE de, £ =S (} 2+ 0 2+ Ly’ 3X1010‘/1+1 0.583 x 10'°
or mode, =— /(= b ) = e «
o1 "= 2V\3 4 5 2 9 " 25

=5.83 x 10°Hz = 5.83GHz

Now for the second part, consider the new length of cavity is d,
New resonant frequency to be f/ = 1.5 x f, = 8.745 GHz.

So, 1/ = 5/ (47 + () + (3) or.8.745 x 100 = 240 [l L
Or,d = 2.08 cm.
Length of the resonator must be reduced by (5.00 — 2.08) = 2.92 cm.

Ilustrative Example 10: Calculate the resonant frequency for TE;;; mode of a
rectangular cavity resonator of dimension 8 cm x 6 cm x 4 cm. What will be the
new resonant frequency if the cavity is filled with a dielectric of ¢, = 2.27

Solution: Here,a=8 cm;b=6 cm;d =4 cm

c [rm\2  /n\2 2 3x10M0 1
Resonant frequency, f, = E\/<E> + (Z) + (S) =—5 67 + 3 + T3

=4.88 GHz

Now, filling the cavity will reduce the resonant frequency of the cavity resonator.

New resonant frequency, f, = \/f—% = i‘/ﬁ GHz = 3.29 GHz.

INlustrative Example 11: A rectangular waveguide cavity resonator filled with
dielectric &, = 2.5 and having a cross section of 5 cm x 4 cm. Find the length
of the cavity resonator required to have the resonant frequency of 3 GHz at dominant
TE;p; mode.

Solution: Given asa =5 cm; b =4 cm and f, = 3 GHz.
We know that f = ﬁ;\/(%)z + (%)2 + (5)2
For TE; mode, f, = 3 GHz = 3 x 10° = &12° 4%

225 d’-
1 _ V25
Or, 25+d -5 -
25 1 1.5
Or,g—}— _E Or,dz—g.
Ordz_lsord 4.08 cm.

So the length of the resonator should be 4.08 cm.

11.2 Cylindrical Cavity Resonator

Itis made of a circular waveguide where both ends are shorted by a metallic wall along
the z-axis at z = 0 and z = d (Fig. 26). At resonant frequency total electrical energy
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stored equals to the total stored magnetic energy. The transverse modes supported
by cavity resonators are the TE and TM modes.
The transverse component of the electric field can be written as,

mnZ mnZ

Eu(x, y, 2) = 8(x, y){A+e*jﬂ + At }

Putting boundary condition E; = 0 for z = 0;
We have, &(x, y){|AT + A~} =0;

Or, {A*+A7}=0; so, AT=-A" (73)

Second boundary condition is E; = 0 for z = d;
Or, 8(x, y){A+e;{fd +Aefd= 0};
or, {A%,}de ¥ A-em"d} —0;

or, {A+e;1L'~"d — A+e;1,"“’d} =0 [using Eq. (72)].
Or, A*[-2j sin(Bmd)] =0 [as e.f*;;-f—* = sin(x)].
That implies, Bund = p7.

Or, Bm = 2.

So, for TE mode By, = % wherep=1,2,3,.......
And for TM mode By, = % wherep=10,1,2,....

Xomn \ >
Now.  fun = K2—< : ) (74)

Dominant mode to be transmitted here is TEy; and TMgo.

The resonant frequency can be given as,

Fig. 26 Cylindrical cavity
resonator

Cylindrical Cavity Resonator
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Table 1 Order Zero X,,, for J,(x): (TM mode)

n m

0 1 2 3 4 5

1 2.405 3.832 5.136 6.380 7.588 8.771

2 5.520 7.016 8.417 9.761 11.065 12.339

3 8.654 10.173 11.620 13.01 14.372

4 11.792 13.324 14.796
Table 2 Order Zero X, for J, (x): (TE mode)

n m

0 1 2 3 4 5

1 3.832 1.841 3.054 4.201 5.317 6.416

2 7.016 5.331 6.706 8.015 9.282 10.520

3 10.173 8.536 9.969 11.346 12.682 13.987

4 13.324 11.706 13.170

£l = %\/<X— g (E)2 for TE mode (75)
P 2w e 0 d
SR
Fomp = ——— + (—) for TE mode (76)
2w /e 0 d

Here the values of X,,,, can be determined from Bessel function values. The following
two tables (Tables 1 and 2) can be used to determine the same for TM as well as TE
mode.

11.3 Applications

As microwave sensors
Microwave oscillator

Amplifier
Wave meter

Band pass filter at microwave frequency.

Ilustrative Example 12: A circular cavity resonator having a diameter of 14 cm
and length of 6 cm. Determine the resonant frequency if the resonator is operating
at TM;, mode.

Solution: The resonant frequency of the circular waveguide can be given as,
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o = —h‘m/ (B o () = () (22

For TMy;2 mode f; = 5~/ (%)2 + (2?”)2 D=14cm; p = % =7 cm

Xo1 = 2.405 for m = 0, n = 1; for TM mode (See table given above)

3x101° [/2.405\%* [27\?
f = 7)) 4 (Z) =5.26GHz
27 7 6

Illustrative Example 13: A circular waveguide cavity resonator has a radius of
5 cm and operating at TM011 mode. Determine the length of the resonator if it has
to resonate at 12 GHz.

Solution: Given that p = 5 cm; f, = 12 GHz.

/ 2
Resonant frequency can be calculated as, f, = 53— (XT> + (%)2.

For TMy;; mode X(; = 2.405 (See table of Bessel function above for TM mode),
andp=1.

So, fo11 = 3x21nolﬂ (2'45&)2 + (%)2 =12 x 10°

O,y ()7 + ()" = 255 = 251

3x1010
or, (2)* = 6.069
Or,d=1.275cm
So the length should be 1.275 cm.

Ilustrative Example 14: A cylindrical waveguide providing the same resonant
frequency for TE as well as TM mode. Comment on the lowest possible mode of
operation.

Solution: We know that the resonant frequency of circular waveguide,

X \2 2
Fonp = %J(%) + (%) for TE mode

where m = 0,1,2,3..; n=1,2,3,.; and p=12.3,..,;
c Xmn 2 pr\2
Jmnp = E\/<T> + (7) for TE mode
where m = 0,1,2,3..; n=1.23,.; and p=0,1,2,3,...;

As per the problem statement f,,,,, = f,

mnp*
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2 2 ' \? 2
Sou 5y (%) + ()7 = 52 (%) + ()"

As the resonator is same, all the parameters like radius (p) and length (d) are same.
So the above condition must be satisfied if and only if X,,, = X/,, and a suitable
value of p is chosen. From the above table of Bessel function, it can be easily observed
that X,,, = X, satisfies under the condition given below.

X10 = X61 = 3832, X12 = X(/)z = 7016, X13 = X(/B = 10173,

and X4 = X, = 13.324 (Please refer table given above).

So the lowest ever value is X9 = X{; = 3.832 and if p = 1 for both of the cases.

Hence the mode of operation is TMo; and TEgy;.

Here p can never be zero for TE mode so TEy;p mode is not possible.

Very similar pattern can be observed for the higher order modes where X, =
X,,,- As per example X1, = X, = 7.016, X3 = X(; = 10.173 and X4 = X, =
13.324 etc.

Problems

1. When input power is divided in the ratio of 2:1 in a T- junction coupler and the
characteristic impedance of the two output lines is 1502 and 75€2, calculate the
impedance of the input line.

2. If asignal of power 32 mW is fed into one of the collinear arm of a H-plane Tee.
Determine the power that appears at all the ports when ports are terminated by
matched load.

3. Design a lossless T-junction signal divider with a 80 2 source impedance to
give a 3:1 power split. Design quarter-wave matching transformers to convert
the impedances of the output lines to 80 2. Determine the magnitude of the
scattering parameters for this circuit, using a 80 €2 characteristic impedance.

4. An E-plane Tee made of waveguide section of 502 characteristics impedance. A
signal power of 20 mW is applied to E-arm which is perfectly matched. Determine
the power delivered to the load of 602 and 752 connected to portl and port2
respectively.

5. If 500 mW power is applied to the perfectly matched port3 of a magic Tee, what
will be the power delivered to portl, port2 and port4 if it is terminated by a
reflection of 0.4, 0.6 and 0.7 respectively?

6. Two couplers with identical natures are used in a waveguide to sample the incident
power of 10 mW and reflected power as 0.20 mW. What will be the value of
VSWR?

7. Two 20 dB identical directional couplers are used to sample incident and reflected
power in a waveguide. Voltage standing wave ratio is 1.5 and the output of the
coupler sampling incident power is 8 mW. Calculate the value of the reflected
power.

8. A directional coupler has the scattering matrix given below. Find the return
loss, coupling factor, directivity, and insertion loss. Assume that all ports are
terminated by matched load.
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0.1£30°  0.9490° 0.18£180° 0.005£90°
0.9490°  0.1£30° 0.0054£90° 0.18£180°
0.18£180° 0.005£90° 0.1£30°  0.9490°
0.005£90° 0.18£180° 0.9490°  0.1£30°

9. A 20dBm power source is connected to the input of a directional coupler having
a coupling factor of 20 dB, a directivity of 35 dB, and an insertion loss of 0.5 dB.
If all ports are matched, find the output powers (in dBm) at the through, coupled,
and isolated ports.

10. Two 40 dB directional couplers with identical properties are used for sampling
incidents and reflected power in a waveguide. The value of VSWR is 7 and
the output of the coupler sampling incident power is 5 mw. Find the reflected
power.

11. Design a single-section coupler with coupled line having a coupling of 19 dB,
a system impedance of 60 €2, and a center frequency of 8 GHz. If the coupler
is to be made in strip line (edge-coupled), with r = 2.2 and b = 0.32 cm, find
the necessary strip widths and separation.

12. A four port directional coupler has a 4:1 power splitting ratio and has a dissipa-
tion loss of 3 dB. The coupler directivity is 40 dB. What fraction of input power
P, will go to port P, (output port) and P; (coupled port)?

13. Design a field displacement isolator in an X-band waveguide to operate at
11 GHz. The ferrite has 4w Ms = 2500 G and r = 13. Ignore ferrite losses.

14. A thin ferrite rod with 47t Ms = 600 G is magnetically biased along its axis. Find
the external bias field strength required to produce a gyro-magnetic resonance
at 2.52 GHz.

15. A lossless circulator having a return loss of 12 dB. Find the value of isolation?
What will be the isolation if the return loss changes to 24 dB?

16. A two-port is known to have the following scattering matrix:

[S] = |: 0.15£0° 0.85£ — 45"]
0.85445°  0.2£0°
Determine if the network is reciprocal and lossless. If port2 is terminated by
matched load, then what is the return loss seen at portl?

17. A circular waveguide, filled with air, has a radius of 3 cm and is acting as a
resonator for TEq; mode at 10 GHz by placing two perfectly conducting plates
at its two ends. Determine the minimum distance between the two end plates.

18. A rectangular cavity resonator has dimensions ofa=5cm,b=2cm, andd =
15 cm. Compute:

a. The resonant frequency of the dominant mode for an air-filled cavity
b. The resonant frequency of the dominant mode for a dielectric-filled cavity
of g, = 2.56



Brief Introduction to High Frequency Passive Circuits 151

19.

20.

21.

22.

23.

24.

Determine the lowest resonant frequency of a rectangular cavity resonator
having dimensions 4 cm x 5 cm x 6 cm. Also find the change in length required
to have a resonant frequency of 1.2 times than earlier one.

Calculate the resonant frequency for TE;;; mode of a rectangular cavity
resonator of dimension 6 cm x 5 cm x 4 cm. What will be the new resonant
frequency if the cavity is filled with a dielectric of &, = 4?

A rectangular waveguide cavity resonator filled with dielectric ¢, = 2.2 and
having a cross section of 4 cm x 3 cm. Find the length of the cavity resonator
required to have the resonant frequency of 3 GHz at dominant TEy; mode.

A circular cavity resonator having diameter of 12 cm and length of 5 cm.
Determine the resonant frequency if the resonator is operating at TMy;, mode.
A circular waveguide cavity resonator has a radius of 6 cm and operating at
TMO11 mode. Determine the length of the resonator if it has to resonate at
10 GHz.

A circular waveguide providing same resonant frequency for TE as well as TM
mode. Comment on all possible modes of operation.
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Impact of Negative Bottom Gate Voltage )
for Improvement of RF/Analog T
Performance in Asymmetric Junctionless

Dual Material Double Gate MOSFET

Arighna Basak, Arpan Deyasi, and Angsuman Sarkar

Abstract Research on double-gate MOSFET has already exhibited several novel
solutions of existing problems like reducing leakage current or short-channel effect.
For both long-channel structure or microscopic devices, the role of the bottom-gate
becomes more critical for making higher ON-to-OFF current ratio, and therefore,
individual-gate architecture becomes more popular than tied-gate architecture owing
to the possibility of individual tuning. Junctionless devices come into the limelight
due to better mobility control than the other DG configurations, and considered
the subject of investigation in the last few years. The current chapter investigates
the effect of negative bottom gate voltage on the analog and RF performances of
Asymmetric Junctionless Dual Material Double Gate (AJDMDG) MOSFET. TCAD
device simulator was used to investigate the effect of negative bottom gate voltage
on analog and RF parameters. The results show that utilizing a low value of the work
function of the bottom gate terminal improved the analog and RF performance.

1 Introduction

Due to the growing use of lower frequency bands, higher frequency utilization has
become mandatory as a result of new innovations in the field of communication.
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As a result of its destructive downscaling capabilities and requirement for high
frequency management competency that spreads up to multiple Giga hertz (GHz)
range, MOSFET devices have been popular in recent years for communication or
wireless applications. However, MOSFET devices face the most significant hurdles
in device manufacturing due to unwanted short channel effects (SCEs) caused by
continual downscaling [1-3]. As a result, new device architectures such as double
gate (DG) MOSFETs, junctionless MOSFETSs [4-8], Surrounding gate MOSFETSs
[9], Dual Material Double Gate MOSFET (DMDG MOSFET), junctionless DMDG
MOSFETs [10, 11], and asymmetric DMDG MOSFET [12] have become necessary
for future device technology to alleviate these undesirable SCEs. AJIDMDG Stack
MOSFET device topology is one of the most successful candidates for suppressing
SCEs among various possibilities.

Major work on long-channel double gate structure is pioneered by Taur [13,
14] and thereafter Ortiz-Conde [15, 16] at the beginning of this decade followed
by several works that were reported on independent-gate structures with hetero-
interfaces [17-19] for investigating surface potential variation. A few modified
computational models are also proposed later for incorporating quantum effect
[20, 21] with the ultrathin structure, and the corresponding transconductance and
differential conductance [22] provide better characteristics.

Moreover, numerous researchers study the analog/RF performance of various
topologies for communication and wireless applications, such as DG MOSFETs
[23, 24], junctionless MOSFETs [25], SRG MOSFETs [26], DMDG MOSFETSs
[27-33], Ultrathin ID-DG FET [34-36], Surrounding gate MOSFETs [37, 38] and
so on. These advanced architectures provide superior gate control as evident through
a comparative analysis with an identical single-gate structure [39, 40].

An explicit analytical model of surface potential, field distribution, threshold roll-
off and drain current for AIDMDG MOSFETs was created in Ref. [28], where the
device structure integrates the benefits of junctionless, DMDG structure, asymmetry
condition and high dielectric material. Because of the asymmetric oxide thickness
and work function of the gate terminal, the AJIDMDG MOSFET has lower SCEs and
better device performance. In addition, the effect of the work function of the bottom
gate on analog and RF characteristics of the AJIDMDG MOSFET, such as intrinsic
gain, fi,x and fr asymmetry was employed to lower intrinsic gain, enhance fr, fiax
and GBW, although investigated. As a result, the influence of negative bottom gate
voltages on analog and RF performance has been explored in this chapter, and the
analog and RF performance of the AJDMDG MOSFET structure has been enhanced
further. As a result, the goal of this chapter is to look at how negative bottom gate
voltages affect the RF and analog performances of the mentioned structure.

2 Device Structure and Simulation Setup

The 2-D construction of the AJDMDG MOSFET is exposed in Fig. 1. For this
structure, in region I and region II, the work functions of the material present in the
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Fig. 1 Structure of
AJDMDG MOSFET [41]

gate terminals are ¢y p = 4.9 eV, oy = 4.5 eV, dmip, = 4.0 eV, respectively. The
concentration of carriers is 3 x 10" cm—3 Moreover, for this structure the value of t
(channel thickness), toxf (effective oxide thickness of top gate), to, (effective oxide
thickness of bottom gate) are 10 nm, 1.1 nm and 2.1 nm, respectively.

TCAD Device Simulator [42] was used for this project. To study carrier transport,
the Fermi—Dirac statistic model and a Drift diffusion were employed in simulation.
The Shockley—Read—Hall (SRH) recombination model was merged with the Auger
recombination model for the carrier recombination model [43]. Numerical solutions
and differential equations were solved using the Newton and Gummel techniques
[44]. For the quantum effect, the quantum density gradient model [45] was utilized.

3 Result and Discussion

The influence of negative values of bottom gate voltages on drain current (Ip) of
AJDMDG MOSFET is shown in Fig. 2. It is depicted from Fig. 2 that I increases
significantly for more negative values of the bottom gate voltage due to rise in carrier
transport efficacy. Furthermore, Fig. 2 distinctly shows that reducing the value of
bottom gate voltages enhances the ON state current, with greater ON current attained
for Vpg = —1.5 V.

Figure 3 depicts the transconductance (g,,) of AJDMDG MOSFET at various
negative Vpo. At a constant Vpg, transconductance is well-defined as
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Fig. 2 Graphical variation
of drain current (Ip) with Vgg
for different negative values
of Vg

Drain Current in [A/um]
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Figure 3 illustrates that a drop in Vg results in a high value of gy,.

Figure 4 depicts the TGF of an AJDMDG MOSFET for various negative Vi,
values. TGF drops at lower values of Vy, as seen in the graph, with a smaller value
of TGF achieved at Vg, = 0.5 V for Vi, = —1.5 V. As a result, TGF improves in
terms of lowering negative Vy, values.

Figure 5 depicts the r,, of an AJDMDG MOSFET for various negative values
of Vy. This device’s gain is evaluated using rout. According to Fig. 5, the value
of rout lowers with negative values of Vyg, indicating an improvement in the device
structure’s driving capabilities. As a result, a lower rout value suggests greater analog

performance.

Fig. 3 Plot of g, with
respect to the value of Vg of
AJDMDG MOSFET for
various negative values of
Vg
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Fig. 4 Plot of TGF with 60 -
respect to the value of Vi, of : e Vpg=-lay
AJDMDG MOSFET for [ T O U SO ..g..—o—\'bg=-l\’ -
various negative values of : : D=V, =05V
Vg 404 - o
: : \'DS =1V
T P L L o gm 10 am

toxf = 1.1 nm

o

Transconductance Generation Factor g,/lp [V'1]

0.6 0.7 0.8 0.9 1.0
Front Gate Voltage Vg in [V]

L
wn

Fig. 5 Plot of 1oy with

respect to the value of Vi, of Brereeds —-—'\'hg': 15V

AJDMDG MOSFET for eV =1V
various negative values of S A =08V
Ve . My mo

"'i\"I)S=l\"
et dies] o= 10
: Hoxf = Linm ...
tyxp = 2.1 nm

Output Resistance rg ¢ in [ohm]
3

; T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0
Front Gate Voltage Vfg in [V]

Figure 6 depicts the intrinsic gain of an AJDMDG MOSEFET for various negative
values of V. The product of g, and roy is clearly characterized as an intrinsic gain.
The value of gain decreases as the negative values Vi, grow, and a lower gain for
Ve = —1.5 V indicates a higher analog performance.

The cut-off frequency (fr), maximum frequency of oscillation (f.x) and gain
bandwidth product (GBW) are significant factors for analyzing RF performance.
The frequency at which the short circuit gain equals one is termed as the cut-off
frequency [9, 41].

8m

fr= 27 (Cgp + Cgs)

@)

where CGD and CGS are capacitance in gate-drain and gate-source regions.
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Figure 7 represents the effect of negative Vi, values on the cut-off frequency of an
AJDMDG MOSFET. Figure 7 shows that at Vi,, = —1.5'V, a higher fr is produced.
As a result, raising the negative values of Vy improves fr, as seen in Fig. 7.

fax 18 characterized as [9, 41]

8m
fmax = (3)
27TCGS\/4(8DS + gm%)(Ri + Rs + R,)

whereas gate resistance (Rg) is 2.6 k€2 for a 20 nm thick molybdenum metal gate, R;
equals 20€2 and Rg equals 160 2.

Figure 8 represents the effect of negative V. values on the fi,,« of an AIDMDG
MOSFET. According to Fig. 8, increasing the negative values of Vy,, causes arise in

fmax, with a larger value of f,,x found for Vg = —1.5 V.
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Maximum frequency of oscillation f

GBWt is characterized as [9, 41]

GBW = — 5" (4)
20 CGD

Figure 9 represents the effect of negative Vi, values on the GBW of an AIDMDG
MOSFET. According to Fig. 9, a greater value of GBW is achieved when Vp, = —
15V

Lower values of Vy,, are required for circuit application reasons as a consequence
of the analog and RF analyses.
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4 Summary

TCAD simulator is used to conduct a simulation investigation of the influence of
negative bottom gate voltages on the analog and RF performance of AIDMDG
MOSFETSs. The simulation findings demonstrate that raising the negative values
of Vg can improve gm, Tou, Emloue and TGF. Furthermore, at Vi, = —1.5 V, the
values of f, fmax and GBW are superior. As a result, a negative bottom gate voltage
is appropriate for improving the analog and RF performance and is employed in
wireless or communication applications.
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of GAA-GNR Tunnel Field-Effect i
Transistor (TFET)
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and J. P. Banerjee

Abstract In this paper, we present a gate all round tunneling field-effect transistor
(GAA TFET) with graphene nanoribbon (GNR) that improves DC and RF perfor-
mance. The GAA TFET with GNR (GAA-GNR TFET) has an ultrathin tunneling
layer on the source side wall and a 5 nm wavelength GNR layer. The analysis of
the GAA-GNR TFET was discussed using computer-aided design (TCAD) simula-
tion technology. Simulations show that the proposed structure provides higher drain
currents (Id), steeper mean threshold oscillations, and also very good RF perfor-
mance. A detailed study of the analog/RF performance parameters includes gate
capacitance, conductance (gp,), gain bandwidth product (GBP), transmission time
(1), and cutoff frequency (fr) of the evaluated device. The TCAD simulation results
show the improved DC and analog/RF performance of the proposed GAA-GNR
TFET compared to the conventional GAA TFET. Single-port GAA-GNR TFET
over 0 V with high ON current density, conductivity (gn), cut-off frequency (fr),
gain bandwidth product (GBP), and low oscillation frequency the maximum (fy,,x) is
38 pA/wm, 7.8 ws/wm, 96 GHz, 19 GHz, and 16.3 THz when Vgs is equal to 1.2 V.
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1 Introduction

The tunnel field effect transistor (TFET) could be a semiconductor used at low power
yet as high frequency applications largely because the typical metal-oxide—semicon-
ductor field impact transistor (MOSFET) approached the thermal limits. The opposite
essential physical limitation of MOSFET is that the short channel effects (SCEs) [1].
The semiconductor nanowire TFET is additionally used as a promising device that
has the wonderful gate controlled and extremely influenced electrical behavior to
beat the issues caused by short channel effects [2—5] afterward device structures like
double-gate (DG), surrounding-gate (SG), gate all around (GAA) and carbon nano
tube (CNT) FinFETs and graphene-nano-ribbon (GNR) transistors are researched for
breakdown the scaling matter of bulk transistors [6—11]. The key performance param-
eters of a TFET is that the drain current (Id), and quicker shift speed (ION/IOFF) that
is expounded to the sub-threshold slope once the junction transistor operates at low
voltage [12] alternative benefits of the TFETSs are lower discharge current and better
on-current than the MOSFET, higher electricity management, and bar of the short
channel effects [13—17]. Thus, the TFETS are gaining quality over MOSFETSs within
the technology nodes [18] many wonderful article and summary are drained the
previous couple of years past, that summarize the TFET [19]. Among these studies,
several papers propose a TFET with associate ultrathin tunnel layer at supply sidewall
that permits band-to-band tunneling (BTBT) perpendicular to the channel direction
(vertical BTBT) [20-27]. It will improve particle yet as sub-threshold swing (SS) with
the assistance of an outsized BTBT junction space and a brief tunnel barrier breadth.
In this work, we have a tendency to investigate device style and analog/RF perfor-
mances of the projected transistors with relevance to many key parameters. First, the
device constructs, yet because the principle of operation, are mentioned in Section
a pair of. Second, simulation results and issues are delineating in Section three.
Finally, Section four attracts conclusions by summarizing the engaging properties of
the SCNW GNR TFET.

2 Device Composition and Operation

The Si GAA-GNR TFET could be a structure with lower targeted P-type channel
between heavily doped supply (p+) and therefore the drain (n+) region. By victimiza-
tion band-to-band tunneling electronic transistor mechanism, GAA-GNR controls
the tunneling between the channel and (source and drain) regions. To realize
correct leads to the simulation, non-local band-to-band (BTB) tunneling model,
current density model, Shockley—Read—Hall (SRH) recombination model, bandgap
narrowing model, and field-dependent quality model have been enclosed for the
projected GAA-GNR TFET model. Figure 1 presents the schematic read of GAA-
GNR TFET. In distinction to traditional GAA-GNR TFET, a layer of GNR with
breadth of 5 nm is incorporated. The intrinsic channel, i.e., tunnel region surrounds
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the standard nanowire structure. All the materials of the supply channel and drain are
Si. SiO, is employed as gate chemical compound. In TCAD simulation, a channel
length (L) is ready by 30 nm to exclude short channel impact. The vital style parame-
ters are summarized in Table 1. The simulation technique needs the supply terminals
to be grounded (VS = 0 V) for the calculation of BTBT generation rate (G) per unit
volume in uniform field of force, K.P. perturbation theory is employed.

The transfer curves are simulated as shown in Fig. 2a (log scale) and Fig. 2b
(linear scale) with 0.7V drain to source voltage for GAA TFET and GAA-GNR
TFET. The drain current density of GAA-GNR TFET and GAA TFET at 1.2 V Vg
are 38 LA/pm and 30.9 pA/pm, respectively.

The drain current is extracted at 7 V Vds. The applied activate gate to supply
voltage Vgs-ON is that the voltage at that the BTBT starts to occur, whereas lateral
BTBT is predominant. As Vgs will increase, vertical BTBT starts to occur, at 0.4 V
Vgs and at last surpasses the lateral BTBT at 2 V Vgs. The drain current of the
projected structure is decoupled into two totally different BTBTs.

Fig. 1 Schematic view of
GAA-GNR TFET with GNR

Table 1 GAA-GNR TFET

. Parameters Value
design parameters used for
TCAD simulation Source doping concentration, p-type (N;) 1020 ¢cm—3
Drain doping concentration, n-type (Ng) 1020 cm—3

Channel doping concentration, p-type (NcH) 104 cm=3

Gate work function 4.05eV
Channel length (L) 30 nm
Gate oxide thickness (tox) 2 nm
Length of tunnel region (Lt) Variable

Thickness of GNR (tGnr) 5 nm
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3 Analog/RF Performance Analysis

In this section, we’ve targeted on the analysis of RF performance parameters during
this discussion, that embody transconductance (gm), gate to empty capacitance
(Cgd), gate to supply capacitance (Cgs), cut-off frequency (fT), gain information
measure product (GBP). The entire parameters area unit is calculated at 1 MHz
tiny signal input frequency. All told oftenest figures of deserves, metric weight unit
plays a key role to boost the RF performance of the device. Transconductance(gm)
is outlined as ability of the device to replicate gate voltage (Vgs) into drain current
(Id). The primary order differentiation of drain current (Id) w.r.t. Vgs is thought as
metric weight unit as mentioned in equation one. The worth of metric weight unit is
set to examine the device speed. The next price of metric weight unit, quicker change
response of device [28].

_dly 0
&m = ans

Figure 3 shows curves for the g variation of the device with individual to Vgs with
totally different Vds voltages as 1 V, 0.7 V, and 0.5 V. For the projected structure,
Id changes greatly with Vgs, whereas drain current maintains a high price, leading
to the next gram. Additionally, it is inferred that gram will increase with the rise of
Vgs till it enters the saturation region. The rise of the BTBT generation rate directly
ends up in a rise in gram. However, it decreases at higher Vgs because of reduced
quality. The gate-gate capacitance is especially composed of 2 capacitances Cgd
and metric system, The parasitic capacitances metric system and Cgd is outlined by
mathematical expression as equations a pair of and three severally [29].
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Equations 2 and 3 play a pivotal role to extract device performance and responsible
for parasitic oscillation at various operating frequencies. Figure 4 shows the gate to
drain (Cyq) and gate to source (Cg) of the device with respect to gate voltage.

Fig. 3 Variation of
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Another necessary device parameter is fr; it’s the utmost frequency at that a given
device works properly with none performance debasement. fr is additionally taken
as associate operative frequency at that contact gain becomes adequate to unity. To
analyze, the foot parameter of the device w.r.t. parasitic capacitances, the relation
between each is given in Eq. 4.

Em
fr 271 (Cygs + Cea) @

Figure 5 shows the dependence of fr on V. It can be inferred that significant
improvement in f7 of the proposed device is due to its larger g,,. It can be clearly
seen from the figure that this rapid increase in g, and an increase in gate capacitance
results in an increase in f7 until Vg reaches 1.2 V. After that a sharp drop in g,, and
an increase in gate capacitance results in a decrease in the f7. The proposed device
achieves a maximum f7 of 103 GHz at 1.4v Vg voltage.

The mathematical expression for GBP is given by equation five. As per the equa-
tion, it’s directly in proportion to gram price and reciprocally proportional to Cgd
price of the device [30,31]. A high price of GBP is needed for superior high-frequency
performance.

Em

GBP =
27‘[ng

®)

Figure 6 shows the analysis of gain bandwidth product (GBP). The proposed
device achieves a maximum GBP of 29.73 GHz at V& equal to 1v. The characteristics
curve of GBP follows the same trends as f 7. Additionally, f . is defined as maximum
oscillation frequency at which power gain is unity. f ., is given by the formula.
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The maximum oscillation frequency variation with respective to Vg is presented
in Fig. 7. The value of fmax is 16THz at V4 = 1 V. Another crucial operational issue
for RF analysis is transit time that is outlined because the time needs to charge carriers
to be shifted from supply to channel, given by equation half-dozen. Consistent with
mathematical equation, transit time is reciprocally proportional to. If the worth will
increase the transit time decreases [32].

1
T =
27 fr

(7

Figure 8 shows the data plots for transit time. From Fig. 6, it can be analyzed that
transit time becomes very less for Vg greater than 0.7 V. The simulation analysis
shows that GAA-GNR TFET seems to be additional appropriate for RF applications.

4 Summary

A new GAA-GNR TFET is proposed and dealing principle is investigated very well
exploiting the second TCAD machine. The projected modification in GAA TFET
improves ON-state current. Alongside these blessings, projected device conjointly
consists of low Cgd and metric system that are causative for improved device control-
lability. Analog/RF parameters like metric system, Cgd, gm, fr, GBP, f,,, and transit
time are analyzed to determine the practicableness of the GAA-GNR TFET for prime
frequency application with low power operation. It is found that the projected device
shows a higher performance for prime frequency parameters.
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On the Generalized Distribution )
Functions in Heavily Doped Nano e
Materials at Terahertz Frequency

P. K. Chakraborty and K. P. Ghatak

Abstract In this chapter, we present a simplified analysis of the generalized distri-
bution function of the carriers in heavily doped materials in the form F(E) =
[1+A+ exp(y)]’1 where A is a constant and the other variables are defined in
the text. The substitution A = 0 and —1 lead to the well-known Fermi—Dirac statis-
tics and Maxwell-Boltzmann distribution, respectively. The substitutions A = 0 and
y = 0 together with A = —4 and y = 0 lead to the well-known Pauli’s exclusion
principle ((1/2)), whereas the substitutions A =i — 1 (i = «/—1) and y = 0
together with A = —3 —i and y = 0 lead to the complex values of the Pauli’s spin in
the tail zone as (1 — i) /2, respectively. Because of the complex Pauli’s spin value,
the electron energy component due to the spin g factor along the direction of the
magnetic field B in heavily doped electronic materials forming band tails in the tail
zone generates the magnitude of the electron energy as 71% g times the cyclotron
resonance energy together with the phase value £ (r/4) in this case. We have also
shown the Bose Einstein statistics in this context. Besides, the cases of terahertz
frequency, heavy doping and intense electric field can be covered by replacing the
value of E under the mentioned conditions.

1 Introduction

The concept of distribution functions of the carriers in different materials and their
nanostructures occupy a singular position in the arena of terahertz frequency, heavy
doping forming band tails and intrinsic intense electric field in nano devices for
not only the characterization of the low dimensional systems under the mentioned
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conditions but also for the study of the transport features in different technologically
important materials [1, 2]. Fermi and Dirac (both independently) formulated the
Fermi-Dirac (FD) statistics for electrons [3, 4] whereas the Bose—Einstein (BE)
statistics appeared in the literature in 1924 for bosons [5] together with the fact that
both of them get simplified into well-known Maxwell-Boltzmann statistics under
certain limiting conditions. The FD statistics is generally applicable for studying the
transport features of low dimensional nano systems of degenerate materials, because
in this case, the band structure prevails [6] and the Fermi energy (Ep) is above the
edge of the conduction band (CB) and within the conduction band. Also, we know by
Pauli’s exclusion principle, the occupational probability of an electron at an energy
state is (1/2) at Er [7]. The simple FD function cannot explain the existence of band
tailing phenomena observed in the case of heavily doped systems at low temperatures
where the quantum effects become prominent. Therefore, some modifications must
be expected in the mathematical form of the well-known FD distribution function.

It might be noted that in the case of disordered materials, the conduction band
penetrates within the Forbidden Band (FB) and the carriers do exist in the tail region.
We know that for a semiconductor with heavily doped conditions, the doping levels
must satisfy the inequality (ap.Ni'/?) > 1, where ap is the Bohr radius and Ni is
the doping concentration of the carriers, and that for “non-degenerately doped case”,
the doping condition should satisfy the inequality [9-11] {(0.02 < [ap.Ni'/?] <
1.0)} [8-12],. As we know the normal FD distribution function cannot explain the
occupational probability of the carriers is the Tail-Zone (TZ), because it is valid
for the Band gap zone (BZ) only. Also, in general, the FB zone is known as the
imaginary band (IB). The TZ lies in the FBZ. Therefore, we might conclude that for
the TZ region, the probability of the distribution of the carriers must be different from
normal FD distribution function. In this chapter, an attempt is made in the theoretical
background to derive the generalized FD and BE in a very simplified manner and we
also note various important conclusions which emerge from it. This new probability
of distribution in the TZ region, is termed as “Extended and Modified distribution
functions. The sections three and four contain the result and discussions and the
conclusion, respectively.

2 Theoretical Background

Let us assume that the probability of occupation of the energy level E by an electron
is F(E). Let us also assume that there are two initial energy levels namely E; and
E, together with two final energy levels E3 and E,4 respectively as show in Fig. 1.
The probability of forward transmission of an electron in the initial energy level
E, to the final energy level E5 and an electron in the initial energy level E> to the
final energy level E,4is proportional to F(E)[1 — F(E3)]F(E)[l — F(EJ)).
Similarly the probability of reverse transmission is similarly proportional to

F(E3)[1 — F(EDIF(Ed)[1 — F(E)]
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Fig. 1 Energy levels

The application of the principle of detailed balance of Einstein leads to the result

F(ED[1 = F(Ey)][F(E)l = F(Es)] = F(E3)[1 — F(E)]F(Es)[1 - F(Ey)]
@)

Dividing both sides by [F(E|)F(E;)F(E3)F(E4)] and assuming
[F(E))F(E2)F(E3)F(E4)] # 0 we get

[ L _1][ L _1}=[ L _1}[ L _1} @
F(Ey) F(E,) F(E3) F(EY)

Energy conservation rule gives us

E1+EQ=E3 +E4 (3)

Let us assume

At E—Ey @)
F(E) P\ 707

where A is a constant, kp is the Boltzmann constant and T is the temperature. Using
(2), (3) and (4) we get

E| —E E,—E E3—E Es—E
B B B B

®)

From (5) we can write

E, E\]" E, £\
eXp kB_T +exp kB_T = | EXp kB_T +CXp kB_T (6)
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If (6) is satisfied by (4) then the F (E) as given by (4) is a solution. Now for heavily
doped nano-materials which are being discussed in this chapter is a low temperature
phenomena i.e. T — 0 and under this condition, (6) is being satisfied by (4).

Thus the modified Fermi—Dirac function can be written from (4) as

F(E)=[1+A+exp(y)]” 7
where, y = ((E — Ef)/(kgT))

The conclusions from (7) are written below:

1. When A = 0, we get the ordinary Fermi—Dirac function from (7) as
_ — -1
F(E) = [1+exp((E — Ep)/(kgT))] 3)

2. When A = —1, from (7) we can write that the F(E) = C exp(—E /kpT), where
C = exp(Efr/kpT) which is the well-known Maxwell-Boltzmann distribution.

3. The substitutions A = 0and E = Ef together with A = —4 and E =Erin(7)
generate the well-known Pauli’s exclusion principle as (£1/2).

4. ForA=i—1({ =+/—1)and E = Ey together with A = =3 +i and E = Ey
in (7) lead to a complex value of the Pauli’s spin in the tail zone as 1/2(£1 F i)
respectively.

5. The substitution A = 14 Byi (where By is a real constant) leads to the modified
and extended complex Fermi—Dirac function as

F.(E) = [1+ Boi +exp(y)] " 9)
From (9) we can write
Re[F(E)] = [1 +exp(»)][BZ + (1 +expy)?] (10)
and
Im{F(E)] = —Bo[ B3 + (1 + expy)*] (11)

Few important points can also be noted in this context:

1. We know the concept of “spin g-factor” is very important for semiconductors;
while studying the electron energy (Es) in the presence of a magnetic field B,
applied to a semiconductor along z axis which in this case assumes the form

Es = £(g/2)[hws] (12)
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where huwp is the cyclotron resonance frequency of electron in this case.

The (12), exhibits the fact that it has only magnitude but no phase value.

The electron energy in the presence of the complex spin value +(1/2)(1 — i) in
the tail zone can be written as

E¢ = £(g/2)(1 — i)[hwg] (13)

From (13), we observe that the electron energy (E) as the presence of a magnetic
field, has both magnitude and phase value,
Thus the magnitude is given by

[Bs| = Shos(v2) = 0707 Sho. | ~ 1% of (gheon) (14)

and the phase value can be written as

¢
¢px = tan”! {—M} = :i:Z (15)

{£5hws} 4

In the conventional case, Pauli’s value is 50% and the phase value ¢, = 0°. When
an electron rotates in its orbit around the nucleus, the average electron energy is
about 71% of its maximum value. The phase value ¢gx in this case is +=(;r/4).

For Boson, Pauli’s exclusion principle is not obeyed. Replacing (—1) in (2) and
(4) by (+1) we get

[ 1_ +1][ 1_ +1}:[ 1_ +1}[ 1_ +1] (16)
F(E1) F(E2) F(E3) F(E4)

L 1-a+ E—Ey (17)
e = €X
F(E) P\ Tt

Following the method as given above we note that the (17) is a solution of Eq. (16).
Substituting A = 0, we note that

— —1
F(E) = |:exp(Ek_BfF> — 1} (18)

which is the well-known BE statistics.
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3 Result and Discussions

The Figs. 2, 3 and 4 exhibit the ordinary Fermi—Dirac function, real and imaginary
parts of the extended Fermi—Dirac functions as given by (8), (10) and (11), respec-
tively, where for Figs. 3 and 4 we have taken By = 1 for the purpose of numerical
computations. The graphs (3) and (4) are new and should be used in dealing with all
types of carrier properties in the tail zone of the HD quantum material.

In this chapter, we have derived the modified and extended form of (FD) distribu-
tion function for the carriers in the Tail-zone (TZ) region, while the carriers penetrate
with is the (FB zone) in the form of tails.

These carriers are free carriers and posses finite effective masses. The transport
properties of these carriers are not the same as those of the carriers in the normal semi-
conductors bands [2]. In this chapter, we have derived the modified FD distribution
function as given by Eq. (7) which is valid for carriers in the tail-zone (TZ).

The validity of the generalized Eq. (7) for which we have given a very simplified
derivation can easily be assessed from five special cases as given above where the
first three lead to the well-known results and the last two generate new concepts.

[1/(1+e”)]

Fig. 2 Plot of the normal Fermi—Dirac probability distribution factor (Eq. 8) as a function of y
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o 1 2 3 4 5 6
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Fig. 3 Plot of the real part of the extended and modified Fermi-Dirac probability distribution factor
as given by Eq. (10) as a function of y
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Fig. 4 Plotof the imaginary part of the extended and modified Fermi—Dirac probability distribution
factor as given by Eq. (11) as a function of y
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4 Summary

In this chapter, we present a simplified analysis of the generalized distribution func-
tion of the carriers in nano materials in the form F(E) = [1 + A + exp(y)]~!
The substitution A = 0 and —1 lead to the well-known FD function and Maxwell—
Boltzmann distribution, respectively. The substitutions A = 0 and y = 0 together

with A = —4 and y = 0 lead to the well-known Pauli’s exclusion principle
(£(1/2)), whereas the substitutions A =i — 1 (i = +/—1) and y = 0 together
with A = —3 — i and y = 0 lead to the complex values of the Pauli’s spin in the

tail zone as (1 — i)/2, respectively. Because of the complex Pauli’s spin value,
the electron energy component due to the spin g factor along the direction of the
magnetic field B in heavily doped electronic nano materials forming band tails in the
tail zone generates the magnitude of the electron energy as 71% g times the cyclotron
resonance energy together with the phase value £(7r/4) in this case. We have also
shown the Bose—Einstein statistics in this context.
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Influence of THz Frequency on the Gate )
Capacitance in 2D QWFETSs ek

N. Debbarma, S. Debbarma, J. Pal, and K. P. Ghatak

Abstract Here we study C, in the presence of THz frequency in 2D QW MOSFET’s
of III-V and opto-electronic materials on the basis of newly formulated 2D electron
statistics. It is found taking quantum-well field effect transistors (QWFETSs) of InAs,
InSb, Hg;_xCd, Te and Ga;_,Al, as C, increasingly oscillates with changing V, and
d,.with different numerical magnitudes.

1 Introduction

In recent years there has been considerable interest in studying the C, in 2D
MOSFETsSs under various external constraints [1-10]. In this chapter, we study the
same in 2D QWMOSFETSs made of the compounds as stated in the abstract. Section 2
contains the mathematical basis and the Sect. 3 explores the results and discussions
in this context.
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2 Mathematical Basis

The 2D electron statistics assumes the form

f2q = Ci[Bo(Eo. M) — H,.] (1)
f2g = Ci[wo(Eo, A) — H,,_ | 2)
f2g = Ci[po(Eo.2) — Hp| 3)

_ _ 2
where C; = (%) ZZ;‘“j , Ey is the Fermi energy, H,, = ("d—”) (%) and the
other notations are defined in [6].

Using Egs. (1)—(3) we can formulate and study C,.

3 Result and Discussions

We have plotted normalized C, versus V, and d_, respectively, as shown in Figs. 1,
2,3and 4,5, 6,7, and 8 and we briefly note the following:
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Fig. 1 C, versus V, for the indicated compounds under the given constraints of band models
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1. From Figs. 1, 2, 3 and 4 we observe that C, increases with increasing V, in an
oscillatory way for all types of band models.
2. FromFigs. 4,5, 6,7 and 8 we note that C,, increases with increasing d; in different
oscillatory manners.
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An Alternative Scheme of Quantum M)
Optical Superfast Tristate CNOT Gate o
Using Frequency Encoding Principle

of Light with Semiconductor Optical

Amplifier

Snigdha Hazra and Sourangshu Mukhopadhyay

Abstract Photon is established as a strong and promising candidate in all-optical
signal processing and superfast computing. Again, it is found that photon has a
successful approach to be used as a quantum mechanical particle. For this reason,
it is used as a carrier of information in optical systems instead of electrons in elec-
tronic systems. All-optical quantum systems can provide very high speed, secured
and noise free communication and computation. Over the last few decades, several
all-optical logic processors, algebraic processors, logic gates and their integrated
systems are developed by many researchers. All-optical quantum logic gates with
qubit data are the basic building block of an optical quantum computer. In quantum
computation, qubits or quantum bits are the quantum analogue of classical boolean
bits and are used to store information. Several popular encoding techniques (like
phase encoding, frequency encoding, intensity encoding, polarization encoding etc.)
are used to develop the qubits. Here, in this paper, the gate matrix for quantum optical
tristate CNOT logic gate is developed for the first time with a frequency encoding
technique. Quantum optical CNOT gate is one of the most important logic gates in
the logic family that is extensively used for performing information processing task
in optical systems. Tristate-based optical logic operations are proved to increase the
data handling capacity. Also, the speed of different types of optical logic operations
can be increased with tristate-based optical logic systems. Introduction of contradic-
tion state is another advantage of tristate logic systems. Frequency encoding principle
is the best way to encode tristate, quaternary state and multivalued logic states. In the
article, the authors have developed a proper truth table and gate matrix of frequency
encoded tristate CNOT gate. The all-optical scheme for tristate CNOT gate can be
implemented with semiconductor optical amplifier (SOA)-based optical switches.
At the same time advantages of quantum optical operations are exploited.
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1 Introduction

All-optical signal processing has received great attention from scientists and techni-
cians as it can overcome speed limitation problems encountered in electronic systems
[1, 2]. Optical digital systems have several advantages over electronics and electrical
counterparts. Here, the photon is used as the carrier of data instead of the electron
found in electronic systems. Due to strong inherent parallelism and superfast speed of
operation, photons can be used for very high-speed data processing, data handling,
image processing in optical computing systems [3, 4]. Again, being a chargeless
particle, photons cannot interact with other charged particles or even among them-
selves, so cross-talk related problems can also be avoided in optical systems [5].
In electrical systems, one can work with binary logic only, but in optical systems
one can use the coding of binary, ternary, quaternary or multi-valued data with the
optical signal [6]. Different physical properties of light like frequency, intensity,
phase, polarization etc. are used to encode the bits of data. Some important encoding
processes are frequency encoding, intensity encoding, phase encoding, polarization
encoding, hybrid encoding etc. In intensity encoding, the presence of light is consid-
ered as ‘1’ state and the absence of light is considered as ‘O’ state. In the phase
encoding technique, one specific phase of light is encoded as ‘1’ state and another
specific phase is encoded as ‘0’ state, whereas in polarization encoding, two orthog-
onal sates of light are used to encode ‘1’ and ‘0’ states. In frequency encoding, two
different frequencies of light are used to encode ‘1’ state and ‘0’ state, respectively.
For long distance communication, the intensity of light may dropdown, phase may
change and the state of polarization may alter due to reflection, refraction, scattering,
absorption etc. so that ‘1’ state may wrongly appear as ‘0’ state which leads to the
bit error problem [5-7]. In general, frequency is the fundamental property of a light
signal which undergoes no change during reflection, refraction, scattering, absorp-
tion etc. in case of signal transmission. So, bit error rate can be reduced by using
the frequency encoding technique [7, 8]. For this reason, it is the most reliable and
useful encoding technique. Various types of all-optical logic systems were developed
in the past few years using different encoding processes [9—12]. Again, the semicon-
ductor optical amplifier (SOA) is considered as a promising switch for all-optical
logic operations because of its small size, high gain, large bandwidth, small power
requirement and flexibility for integration in the optical network [13, 14]. Over the
last few decades, several works have been done using the semiconductor optical
amplifier-based optical switches [1, 3-8, 15-20]. Here, in this article, an all-optical
approach for realization of frequency encoded tristate CNOT logic gate is proposed.
To implement such systems, semiconductor optical amplifier (SOA)-based optical
switches like add/drop multiplexers, frequency converters etc. will be used. Since the
proposed system is all-optical in nature, factors such as superfast speed of operation
(at least THz), high degree of parallelism, less noise, no cross-talk, high bit rate, low
bit error rate, very high signal to noise ratio etc. can be achieved with this system.
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2 Usefulness of the Applications of Tristate Logic

In binary logic, there are two states of information, ‘0’ and ‘1°. It restricts large data
handling capacity and limits the speed of different optical logic operations. In tristate
logic, there are three states of information. If ‘0’ state is considered as ‘no’ and ‘1’
state is considered as ‘yes’, then there must be a state that is neither ‘yes’ nor ‘no’.
This state is known as the state of contradiction and it is denoted by ‘1°. Tristate logic
operations can increase the data handling capacity [21]. Also, the speed of operations
can be enhanced with tristate logic [22]. Frequency encoding principle is the best
way to encode tristate, quaternary state, decimal, hexadecimal and multivalued logic
state. In the proposed scheme, ‘0’ state is encoded by frequency v;, ‘1’ state by v,
and ‘1 state by vs.

3 Semiconductor Optical Amplifier (SOA) as an Optical
Switch

Semiconductor optical amplifier (SOA) is an important optoelectronic device which
can amplify an input light signal by stimulated emission without optical pumping
and it is massively used nowadays due to its small size, high gain, large bandwidth,
low power consumption, high stability, fast switching speed (order of nanoseconds),
flexibility for integration in photonic integrated circuits and ability to achieve a
high extinction ratio [23]. The device shows different types of nonlinear effects
such as cross gain modulation (XGM), cross phase modulation (XPM), self-phase
modulation (SPM), four-wave mixing (FWM) etc. and for this the device is suit-
able for optical switching, all-optical signal processing, wavelength conversion and
amplification.

3.1 Wavelength Conversion by SOA

Wavelength conversion refers to transfer of information at one wavelength to another
signal at different wavelength. The basic principle of wavelength conversion is based
on the XGM character of SOA. Cross gain modulation (XGM) is a nonlinear process
that exploits the gain saturation property of SOA [23-25]. The schematic diagram of
the SOA-based wavelength converter in the co-propagating scheme is shown in Fig. 1
[4]. When a strong pump beam of wavelength A, (frequency v;) and a weak probe
beam of wavelength A, (frequency v,) are injected from the same side of the SOA,
then at the output one can obtain a converted strong probe beam of wavelength X,
(frequency v,). The high intensity pump beam compresses the gain of SOA and cross
gain modulation takes place. As a result, the pump beam transfers its total power to
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Fig. 1 Schematic diagram of SOA-based wavelength converter

Input Signal Reflected
Vi) V2, Vg v v VN frequencyy Vi, VaiieivioV
1. V2, V3 hh /(:\‘1 quencyv, AddDrop 1: V3 N /C—:\\ Vi, V2, V3 e v:
Multiplexer
Dropped Added
frequency frequency
vy V2

Fig. 2 Schematic diagram of Add/drop multiplexer

the probe beam and one can get a strong probe beam converted at the output. No
output is obtained in the absence of either the pump or the probe beam.

3.2 SOA-Based Add/Drop Multiplexer

Add/drop multiplexer is an extremely useful device for routing of wavelength channel
in wavelength division multiplexing network [24]. It has the ability to add or drop a
particular wavelength (frequency) without any interference from the adjacent wave-
length (frequency) channel. The schematic diagram of SOA-based add/drop multi-
plexer is shown in Fig. 2 [4]. The input light signal consists of the frequency channel
Vi, V2, V3yernnnnn vn. When the add/drop multiplexer is tuned at a frequency v,, then it
reflects this frequency and this reflected frequency is dropped by the circulator. The
dropped frequency can be added again at the output by another circulator.

4 Frequency Encoded Tristate CNOT Gate

Quantum CNOT gate is a two qubit reversible logic gate which is widely used in
quantum computation. The first qubit is called the control qubit and the second qubit
is called as the target qubit. The truth table of frequency encoded quantum optical
tristate CNOT gate is given in Table 1.

The gate matrix of tristate CNOT gate will be of 9 x 9 order that is it will have
81 elements. Let the gate matrix of quantum optical tristate CNOT gate be:
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fequeney encoded e 1P Outputs
CNOT gate B 0 02
v1(0) v1(0) v1(0) v1(0)
v1(0) va(1) v1(0) va(1)
v1(0) v3(1) v1(0) v3(1)
va(1) v1(0) vp(1) v1(0)
vz (1) vp(1) vp(1) v3(1)
vz (1) v3(1) vp(1) v2(1)
v3(1) v1(0) v3(1) v2(1)
v3(1) v2(1) v3(1) v1(0)
v3(1) v3(1) v3(1) v3(1)
ay dz asz dyg as de dj ag dog
by by by by bs bg b7 bg by
C1 Cy C3 C4 C5 Cg C7 C8 C9g
dy dy d3 dy ds dg d7 dg dy
Tristate CNOT = | e; e e3 e4 e5 eg €7 eg eg
oo fsfafs fo 1 fs fo
81 82 83 84 85 86 87 88 89
hl h2 ]’l3 I’l4 h5 h6 h7 ]’lg /’lg
il i2 i3 i4 i5 i6 i7 ig i9 9%9

The state of light is represented by a 9 x 1 column matrix.

1
Let, 0)=| 0] 1) =
0

State

0
0
1

of light =

0
=11
0

Ci
Cy
(6]
Cy
Cs
Cs
Cy
Cg
Co

From the truth table it is clear that, when tristate CNOT gate operates on |00), the
state remains unchanged that is,
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Tristate CNOT|00) = |00) (1)

a) dp az a4 as de dj dg dg
by by by by bs bg b7 bg by
C] C3 C3 C4 C5 Co C7 Cg C9g
d dz d3 d4 d5 d(, d7 dg d9
or, €1 €) €3 €4 €5 €g €7 eg €9
o2 f3 fafs fo J1 13 fo
81 82 83 84 85 86 87 88 89
hy hy h3 ha hs he hy hg ho
i1 iy I3 is s ie I7 Ig Iy

cCocooococooCc o~
Il
cocooococoo o~

Solving this matrix equation, we have, a; = 1,b; =0,¢; =0,d; =0, e; =0,
fl =O,g1 =0,/’l1 =O,i1 =0.

Similarly, solving the following equations we have the remaining 72 elements.
Out of these 72 elements we have, b, = 1, c3 =1,ds = l,es =1, fu =1,g7 =1,
hg = 1, ig = 1 and all other elements are zero.

Tristate CNOT|01) = |01) )
Tristate CNOT|01) = |01) 3)
Tristate CNOT|10) = | 10) )
Tristate CNOT|11) = | 11) (5)
Tristate CNOT|11) = | 11) (6)
Tristate CNOT|10) = | 11) (7)
Tristate CNOT|11) = | 10) (8)
Tristate CNOT|11) = | 11) 9)

Therefore, the gate matrix of quantum optical tristate CNOT gate will be,
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100000000
010000000
001000000
000001000
Tristate CNOT =] 000010000
000100000
000000100
000000001
000000010

9%9

Since,(Tristate CNOT)(Tristate CNOT)" = I, tristate CNOT gate shows
unitary property.

5 Proposed SOA-Based Frequency Encoded Tristate
CNOT Gate

The block diagram of the proposed ultrafast quantum optical tristate CNOT gate with
semiconductor optical amplifier (SOA)-based switches is shown in Fig. 3.

A and B are input optical channels that may have either v, or v, or v; frequency
of light signal. O; and O, are output optical channels. v; frequency is encoded for
‘0’ state, v, for ‘1 state and v3 for ‘1” state. Light from the input optical channel A
is divided into two parts by using a beam splitter BS and one part of it is directly
transferred to the output optical channel O;. Other part is used as a triggering signal
which can control the SOA-based logic infrastructure. The output of the SOA-based
logic infrastructure appears at the output optical channel O, as per the truth table.

BS
A fi= N »0,

r

SOA based logic
infrastructure >0,

(os]
3

Fig. 3 Block diagram of proposed SOA-based frequency encoded tristate CNOT gate
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6 Summary

The proposed scheme is all-optical in nature. So, the system exhibits a strong inherent
parallelism and very high speed of operation (above THz). Semiconductor optical
amplifier (SOA)-based optical switches like wavelength converters and add/drop
multiplexers are used to implement the tristate logic system. The fast-switching
speed (order of nanoseconds) of the semiconductor optical amplifier also ensures the
superfast speed of operation of the system. The advantage of using the frequency
encoding technique is that frequency is the fundamental property of light and it
remains unaltered under reflection, refraction, scattering, absorption etc. in a long-
haul data communication system. So, bit error rate can be removed easily and also
signal to noise ratio remains unchanged at the same time. Again, a large number of
data can be handled through a single optical channel. So, cross-talk related problems
can be overcome by this encoding technique. It is also easy to represent multibit
logic states by the frequency encoding principle. Introduction of contradiction state
is another advantage of our proposed scheme and the scheme can be extended to
realize multibit logic operations using the same mechanism. In our future work we
will develop the complete circuit as stated in Fig. 3.
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Use of Frequency Encoding Principle )
for Implementing Nano-Photonic T
Ultrafast Tristate Pauli X Gate

Ayan Dey and Sourangshu Mukhopadhyay

Abstract Optics has been found significant to take part in Quantum Computation as
acarrier signal. In the last few years number of research articles were published where
optics is used massively for implementing Quantum gates. In this chapter, an all-
optical tristate Pauli X Gate has been designed with SOA-based optical switches using
Frequency-encoded principles. Here, this design has three input signals and three
output channels as per the requirement of quantum gates. The three input signals have
been encoded by a light signal of three different frequencies using the Frequency-
encoded principle. This design has been implemented by two Semiconductor optical
Amplifier (SOA)-based optical switches to provide a high gain signal at the output
channel. In the middle input channel, there is no requirement of SOA. The designed
scheme can be treated as a tristate Pauli X Gate i.e., two input signals are cross
switched to each other and one input signal is directly carried out. The authors
developed a SOA-based tristate Pauli X gate scheme. In this paper, a high intense
beam is produced by SOA to obtain a good communication system. The advantages
of tristate SOA-based quantum logic gate include ultrafast speed of operation in
the order of THz limit as optics is used. The SOA-based Tristate Pauli X gate is
all-optical and universal in nature. The advantages of tristate operation in Quantum
Computation and that of the frequency-encoding principle are successfully exploited
here.

1 Introduction

Quantum logic gates have an important role in various fields of computation and data
processing due to very speedy computation, very high information handling capacity,
low loss, fast response time and intrinsic Parallelism [1-3]. Quantum computation
stands on a natural set of reversible quantum gates. Previously many quantum gates
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are implemented using optical switches, using electro-optic materials like Kerr and
Pockels materials [4]. All optical integrated Pauli’s X, Y and Z quantum logic gates
are developed using optical switches by Baishali and Mukhopadhyay [5]. Quantum
logic gates are implemented by phase, intensity, polarization and frequency-encoding
techniques [6]. The implementation of SRCZ (square root of controlled Z) quantum
gate by using Lithium niobate-based electro-optic Pockels materials is established
where the SRCZ gate works on two-qubit inputs. The benefit of this scheme is such
that one can use phase change of the light beam by the proper biasing potential
in Pockels material to develop the SRCZ quantum logic gate for very fast opera-
tion and also the external biasing potential is adjustable by increasing or reducing
the size of the electro-optic (Lithium niobate) Pockels materials [7-14]. Shuvra
Dey et al. in their paper established an all-optical Pauli-Y gate by using phase and
polarization-encoding techniques together to work on the dibit and tribit mechanism
as a replacement of the single qubit mechanism because of high degree of accu-
racy and sensitivity [15]. All optical NAND logic gate operations are implemented
analytically using Squeezed state of light Hence XOR and NOT quantum logic gate
operations are proposed by Pal and Mukhopadhyay [16, 17]. All optical NOR and
controlled NOR quantum logic gates are implemented and verified by the simulation
experiment using Semiconductor Optical Amplifier-based optical switches which act
like frequency transformer, add-drop multiplexer and frequency-encoding/decoding
system where quantum logic gates can act as a universal logic gate. This was proposed
by et al. [18]. The frequency-encoding principle is established as the popular tech-
nique which is used in all optical logic gate processers using optical switches like
Semiconductor Optical Amplifier (SOA) [19-21]. Saha et al. in their work estab-
lished an all-optical scheme where the optical transformation from binary to decimal
using the frequency-encoding technique is performed and the scheme is implemented
by an all-optical non-linear optical switch like MZI-SOA to produce a rapid trans-
formation rate [22-25]. All-optical Tristate Pauli X, Y and Z quantum logic gates are
developed using phase-encoding techniques by Electro-optic modulators by Sarfaraj
and Mukhopadhyay [26].

The main objectives of this chapter are to design and develop an all-optical tristate
Pauli X Gate by using two SOA-based optical switches to provide a high gain of the
used signal. The frequency-encoding principle based-logic operation is used here.
The SOA-based all-optical tristate Pauli X gate is established here in such a way that
it can act as a universal logic gate. In the proposed tristate logic system, the speed
of operation is extremely high (~THZ limits) and here, it is beneficial in the field of
Quantum Computing.

2 Tristate Logic System

Tristate Pauli X, Y and Z quantum logic gates are advantageous in the Quantum
computing field. Tristate Pauli X, Y and Z gates are realized in 3 x 3 matrices.
Within the tristate logic system, the quantum state is presented by 3 x 1 column
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Co

matrices specified by | C; | [27, 28]. Few years ago, an all-optical integrated Pauli
G

X, Y and Z gate arrangements with a single bit information system was proposed.

001

Pauli X matrix in Tristate (X) = | 010

100
00 —i

Pauli Y matrix in tristate (Y) = | 01 0 | and

i0o0

100

Pauli Z matrix in tristate (Z) = | 01 0

00 -1

In general one can describe tristate Pauli X, Y and Z gates to show the input to
output transformation.
For tristate Pauli X gate, matrix representation is

001 Co G
010 Ci|=16C
100 G Co

The requirement for the unitary matrix is fulfilled here, as it is essential in quantum
computing.

001
The tristate Pauli X matrix is unitary in nature i.e., X =] 010 | = X and
100
001 001 100
Xx"=1o010{o10]=[010]=I
100 100 001

where, “I” is represented as a 3 x 3 identity matrix.

Tristate Pauli X gate matrix has a reversible character like other quantum logic
gates. Due to the reversible characteristics, the Tristate Pauli X gate matrix keeps
getting back to the initial state by two step actions as shown below.

001 Co C;
010 Cl=1G
100 G Co
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001 C Co
010 Ci|=16C
100 Co G

Both the unitary and reversible characteristics are satisfied in the tristate operation.

Similarly, the all-optical tristate Pauli Y and Z gate matrices obey the characteris-
tics of unitary matrices in nature and the reversible characteristics of quantum logic
gates also satisfy the tristate operation [25].

Tristate Pauli X gate includes three input channels I;, I, and I3 and three output
channels Op, O; and O,, respectively. In this scheme, the three input signals Cy, C;
and C; are encoded by three frequencies of light signals v, v, and vs. The scheme is
performed in such a way that two input signals swap each other keeping the middle
input signal intact.

3 Semiconductor Optical Amplifier (SOA) as an Ultrafast
Optical Switch

The Semiconductor Optical Amplifier behaves as an optical switch which works with
the non-linear properties of some medium. The non-linear medium works on the
carrier generation i.e., electron-hole pair generation. The non-linearity can be seen
in the refractive index of the GaAs material. The refractive index is changed when the
excitation of electrons is increased by photon energy absorption. Due to the current
injection, the optical gain modulation continuously varies with the change of refrac-
tive index of the non-linear medium [29, 30]. The characteristics of electron—hole
pair generation and fast pulse signal count are satisfied such that the Semiconductor
Optical Amplifier (SOA) can act as an ultrafast optical switch. Four different types of
non-linear operation are observed in Semiconductor Optical Amplifier (SOA)-based
optical switches which are cross gain modulation (XGM), cross phase modulation
(XPM), self phase modulation (SPM) and four wave mixing (FWM). In the XGM
process, two optical signals i.e., one is a pump beam of frequency v; and another is
a probe beam of frequency v, are received. The amplitude (intensity) and power of
the pump beam is high and the amplitude (intensity) and power of the probe beam
is low. When the pump beam (v;) and the probe beam (v;) are injected jointly into
the SOA, then the gain of the probe beam (v;) is amplified and the gain of the pump
beam (v;) is reduced when passing through into the SOA. The gain of the probe
beam (v;) becomes greater than the pump beam (v;). The condition of frequency
conversion is fulfilled by shifting of information from the pump to the probe beam
by the cross gain modulation process of SOA. In the present proposed scheme, XGM
type non-linearity of Semiconductor Optical Amplifier (SOA) is used. The whole
system is shown in Fig. 1.
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Pump Beam (Vl)+ Frequency Strong intense

Conversion
Probe Beam(V,)= = =) = = 4

beam (v2)

Filter

Fig. 1 Frequency conversion from pump to probe by XGM process of SOA

4 SOA-Based Tristate Pauli X Gate
with Frequency-Encoding Principle

In this scheme of Conversion the input Cy is encoded by a light signal of frequency v;
(Corresponding to wavelength \), input C; is encoded by a light signal frequency v,
(Corresponding to Wavelength \,) and Input C; is encoded by a light signal frequency
v3 (Corresponding to Wavelength \3), which is shown in Table 1. The whole scheme
is constructed with two SOA (Semiconductor optical amplifier) switches (shown in
Fig. 2). Here, we have three input channels marked as I;, I, and I5 and three output
channels marked as Oy, O; and O,, respectively, are used (the qubit wise truth table
is shown in Table 2).The input Cy(v,) is divided in two parts by using a proper beam
splitter so that, one part is applied as a pump beam (amplitude high) and the another
part is used as a probe beam (amplitude low). Similarly, the input C,(v3) is divided
in two parts, one part is used as a pump beam (amplitude high) and the other part is
applied as a probe beam (amplitude low); to do this a proper beam splitter is used.
For the input signal C;(v;), no SOA is needed and the input signal C,(v,) is directly
carried out at the output O; As a result at output O;, one can get the same input
signal beam C;(v;) as the output signal. When the pump beam of the input signal
Co(v1) and probe beam of the input signal C,(v3) are injected jointly into the SOAT1,
and in this situation, the pump signal Cy(v;) will force the probe signal C,(v3) to
be amplified at the output. So, the amplitude of the input C,(v3) becomes greater
than the amplitude of the pump beam Cy(v;) by the cross gain modulation(XGM)
process. As a result, the amplitude of the input signal Cy(v;) will converted to the
amplitude of another input signal C,(v3) with a single frequency from the SOAI
because of its XGM character. Here, at output Op_one can get the amplified probe
beam C;,(v3). Similarly, when the pump beam of the input C,(v3) and probe beam of
the input Cy(v;) are injected jointly into the SOA2, and in this situation, the pump
signal C,(v3) will force the probe signal Cy(v;) to reach to the output O, being
amplified. So, the amplitude of the input Cy(v;) becomes greater than the amplitude
of the pump beam C,(v3) by the cross gain modulation(XGM) process. Here, at the
output O, one can get the amplified probe beam Cy(v;). Basically when the input
pump signal is Cqy(v;) then the output intense signal is C,(v3;) and when the input
pump signal is C,(v3) then the output intense signal is Cy(v;) due to the cross gain
modulation(XGM) process. On the other side, the input pump signal beam of the
upper region Cy(v;) is switched to the output channel of the lower region O, and
the input pump signal beam of the lower region C,(v3) is switched to the output
channel of the upper region Oy i.e., the input signal of the upper region Cy(v;) and
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Table 1 Truth table of tristate Pauli X gate when all input are encoded by frequency of light using
Frequency-encoded principle

Inputs Outputs

I I, Iz Og 0O (0))
) V] Vo V) U Vo
V2 Vi Vo Vo Vi \)
Vo V2 Vi Vi V2 Vo
V] V2 Vo Vo V2 Vi
] ) V2 V2 Vo Vi
V2 Vo Vi Vi Vo Vo

the input signal of the lower region C,(v3) are cross swapped to each other at the
outputs O, and Oy respectively and the middle input signal beam C;(v;) is directly
carried out at the middle output channel O; and one can get the same input signal
Ci(vy) as the output signal. The whole scheme of Pauli X-gate described in Fig. 2
can be implemented by a Nano-Photonic system as shown in Fig. 3.

CO{Pump Beam)

E ﬁ Pump Beam

co
(va) ~

=

Probe Beam(C0)

Beam Sphitter

Og
soAL + C3(strong

3 intense
{ 3] beam)

E—) Probe Beam

§|  C2(Probe Beam)

? co{Probe

Beam)

o
s0A2 _‘2— Cp (Strong intense

c2 t [l o2
(va) N e - e d
Beam Splitter Probe Beam(c2)
Fig. 2 Schematic layout of an all-optical tristate Pauli X Gate using SOA
Table 2 Truth table of tristate Pauli X gate (Q bit wise)
Inputs Outputs
I I, I3 Op O, 0,
Co Ci C C Ci Co
C, Cy Co Co Cy C
Co C Cy C C Co
Cy Cy Co Co C Ci
C Co Cy Cy Co Cy
Cy Co C Cy Co Cy
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Fig. 3 Frequency encoded I
. 1 Og
nano-photonic system for N
implementing Quantum I ano;
optical Pauli X gate - photonic O
system
Iz 0,

5 Summary

It is clear from the above scheme that the designed scheme can execute the tris-
tate Pauli X gate by the frequency-encoding technique using Semiconductor Optical
Amplifier (SOA)-based optical switches. The whole scheme is all-optical in nature.
Using the Semiconductor Optical Amplifier (SOA), we get a high gain pulse at
the output for a very good strong communication system. The advantages of tris-
tate operation in quantum computing and the performance of the tristate device are
superfast in order for THZ to limit. In our future work, the all-optical tristate Pauli
X gate should be implemented and verified by a simulated experiment and analyzed
by Finite-Difference Time-Domain (FDTD) and Plane Waves Expansion (PWE)
methods. Simulation result is expected to be the validation of the truth tables shown
in Tables 1 and 2.
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