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Preface 

With the advancements in areas like optical communication, signal processing, 
imaging systems, etc. researchers, industry persons and end users are required to 
be familiarized with the progress in these sectors. In recent years, the almost unex-
plored domain of the THz range of electromagnetic spectrum has paved the way 
for terahertz technology. A wide range of applications using THz techniques such 
as terahertz time-domain spectroscopy (THz-TDS), biological, medical and phar-
maceutical sciences, explosives inspection, Information and Communication Tech-
nology (ICT) sector and many more have the potential to be the technology of future. 
The present title “Optical to Terahertz Engineering” focuses on the recent develop-
ments in Optical and THz technology with an emphasis on their basic fundamen-
tals. It illuminates on different materials required for THz and optical engineering, 
explains methodologies and challenges of imaging and secured communication in 
both THz and optical domains, and also discusses the applications of fiber optics in 
different domains. This book serves as a guide to THz and optical technology for new 
researchers in various fields. Many different disciplines, such as phase controllers for 
THz-Spectro-Polarimeters and photo-emission technology from heavily doped THz 
materials, involve the recent developments of THz technology. On the other hand, 
advancements and future prospects of Lithium Niobate-Based polarization phase 
modulator, photonic crystal fiber, Optical Code Multiple Access System, satellite 
image correction and thermal image processing emphasizes optical technologies. 
The focus of the current title mainly lies in the practical applications of THZ and 
optical engineering. Optical to Terahertz Engineering is an ideal book for a very vast 
audience from basic science to engineering and technology experts and learners.
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vi Preface

This book has the potential to become a textbook for engineering and Post Graduate 
programs in science, and also for researchers. This title also serves the common 
public interest by presenting new methods of integration into society. 
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Introduction to Terahertz Imaging 
Applications 

Semanti Chakraborty and Kanik Palodhi 

1 Introduction 

Terahertz frequency domain is one of the most anticipated but largely unexplored 
regions of electromagnetic waves. As the name suggests, the frequency domain is 
generally considered to be between 0.1 THz and 10 THz, where 1 THz = 1012 Hz 
corresponding to a wavelength range varying between 0.3 mm and 30 μm. Essen-
tially, this domain is within high-frequency electronics close to the microwave region 
(~10 GHz/0.3 mm) and far-infrared optics ~100 THz/0.3 μm as shown in Fig. 1 [1– 
9]. Terahertz, therefore, closes the gap between these two mature technologies and 
provides the best of both worlds, so to speak, by making itself available to both 
communication and imaging [10–17].

One of the main reasons for the terahertz domain being unexplored is the unavail-
ability of inexpensive generators or sources in this region. Terahertz domain corre-
sponds to a photon energy of 4.1meV  which belongs to the energy range of thermal 
excitation regions of the semiconductor [18–22]. The traditional lasing option used in 
optics or novel use of different diodes in microwave regions owing to their bandgap 
cannot be used here as it is. This led to a technology gap known as the terahertz 
gap. In fact, before the coinage of the term terahertz/THz, it was often referred to as 
far-optics clustering it with far-infrared optics [23–25]. 

Despite the lack of suitable sources, some of the advantages of terahertz tech-
nologies are evident if interpolated from the proven principles (or technologies) in 
optics and microwave. One of the most advantageous aspects of this technology is 
that the terahertz probe beams are non-ionising and invisible to the eye [2, 22, 23]. 
Secondly, in this domain, using coherent detection techniques, the exact amplitude
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Fig. 1 Position of the terahertz wave in electromagnetic spectrum

and phase of the electric field can be determined leading to important applications in 
imaging, instrumentation and metrology [26–34]. During imaging, this technology 
also has the power to penetrate through layers of different materials including clothes 
[35–40]. Recently, body scanners developed using terahertz have been much talked 
about. It is a critical application in terms of security checking since prohibited items 
can be tracked, however, it is also ethically questionable as it leaves a trail of the 
human body together with its belongings. Apart from this, the interaction of terahertz 
waves (T waves) with matter can help investigate chemical compounds by applying 
spectroscopic techniques, which in turn, be of use in biomedical and pharmaceutical 
applications [41–55]. 

2 Instrumentation 

In recent years, due to the advancement of technology, thanks to consistent efforts 
from both academia and industry, this domain is beginning to claim its rightful 
place closing the so-called ‘terahertz gap’. The most important aspect of THz tech-
nology that is propelling life-changing applications is the instrumentation containing 
different sources, detectors and other passive components. These are developed from 
emulating matured photonic and microwave technologies. 

2.1 Sources 

Currently, the available THz sources can be broadly classified into two groups 
depending upon their emission mode and operating frequency—continuous (CW) 
and pulsed (time-domain/TD) [8, 18–21]. Each category has different advantages 
and disadvantages prompting different usage. The CW sources developed using tech-
nologies pertaining to millimetre waves essentially scale up the frequencies and can 
reach up to the operating frequency of 5 THz in the case of backward-wave oscillators 
[22, 56]. A different approach can be used by applying the down-conversion principle 
commonly used in photonic waves. In this case, two sources differing in frequency
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can also be used to generate T-waves [22, 57]. Typically, CW sources are narrowband 
providing greater power compared to pulsed sources. They are more sensitive and are 
suitable for heterodyning applied to the communication of non-destructive testing 
applications. 

The pulsed/TD sources, on the other hand, are predominantly obtained from the 
conversion of optical signals to T-waves. By detecting the electromagnetic transient 
generated from a picosecond, laser pulse T-waves are generated. Since the short pulse 
is composed of multiple frequencies, it is typically applied to investigate spectral 
characteristics or ultrafast phenomena [57–62]. 

2.2 Detectors 

THz detectors are usually categorised into three groups—thermionic, photoconduc-
tive antenna and electro-optic. Recent developments have made sure that accu-
rate measurements of amplitude and phases can be done successfully using these 
techniques, particularly, photoconductive and electro-optic. Most of the commer-
cially available THz systems, though only a few, have these types of detectors used 
[22, 23, 63–67]. 

2.3 Optics 

Another important aspect of THz systems is the beam formation optics which is 
essential for higher throughput and diffraction-limited spot generation. This is chal-
lenging because (a) terahertz wavelengths cannot be treated as negligible compared 
to the size of the optical elements and (b) optical elements need to be achromatic over 
the entire THz region for flat phase response. This is generally achieved by using 
dispersionless substrate lenses made of highly resistive (104 �) silicon (refractive 
index n = 3.42) attached to the transmitter and receiver. Typically, the preferred 
design employs an aplanatic hyper hemispherical lens (a variant of hemispherical 
lens) which reduces aberrations such as astigmatism and increases effective aperture 
providing smooth collimation of the T-rays [2, 22, 68–73]. 

Another very important optical component is a parabolic mirror which is 
commonly used for beam traversal and focussing. This is typically used with a metal 
coating and has stringent specifications to be met [2]. Apart from beam coupling, 
recent developments have been made for beam engineering using traditional concepts 
of diffraction gratings, diffractive lenses, Fresnel lenses and similar components 
using spatial terahertz modulators or holograms [74–76]. These components can 
be made relatively cost-effectively using graphite, 3D-printed passive beam guides, 
high-density polyethylene (HDPE) and high-resistivity silicon [77–81]. In recent
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years, meta-materials have been developed for manipulating the beam using meta-
surface amplitude, phase and polarisation of the T-beam [82–85]. Some of the inter-
esting applications of the use of metasurfaces are (a) vortex-beam generation [84], (b) 
novel components using polarisation conversion [86] and (c) polarisation-controlled 
superfocusing [87]. 

2.4 Signal Acquisition and Important Parameters 

The signal acquisition process, here, is one of the most important aspects of the 
instrumentation. Traditionally, the delay in the generated pulse is scanned over the 
detecting pulse to measure the average photocurrent as a function of the delay. Essen-
tially, this is a process of convolution of the temporal shape of the pulse with the 
generated waveform and this was previously achieved by a lock-in amplifier with a 
chopper wheel [23]. This process was not fast enough and was replaced by a scan-
ning optical delay line as suggested by Hu and Nuss in their seminal paper [10]. The 
most common parameters employed to measure the performance of signal acquisi-
tion systems are dynamic range and signal-to-noise ratio (SNR). DR is defined as 
the difference between the maximum to minimum signal, whereas SNR provides a 
measure of the minimum detectable signal and sensitivity of the device. 

Current measurement methods can have an SNR of 1000 or more for imaging 
applications. In the case of spectral imaging, a raster scan or a scanning mirror is used 
for a certain range of an area of the object under investigation. DR and SNR can be 
evaluated from the amplitude spectrum upon Fourier transform if spectroscopic data 
are analysed. Another important parameter for the spectroscopic system is spectral 
resolution given by twice the ratio of the velocity of light c and effective delay [2, 
22, 88, 89]. The process of signal acquisition is automated by software, and even 
accessible spectral databases have been developed for comparison purposes. 

2.5 Signal Processing 

After the acquisition of the signal, image processing software is employed for 
the extraction of the amplitude and phase information. Different transform-based 
approaches such as Fourier, Hilbert or other approaches such as synthetic aper-
ture imaging, reflectometry, etc. are quite popular for this purpose. Typical image 
processing operations, such as edge detection, histogram processing, etc. can also 
be performed. Recently, machine learning-based image processing techniques have 
also been successfully employed for different information [90].
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3 Imaging 

The first instance of THz images was reported by Hartwick et al. in 1976 using 
an optically pumped THz laser [91]. Then, in their seminal paper, Hu and Nuss 
presented the idea of THz imaging using a femtosecond laser in 1995 [10]. As 
described in the introduction, THz waves offer unique capabilities of penetrating 
through non-polar and non-metallic objects such as paper, plastics, ceramics, clothes, 
etc. which makes it suitable for imaging and spectroscopy used in industrial imaging 
such as non-destructive evaluation (NDE) [7, 92], material characterisation [93, 94], 
medical diagnostics [9, 12], cultural heritage objects such as paintings, etc. [95, 96]. 
Absorption of THz waves in water is very high which is of great importance for 
imaging of organic materials or medical imaging [97–99]. Apart from metal and 
water, most other materials have a unique signature in the spectral domain (~THz). 
This can be combined with the THz imaging setup for the detection of special reagents 
such as explosives, medicines, etc. [14, 100]. 

In Fig. 2, it can be seen that three objects, (a) a smart card, (b) a coleus leaf 
and (c) a razor, partially covered by a polythene sheet have been imaged using 
THz imagers. Clearly, the THz waves have penetrated non-metallic materials and 
have been reflected from the metals. For organic samples, the water molecules have 
absorbed the T waves, therefore, it appears dark in the regions where water is present. 

3.1 Imaging with Continuous-Wave (CW) THz Waves 

Many of the initial systems in THz domain were based on the principle of CW 
operations. Typically, photomixers, THz parametric oscillators (TPO), backward 
wave oscillators, QCLs, etc. are used as sources with a frequency of operation close 
to 0.5 THz, and heterodyne detectors are used as receivers. The instrumentation of

Fig. 2 Examples of THz images—a THz transmission image of a contactless smart card embedded 
with a metallic circuit [101]; b THz image of a Coleus leaf where the grayscale is correlated with 
water content, with darker shade indicating more water [69] 
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Fig. 3 a Scheme of CW operations using raster scan; b Scaled razor blade covered by a black 
polyethylene sheet—a photograph and a THz image using 2.52 THz, 10 mW radiation from a gas 
laser with a microbolometer detector. In the THz image, the covered part of the blade is clearly 
visible [102] 

the CW imaging systems is very critical to the specific needs of the application. For 
example, for higher sensitivity, cryogenic detectors could be required or for moving 
objects, high frame rates of the detectors may be necessary. There are numerous 
applications such as body scanners, non-destructive testing units, etc. which have 
been developed based on this principle. 

Raster scan, as shown in Fig. 3a, is the most commonly used scheme for CW 
operations [2, 103]. Here, the THz wave from the source passes through the sample, 
and depending upon the application, the reflected/scattered or the transmitted beams 
are recorded. An example of a typical security system is shown in Fig. 3b, where the 
two images of a razor blade, partially covered by a black polythene sheet, are shown. 
The first one, the photograph, could not reveal the covered part, whereas in case of 
THz imaging, the covered parts are visible. 

3.2 Imaging with THz Pulses 

CW operation, as described in the previous section, has to be designed for specific 
purposes and lacks flexibility. The THz pulsed system, essentially, THz time-domain 
spectroscopy can be designed to be flexible, compact and cost-effective. In addition, 
by measuring - (a) the diminished amplitude of the sub-picosecond pulses after 
passing through the object and (b) the phase change of the pulse, crucial information 
can be extracted about the samples [2, 22]. In fact, recent commercial instruments 
from Teraview or Picometrix Inc. have already developed these techniques [104].
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Fig. 4 Amplitude and phase 
imaging scheme 

3.2.1 Amplitude and Phase Imaging 

The basic scheme of the THz pulsed mode imaging (THz-TDS) is described here 
where both amplitude and phase imaging can be performed. Initially, the THz pulse 
is focussed onto the sample, and the change in amplitude A(x, y)φ(x, y) of the 
transmitted (or reflected, depending upon the geometry) pulse is measured as shown 
in Fig. 4. These changes will depend on the material properties of the sample such 
as refractive index n(x, y), absorption coefficient α(x, y) and thickness d(x, y). For  
the investigation of the entire target region, a raster scan is applied. 

It is evident that the THz-TDS offers much more information than the CW systems 
because from each image-pixel, changes in a pulse can be monitored to know about 
the properties of the sample. Additionally, the size of the focal spot on the object is 
inversely proportional to the frequency domain [mitt]. The basic idea, here, is to find 
out the variation in peak-to-peak amplitude in the time domain and track the change 
in phase. For spectral information, typically, Fourier transform-based methods are 
applied to the pulses integrated over a desired frequency band. Apart from this, 
many different transforms such as wavelet and Hilbert have been applied to extract 
amplitude and phase information [2, 105]. 

3.3 Comparison 

CW imaging operation is a well-established method and proved to be better when it 
comes to long-range imaging. This is due to the fact that at a particular frequency 
band between 1.0 THz and 5.0 THz, T-beam is nearly transparent in the atmosphere. 
Combining the QCL source and microbolometer camera, good quality CW images 
can be obtained even at a distance of 25 m [106]. For enhanced spatial resolution, 
however, objects need to be put at a closer distance (see Fig. 5).

The THz-pulsed operation as described, however, provides better imaging in terms 
of accuracy and versatility with a need for complex data processing capability. It 
definitely provides much more information about the objects under investigation. 
Karpowicz et al. actually compared the two techniques by investigating defects in
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Fig. 5 Comparison of CW and TDS—Images of a razor blade, a photograph, b pulsed THz image, 
c CW THz image at 0.53 THz; Images of a ceramic knife, concealed underneath a denim cloth, d 
photograph and e CW THz image at 0.53 THz [107]

foam used in space shuttle keeping similar beam sizes for both methods [108]. They 
have concurred that the simplicity of CW operation could be preferred if details of 
the samples are required. One definite advantage of the pulsed TDS technique is 
that it could further be extended to material characterisation, tomography, surface 
topography measurements and a variety of other applications. 

4 THz Tomography 

In case of a multi-layered sample, the sub-picosecond pulses get reflected from the 
interfaces of these layers as shown in Fig. 6a. By detecting these pulses, depth-
resolved imaging of the entire sample can be made by bringing the unexplored third 
dimension to the fore [109–115]. Since THz waves can penetrate through most of the 
non-polar and non-metallic objects, this technique proves to be highly beneficial for 
different industrial applications. Assuming a delay of �t of the reflected pulse (for 
normal incidence) from the layer of thickness d and refractive index n, the thickness 
can be expressed as

d = c�t/2n (1) 

where c is the speed of light. 
The typical depth resolution obtained has reached submicron levels now [115]. As 

an example, a tomographic image of a floppy disc is shown in Fig. 6b. The technique
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Fig. 6 a THz tomography scheme and b example of a THz depth image of a floppy disc at total 
reflected power after post-processing [116]

has been already applied to various industries for measuring coatings on tablet and 
for the inspection of paints, among many other applications. In many cases, optical 
coherence tomography cannot be used due to low penetration. 

5 Latest Developments 

Recent developments in terahertz imaging are essentially trying to incorporate the 
concepts from photonics and microwave domains into THz imaging. Phase contrast 
[117] and darkfield imaging [118] have been demonstrated for unstained biological 
samples for observation of shape and density with better contrast. THz holograms 
have been recorded using highly coherent THz beams with much better resolution by 
appropriate amplitude and phase reconstruction, even with one-shot exposure [119– 
121]. Fourier imaging [122] and 3D vision [123] using the tomographic technique 
have improved tremendously in the last few years. 

Overcoming the diffraction barrier has always been a challenge for researchers. 
Previously, near-field imaging methods using TDS (similar to scanning near-field 
optical microscopy, SNOM) have been successfully implemented in this domain by 
placing the object very close to the source with tens of micrometre spot size [124– 
126]. In recent years, the search for superresolution in the THz domain has taken 
centre stage by using new techniques. Techniques such as superresolution orthogonal 
deterministic imaging (SODI) are showing promising results [127]. Currently, we 
are witnessing a significant surge in this field with quality instrumentation being 
developed and used.
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6 Conclusion 

This review aimed at providing a brief introduction to a developing field of huge 
significance. The unique capabilities of THz waves have been discussed for many 
years, and now, they are becoming increasingly popular. Many commercial machines 
based on the principle of THz radiation are currently being incorporated into different 
walks of life such as security, pharmacy, NDT/NDE and biomedical imaging to name 
a few. Companies across the world are showing great interest in this field and the 
current (in 2022) market share of THz industries stands at a whopping $ 0.6 billion; 
projected to double within five years [128]. All these are signs of great progress for 
a field once referred to as a ‘technology gap.’ 
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Design of Super-Achromatic Phase 
Controlling Assemblies for THz 
Spectro-Polarimetric Imaging System 
Using Metaheuristic Optimization 
Technique 

Nilanjan Mukhopadhyay and Arijit Saha 

1 Introduction 

A quarter wave phase retarder (QWR) is responsible for generating circularly polar-
ized light. Their performance usually depends on the wavelength that can be nulli-
fied following achromatic designing. An achromatic phase retarder (or waveplate) 
is a crucial component of any imaging system that takes care of the polarization 
states of incoming light. Very often these achromatic phase retarders are associ-
ated with different birefringent optical filters in various scientific and engineering 
applications. Designing achromatic phase retarders has been a domain of interest 
for optical system designers over the years. Birefringent materials play an important 
role when such achromatic designing is required. Pancharatnam showed the way 
with his achromatic combination of the same birefringent materials over a visible 
wavelength range [1]. Later on, researchers proposed systems with crystalline quartz 
as well as sapphire as birefringent materials [2, 3]. Since the rotation angle strongly 
depends on wavelength, a combination of different birefringent materials without fast 
axis rotation has been proposed to overcome the wavelength dependency [4]. Nowa-
days, near-infrared (NIR) to short-wave infrared (SWIR) range of electromagnetic 
spectrum comes up with different applications, e.g., remote sensing, spectroscopy 
and medical imaging [5–11]. A super-achromatic system having quartz and MgF2 
waveplates has been proposed operating over visible to NIR range [12]. A multi-
layer achromatic waveplate operating over 1000–1800 nm has also been proposed 
that can be used in a Infrared Imaging Magnetograph (IRIM) system [13]. Several
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other multi-crystal achromatic and super-achromatic systems have been designed and 
characterized over NIR to SWIR range [14–16]. There are several other techniques 
used for designing achromatic phase retarders. Achromatic phase retarder using sub-
wavelength dielectric diffraction grating (SWGs) has been studied by Nicolas Passily 
et al. and H. Kikuta et al. in both the visible and near-infrared regions [17, 18]. These 
types of designs have been reported with a retardance error smaller than 3º. Achro-
matic phase retarders in mid-wave infrared (MWIR) and low-wave infrared (LWIR) 
have also been proposed with SWGs [19, 20]. A metal-multilayer dielectric grating 
has been reported as having a retardance deviation of 90° ± 4º operating over a near-
infrared range [21]. The main drawbacks of these kinds of systems are associated 
with high designing complexity as the overall performance is sensitive to the period 
of the grating structure and the orientation angle. Moreover, liquid crystals (LC), 
the main driving component of several display applications, are now being used in 
designing infrared phase retarders, which operate with very small voltage [22–24]. 

In recent years, the world has seen a wide range of applications with THz tech-
niques such as terahertz time-domain spectroscopy (THz-TDS) [25], biological, 
medical and pharmaceutical sciences [26–31], environmental hazards and security 
[32–34], explosives inspection [35], semiconductor industry [36, 37], Information 
and Communication Technology (ICT) sector [38, 39] and many more. Over the 
past few years, researchers have reported different achromatic retarders in the THz 
range used in imaging and detection. An achromatic THz phase retarder operating 
over 0.25 to 1.75 THz has been designed with 6 birefringent quartz plates [40]. A 
simulated annealing algorithm has been used to optimize thicknesses (31.4 mm) 
and relative orientations to achieve a phase deviation of 90º ± 3º%. Another system 
has been proposed with 9 pieces of crystalline quartz plates having different thick-
nesses and different rotation angles over 1.3–1.8 THz [41]. They have managed to 
achieve a phase delay of 90º ± 3º with a total thickness of around 52 mm. An achro-
matic quarter waveplate based on silicon grating has been proposed with ±3% phase 
variation over the 0.47–0.8 THz range [42]. Hsieh et al. have designed a tunable 
achromatic quarter-wave phase retarder based on liquid crystal (LC) with a phase 
deviation of 90° ± 9° from 0.20 to 0.50 THz [43]. 

Recently, Multiangle Spectro-Polarimetric Imager (MSPI) is being used for the 
Aerosol-Cloud-Ecosystem (ACE) mission by NASA both for ground-based and 
airborne cameras [44]. A three plate (Sapphire; MgF2; Quartz) achromatic quarter-
wave phase retarder found its application in the system with retardance variation of 
90° ± 10°. A multi-crystal achromatic quarter-wave phase retarder with improved 
achromatic behaviour for the MSPI system has also been proposed [45]. In this 
present communication, a three-waveplate super-achromatic quarter-wave retarder 
(SQWR) combination has been designed and characterized over a 1.7–2.3 μm 
wavelength spectrum. The ‘super-achromatic quarter-wave phase retarder’ consists 
of calcite, crystalline quartz and ADP in a sequential combination of negative– 
positive-negative waveplates. Performance of the retarder with respect to the change 
of temperature and waveplate thickness has been elaborated, and it exhibits good 
achromatic behaviour over the intended wavelength spectrum.
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In the very next section, i.e., Sect. 2, theory and designing methodology have been 
illustrated which is followed by the internal structure of the MSPI system in Sect. 2.1. 
Section 3 deals with simulation results and discussion, and the overall transmittance 
of the system is discussed in Sect. 4. Finally, a conclusion has been drawn in Sect. 5. 

2 Theoretical Analysis 

Phase difference acquired by the light beam while passing through the birefringent 
plates depends on optical path difference according to the following equation [14]: 

ϕi = 2π f 
c 

M∑

j=1

�ni, j d j (1) 

where ϕi is overall phase retardation of an M-plate optical retarder system operating 
with design frequency, i.e., fi . Birefringence of the j-th plate (with a thickness of the 
materials d j ) is �ni, j, and f is the overall frequency spectrum of interest. Optical 
path difference is calculated as the product of birefringence and thickness of the 
waveplate, and for quarter-wave phase retarder (i.e., phase difference of π/2), it is 
equal to ¼th of wavelength. This relation can be presented in a generalized matrix 
form considering an optical system of M waveplates with thickness given as d1, d2, 
…, dM respectively having N number of design frequencies, i.e., f1, f2, …,  fN :
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where birefringence of M-th plate is �nNM  at design frequency fN . From Eq.  2, 
thicknesses of the plates can be computed using Cramer’s rule [15]. 

2.1 Designing Steps 

Designing SQWR with different birefringent materials is based on thickness calcula-
tion at particular design wavelengths. This designing methodology has the advantage 
of no fast axis rotation of waveplates as compared to that of the same birefringent 
material-based systems. Therefore, the dependency of fast axis rotation on wave-
length can be overcome. The proposed system consists of three birefringent materials, 
namely calcite, crystalline quartz and ADP. 

Thicknesses of the three waveplates can be computed by solving Eq. (2) consid-
ering birefringence values for the materials at three design frequencies, i.e., f 1 =
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133.2 THz, f 2 = 150 THz and f 3 = 176.5 THz respectively selected over 133–176 
THz. Variations of birefringence of all three materials are illustrated in Fig. 1. Bire-
fringence values of the three crystals are taken from [46]. Table 1 illustrates the 
obtained thickness values. 

In the case of SQWR, the wavelength dependency of overall phase retardation 
has been reduced. Constant retardation value over the intended frequency region 
can be achieved by selecting a suitable waveplate thickness that can be considered 
as a nonlinear optimization problem. One of the recently proposed metaheuristic 
optimization algorithms known as the Flower pollination algorithm (FPA) [47], which 
is inspired by the pollination of flowers, has been taken into account for solving the 
problem. The square of the error between target retardation and obtained retardation 
is defined as objective function k for the FPA, written as follows:

Fig. 1 Variation of birefringence throughout the intended frequency spectrum for a calcite, b 
crystalline quartz and c ADP waveplates
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Table 1 Thickness values of 
the three waveplates 

Name of the plates Thickness value (μm) 

Calcite (dX ) 2.9 

Crystalline quartz (dY ) 140.1 

ADP (dZ ) 12.1

Table 2 Optimized thickness 
values of the three waveplates 

Name of the plates Thickness value (μm) 

Calcite (dX ) 1.0 

Crystalline quartz (dY ) 103.7 

ADP (dZ ) 11.7 

1 2 3 

Fig. 2 Schematic diagram of the proposed three-plate super-achromatic quarter-wave phase 
retarder consisting of calcite (1), crystalline quartz (2) and ADP (3) materials in sequential order 
of thicknesses 

k = 
N∑

i=1 

(ϕExp  − ϕCal,i )
2 (3) 

where target retardation is ϕExp, which is π/2 in this case (quarter-wave retarder) and 
calculated retardation at design frequency fi is ϕCal,i . The optimum set of thickness 
values that minimizes the error function k is represented in Table 2. 

Construction of the proposed system is shown in Fig. 2, where fast axes of each 
waveplate are mutually parallel, and they have been placed as negative (Calcite), posi-
tive (Quartz) and negative (ADP) birefringent material with respect to wavelength 
having variable thickness. 

Over the intended frequency range, all three materials have high transmittance, 
low hygroscopicity, high melting point and low brittleness properties that come in 
support of their good candidature [48–50]. Waveplates of three birefringent materials 
are commercially well available. 

3 Simulation Results and Discussion 

In this section, the behaviour of the proposed three-plate system has been illus-
trated. Simulation results for the proposed system over the 133–176 THz range have 
been studied, and system performance is also compared with commercially available
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systems operating in the same frequency range. Among different optimization tech-
niques available with different accuracies, FPA has been selected for this purpose 
because of its high efficiency and fast converging speed [47]. The following spec-
ifications have been considered in the algorithm, e.g., the number of iterations has 
been set to 200 along with population size and the probability switch values as 50 
and 0.8, respectively. All the simulations are performed over MATLAB 2009a in a 
laptop with 2 GB RAM, Dual Core processor and Windows 7 operating system, and 
the time required for iteration is 5 s. 

The effect of using three different birefringent materials has been shown in Fig. 3 
where birefringence dispersion of the previous material is minimized by the next 
material and so on. Considering the thickness of all the waveplates as computed 
in Table 2, the combined retardance over the 133–176 THz range is obtained and 
illustrated in Fig. 3. Deviation of retardance from the target value (i.e., 90º) is within 
±0.4º. Retardation deviation is computed as ±0.4º that indicates improvement in the 
achromatic behaviour of the system, and the results are in support of the system being 
referred to as ‘super-achromatic’. Moreover, the percentage deviation of retardance 
is within +0.5% and −0.38% over the domain of interest. 

There are some key design constraints that can have a huge effect on the super-
achromatic behaviour of the proposed SQWR. These parameters have to be taken 
care of by an optical system designer. One of those such important parameters is 
retardation variation with a thickness of plates since phase difference is related to path 
difference. Figure 4 represents the retardation deviation with variation of waveplate 
thickness. Therefore, thickness tolerance for all the waveplates is crucial in this 
regard. Change in total retardation is within ±1% if the thickness of the Calcite plate

Fig. 3 Retardation variation of combined system over intended frequency range with optimized 
plate thickness 



Design of Super-Achromatic Phase Controlling Assemblies for THz … 23

Fig. 4 Retardation variation with change in individual thickness of a calcite, b crystalline quartz 
and c ADP waveplates 

varies from −15% to +10% from the computed thickness value. This thickness 
change for crystalline quartz is from −0.48% to +0.38% and that of ADP is within 
−0.85% to +2.56%. Although the thickness tolerance range is high for the Calcite 
plate, more precisive polishing during manufacturing is needed as the thickness of 
Calcite is very small compared to other plates. This study reflects that the proposed 
SQWR has significant phase stability with respect to thickness variation. 

The very next constraint is the effect of temperature that eventually is another 
important aspect of the SQWR design. With the change in temperature, birefringence 
of the materials varies which in turn shifts overall phase retardation. The relation 
between refractive index and temperature for specific wavelength is given by [51] 

n = no + dn 
dT  

(T − To) (4) 

where n0 is the refractive index at room temperature, T 0 is room temperature in 
Kelvin, T is the new temperature and dn/dT is the temperature coefficient of the 
refractive index. Values of dn/dT that depend on frequency are taken from optical 
handbooks [50]. Considering the temperature coefficient of refractive index values at
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Fig. 5 Percentage deviation of retardation with temperature change 

Table 3 Overall 
transmittance of the system 

Frequency (THz) Overall transmittance (%) 

1.7 64.5 

1.9 64.3 

2.0 64.52 

1.7 μm for all three materials, the retardation variation against temperature change 
has been illustrated in Fig. 5 following Eq. 4. 

It can be observed that the operating temperature range where the retardation varies 
by 1.5% is from −20 to 120 ºC. It indicates a wide range of operating temperatures 
for achromatic behaviour. 

The overall transmittance of the system considering individual birefringent mate-
rial’s effect over the intended frequency spectrum has been illustrated in Table 3. 
Transmittance has been computed at three design frequencies and it is around 65%. 

4 Applications 

QWR is an important component in Spectro-polarimetric imaging systems that have a 
wide range of applications including aerosol and atmospheric studies and the biomed-
ical domain, etc. This proposed SQWR can be used in Air Multiangle Spectro-
Polarimetric Imager (AirMSPI) for airborne cameras applicable for the Aerosol-
Cloud-Ecosystem (ACE) mission by NASA over NIR to SWIR wavelength range 
which belongs to THz frequency as shown in Fig. 6.

There are three curved mirrors to form off-axis astigmat, and the two photoelastic 
modulators (PEMs) are situated between two achromatic quarter waveplates. On 
the focal plane, the assembly of filters and polarizers are integrated [44]. Polariza-
tion errors due to retardance deviation produced by quarter-wave retarders degrades
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PEMs 

QWP 1 

QWP 2 

Focal plane 

Mirror 3 

Mirror 1 

Mirror 2 

Fig. 6 Schematic diagram of AirMSPI optical design with two QWRs [25]

the signal-to-noise ratio (SNR). The proposed SQWR with retardation deviation 
of ±0.4º can be a suitable candidate as it will improve SNR. Moreover, the wide 
operating temperature range and excellent mechanical properties of the used bire-
fringent materials make it applicable in different environmental conditions. Two 
versions of MSPI are currently in operation. GroundMSPI is a portable ground-based 
instrument operating at the University of Arizona’s College of Optical Sciences. 
AirMSPI, a similar instrument with modifications suitable for aircraft flights, oper-
ates at JPL. AirMSPI has made two successful ER-2 flights, and more are planned. 
Both GroundMSPI and AirMSPI operate from the UV to the near IR, with polari-
metric channels at 470, 660 and 865 nm and additional intensity-only channels at 
355, 380, 445, 555 and 935 nm. Both instruments are fully operational, providing 
polarimetric images typically at 1536 × 5097 pixel resolution. The applications of 
MSPI extend beyond the needs of climate science. A partial list of topics for which 
MSPI spectro-polarimetric imagery can be useful includes Aerosol and atmospheric 
studies, Test bed for surface scattering studies, Test bed for object identification 
studies, Classification of objects and estimation of cardinal orientation, Dependence 
of polarization/scattering on wavelength and angle, Imaging through haze, Imaging 
through foliage, Imaging through water, Identification of sub-resolution objects due 
to anomalous polarization signatures, and Polarimetric scattering models of natural 
versus manmade scenes. 

5 Conclusion 

In this communication, a quarter-wave retarder that exhibits super-achromatic 
behaviour has been designed and characterized over the 133–176 THz range. Present
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SQWR exhibits improved characteristics in terms of retardance shift of 90º ± 0.4º 
as compared to earlier reported system having 90º ± 10º shift. 

The proposed SQWR is reported with three birefringent material combination 
that exhibits less retardance variation as compared to any commercially available 
systems. Moreover, the SQWR has good retardance stability with respect to thick-
ness variations, temperature changes and also provides around 65% transmittance 
over an intended wavelength range. This designed SQWR will find potential appli-
cation in the MSPI system used for different purposes to control polarization states 
of the incoming light wave. Furthermore, it will find application in optical metro-
logical systems used over that range of frequencies where the quarter wave plate 
is a prerequisite, e.g., polarimetry of astronomical objects and optical isolators. All 
three materials show acceptable optical, thermal and mechanical properties over the 
intended frequency range of the spectrum. 
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On the Photoemission from Quantum 
Confined Heavily Doped THz Materials 

R. Paul, M. Mitra, S. Chakrabarti, and K. P. Ghatak 

1 Introduction 

The importance of Einstein’s photoemission (EP) is already well-known since 
the discovery of Einstein’s photoelectric effect and finds extensive applications in 
studying the physical properties of THzMs [1–10]. The THzMs are being widely 
studied in the literature [11–20]. The EP affects all the optical properties in a funda-
mental way since at terahertz frequency the band structure of THzMs changes radi-
cally. The EP is studied for all types of quantum-confined HD THzMs as stated in 
the abstract.
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2 Method  

The EP from QWs, NWs, and QDs of HD THzMs can, respectively, be written as 
[21–32] 
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where the notations are defined above. 

3 Results and Discussions 

Using the appropriate equations, we have plotted the normalized EP (φ1) as func-
tions of dz , , normalized dimension-dependent carrier statistics (φ2), normalized 
wavelength (φ3), and normalized intensity (φ4) in Figs. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23 and 24, respectively. From the said 
figures, the following features follow:

1. From Figs. 1, 5, 9, 13, 17, and 21, we note that the φ1 decreases with increasing 
dz in oscillatory ways for QWs, NWs, and QDs of HD THzMs, respectively. 

2. From Figs. 2, 6, 10, 14 18, and 22, we observe that φ1 increases with increasing 
φ2 in oscillatory ways for QWs, NWs, and QDs of HD THzMs, respectively. 

3. From Figs. 4, 8, 12, 16, 20, and 24, we note that φ1 decreases with increasing φ3 

in monotonic fashion for QWs, NWs, and QDs of HD THzMs, respectively. 
4. From Figs. 3, 7, 11, 15, 19, and 23, we note that φ1 increases with decreasing φ4 

in monotic fashion for QWs, NWs, and QDs of HD THzMs, respectively.
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Fig. 1 Plot of φ1 from QWs of the indicated HD material versus dz for a 3-band Kane model b 
2-band Kane model c parabolic band model, respectively 

Fig. 2 Plot of φ1 from QWs of the indicated HD material versus φ2 for all cases in Fig. 1
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Fig. 3 Plot of φ1 from QWs of the indicated HD material versus φ3 for all cases in Fig. 1 

Fig. 4 Plot of φ1 from QWs of the indicated HD material versus φ4 for all cases in Fig. 1

4 Conclusion 

Einstein’s photoemission has been investigated in QWs, NWs, and QDs of heavily 
doped THzMs taking HD Hg1−xCdxTe and HD n − In1−xGaxAsyP1−y as exam-
ples. We note that photoemission decreases with film thickness and increases with
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Fig. 5 Plot of φ1 from QWs of the indicated HD material versus dz for all the cases in Fig. 1 

Fig. 6 Plot of φ1 from QWs of the indicated HD material versus φ2 for all cases in Fig. 1

electron degeneracy in oscillatory ways. Besides the photoemission decreases with 
wavelength and intensity, respectively, for the entire quantum confined cases. The 
quantum signature of Einstein’s Photoemission for all quantum-confined cases can 
easily the assessed from the figures.
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Fig. 7 Plot of φ1 from QWs of the indicated HD material versus φ3 for all cases in Fig. 1 

Fig. 8 Plot of φ1 from QWs of the indicated HD material versus φ4 for all cases in Fig. 1
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Fig. 9 Plot of φ1 from NWs of the indicated HD material versus dz for all cases in Fig. 1 

Fig. 10 Plot of φ1 from NWs of the indicated HD material versus φ2 for all cases in Fig. 1
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Fig. 11 Plot of φ1 from NWs of the indicated HD material versus φ3 for all cases in Fig. 1 

Fig. 12 Plot of φ1 from NWs of the indicated HD material versus φ4 for all cases in Fig. 1



On the Photoemission from Quantum Confined Heavily Doped THz … 37

Fig. 13 Plot of φ1 from NWs of the indicated HD material versus dz for all cases in Fig. 1 

Fig. 14 Plot of φ1 from NWs of the indicated HD material versus φ2 for all cases in Fig. 1
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Fig. 15 Plot of φ1 from NWs of the indicated HD material versus φ3 for all cases in Fig. 1 

Fig. 16 Plot of φ1 from NWs of the indicated HD material versus φ4 for all cases in Fig. 1
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Fig. 17 Plot of φ1 from QDs of the indicated HD material versus dz for all cases in Fig. 1 

Fig. 18 Plot of φ1 from QDs of the indicated HD material versus φ2 for all cases in Fig. 1
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Fig. 19 Plot of φ1 from QDs of the indicated HD material versus φ3 for all cases in Fig. 1 

Fig. 20 Plot of φ1 from QDs of the indicated HD material versus φ4 for all cases in Fig. 1
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Fig. 21 Plot of φ1 from QDs of the indicated HD material versus dz for all cases in Fig. 1 

Fig. 22 Plot of φ1 from QDs of the indicated HD material versus φ2 for all cases in Fig. 1
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Fig. 23 Plot of φ1 from QDs of the indicated HD material versus φ3 for all cases in Fig. 1 

Fig. 24 Plot of φ1 from QDs of the indicated HD material versus φ4 for all cases in Fig. 1
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Evolution of 6G and Terahertz 
Communication 

Pia Sarkar and Arijit Saha 

1 Introduction 

There has been a phenomenal advancement of mobile communication and wireless 
networks over the last decade. The ever-growing demand of users leads to huge data 
traffic and bandwidth requirements. As we are gradually heading towards futuristic 
6G communications, it will require huge data rates, possibly around 10 Gigabits 
per second (Gbps) to cater lots of resources, which will again require very high 
frequencies even more than 100 GHz. In fact for Terahertz (THz) communication, 
realization of faster data transmission rate of the order of Gbps and Terabits per 
second (Tbps) has introduced a new area of research. Data rate and capacity can be 
improved implementing Massive Multiple Input Multiple Output (MIMO) [2] and 
backhaul [3–5]. According to Institute of Electrical and Electronics Engineers (IEEE) 
standards of Terahertz Science and Technology, 300 GHz–10 THz is considered as 
Terahertz band. Frequency beyond 100 Gigahertz (GHz) is labelled as THz by RF 
engineers. 

2 Background 

As an enhancement of cellular networks, 5G technology can improve the performance 
in terms of bandwidth (between 100 and 1000 MHz, i.e., short wavelength between 
1 and 10 mm), speed (gigabits per second), spectral efficiency, latency (less than 
5 ms), and energy savings. More promising applications, high connectivity between
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multiple devices in agriculture and construction industries is accommodated. The 
requirements of 5G technology are: 

Ultra-reliable low latency communications (uRLLC) [6]: To reduce latency and 
increase speed to manage the timing of machine and secured system. 

Enhanced mobile broadband (xMBB) [7]: It involves capacity enhancement. 

Massive machine type communications (mMTC) [8]: It provides connections to large 
no of devices that intermittently transmit small amount of traffic. 

Multicarrier modulation i.e., Orthogonal Frequency Division Multiplexing 
(OFDM) [9] is introduced in Multiple Input Multiple Output to improve the channel 
estimation efficiency. Minimum Mean Square Error (MMSE) and the Low Rank 
Approximation algorithms [9] provide good performance. 

In comparison with 5G technology, 6G wireless communication provides small 
wavelength, wide bandwidth, higher data rate, better spectral efficiency, lower latency 
of 0.1 ms, and enhanced reliability. 

Using heterogeneous networks and large numbers of antennas, 6G networks 
provide better performance. THz wave can be applied in spectroscopy, sensing, and 
communications. 

3 Significance of Terahertz Frequency Bands 

THz communications have become very attractive since they offer advantages of both 
millimetre wave and light wave. Some prominent advantages of THz communication 
are discussed below. 

1. Wide bandwidth: THz communication links offer higher bandwidth compared 
to millimetre wave links, higher transmission rate, stronger directionality of the 
beam and better reliability. Eavesdropping [10] can be reduced. The size of the 
antenna will be reduced which favours smaller satellite systems. 

2. Less harmful: As the energy of THz waves do not harm living organisms, it can 
be safely applied in biomedical sector. 

3. Good resolution: THz radiation can be introduced for tracking suspicious objects. 
4. Less scattering loss: THz and millimetre waves experience much less scattering 

loss caused by particulates compared to optical wavelengths. In case of rain or 
heavy clouds millimetre band communications can be used as a backup to an 
optical link and in case of heavy particulates (smoke, dust) THz can be used for 
short distances.
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4 Challenging Issues in Terahertz Frequency Bands 

1. In terahertz communications beam direction control is a challenge due to shorter 
wavelength. 

2. Above 1 THz significant absorption occurs in the atmosphere due to water vapour. 
3. Multipath and Doppler effects can affect signal transmission. As channel char-

acteristics change with time, proper Channel estimation technique is required to 
improve spectral efficiency. 

4. To design THz device, sampling frequency should be high. However, at present 
low efficiency and relatively low power are available from currently available 
sources. 

5 Previous Works 

Piesiewicz et al. [11] proposed the concept of using higher bandwidth in the tera-
hertz frequency band. Federici et al. [12] explored different scopes of sub-THz and 
THz frequency bands. Huang et al. [13] presented the combination of analog sub-
arrays and digital beamformer in digital signal processing. Huang et al. [14] gave an  
overview of the modern development in THz communication and its application in 
Terabit radio systems. Song and Nagatsuma et al. [15] discussed on the difficulties 
in designing THz devices and advantages of THz frequency bands. Kurner et al. [16] 
presented THz channel modelling and standardization techniques. Akyildiz et al. 
[17] provided a survey on modulation techniques to increase the capacity. They 
also highlighted on channel modelling. Akyildiz et al. [18] gave an overview about 
the new developments in THz devices, communication and networking. Guo et al. 
[19] summarized the 6G-enabled massive Internet-of-Things (IoT). Ul Hasan et al. 
[20] defined channel allocation mechanism to enable growing number of subscribers 
reducing the overall interference. 

Nagatsuma et al. [21, 22] and Mehdi et al. [23] presented the recent advancements 
in THz device. Han et al. [24] presented the appropriate system model of different 
operations taking into account the environmental parameters. They also analysed the 
impact of misalignment and multipath fading. Wu et al. [25] proposed a new calcu-
lation to merge channels. Nguyen et al. [26] analysed applications above 100 GHz 
and focused on wave propagation properties at 140 GHz. Boulogeorgos et al. [27] 
highlighted the channel and baseband challenges and technique of delivering optical 
network quality in the THz range. Headland et al. [28] discussed experimental find-
ings of the beam control in the terahertz range. K. Sengupta et al. [29] focused on 
the opto-electronic system. Akyildiz et al. [30] focused on the implementation of 
MIMO antenna. Rappaport et al. [31] presented the benefits and difficulties of using 
higher frequency band in 6G. Elayan et al. [32] introduced THz generation methods 
and proposed channel models at THz band frequencies. Corre et al. [33] explored 
the unused frequency range for optimization. Haselmayr et al. [34] highlighted on 
nano technology.
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Lopez et al. [35] presented the challenges and techniques of Wireless Energy 
Transfer (WET). Piran et al. [36] considered the requirements, applications, and 
challenges of 6G systems. Stoica et al. [37] discussed the state of the art of AI in 
6G. Kalbande et al. [38] presented the vision to implement 6G networks in India. 
Ghafoor et al. [39] overviewed the applications of THZ frequency. Tekbiyik et al. [40] 
proposed the heterogeneous architecture. Zhang et al. [41] presented optoelectronic 
terahertz communications technology with high data rate of multicarrier modulation. 
Polese et al. [42] gave a flavour of challenges to implement THz frequency in mobile 
communication. Sarieddeen et al. [43] discussed on sharing of resources. Tripathi 
et al. [1] gave a flavour of using millimetre wave and THz bands for commercial 
communication. They discussed propagation characteristics, channel models, design, 
and applications of 6G. Sarieddeen et al. [10] discussed THz signal generation and 
channel estimation. They also presented Massive Multiple-Input Multiple-Output 
systems. Lemic et al. [44] overviewed nano technology in THz communication. 

Chaccour et al. [45] highlighted the technique of turning THz communication 
challenges into sensing opportunities. Tataria et al. [46] and Kaushal [47] overviewed 
the vision, strength and weakness of 6G. Elmeadawy et al. [48], Tariqet et al. [49], Gui 
et al. [50], Matthaiou et al. [51] presented the state of art techniques in 6G. Bariah et al. 
[52], Chen et al. [53], Yuan et al. [54], Chen et al. [55] overviewed the development 
of 6G. Giordani et al. [56] presented the recent 6G advancements. Elayan et al. 
[32] highlighted on the current research trends in the THz range. Mughees et al. [57] 
overviewed 6G technology. Tripathi et al. [1] differentiated between millimetre wave 
and THz communications. Chaccour et al. [45] focused on joint THz communications 
and sensing and possible applications. 

6 Propagation Characteristics 

Some of the important propagation characteristics are discussed here. 

Atmospheric attenuation [58]: Caused by water vapour and oxygen absorption. It 
limits the transmission distance of the THz wave. The variation of the atmospheric 
refractive index changes the path of propagation. 

Molecular absorption [10]: When air molecules are excited some energy is lost due 
to internal vibration. 

Beamforming [10] and precoding: Sufficient power can be directed towards a direc-
tion using Beamforming. In wideband hybrid beamforming schemes [59], analog 
OFDM-based algorithm with digital precoding technique is applied.
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7 Technologies Related to Channel, Antenna and Access 
Techniques 

7.1 Channel Measurement Methods [60] 

Three types of channel measurements methods are there - Terahertz Time Domain 
Spectroscopy (THz-TDS), Sliding-correlator (SC) and Vector Network Analyser 
(VNA)-swept-frequency method. 

7.2 Channel Modelling Methods [61] 

Deterministic, Statistical and hybrid channel modelling can be implemented. 

7.3 Multicarrier Techniques [62] 

Orthogonal Frequency Division Multiplexing (OFDM) improves capacity. However 
it increases Peak-to-Average Power Ratio (PAPR). 

7.4 Channel Coding and Decoding [10] 

There is a trade-off between latency and length of the code-word. Latency should 
be low in THz communication. If the length of the Codes becomes short its relia-
bility will be less. As IoT system requires short packets, and error-free transmission 
cannot be guaranteed easily. Zero-forcing and MMSE technique [9] can optimize the 
performance. 

7.5 Massive MIMO Systems [63–67] 

In Multiple input multiple output (MIMO) multiple antenna elements with spacing 
half of the wavelength of the transmitted signal can be integrated as shown in Fig. 1. 
Multicarrier modulation OFDM technique can be adopted in wireless communication 
applying Fast Fourier Transform (FFT) and Inverse Fast Fourier Transform (IFFT). 
In Fig. 2 the MIMO-OFDM system model is shown where MIMO applies orthogonal 
frequency division multiplexing (OFDM). If the same signal is transmitted from the 
transmitter to the receiver through different paths fading can be mitigated. Capacity 
can be increased if spatial multiplexing is used. The output of MIMO is
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Y = HX  + N (1) 

where, H = Matrix of the channel, Y = Received signal, X = Transmitted signal and 
N = Noise signal. 

In general, two transmitting antennas transmit to two receiving antennas. This 
system applies FFT and IFFT algorithm, and adds a pilot to estimate the channel. 
Before the OFDM symbol it includes a cyclic prefix of length more than the channel’s 
maximum delay. This guard interval is used to reduce Inter Symbol Interference (ISI). 

7.6 OAM-Based Systems [68] 

Orbital Angular Momentum (OAM) system implements smaller antennas with 
different modes for optimization. 

7.7 Non-orthogonal Multiple Access (NOMA) [69, 70] 

When all users access the resources, this technique is applied to resist the spectral 
efficiency loss. In NOMA different powers P1 and P2 are transmitted from the Base 
station for different users U1 and U2. Let, P1 > P2. In Fig.  3, two users are there in 
cluster 1. User 1 (U1) receives its own data. Data of User 1 is decoded by user 2 
(U2). Then, U2 receives its own data after subtracting User 1’s message. Both users 
can access the resources, whereas the user at a more distance place (in this case U1) 
cannot interfere with the near user (in this case U2). In Fig. 3 the NOMA-MIMO 
system is shown where resources are used in spatial dimension to improve the spectral 
efficiency and beam forming is applied to minimize the interference.

The challenging issues in NOMA-MIMO are Power and beamforming optimiza-
tion and Successive Interference Cancellation (SIC)-Stability.
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8 Some Experimental Results and Discussions 

One of the major factors to look out while designing a 5G and beyond system is the 
path loss. Also, to make 6G a reality, channel capacity must be enhanced. Considering 
these factors, path loss, Signal to Noise Ratio (SNR) and channel capacity have been 
analysed in the Terahertz Band (0.1–10.0 THz). 

Path loss depends on transmission distance d and wavelength λ. 

Lbf  = 20 log10
(
4πd 

λ

)
(2) 

Channel capacity (in bps) is dependent on the factors of bandwidth B and Signal 
to Noise Ratio (SNR) S/N . We know 

C = B log2
(
1 + S 

N

)
(3) 

In Fig. 4, path loss has been analysed in the THz frequency band (0.1 THz-10THz) 
for transmission distances of 1,10 and 100 m, respectively. It shows that with increase 
in the transmission distance path loss also increases.

Complementary Cumulative distribution of path loss for the same frequency has 
been analysed in Fig. 5 for three different transmission distances of 1,10 and 100 m. 
From Fig. 6 it can be said that Signal to Noise Ratio (SNR) improves for smaller 
value of the transmission distance.

Within the above-mentioned THz band of 0.1–10.0 THz, channel capacity has 
been analysed for three different transmission distances of 1,10 and 100 m, which is
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Fig. 5 Complementary Cumulative distribution of Path loss at distance 1, 10 and 100 m

illustrated in Fig. 7. In the same THz band for 100 m transmission distance, maximum 
channel capacity is 10 Tbps, whereas for 10 and 1 m distances, maximum channel 
capacity reaches to the value of 40 and 250 Tbps. This clearly indicates that channel 
capacity increases with increasing frequency.
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In Fig. 8, the variation of capacity for the same system is analysed with changing 
transmission distances for three different frequency values, viz. 0.1, 1, and 10 
THz. The graph shows that channel capacity decreases with increasing transmission 
distance for a particular frequency.



Evolution of 6G and Terahertz Communication 55

distance(m) 
0 10 20 30 40 50 60 70 80 90 100  

ca
pa

ci
ty
(b
ps

) 
10 14 

0 

0.5 

1 

1.5 

2 

2.5 

3 capacity vs distance 
0.1THz 

1THz 

10THz 

Fig. 8 Capacity vs distance at frequency 0.1, 1, and 10 THz 

9 Conclusions 

THz is considered as one of the challenging technologies for 6G and beyond commu-
nication. Within last 5 years, THz technology has been developed to generate and 
detect THz radiation. Electric sources, receivers and modulators have been devel-
oped for frequencies up to 1 or 2 THz band. Here we discussed various aspects 
like key features, significance, promising applications and difficulties in THz tech-
nology revisiting the recent research publications. To conclude we may say that more 
research developments are necessary in THz communication and THz devices etc. 
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Some Aspects of Novel Materials 
from Optical to THz Engineering 

Swagata Bhattacherjee, Ananya Barman, and Trina Dutta 

1 Introduction 

Ultraviolet (UV) photodetectors have been effectively implemented in advanced 
communication systems, air decontamination, ozone sensation, and different types 
of flame and flaw detection techniques over the past few decades. Continuous devel-
opment of novel materials synthesis and device fabricating techniques has generated 
a new version of UV photodetectors, which are reduced in size, consume lower 
energy, and exhibit higher precision. The journey of Ultraviolet research was on 
track during the nineteenth century, and it is commonly divided into the following 
parts. 

Near ultraviolet (NUV): It is just next to the visible region, and the wavelength 
range is 400–300 nm. 

Mid ultraviolet (MUV): wavelength is between 200 and 300 nm, and ozone can 
absorb it. 

Far ultraviolet (FUV): wavelength is between 200 and 100 nm, and absorbed by 
molecular oxygen. 

Extreme ultraviolet (EUV): wavelengths belong between 100 and 10 nm. In this 
range, atomic, and molecular gases become dominant absorbers. 

Apart from the above names, the International Commission on Illumination (CIE) 
has classified the UV spectrum into different bands [1] as shown in Table 1.

UVB and UVC are the strongest and destructed for human beings, particularly 
at 270 nm. In this wavelength the UV contact limitation of a living person become 
very low, around 3 mJ/cm2 in one second [1] (Fig. 1).
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Table 1 Different bands of 
the Solar radiation spectrum 

Name of the band Wavelength range 

Vacuum ultraviolet (VUV) Below 180 nm 

Deep ultraviolet (DUV) 220–280 nm 

Ultraviolet (UVA) 320–400 nm 

Ultraviolet (UVB) 280–320 nm 

Ultraviolet (UVC) 100–280 nm

Fig. 1 Solar radiation 
spectrum [1] 

Traditional UV photodetectors are stable, highly sensitive, and fast having high 
signal-to-noise (S/N) ratio. But the performances of traditional UV photodetectors 
need to be revised to satisfy the upward necessities and opportunities. Thus the 
technology is shifted towards novel UV photodetectors implementing some special 
features like smartness, flexibility, and intelligence. Although Si is the base material 
for the fabrications of the present semiconductor UV detectors, in many cases the 
applications for UV detection involve intimidating environments like situ combus-
tion monitoring or satellite-based missile plume uncovering, where the harshness of 
vigorous material plays a significant role. 

Whereas in other cases like air quality observing or gas detecting, the sensi-
tivity of the material is more crucial. In aerospace, automotive, and petroleum indus-
tries requirements for fringe technologies are increasing in which high temperature 
tolerant and unfriendly surroundings are required. Thus in the regime of optical 
devices, research activities are also going toward novel materials in order to fulfill 
different kinds of requirements. In Sect. 2 some conventional materials are discussed 
followed by some novel materials in Sects. 3 and 4, which are extensively utilized 
for photo-sensing and detection from visible to UV regions.
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2 Wide Bandgap Materials 

These are usually wide band gap semiconductors, where the photon is allowed to 
interact with the semiconductor layer to achieve photoelectron in the vacuum environ-
ment. A voltage is incorporated between the cathode and an anode causing a photocur-
rent to flow, depending on incident radiation intensity. For this kind of detector, 
for which the working principle is based on the photoelectric effects, the selec-
tion of wavelength range is mainly governed by the work function of the substrate. 
For semiconductor-based detectors, semiconductor material producing electron–hole 
pairs which are separated by the application of an electric field absorbs photons. For 
semiconductor photodetectors, the working principle depends on the internal photo-
electric effect where the incident radiation is sufficiently large to transit the electrons 
from the valence to the conduction band. 

The three fundamental modes of working of ultraviolet semiconductors are as 
follows: 

• photoconductive detectors, 
• p-n junctions photodiode, and 
• metal–semiconductor-metal (MSM) detectors. 

Photodetectors in the UV region are fabricated by different wide-band semicon-
ductor compounds. 

2.1 Silicon Carbide (SiC) 

SiC is considered for fabricating high-temperature, high-power electronic devices 
including photodetectors due to its wide band-gap energy [2]. SiC-based photode-
tectors exhibit large gains, high signal-to-noise ratio, and solar-blind operation, for 
which it is widely used in UV spectrum monitoring without using solar rejection 
filters. Moreover, SiC offers exceptional long stability under high-intensity UV radi-
ation and high operating temperature. Using rapid thermal chemical vapor deposition 
(RTCVD) techniques a hetero-epitaxial SiC/Si MSM photodetector is developed for 
high-temperature deep-UV detection as shown in Fig. 2a [2].

The performances of the SiC-MSM photodetectors were examined by the 
measurement of photo and dark currents and their ratio under various operating 
temperatures. The obtained dark current is less than 0.12 μA at the applied voltage 
of 5 V and 0.8 μA at 10 V at room temperature [2]. An increase in temperature up 
to 80 °C causes an increase in the dark current. The possible reason for obtaining a 
higher dark current is the large doping of SiC which is used to get high responsivity. 
On exposure to 250 nm illumination with an intensity of 2 mW/cm2, the photocurrent 
was obtained as 55 μA at the bias of 10 V at room temperature as depicted in Fig. 3a.
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Fig. 2 a Schematic diagram of the experimental setup for characterization of responsivity of SiC-
based photodetector electric properties and b measurement of dark current in different temperatures 
with bias voltage [2]

(a) (b) 

Fig. 3 a Bias dependence of photoresponse at room temperature b Photoresponse in different 
temperature for λ = 250 nm light with intensity of I = 2 mW/cm2 at room temperature [2] 

Figure 3b represents the photocurrent with the same intensity and wavelength of inci-
dent radiation at different temperatures. The figure shows that the output baseline of 
the SiC-based photodetector is very stable and well-defined up to 400 °C. 

2.2 Gallium Nitride (GaN) 

The III–V nitrides are very attractive members of the UV range photo device. 
Advancements in fabrication technology make these materials a natural choice in 
the infrared, red, and green wavelength domains. But the development of suitable 
technology with this material in the UV spectral region is limited. The III–V nitrides 
are excellent materials having a band gap of ~ 4.75 eV which is compatible with the 
240–280 nm technology band, where ozone absorption takes place which makes the 
earth’s atmosphere less transparent [3]. These materials are better candidates than
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Fig. 4 a I-V characteristics of a nanowire (NW) photodetector under dark and illumination and b 
response in different wavelengths [3] 

silicon regarding the hardness characteristics of radiation. Among different III–V 
nitrides, GaN shows the best performance, especially in the UVA range.

The high absorption coefficient and direct wide band gap made GaN one of the 
most capable materials for detecting the UV spectrum. Figure 4a depicts the I-V 
characteristics of an Ag/single nonpolar GaN NW detector [3]. The black curve 
represents the dark current while the red curve shows the currents for 325 nm UV 
light illumination with a power density of 1 mW/cm2. The curves indicate that 
the current across the NW increases sharply under light illumination. Figure 4b 
shows a photon-response spectrum of the device under the wavelength range of 
200–800 nm at a bias of 1.0 V. It is found that the response is almost constant 
except for the frequency range 370–385 nm which is related to the band gap of 
GaN. In this domain, a sharp change of response is observed, which ensures the 
perfect wavelength selectively of the material. GaN NW is not only used for UV 
photodetection but also for stretchable photosensors. Stretchable photosensors are 
getting attention for various applications like biological sensing, image sensing, 
health-monitoring systems, and wireless communication. These photosensors show 
very high photocurrent and photoresponsivity. 

Although a series of experiments focusing on nanowire UV detectors have been 
performed with GaN [4], still the applications of GaN in UV photodetection are 
limited due to the lack of high-quality materials. Heavily n-type doped GaN suffers 
from native defects caused by nitrogen vacancies whereas, p-type doping is chal-
lenging. In course of technological development, these limitations are also mitigated 
gradually. 

2.3 Zn-Based Materials 

Zinc oxide (ZnO) is a well-known direct band gap material to fabricate ultravi-
olet (UV) photodetector owing to its band gap, which makes it suitable for high
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absorption as well as high rejection in the UV range [5]. It is cheap and biocom-
patible. Also, ZnO-based photosensors offer comparatively high resistance to irra-
diation in comparison with diamond, SiC, and GaN. Depending on the mode of 
operation, ZnO-based photodetectors are classified as photoconductive type, metal– 
semiconductor-metal (MSM) type, and p–n junction type [6, 7]. P–N junction-type 
photodetectors have several advantages over the other two. It offers low dark current, 
high response speed, and broad responsivity in the U-V range. ZnO NW photode-
tectors and optical switches are also getting much attention and being the subject of 
extensive investigations. 

Due to the large surface-to-volume ratio and the presence of deep-level surface 
trap states, these nanostructures contribute to high photosensitivity [8]. The down-
sizing of the active area also shortens the carrier transit time resulting in substantial 
photoconductive gain [9]. 

Figure 5a shows the variation of photocurrent with the intensity of light whereas 
Fig. 5b represents the photoconductive gain at an applied bias of 5 V. As shown in the 
figure, the photocurrent increases linearly with light intensity, when the intensity is 
small. But at higher light intensities, a lack of linearity is observed and the sublinear 
dependence of the photocurrent on light intensity indicates the reduction of available 
hole traps near the surface at higher illumination leading to the saturation of the 
photoresponse. Figure 5b shows a good photoconductive gain of the device which is 
more than 108 [5]. 

ZnS is also one of the direct wide bandgap semiconductors that provides a novel 
perspective alternative for UV detectors that is compatible with the UV-A band. It 
has cubic zinc blend (ZB) as well as hexagonal wurtzite (WZ) structures with a wide 
band gap of 3.72 and 3.77 eV respectively [10]. It is chemically stable and has a 
higher potential as a UV detector in this specific wavelength regime in comparison 
to other wide-band gap semiconductors. But ZnS nanostructures usually execute 
weak photocurrent and are only sensitive to UV light with a wavelength shorter than 
335 nm. On the other hand, ZnO-based UV photosensors have good contact with elec-
trodes and show a large photocurrent. But it suffers from poor photocurrent stability 
caused by oxygen vacancies and zinc interstitial defects. Thus by assembling unique
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Fig. 5 a Photocurrent and b photoconductive gain of a ZnO-NW photodetector [5] 
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features of individual constituents, hybrid ZnS-ZnO can exhibit outstanding opera-
tional characteristics, tunable spectral selectivity, fast response speed, and excellent 
environmental stability in the ‘visible-light-blind’ or ‘solar-blind’ ultraviolet (UV) 
domain with a high degree of precision and great accuracy [11, 12]. ZnO-GaN combi-
nation also works well in U-V photo-detection since GaN and ZnO have the same 
crystalline structure. A high-quality heterojunction is obtained due to a very small 
lattice constant mismatch of two [13]. In Fig. 6a, a ZnO/GaN-based photodetector 
is illustrated. 

Here the top and the bottom layers are made with an n-ZnO and a p-GaN respec-
tively forming a heterojunction diode, working as a photodetector. As the GaN 
(3.4 eV) has a little bit larger band gap compare to ZnO (3.37 eV), the GaN layer 
not only serves as a p-region but also works as a “filter” (transparent beyond 360 nm 
wavelength) in the back illumination. Figure 6b presents the absorption and trans-
mission spectra of the n-ZnO and p-GaN layers. From the figure, it is found that the 
GaN layer has a sharp transmission edge at 360 nm whereas the absorption spectrum 
of the ZnO layer shows a peak value at 366 nm. Also, an overlapped region of two 
curves is observed between the wavelength 360–390 nm which indicates a high spec-
trum selectivity of this combination. Thus ZnO/GaN heterojunction photodetectors 
reflect a sharp precise response span within 360–390 nm. 

Zinc selenide is another kind of II–VI compound semiconductor that has drawn 
considerable attention as a material for prospective optoelectronic devices. ZnSe has 
a direct bandgap of 2.70 eV which is compatible with 460 nm at room temperature 
and widely applied in II–VI light-emitting diodes as well as semiconductor lasers in 
the blue domain [13]. 

A nanobelt is a 1D nanostructure-based channel material which has a definite 
chemical composition, crystallographic orientation, and encircling surfaces that work 
as performance boosters [14]. Nanobelt functions as nano-scale multiband photo 
sensors when exposed to light [15]. Individual ZnSe-nanobelt photodetectors are
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well accepted as blue/UV-light-sensitive detectors and ultrafast switching devices 
specifically can detect very low dark current which is beyond the detection range of 
the measuring instrument. It also exhibits a high photocurrent immediate decay ratio 
(>99%), and a faster response time (<460 nm) [13]. 

Figure 7a depicts the schematic diagram of a ZnSe nanobelt photodetector, and 
Fig. 7b presents its I-V characteristics under the illumination of 400 nm. The graph 
reveals that the dark current of the photodetector is very low (~10–14 amp) [13] 
even beyond the range of the measuring instrument whereas the photocurrent of 7 
pA is noted when a voltage of 30 V is applied for 400 nm light. By illumination 
with radiation of 500 nm, the photocurrent is found to be increased by two orders 
of higher magnitude when the device is fed with a voltage just above the threshold 
excitation energy [13]. Another notable feature of the nanobelt photodetector is that 
it offers outstanding wavelength selectivity. The interesting properties of the ZnSe 
photodetector are summarized in the Table 2.

The wide bandgap MgxZn1−xO alloy has gained considerable attention owing to 
its wide modulating bandgap, varying from 3.37 to 7.8 eV. Its growing demand makes 
it a capable member of the deep ultraviolet (DUV) optoelectronic family. A range of 
MgZnO-based photogenerators and detectors are reported in which some interesting 
progress is noticed especially in the field of UV detection [16]. The remarkable
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Fig. 7 a Schematic diagram of ZnSe nanobelt photodetector b I-V features under the radiation of 
400 nm [13] 

Table 2 Different properties 
of ZnSe nanobelt photosensor 
[13] 

Parameters Value 

The spectral responsivity 0.12AW−1 

External quantum efficiency 37.2% 

Dark current <0.01 pF 

The ratio of photocurrent to immediate decay 99.4 

Response time <0.3 s 
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feature of mixed-phased (MP) MgZnO is that it consists with dual-band gaps. The 
first one is equivalent to the solar blind (220–280 nm) and the second one belongs 
to the visible blind (300–360 nm). The result is that MP-MgZnO can apply to detect 
both the solar blind and visible blind, one time in a single detector. However, MgZnO 
often suffers from phase segregation during the growth process or post-annealing, 
and it is still a limiting factor for practical applications [16]. 

3 Novel Material 

3.1 Graphene Channel Photodetectors 

Apart from wide band gap materials, a wide range of new materials have been 
familiarized to expand the wavelength range availability and performance enhance-
ment of photonic devices. 1D nanostructures already performed successfully and 
offers advanced photosensitivity, and have become the natural choice of research 
over the years. Like 1-D nanomaterials, 2D nanomaterials also have interesting 
unique features and are considered the prospect of the next-generation photode-
tectors. Quantum confinements and the absence of interlayer interactions of 2-D 
nanomaterials make the device smaller, flexible, and efficient. These 2-D nanoma-
terials are also gaining attention in photodetection by means of prominent surface 
effects caused by large surface-to-volume ratios. 

Graphene is a 2-D material system consisting of one atomic layer of carbon atoms 
arranged in a regular hexagon. It is a zero-band gap material with a linear energy 
dispersion relation. It has almost negligible effective mass, having a linear energy– 
momentum relation. As a reason for this, it possesses high Fermi velocity (~1/300 of 
light) and large mobility [17]. As the response time is controlled by carrier mobility, 
graphene-based photodetectors work very fast. Graphene also shows outstanding 
optical properties. Despite being a single atom thick, it has a very strong inter-valley 
transition and it can absorb photons from the visible to the THz range [18] for  
which, graphene-based PDs could be applied over a much wider wavelength range. 
These optical transitions can be significantly improved in presence of an electric field 
via a gate, which offers a valuable dimension for optically probing graphene band 
structure. In the case of multi-layer graphene, absorption takes place cumulatively 
and the absorption range can be modulated by altering the external gate bias [19]. 

The strong and optical transitions between different layers of graphene, and its 
changing behavior in presence of gate bias hold good potential for infrared optics and 
optoelectronics applications. It is observed that large-area mono or multi-layers of 
graphene FETs can serve as ultrafast photodetectors. By light illumination, the photo-
generated carriers recombine within tens of pico-seconds [20] which are separated in 
opposite directions in presence of the internal or external field. In Fig. 8a a graphene 
photodetector is demonstrated where internal fields are used to generate an ultrafast 
photocurrent response [21]. Here no direct biasing is required in between the source
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and drain as the carrier transport velocity is very high even under a moderate electric 
field. Figure 8b represents typical DC characteristics with respect to the source-drain 
voltage in darkness as well as in presence of a fixed gate bias. It is observed that 
the location of optical illumination has a strong impact on the magnitude of the 
photocurrent for constant gate bias.

The maximum photocurrent is obtained for the illumination near the metal-
graphene interfaces where the strongest electric field is formed. However, at a suffi-
ciently large positive gate bias, the maximum electric-field transfers towards the 
center of the graphene channel. The device can produce 6 to 16% internal quantum 
efficiency within the photo-detection region [21]. 

In Fig. 9, a novel hybrid graphene–quantum dot phototransistor is depicted which 
possesses high photodetection gain and quantum efficiency [22]. It consists of a 
monolayer or bilayer graphene sheet that is sensitized with colloidal PbS quantum 
dots. Here Graphene is used for carrier transportation in the channel, whereas the 
function of quantum dots is photon absorbing. The diagram presents the corre-
sponding photo response over a large area upon illumination. Light absorption in PbS 
quantum dots causes photo generation. The electron–hole pairs are separated at the 
graphene/quantum dot interface by the induced internal field which results in a band 
bending near the interface due to the work-function mismatching of graphene and 
the quantum dots. Trapping of electrons in the quantum dots generates the induced 
positive carriers in the graphene sheet through capacitive coupling and as long as the 
electrons remain trapped in the quantum dot, positive charges in the graphene sheet 
are regenerated which ensures the device gain.

Although ultrafast photodetection is possible for 2D nanomaterials using pristine 
graphene photodetectors, the responsivity is quite poor [23] and the reason is the zero 
bandgap and short photo carrier lifetime of graphene, and its practical applications 
in optoelectronics are still inadequate. By incorporating a band gap, Graphene could 
be made luminescent in the following two possible ways. The first approach is by

-4 -2 0 2 4
-2.0
-1.5
-1.0
-0.5 
0.0 
0.5 
1.0 
1.5 

I D
S (

uA
) 

VDS (mV)

 Photo current
 Dark current 

(b)(a) 

Fig. 8 a Schematic diagram of graphene photodetector b I-V characteristics under dark and 
illumination [21] 



Some Aspects of Novel Materials from Optical to THz Engineering 69

Fig. 9 Schematic diagram of a hybrid graphene quantum dot (PbS) photodetector [22]

cutting it into ribbons and quantum dots [23], and the latter one is by reducing the 
connectivity of the π electrons network by chemical or physical treatments [24]. 
Under mild oxygen plasma treatment, discrete graphene flakes become luminescent 
[24]. Hybrid structures of graphene are also being formed by etching just the top 
layer, keeping the underlying layers unharmed [24]. These combined layers could be 
applied in LEDs in the infrared, visible, and blue spectral range. By using plasmonic 
nanostructures, nanoparticles, or microcavity structures, the optical field absorption 
can be improved significantly and an enhancement of the responsivity of graphene-
based PDs is obtained [25]. 

3.2 Layered MoS2 Photo-Detector for Harsh Environment 

Tsai et al., designed a device by using a 2D layered MoS2 such as metal–semicon-
ductor–metal photodetector (MSM PDs), useful for the harsh environment. In their 
research work, they observed that the device exhibited high sensitivity, high thermal 
stability, and ultra-high quick responsively from visible to UV. In research work, 
the CVD (chemical vapor deposition) method generally was applied to synthesize 
layered MoS2 [26, 27]. Tsai et al., in their research, synthesized layered MoS2 by 
using the thermolysis process [28]. 0.25 g (NH4)2MoS2 was added to the DMF 
making a 1.25wt% solution and sonicated for 20 min. After that again it was dipped 
into the (NH4)2MoS2 followed by being heated to 120 °C for 30 min. After that, the 
mixture was placed into a quartz tube in presence of H2 where it was heated from 
500 to 1000 °C, initiating the formation of the layer of MoS2 on the sapphire surface. 

Finally, layered MoS2 was kept on the SiO2/ Si for the fabrication of the photo-
detector device. The AFM study showed the formation of three layers of MoS2 of 
thickness around 0.65 nm for each layer. From HRTEM analysis it was observed that 
the synthesized MoS2 layers were highly crystalline with the hexagonal symmetry 
arrangement of Mo atoms. Ramon spectra and optical microscopic data confirmed
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Table 3 Various parameters 
of MoS2 Schottky PD [28] 

Parameters Value 

Responsivity 0.57 A/W 

Detectivity 1010cmHz1/2/W 

Absorption coefficient 7.5 × 105 cm−1 

Photo gain 13.3 

Response times 70 μs 

Recovery times 110 μs 

the uniform layer formation. The response time of the layered MoS2 device was 
calculated as 70–100 μs which was shorter than another device [29]. From the optical 
absorption spectra, it was observed that layered MoS2 can absorb around 10% of 
the incident light. The enormous development of photoluminescence (PL) has been 
noticed for the monolayer MoS2 both experimentally and theoretically in the current 
literature [30]. 

The bandgap expands from 1.2 eV (bulk) to 1.9 eV (monolayer) as a result of 
quantum confinement and a transition from “indirect bandgap” to “direct bandgap” 
[30, 31] was taken place. This strong photoluminescence of ultrathin MoS2 has a huge 
prospect in optoelectronics devices like PDs, biomedical markers, and sensors [31]. 
It is observed that a few-layer MoS2 Schottky PDs is suitable for photo-detection 
from visible range to UV regions in harsh environments in which temperatures can 
increase up to 200 °C. It was also found out that if the layered MoS2 device is 
designed in MSM manner, where the Au layers as Schottky contact on the surface 
of MoS2, the photosensitivity increases lowering the dark current. 

The following table presents different parameters of MoS2 Schottky PDs at 200 °C 
temperature [28] (Table 3). 

3.3 Monolayer Nano Nets 

In another research work, polymer colloids were also used for the preparation of 
SnO2 nano nets, which were used as a photodetector. The advantage of this method 
is the holes of nano nets which are adjusted by the size of colloidal polymer spheres. 
The semiconducting oxides like ZnO, TiO2, or CeO2 may be used to make the nano 
nets. But Chen et al. [32] for the first time, used SnO2 nano nets to design the 
photodetector device which showed excellent sensitivity and reproducibility. In their 
research work, Chen et al. [32] fabricated the monolayer colloidal polymer nanofilm 
by mixing poly (styrene-co-acrylic acid) (PSA) in water and then hexane was added 
to form a hexane/water interface. Next, the addition of a little amount of ethanol with 
the help of a syringe, at once the spheres of colloidal polymer were transported to 
the interface Fig. 10.
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Fig. 10 Fabrication of monolayer SnO2 nano net-based device as photodetector [32] 

An ordered and close-packed monolayer nanofilm of polymer colloidal spheres 
was formed due to the surface pressure compression. Finally, a solution of SnO2 was 
dispersed into the polymer nanofilms to fill the voids and calcined at 600 °C. 

SEM images showed that the diameter of formed colloidal nanospheres was 
308 nm and the film thickness is equal to the diameter of the spheres. From the 
SEM data, it was also observed that the film showed a good long-range 2D order. 
After the insertion of SnO2 in the nanofilm SEM analysis showed that the presence of 
251 nm hole size was smaller than the polymer in the nanofilms having 6 and 94 nm 
thick walls [32]. The concentration of precursor controlled the formation of ordered 
and discontinuous nanofilm XRD data analysis confirmed also the formation of high 
crystalline SnO2 nanoparticles. 

To design the SnO2 nanofilm photodetector the nanofilm was transferred to an 
electric gun followed by the deposition of Cr/Au electrodes. The SnO2 nanofilm was 
connected with the electrodes and placed around 30 μm apart from each other. While 
the device was illuminated by light with the wavelength 320 nm at a low voltage of 
1.0 V, increased by 3.5 times higher than the dark condition due to the excitation 
of electron–hole pairs [32]. Thus SnO2 incorporated nano film-based photodetector 
showed excellent sensitivity, stability, and reproducibility. 

3.4 Bi2S3 Nano-Belts 

The novel material of low dimensional Bi2S3 can also be used as a photodetector 
which is stable and responds quickly. Li et al. in their research work [33], used Bi2S3 
nano belts as the light sensors for the devices named surface acoustic wave (SAW) 
device. The sensor was fabricated on ST-cut quartz by photolithographic technique. 
For the synthesis of Bi2S3 nano belts, triphenyl bismuth, and dibenzyl disulfide 
was mixed with 4 ml oleylamine (OLA). After that the ethanolic solution of 0.4 g
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polyvinyl pyrrolidone (PVP, Aladdin), the prepared mixture was added and heated 
at 180 °C for 8 h in an autoclave. Li et al., used the ST-cut quartz as a piezoelectric 
material for its unique stability and low-temperature coefficient property in the SAW 
delay-line device. On this device, the sensitive layer of Bi2S3 nano materials was 
formed by spin coater as a SAW resonator and photodetector, Figs. 11 and 12a. In 
the analysis of SEM data, it was observed that the synthesized Bi2S3 nano particles 
were uniform, porous, and belt-shaped and the average length was 5–20 μm. XRD 
showed that the peaks only correspond to the orthorhombic Bi2S3 nano particles, 
indicating the formation of pure Bi2S3 nano particles. 

It was evident from HR-TEM images that the spacing of the lattice was 0.353 nm 
corresponding to the plane (310). There was a broad peak observed in UV–VIS 
spectra between 300 and 700 nm indicating clearly the synthesized nano particles 
can be used as photodetectors [33]. In their research work, it was observed the 
transmission signal of SAW before and after the fabrication with nano particles

Fig. 11 Fabrication of light sensor of Bi2S3 nano belts on quartz [33] 
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showed that the central frequency of 200.02 MHz which was set earlier as fabricated, 
decreased and increased the insertion loss due to the diffraction of the wave by Bi2S3, 
as shown in Fig. 12b. While the light was switched on, the Bi2S3 nano belts caused 
a positive shift of the frequency, and the recovery of the working frequency of took 
place after the SAW device was turned off. It was observed that for these 3 repeated 
cycles the same dynamic response curve was found for the same light intensity 
confirming the fact that the nano bets were reproducible. If the light intensity will be 
increased, the frequency shift was also increased. If the intensity of the light increased 
to 170 μWcm−2, around a 7 kHz shift of frequency was taking place. The sensitivity 
(S) can be determined by the below equation, 

S = (∆f /f ) / P (1)  

where ∆f = shift of frequency, f = resonant frequency of device P = power density 
of incident light. It has been found after calculation, that these nano belts showed 
good sensitivity in presence of the illumination of visible light. Li et al. proposed that 
oxygen molecules were absorbed in the porous site of Bi2S3 nano belts, which was 
responsible for the photo response of nano particles [33]. In their research work, they 
suggested that the photo response was based on the adsorption of O2 and desorption 
of O2 on the nano belt’s surface. In dark conditions, the O2 molecule first captured 
the free electrons present in the nano belts forming an anion O2

−. 

O2 + e → O− 
2 

After that when the nano belts were irradiated by visible light, some pairs of 
electron holes were generated where the O2

− was discharged. This discharge of 
O2

− led to the propagation of acoustic waves, increasing the central frequency. Thus 
increase in light intensity, causes more oxygen release and a large frequency shift 
was observed. 

O− 
2 + h+ → O2 

Thus the novel material, Bi2S3 nano belts can be used as an excellent photo-
detector. 

3.5 NiCo2O4 Nano-Film 

Hu et al., for the first time, introduced the NiCo2O4 Nano film as a promising photode-
tector due to its suitable band gap around 2.1 eV [34], quick response, and high 
stability. In this mixed valence oxide, Ni is in an octahedral structure and Co shares 
both octahedral and tetrahedral sites [35]. In their research work, they used the self-
assembly of NiCo2O4 Nano film in oil or water interface as a photodetector. Co2Ni1-
LDH (layered double hydroxide) was used to synthesize the NiCo2O4 platelets by
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Fig. 13 Schematic diagram for the formation of nano film of NiCo2O4 [38] 

the thermal transformation process. After that, the platelets were dispersed into water 
and a monolayer nano film of NiCo2O4 was formed at the interface of hexane/water 
through the self-assembling method, Fig. 13. There were some interspaces in the 
monolayer film which can interfere with the propagation of carriers and decrease the 
efficiency of the nano film. Hence Linfeng Hu et al., developed a two-layer of nano 
film by repeating the deposition method to remove the interspaces. 

TEM images showed that the NiCo2O4 platelets were hexagonal with sharp edges. 
From AFM data analysis showed that the average film thickness was around 70 nm. 
The selected area electron diffraction (SAED) showed sharp diffraction to the plane 
[111], indicating that the formed NiCo2O4 platelets were of a single crystal with no 
domain boundaries. The top surface corresponded to that plane [111]. All this data 
indicated also that the Co and Ni were distributed uniformly in the crystal lattice. The 
XRD of nano film confirmed that there was no impurity in the crystal of NiCo2O4. 
From SEM analysis it was evident that the nano film was highly oriented with a 
large coverage area. The device of NiCo2O4 platelets nano film was designed by the 
electron beam deposition method. 

At first, the self-assembly at the interface was kept onto the SiO2/Si wafer and then 
Cu/Au electrodes were deposited to design the device of top contact. The electrodes 
were approximately 50 μm apart from each other. While the device was illuminated 
with light having energy higher than 2.10 eV, of 589 nm or white light, the current 
was increased. The photocurrent was increased by 2.3 and 5.0 times larger than the 
dark current in presence of the light of 550 nm wavelength due to desorption of O2 

which led to generating the electron–hole pairs. It was reported in the research works 
that the device based on nano film, showed the enhancements of photocurrent were 
103 to 106 times larger than the single nano-based structured device. This was due to 
the fact that photocurrent was calculated from many NiCo2O4 platelets than a single 
one. The response time of the nano film device was calculated through a 350 MHz 
Tektronix oscilloscope at 100 Hz and it was in the millisecond time scale for both rise 
and decay times which was shorter than any oxide photodetector. The device where a 
single nano structure was used, responded to the illuminated light based on the nano 
structure and was controlled by a complex process. But for nano film-based devices
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the quick response is controlled by the grain boundaries present in the structure. The 
nano films were pure and highly crystalline, which is also attributed to the efficiency 
of light absorption and the generation of photo carriers [39]. 

4 Perovskite Materials 

With the advancement in the optoelectronic application, the need of ultra-broadband 
detection in the range of Ultraviolet (UV) to TeraHertz (THz) become highly essential 
as visible photodetection is not sufficient [40–42]. 

In this context, Perovskite material becomes promising for photodetection owing 
to high charge-carrier Mobility, broad light absorption, direct bandgap, long exciton 
diffusion length, and solution processability. The research interest in perovskite mate-
rial has been enhanced after the discovery of perovskite-based solar cells in 2009 
[43]. Over the years Perovskite material has shown photodetection mostly in the 
UV–Vis region [44–48]. So the researchers have taken different efforts to enhance 
the response wavelength beyond the Visual range either with the use of Sn instead 
of Pb [49] or by the addition of different Infrared (IR) absorption material [50–56]. 
Currently, the material is showing progress not only in photovoltaic cells [57–59], 
but also has attracted research interest in the enormous field like photodetectors [60, 
61], lasers [62], and light-emitting diodes [63, 64]. 

Recently researchers prefer to fabricate devices with hybrid materials to get the 
advantage of stability and quick response of inorganic semiconductors and easy 
deposition technique, low cost & flexible fabrication of organic materials [65–67]. 
In this context, the hybrid lead halide perovskite-based device is unique and most 
promising having its direct, easy-tunable bandgap and solution processability [68]. 
The material is highly preferable due to the charge carriers owing to larger mobility, 
longer diffusion length, broader light absorption, and a longer lifetime [69–71]. 
The chemical formula is CH3NH3PbX3 (Methylammonium lead halide perovskites) 
where X is either Iodine/Chlorine and/or Bromine. CH3NH3PbI3 is mostly used 
among these for having a high lifetime and mobility of the charge carrier. The charge 
carriers are allowed to move far and the drawbacks of losing energy inside the cell 
are reduced. 

A thin film of CH3NH3PbX3 can be deposited generally through spin-coating. 
Stranks et al. reported that mixed halide (CH3NH3PbI3-xClx) based nanostructured 
solar cells which shown 100 nm higher diffusion length than pure halide [43]. But the 
chemical instability of the Perovskite materials restricted the commercial viability 
of the materials [72]. To solve the issue Qasuria et al. fabricated UV and IR sensors 
from the degraded perovskite materials. This technology not only scavenges energy 
but also resolves lead contamination in the environment and reduces the cost and 
time for fabrication [73].
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Fig. 14 Architecture of Perovskite based photodetector [73] 

In this study the Perovskite film (CH3NH3PbI3-xClx), the absorbent layer placed 
by the spin-coating method embedded betwixt two layers, one for Hole Transport 
and the other for Electron transport. For material preparation of the Hole Transport 
layer, the solution of PEDOT: Poly (3,4-ethylene dioxythiophene), and PSS: Poly 
(styrene sulfonate) have been accumulated with the spin coating technique over the 
FTO: Fluorine (F) doped tin oxide (SnO2) coated glass. For material preparation of 
Electron transport, (6,6)-phenyl-C61-butyric acid methyl ester [PC61BM] is used in 
addition to Cadmium Sulphide CdS. Gold electrode deposited on CdS. As a result, 
very promising performance was obtained. The capacitance and impedance have 
been investigated in the range of 0.01 to 200 kHz in different UV-IR intensities [73] 
(Fig. 14). 

Li et al. reported a dual mechanism photodetector over the ultra-broadband in the 
range of Ultra-Violet (UV) to Terahertz (THz). The Photodetector was fabricated with 
the film of perovskite combined with organic and inorganic material (CH3NH3PbI3). 
The photocurrent is generated in the range of UV–Vis with photoconductive effect 
and in the range of Near Infrared to Terahertz (NIR-THz) with bolometric effect. 
Significant responsivity, fast rise, and decay time were obtained in the UV-THz 
range [74]. 
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Optical Polarization Phase Modulation 
with Lithium Niobate 

Ranjit Das and Rajib Chakraborty 

1 Introduction 

Lithium Niobate (LN, in short) is one of the most significant base elements for 
photonic integrated circuit design and plays the role as that of silicon (Si) for elec-
tronic ICs. LN single crystals and their periodically poled (PPLN) forms are important 
for various optical device fabrications such as for optical modulators, piezoelectric 
sensors, optical waveguides, sum/difference frequency generator, parametric oscil-
lator, and for a variety of other linear and non-linear optical applications [1–4]. They 
are optically transparent and can transmit waves in the range 0.40−5.00 μm [5]. 
Normally at room temperature it behaves as ferroelectric material whereas above a 
critical temperature (Curie point, TC ≈ 1190 °C) it shows paraelectric properties [6]. 

Lithium niobate was first synthesized at Bell Telephone Laboratories (Murray Hill, 
New Jersey) by B. T. Matthias et al. in the year 1949 [7]. It has two varieties, the stoi-
chiometric form, and congruent form and symbolized as SLN and CLN respectively. 
The two forms of the crystal are different in the sense that many of their physical 
characteristics and material/crystal parameters can differ by significant magnitude 
[8–12]. An important advantage of SLN over CLN is that the photo-refractive damage 
is reduced significantly in this crystal [13, 14]. 

A very striking combination of various optical features makes LN the most 
explored materials in recent years [1, 15]. This is a trigonal crystal of point group 
3m with negative uniaxial crystal axis and having an ordinary refractive index (2.297 
at 633 nm) greater than the extraordinary index (2.208 at 633 nm), showing natural 
birefringence. The electro-optic effect in this crystal is much stronger than that in 
KDP or ADP. The various nonzero electro-optic coefficients of the crystal (CLN) are:
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r13 = 10.0 × 10−12 m/V, r33 = 30.8 × 10−12 m/V, [16, 17], r22 = 3.4 × 10−12 m/V 
and r51 = 28.0 × 10−12 m/V [1, 2]. 

The outstanding physical and optical properties of LN makes it the most desired 
material for optical modulators and integrated optical devices. The naturally bire-
fringent LN crystal contains larger pyroelectric, piezoelectric, photo-elastic, acousto-
optic, and electro-optic coefficients than its competitors. It also shows very strong 
bulk photorefractive and photovoltaic effects [8, 18]. Its significant Curie temperature 
(1100−1190 °C) makes it possible for the production of metal indiffused low-loss 
optical waveguides [19]. Again, it is thermally, mechanically and chemically stable. 
It is compatible with standard photonics and electronics integrated-circuit fabrica-
tion process. Its significant electro-optic coefficients are exploited in the infrared 
wavelength regime for Q-switching and optical modulation. Large nonlinear (d) 
coefficients of LN enables its use in the second harmonic generation, optical para-
metric oscillation and difference frequency generation and mixing for producing 
tunable infrared wavelengths [3, 5, 20]. 

A typical polarization phase tuning application based on optical polarization phase 
variation between the two orthogonal components (i.e., E-ray and O-ray) of the 
light wave is anticipated here. This application is built on the effect of electric field 
applied externally on LN crystal. It was observed that a trapezoidal-shaped LN crystal 
block can be more effectively employed to control the output intensity than by its 
regular geometrical forms [21]. A mathematical model has been proposed here for 
the trapezoidal-shaped LN crystal block to investigate the differential phase created 
between the two polarization components of light produced caused by electro-optic 
property of LN. Then the device is simulated with optimized parameters for desired 
phase change among the polarization components using genetic algorithm-based 
random optimization method. Again, using a multiple-strip structure of electrodes 
designed on an LN crystal block, the differential phase amongst the two polarization 
components is made to be tuned as can be seen here. 

2 Tunable Differential Optical Polarization Phase 
Realization with LN Crystal 

Various electrode geometries are in use in micro-fluidic systems and in integrated 
photonic applications for dielectrophoretic particle management, in-line scrutiny of 
biochemistry, and for controlling waveguides respectively [22–27]. Again, electrodes 
find applications in terahertz generation, phase control, sensing, etc. based on bulk 
crystal geometries [3, 28–30]. All these applications use electrode configurations, 
which are kept in parallel opposite faces and the associated analysis of the electric 
field is done by methods such as conformal mapping, Green’s theorem, Fourier series 
expansion method, and many more [31–34]. Electric field analysis for out-of-plane 
electrodes sometimes needs to be addressed for studying gene electrotransfer, hybrid 
integrated circuits, and also for determining local field distribution in 2-dimensional
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space for in-vivo electro-chemotherapy [35, 36]. Bulk non-rectangular geometrical 
configurations are also in use for deflector-based switches [37]. Again, electro-optic 
device applications such as study of polarization phase in trapezoidal bulk crystal are 
addressed [38, 39]. It is reported that the sensitivity, to external field to be detected, 
can be enhanced with bulk geometry configuration [40]. But, the study of electric 
field for out-of-plane electrodes or inclined electrodes is not simple. 

Here in this chapter the work is related with Schwarz-Christoffel Mapping (SCM), 
which is used as a technique for electric field distribution analysis in out-of-plane 
electrode-pair configuration. It is being a conformal mapping, has been applied for 
the study of fields for parallel electrode pairs [41–44]. Again, this technique find uses 
for the analysis of capacitance effects in non-parallel plate capacitors [44–46]. The 
same mapping is used here for analyzing the field for out-of-plane electrodes. Then, a 
variable or tunable phase is achieved on a trapezoidal-shaped LN crystal. In brief, an 
applied electric field (E) along the crystallographic axes and the linearly polarized 
light is fed through the z-direction of a trapezoidal-shaped LN single crystal block 
to realize a tunable differential optical polarization phase. 

2.1 Analysis of Electric Field by Schwarz-Christoffel 
Mapping or SCM Technique 

SCM is a conformal mapping alteration done on the upper half of the inner portion of 
a basic polygon. Here a set of complex numbers with only a positive imaginary part 
constitutes the upper half. The inner region of a polygon is mapped here from the 
Z -plane (known as physical plane) upon upper half section of the T -plane, which 
is also called the auxiliary plane. To evaluate the field, the non-uniform 2D field 
in the polygon is transformed into an equivalent rectangular section (parallel plate 
configuration), where the distribution of the electric field becomes uniform. 

The electric field analysis inside the LN electro-optic phase tuning device, which 
is discussed in the following, can guide us to find the answer of an important question 
like, ‘how does electric field modulate the light at every point, while it is passing 
through the device?’ An in-depth analysis of electric field can also lead to improved 
performance of the electro-optic modulators and tuners. 

Here, various analytical techniques are employed to evaluate the distribution 
of electric field for various configurations of electrode. First, a non-uniform field 
distribution study for parallel electrodes is discussed and then a non-uniform field 
distribution analysis for slant or inclined electrodes is considered. 

Study of non-uniform field distribution in parallel electrodes. As mentioned in 
Ref. [47–49], the physical structure of parallel electrodes is assumed in the regime 
of complex Z -plane (Z = x + iy). Then, the right half of the section (colored red in 
Fig. 1a) is considered for the analysis. The coordinates of the associated rectangle 
are Z1 =

(
w 
2 + i h 2

)
; Z2 =

(
i h 2

)
; Z3 =

(−i h 2
)
, and Z4 =

(
w 
2 − i h 2

)
; where h is 

the separation between the parallel electrodes and w is the width of the electrodes.
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Then the walls of the channel are mapped along the real axis of t-plane (as shown 
in, Fig. 1b) by employing the following transformation equation given by [41]: 

t = sin
(

π 
i z  

h

)
(1) 

Then the coordinates in t-plane are obtained by placing the coordinates Z1, Z2, 
Z3, and Z4 in Eq. (1). The midpoints of the Z2 and Z3 electrodes are placed at ± 1 
points (that is at, t2 and t3, , respectively) on the t-plane real axis. Again, the standard 
equation of the SCM in the W -plane (shown in Fig. 1c) is given by, 

w = 
t∫

0 

k
/(

1 − u2
)(
1 − k2u2

)du (2) 

where k is a constant, sometimes called the elliptical integral modulus of the first 
kind and is expressed as

Fig. 1 a Cross-sectional view of parallel electrodes in Z -plane, b Z -plane to t-plane mapping, c 
t-plane to W -plane mapping [47] 
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k = 
1 

t4 
= 1 

sin(i z4/h)π 
(3) 

The field distribution in the W -plane is hence given by the equation: Ew = V 
2K (k2) , 

where V is the applied voltage among the electrodes. So, the relationship between 
potential gradients in the Z-plane and W-plane is given by [41], 

∇∅Z = ∇∅W . f '(Z ) = ∇∅W . 
dW 

d Z  
(4) 

The field distribution in the t-plane is obtained from Eq. (4) as:  ET = EW 
dW  
dt  So, 

the non-uniform field in the channel will be, 

Ez = EW . 
dW 

dt  

dt  

d Z  
, or 

Ez = Ewk
[(
1 − t2

)(
1 − k2t2

)]−1/2

[(
i π 
h

)
cos

(
iπ z 
h

)]

(5) 

Study of non-uniform field distribution with non-parallel electrodes. The SCM 
technique is also used here to evaluate the field distribution for the non-parallel 
or inclined electrode-pair configuration. At first, the cross-section of the inclined 
electrode-pair is mapped in Z -plane (Fig. 2a). From the Z -plane, the electrodes are 
then mapped in the t-plane and then consecutive mappings are followed in ζ-plane 
and u-plane (Fig. 2b-d). These mappings are important for transferring the coor-
dinate system from the non-parallel and unequal electrode regime to an equivalent 
parallel electrode configuration. Now one part of the electric field in Z -plane is kept 
between the two electrode planes, i.e., in the inner region subtended by the angle 
∠AOC(= ∅) and the remaining exists in the outer side the said area. For a very 
small angle of inclination (∅ → 0) it is possible to approximate the electrodes are of 
nearly equal lengths and hence we can write L1 = L2 = L and sin∅ = ∅ (Fig. 2a). 
Also, 

r1 ≈ 
h1 
∅ 
and r2 ≈ 

h1. sin(δ1 − ∅) 
∅ ; 

r1 + L1 ≈ 
h2 
∅ 
and r2 + L2 ≈ 

h2. sin(δ2 − ∅) 
∅ ; 

⎫ 
⎪⎪⎬ 

⎪⎪⎭ 
(6)

where h1 = [h − L ∅/2], h2 = [h + L∅/2], δ1 = [(π/2) − ∅], and δ2 = 
[(π/2) + ∅]. The angle, ∠AOC , being equal to 180◦ in t-plane (Fig. 2b), the 
transformation equation from Z -plane to t-plane is expressed as, 

t = C1 Z 
π/∅ + C0 (7)
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Fig. 2 a Inclined electrodes in Z -plane with an angle Ø, considering that the plates are extended 
at infinity b mapping in the t-plane c mapping in the ζ-plane d Schwarz- Christoffel Mapping in 
the u-plane [47]

So, coordinates in physical Z -plane may be obtained as: Z A = r1.ei∅, Z B= (r1+ 
L1).ei∅, ZC = r2 and Z D = (r2 + L2). The  Z -plane coordinates are then used for 
having the coordinates in t-plane so that the endpoints B and D of the electrodes are 
placed at −1 and + 1 respectively and the other points A and C are mapped at (α, 0) 
and (β, 0) respectively. So, the determination of the constants C0 and C1, is simplified. 
Hence, the coordinates at t and Z -plane are tB = −1 and Z B = (r1 + L1).ei∅ for 
B and the same are tD = +1 and Z D = (r2 + L2) for D, respectively. Using these 
values in Eq. (7), 

C0 = 
(r1 + L1) 

π 
∅ − (r2 + L2) 

π 
∅ 

(r1 + L1) 
π 
∅ + (r2 + L2) 

π 
∅ 

and, C1 = 2 

(r1 + L1) 
π 
∅ + (r2 + L2) 

π 
∅ 

⎫ 
⎪⎪⎪⎬ 

⎪⎪⎪⎭ 
(8) 

Substituting C0 and C1 in Eq. (7) the transformation equation becomes, 

t = 
2Z 

π 
∅ + (r1 + L1) 

π 
∅ − (r2 + L2) 

π 
∅ 

(r1 + L1) 
π 
∅ + (r2 + L2) 

π 
∅ 

(9)
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Using the coordinates of points A (Z A = r1.ei∅ , t = α) and C (ZC = r2, t = β) 
in t and Z -planes, two other coordinates α and β are then defined as, 

α = 
−2r 

π 
∅ 
1 + (r1 + L1) 

π 
∅ − (r2 + L2) 

π 
∅ 

(r1 + L1) 
π 
∅ + (r2 + L2) 

π 
∅ 

(10) 

and 

β = 
2r 

π 
∅ 
2 + (r1 + L1) 

π 
∅ − (r2 + L2) 

π 
∅ 

(r1 + L1) 
π 
∅ + (r2 + L2) 

π 
∅ 

(11) 

Mapping in ζ -plane (Fig. 2c) is obtained in order to estimate the complex elliptical 
integral modulus of the first kind [45]. The transformation to ζ -plane from t-plane 
can be then expressed as, 

ζ = 
(1 − α).(1 + t) 

2.(t − α) 
(12) 

The ζ-plane transformation results in the coordinate distances which are suitable 
for SCM and consequently transfers the inner section of the electrodes to a rectangular 
region [46]. Replacing t = β and ζ = 1/k2 in Eq. (12), 

k =
[

2(β − α) 
(1 − α)(1 + β)

]1/2 

(13) 

Then an upper half section of ζ-plane is transferred to the inner portion of a 
rectangular area ABCD in u-plane (Fig. 2d). So, the SCM equation is given by, 

du 

dζ 
= A1(ζ ) 

π 
2π −1 .(ζ − 1) 

π 
2π −1 .

(
ζ − 

1 

k2

) π 
2π −1 

(14) 

Applying the coordinates of the points B (ζB = 0) and D (ζD = 1) in the  ζ -plane, 
A1 is obtained and is expressed as A1 = 1 k . 

The coordinate transformation in Z , t , ζ, and u-plane are listed in Table 1 
and given in the following.

The connection among the potential gradients in Z -plane and u-plane is then given 
by [42], 

∇∅z = ∇∅u . f '(Z ) = ∇∅u . 
du 

d Z  
(15) 

The field pattern in u-plane is represented by Eu = V 
K (k) . So, the field in Z -plane 

is obtained by using the Laplace equation and written as,
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Table 1 Set of sequential coordinate transformations for non-parallel electrode [47] 

Plane Coordinates Transformation 

A B C D 

Z r1eiΦ (r1 + L1)eiΦ r2 (r2 + L2) – 

t (α, 0) (−1, 0) (β, 0) (1, 0) t = C1 Zπ/Φ + C0 

ζ (−∞, 0) (0, 0) (1/k2,0) (−1, 0) ζ = (1−α)(1+t) 
2(t−α) 

u i K ' 0
(
K + i K ') K Schwarz-Christoffel

Ez = Eu 
du  

dζ 
dζ 
dt  

dt  

dz  
(16) 

Finally, the non-uniform field distribution associated with non-parallel or inclined 
electrode-pair is represented as, 

Ez = −Eu 
ζ −1/2(ζ − 1)−1/2

(
ζ − 1 k2

)−1/2 

2k

(
1 − α2

)

2(t − α)2 
2.π.z 

π 
∅ −1 

∅{
(r1 + L1) 

π 
∅ + (r2 + L2)

π/∅}

(17) 

2.2 Device Configuration with Non-parallel or Inclined 
Electrode Pair 

A device is projected here for this purpose with the dimensions and co-ordinate 
systems shown in Fig. 3. The optical axis of the bulk single LN crystal is assumed 
along the z-axis of the setup. Its one side is kept perpendicular to the z-axis while 
the opposite side is cut obliquely at an angle θ . So, a trapezoidal-shaped bulk crystal 
block of LN is obtained. When a narrow coherent beam of light is allowed to pass, 
along the y-axis, through the LN crystal block phase between the O-ray and the E-ray 
of polarization is varied as a function of the external electric field applied along the 
z-axis. Uniform metal electrodes are deposited on the slant surface and also on the 
opposite side of the structure. The inclined side is connected to the positive pole and 
opposite side with the negative pole of a constant DC source. Hence, the external 
field is applied along the z-axis while the input light wave is fed along the y-axis of 
the setup.

The shaded region in Fig. 4 denotes an arbitrary region of the electrodes. The 
electrodes, with respect to each other, are inclined at an angle θ . The distance between 
the electrodes is a function of height measured with respect to base of the structure. 
The gap between them is a function of L , h, and θ and is represented by l(L , h, θ  ). 
So, the field distribution along z-axis caused by the external voltage V is E = 
V / l(L , h, θ  ). For a given LN block, θ and L are constants. So, the resulting field (E)
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Fig. 3 a Schematic of the 
device with applied voltage, 
b the geometry of the 
proposed device with 
co-ordinate system used in 
the evaluation of electric 
field [47]

is a function of only height (h) of the considered electrode, for a constant voltage 
(V ), and is represented by Eh , where, 

E = Eh = 
V 

l(h) 
= V 

L − h. tan θ 
(18) 

This field Eh causes a change of phase of the polarization components due to a 
change in r.i. resulted from the electro-optic property of the crystal. The differential

Fig. 4 An arbitrary strip 
with height h from the base 
of width W , slanted at an 
angle θ [47] W 

dW 

l 

l2 

l1 

θ 

dl 

dh 
W 

dW 

l 

l2 

l1 

θ 

dl 

dh 
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phase, however, will differ for the two polarization components along x axis and z 
axis. The equivalent phase difference among the two polarization components after 
travelling through a distance dh  is given by, 

d(∆ϕ) = ϕZ − ϕX = k0(ne − no)dh  − 
1 

2 
Ehk0

(
n3 er33 − n3 or13

)
dh (19) 

On the integration of the above function through the entire height (H ) of the 
device, the first term in the above expression will give

∆φ1 = 
H∫

O 

k0(ne − no)dh  = k0(ne − no)H (20) 

as, dl ∼= 0 for infinitesimal values of θ . This differential phase is caused by the 
intrinsic birefringence of LN and is closely controlled by the device height. So, 
using a suitable compensator this can be eliminated because it is fixed for any typical 
device. The second term in Eq. (19) is hence of importance and written as (Fig. 3), 

d(∆ϕ2) = 
1 

2 
Ehk0

(
n3 er33 − n3 or13

)
dh  

or, 

d(∆φ2) = 
1 

2 

V 

l 
k0

(
n3 er33 − n3 or13

)
cos θ.dW = 

1 

2 

V 

l 
k0

(
n3 e r33 − n3 o r13

)
cot θ.dl 

(21) 

Clearly, this differential phase is caused by the electro-optic effect of LN. So, the 
lengths of the electrodes are important and must be used during analysis. Integrating 
the above expression in the limit l = l1 to l = l2, we get

∆ϕ2 =
[
1 

2 
Vk0

(
n3 er33 − n3 or13

)
cot θ

]
. 

l2∫

l1 

dl 

l 

or,

∆ϕ2 =
[
1 

2 
Vk0

(
n3 er33 − n3 or13

)
cot θ

]
. ln

(
l2 
l1

)
=

[
1 

2 
Vk0

(
n3 er33 − n3 or13

)
cot θ

]
. 

ln

(
l2 

l2 − W sin θ

)
(22) 

The overall phase change (∆φ) found from Eq. (19) contains two parts, ∆φ1 

and ∆φ2. The ∆φ1 is constant and may be compensated by using a compensator 
as mentioned earlier and schematically explained in Fig. 3a. Hence, the total phase
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change∆φ is entirely controlled by the change in phase∆φ2. Finally, l2 is substituted 
by l, to obtain the general expression of differential phase among the two polarization 
components and is expressed as,

∆ϕ =
[
1 

2 
Vk0

(
n3 er33 − n3 or13

)
cot θ

]
. ln

(
l 

l − W sin θ

)
(23) 

It is obvious from Eq. (23), that for a given bulk LN crystal having continuous 
deposition of electrode pair placed with an angle θ between them, various amounts 
of differential phase can be obtained by choosing various magnitudes of l and/or W , 
even with a fixed applied voltage. So, it is possible to get various amounts of differ-
ential phase when the electrode is considered at different heights with or without 
varied electrode width. Again, tunability of the differential phase can be achieved by 
designing multiple-strip structure on the inclined face instead of the continuous elec-
trode deposition. A spatial switch, specially designed for this purpose is so assumed 
that it may be exactly placed at any desired number of strip electrodes. So, the nth 

electrode (Fig. 4) may be projected to be the nth strip of the proposed multiple-strip 
configuration. Now, let us consider the base-to-base separation of the two nearest 
electrode strips is d. So, the nth strip’s height with respect to the base of the bulk crystal 
is dn = (n − 1)d. Now, as shown in Fig. 5, we consider a multi-strip structure where l 
represents the length of the base of nth strip. So, we can write l = L − (n − 1)d.tanθ . 

So, the differential phase due to applied voltage (V ) at nth electrode strip, 
(n = 1, 2, 3, . . . . . . ,  N ), is obtained from Eq. (23) and expressed as,

∆φn =
[
1 

2 
Vk0

(
n3 er33 − n3 or13

)
cot θ

]
. ln

(
L − (n − 1)d tan θ 

L − (n − 1)d tan θ − W sin θ

)
(24) 

or,

Fig. 5 Device geometry 
with multi-strip electrodes 
[47] 
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∆φn =
[
1 

2 
Vk0

(
n3 er33 − n3 or13

)
cot θ

]
. ln

(
L − (n − 1) X n sin θ 

L − [(n − 1) X n + W ]. sin θ

)

(25) 

where N is the total number of strips on inclined face = X
/
b ( as,  X = width of 

inclined face), b = (W + g), (g and W are and distance among two successive 
stripes and the width respectively), and d = (W + g) cos θ . So, certainly the 
differential phase is lowest for the 1st strip and gradually enhanced with consecutive 
stripes. The differential phase among the polarization components also changes with 
the choice of a particular set of strip electrodes. So, by properly selecting the electrode 
strips, a tunable differential phase between the polarization components is achieved. 
This setup can then be efficiently applied for having tunable differential polarization-
phase. Here, in this case Eq. (25) is expressed as: 

φn = 
N∑

1

[
1 

2 
Vk0

(
n3 er33 − n3 or13

)
cot θ

]
. ln

(
L − (n − 1) X n sin θ 

L − [(n − 1) X n + W ]. sin θ

)

(26) 

It is to be noted from Fig. 5 that at some critical angle of inclination the trapezoid 
will be transformed to a prism, and the above analysis is no more valid there. The 
critical angle of inclination can be shown to be, 

θcri tical  = cot−1

(
H 

L

)
(27) 

Hence, the inclination angle (θ ) of the device can be changed from zero to an 
extreme value of θCritical . 

2.3 Distribution of Electric Field Inside the Device 

In Fig. 6a the field pattern for a parallel plate structure for several channel heights is 
depicted. The electric field is clearly seen to be mainly concentrated near the surface 
of the device and the related electric fields are higher at the edges for the applied 
voltage of 500 V. By varying the channel height and/or by controlling the external 
voltage the interaction of the optical field with the electric field may be efficiently 
managed.

For a non-parallel electrode-pair configuration the field distribution is shown in 
Fig. 6b, which is of non-uniform polarization-phase variation. The evaluation of the 
expression of the electric field is associated with small angle approximation and 
hence, the electric field is plotted for an angle of inclination 8°. It is observed that 
the field displays unreliable characteristics for the angle of inclination above 12°.
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Fig. 6 Distribution of electric field for a parallel electrode geometry and for b inclined electrode 
pair geometry. Plots are obtained by MATLAB programming of electric field analysis using SCM 
[47]

2.4 Optimization of Various Device Parameters 

The phase difference ∆φ is a function of four parameters, which are applied voltage 
(V ), the distance among the electrodes (l), the width (W ) of the inclined electrode
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and inclination angle (θ ) of the slanting plane. Though relation among the differential 
phase and the external voltage is linear, it is found that the extent of the differential 
phase cannot be defined beyond a typical magnitude of l and θ or for a lowest possible 
value of W . So, the dimensions of the three parameters, l, θ and W , do have some  
limits and they are to be optimized to obtain a desired differential phase. Moreover, 
any desired amount of differential phase can be obtained by choosing the suitable 
number of multiple strips with the help of a spatial switch. 

To get a specific differential phase random optimization technique is used here 
for getting the optimum values of different parameters, which are the width of the 
electrode (W ), the distance between the electrodes (l) and the angle of inclination 
(θ ). Genetic algorithm based on the random optimization technique as given in [50], 
is employed here for designing the algorithm. First, the range of concerned variables 
with their accuracies are estimated and then the gene length for each variable is found 
by using the following equation, 

gene length = ceiling f unction
(
max value − min value 

accuracy

)
(28) 

The chromosome length is defined as the sum of various gene lengths. Then 
the gray string is generated by using the chromosome length. Single or multi-point 
transformation is the basis for random optimization. Logically, it signifies XORing 
which changes bit 0 into bit 1 and the reverse. Due to randomness in choosing 
between single-point and multi-point transformation or mutation, huge iterations are 
considered. After this, the transformed binary string is again converted to decimal. 
The scaling of the parameters is done to the desired range of this problem. The fittest 
outcome is achieved by comparison with the expected outcome using 1,000,000 
iterations. The figure of merit associated with the optimization technique is defined 
by a parameter called fitness function (FF). It is also related to (1 + merit function) 
–1. A larger magnitude of FF (~1) indicates a larger figure of merit, popularly known 
as merit function (MF). These parameters are related by, 

MF  = weight value(achieved value−targeted value)2 , (29) 

and, 

FF  = 1 

1 + MF  
(30) 

Furthermore, the algorithm is such that, the program becomes turned off when the 
fittest outcome (i.e. FF ~ 1) is attained, with the optimized values of the parameters. 

In Tables 2 and 3, the optimized result to get quarter-wave and half-wave differ-
ential phase for a DC voltage of 500 V is given. It is observed that the optimized 
base length (L) is significantly low in comparison with the width of the electrode 
(W ). So, the major interaction of light wave with the external electric field due to 
electro-optic property of LN is ensured. Due to the small angle approximation of the
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Table 2 Device parameters with trapezoidal LN crystal for 90° or quater-wave differential phase 
[47] 

Length (L) in mm Width of 
electrode (W ) in  
mm 

Inclination angle 
(θ) in degree  

Optimized phase 
(in degree) 

Fitness Func. 
(FF) 

5.1732 10.7638 14.4444 90.2486 0.9418 

5.2520 8.3228 31.1111 89.9042 0.9909 

1.6299 3.2835 16.1111 90.0330 0.9989 

4.0709 6.8268 27.2222 89.9752 0.9994 

2.4173 4.4646 21.1111 90.0204 0.9996 

5.0945 10.9213 12.7778 90.0123 0.9998 

4.4646 10.8425 6.6667 90.0013 1.0000 

2.2598 5.4882 6.6667 90.0013 1.0000 

Table 3 Device parameters with trapezoidal LN crystal for 180° or half-wave differential phase 
[47] 

Length (L) in mm Width of 
electrode (W ) in  
mm 

Inclination angle 
(θ) in degree  

Optimized phase 
(in degree) 

Fitness Func. 
(FF) 

1.5512 3.2047 27.2222 179.1627 0.5879 

1.3937 2.5748 31.6667 180.3476 0.8922 

3.2835 9.3465 16.6667 179.8217 0.9692 

4.2283 10.6063 20.5556 180.1057 0.9890 

1.5512 8.3228 1.1111 179.9174 0.9932 

2.6535 7.8504 15.5556 179.9203 0.9937 

2.4173 8.7953 10 179.9782 0.9995 

2.4173 10.8425 5 180.0000 1.0000 

electrode modeling, the optimized inclination angle of the slanting plane is also very 
small and also shown in the Table. 

2.5 Introduction of Variable Phases 

For the said device with uniform continuous electrodes, variation of phase difference,
∆φ, with the change of either of the three independent parameters, the base length 
(L) of the trapezoidal crystal, the width (W ) of the slant electrode and inclination 
angle (θ ) of the slant electrode are analyzed and are shown in Fig. 7. The other 
parameter controlling the variation of phase difference is the applied voltage (V ). 
However, there will be a linear dependence of phase difference with voltage and is
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Fig. 7 Change of 
differential phase (∆φ) 
between the polarization 
components of light wave a 
with the width, W of the 
inclined electrode strip and b 
with base length, l of the 
trapezoidal bulk crystal c 
with the angle of inclination, 
θ [47] 

not plotted here. In plotting the data for variation of phase with any one parameter, 
the other two parameters are kept constant. Thus, keeping the base length fixed at 
5 mm and inclination (θ ) as 30°, the variation of phase (∆φ) with slant electrode 
width (W ) shows that the value of ∆φ becomes imaginary beyond W = 10 mm 
(green coloured graph). This means that beyond a specific electrode width, the phase 
change is not possible while keeping the other two parameters fixed. Similarly, the 
phase variation becomes imaginary beyond a certain angle or if the base length is 
below a certain value (shown as red and blue colored lines respectively). In the above 
analysis the applied voltage is considered to be 500 V. The corresponding simulation 
is made by MATLAB. 

2.6 Tunability of the Device 

It is seen that tunability of the differential phase can be achieved by using multiple 
strip structures while joining the spatial switch to one or more desired strips. For 
having half-wave (180°) differential phase shift the optimized length of base (L) and 
width of electrode (X = W , for single continuous inclined electrode) are given in 
Table 3. Then, the variation of differential phase between the orthogonal polarization 
components with a change in strip electrode order number (i.e., the height of the 
concerned strip from the basement) is addressed. The constant (W + g), i.e., the sum 
of the width of a strip and distance between two consecutive strips is taken as 2.0 mm 
and the width of the slant electrode, X is assumed to be identical to the optimized 
electrode width of 10.84 mm for 180° differential phase. So, on the inclined face 
there will be 5 strips of electrodes and the differential phase shift for each electrode 
may be determined using Eq. (25). The differential phase changes associated with 
each electrode strip are then mentioned for four various combinations of W and g 
(Table 4). Set I of Table 4 shows the shift in phase for (W + g = 2mm) and it is 
found that the summation of all the phase shifts is nearly equal to 180°. Here we 
have used the values of electro-optic parameters for lithium niobate: no = 2.297,
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Table 4 Differential phase change associated with different electrodes of the device for various 
sets of strip width (W ) and channel gap (g) [47] 

Electrode no Set I Set II Set III Set IV 

W = 2.0 mm 
g = 0.0 mm 

W = 1.5 mm 
g = 0.5 mm 

W = 1.0 mm 
g = 1.0 mm 

W = 0.5 mm 
g = 1.5 mm 

Phase change (in 
degrees) associated 
with 

1 27.3955 20.3520 13.4415 6.6591 

2 34.3727 25.4722 16.7830 8.2953 

3 37.5622 27.8042 18.2995 9.0354 

4 39.3900 29.1381 19.1654 9.4573 

5 40.5747 30.0017 19.7255 9.7299 

ne = 2.208, r13 = 8.6 × 10−12 m/V, r33 = 30.8 × 10−12 m/V. At θCritical , the device 
geometry turns out to be a prism, as stated earlier. So, θCritical  is the maximum 
allowable inclination or slanting angle. The value of differential phase (∆φ) among 
the two components of polarization turns out to be indefinite and sign change ∆φ is 
definitely not achievable as claimed in [39]. 

From the above discussion, it is clear that the angle (θ ) has a significant impact 
on ∆φ, the phase among the two polarization components. The differential phase 
is a device geometry-dependent parameter and cannot be changed in a wide range. 
A different amount of typical differential phase is realized by placing the switch at 
the properly chosen strip electrode while the external DC voltage is kept constant. 
Connecting more and more electrodes to the spatial switch the magnitude of ∆φmax 

may be further improved. So, the limit or range of tunability, i.e., (∆φmax– ∆φmin) 
can be enhanced. 

3 Conclusion 

An application based on trapezoidal-shaped LN crystal block as a differential 
optical phase modulating device is proposed. For this, analyses of field distribution 
with parallel and inclined plane electrodes are made using the Schwarz-Christoffel 
Mapping method. But for non-parallel electrodes consistent result is only obtained 
by considering a small angle of inclination. These types of electrodes are simulated 
by using MATLAB® programming and the computational speed is tremendous. 
Further the non-parallel electrodes are considered to be placed on the slant surfaces 
of a trapezoidal block of LN bulk crystal. It is found that a differential polarization 
phase can be introduced by those electrodes by controlling various geometric param-
eters of the electrode structure. Optimized dimensional parameters of the device for 
a desired differential phase between the polarization components are achieved, and 
it is found that the tunability of this differential phase can be attained by considering 
multiple strip electrodes. This is really beneficial, as phase-tunability is achieved by 
taking only a constant DC voltage supply.
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Application of Fiber Optics 
for the Protection and Control of Power 
Systems 

Nagendra Singh 

1 Introduction 

Electrical power systems, when viewed as being organized in hierarchical form, can 
be seen to have become complex in recent years due to their range of structural, status, 
and relevant technical issues. Such complexity, implemented in order to provide safer, 
cheaper, and more reliable power to the consumer, requires better control, monitoring, 
protection, measurement, and information transmission [1]. 

A prerequisite for the safe and stable operation of an electrical power system is 
the accurate and reliable measurement of the major system parameters, in particular 
current and voltage. In the Traditional power system, it is achieved by using a high-
voltage current transformer and voltage transformers. But these transformers are 
very bulky in size and also very costly. Both these devices are increasingly coming 
under review in modem power systems due to their cost, and the safety implications 
for personnel, and the surrounding plants if a failure occurs. In the urban area cost 
of land and the cost of installation of a plant is high and also installation process 
is time-consuming. The main interests have been in producing devices to replace 
conventional equipment and CTs, utilizing the non-conductive nature of the optical 
components. Other important functions for measurements in the industry are those 
for diagnostic and metering tasks. 

The main equipment used for the measurement of the quantities helps to solve the 
problems directly or indirectly arising in the power system. When a circuit breaker 
is used to break the current of the transmission line, due to the presence of the 
inductance and capacitance in the transmission line high-frequency surges can be 
induced. Managing the level of frequency and voltage is very important, in the power 
system for stable and safe operation.
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Since the power system required stable and efficient operation hence the trans-
mission of data is very complex. For the stable operation and control of the power 
system, the centralized control system was used which required high bandwidth of 
the communication system. But the traditional control and communication system 
has many limitations in respect of frequency allocations and channel availability [2]. 

The classical control systems are also very difficult to handle and operate because 
of their complex nature and installation cost and place requirement is very high. Since 
a power system uses high voltage and current for transmission so its needs a reliable 
control system. And the control system depends on the signals it received from 
various parts of the operating area of the power system. If they received information 
very fast then they can take quick action and operate the system and hence the system 
will be safe and operated as per desired operations. 

Old communication channels used metallic circuits, which can be affected by 
external causes like interference of voltage and current from other circuits. Hence 
the effectiveness and reliability of such a metallic-based control system are reduced. 
Mostly pilot circuits are used for communication of the signal which is purchased or 
rented by telecommunication authorities. Such kind of communication circuits used 
electronic signal repeaters which are unable to send the signals long distances. Since 
the power system used a large network for long-distance its need a suitable system 
that can send the signal in all operating area at high speed without any interference 
[3]. 

The main objective of the use of the pilot wire is to trip the circuit when any 
unwanted operation arises in the power system. Since the operation of the pilot wire 
depends on the signal of CT and PT, so it can help to protect the system if received 
correct and fast signals from CT and PT. 

Continuous monitoring and maintenance are required for the equipment and 
systems used for measurements and control of the electrical power systems because 
they are sensitive and very costly. Now we are required to use online monitoring 
approach which is effective, accurate, and less costly as compared to traditional 
systems. Such online monitoring helps to operate the system with stable voltage, 
frequency, and power factor and also helps to protect the whole power system from 
unwanted hazards. Since the traditional monitoring and control systems are not much 
efficient so cannot perform effectively the expected tasks. 

For the support of the monitoring and control system, the required to stabilize a 
set of locations (monitoring point) in the electrical power system, so the system can 
measure the accurate value and also communicate with high speed the same exact 
values. Such kind of development of system improves the working efficiency of 
the control system. Integration and coordination of the operation of a utility system 
based on a hierarchical control superimposed on a distributed local control structure 
require local microcomputer networks linked together and installed in key control 
areas such as power plants, substations, and load centers, for example. 

Modern power systems use SCADA (supervisory control and data acquisition) 
monitoring and control system which is operated by the local network system. 
Vibration monitoring, control of large remote heat systems, remote control of trans-
formers, temperature monitoring of high-voltage cables, and lightning observations
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from other functions of monitoring and control are also important. The fault is a 
common problem in transmission lines, especially in rainy sessions, which interrupt 
the supply of power for a long time [4]. 

Optical fiber transmission systems are very fast and free from external interference 
used in the electrical power system for control and operation. In these respects optical 
Fiber thermometer can offer a new perspective. OFC transmission system is used 
between substation for transmission line safety, monitoring between point-to-point 
working systems with connection to the SCADA system, and transmitting voice or 
video messages for supervision and control. What is more, to support the complicated 
system management and improved protection algorithms of complex structures of 
substation protection and control systems, integrated digital protection and control 
systems have been employed. 

Electrical equipment that fulfills responsible functions in high voltage, high power 
systems should be supervised continuously in the real–time of operation. This equip-
ment includes power lines, transformers, switches, current transformers, etc. The 
supervision functions and system redundancy is needed to assure the desired level 
of reliability in the system [5]. 

The protection system mainly divided in two-level, higher level, and low level. 
The higher level consists of the diagnosis of the technical problems arises in the 
system and lower level included buzzer/alarms and operating switches. Technical 
diagnostics sub–system gives the possibility of early or nearing fault detection to 
the user of the whole system. The build feature enabling an early detection in the 
system protects it directly against any fatal breakdown stage. Here system used for 
supervision and control is distinguished in four following reliability stages:

● Normal work under nominal conditions,
● Early fault stage of work,
● Disturbed stage of work,
● Break down stage. 

The electrical power system is supervised continuously so that power can be trans-
mitted and distributed at all stages of the system without any interruptions. During 
the breakdown of power, information received by the supervision system is very 
important. This information is shared in many high and down-level systems to over-
come the breakdown problem as soon as possible. The optical fiber communication 
system here helps to transmit the information very quickly to supervision control 
units as well as other stages without any change in signals. 

This chapter focused on the fiber optic supervision network system connected 
with SCADA supervisory system and protects the whole power system. The super-
vision system mainly depends on the signal received in terms of voltage, current, 
frequency, temperature, power factor, and change in lodging at receiving end side. 
Also using many electrical switches and equipment which is used to trace a double in 
the electrical power system and also trip the circuit when any unwanted state arises 
with the help of a supervisory system [6].
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2 Optical Fiber System 

Glass or fiber is used to make the optical fiber. Optical fiber is a very thin wire and 
its diameter is near to diameter of a human hair. It is a very long wire where the 
signal is transmitted at almost the speed of light using the principle of total refraction 
from the center of the wire from one end to another end [7]. For many applications, 
it performs better than metallic conductors because it’s had higher bandwidth and 
transmits speeds. A comparative analysis between copper conductor communication 
and OFC is shown in Table 1. 

Table 1 Comparison between OFC and copper conductor communication 

Properties OFC Copper conductor 

Speed OFC can transmit signal with speed 
of light 

Its speed is less than OFC 

Electrical Isolation Free from ground loop problem Ground compulsory required 

Sparking No sparking Maybe sparking arises 

Interference No electromagnetic interference electromagnetic interference arises 

Power loss Very low High 

Handling Its weight is very light so easily can 
be handled 

Its weight is high so transportation 
and handling are not easy 

2.1 Construction of Optical Fiber 

A Fiber Optic Cable consists of the following parts shown in Fig. 1. 

A. Core: It is in cylindrical form made of plastic used to cover the fiber cable along 
with the length of the cable. The core provides protection for the cable. The 
length and diameter of the core design are as per the applications used. 

B. Cladding: It is used for the protection of the core. It covers the core outer part. 
It helps the light to reflect back into the core. Generally, when light enters from 
dense medium (core) to low dense medium (cladding), it changes its angle in 
such a way that it can reflect back to the core. 

C. Buffer: Since the fibers are arranged in thousands of optical fibers so its required 
mechanical support and protection, such mechanical support, and protection are 
provided by the buffer. 

D. Jacket: It is the outer part of the fiber cable used for the protection of the cables 
from outside hazards and environmental problems.
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Fig. 1 Main part used in 
optical fiber 

2.2 OFC Operating Principal 

Characteristic of any Optical materials depends on the index of refraction as they 
are reflected in the medium of propagation changed. The optical fiber is working on 
the principle of total internal reflections as shown in Fig. 2. The reflection index is 
defined as 

Refraction index = speed of light in a vacuum 

speed of light in the material 

Law of refraction given by Eq. (1) 

nI sin I  = nr sin R (1) 

where I-The angle of incidence, R-angle of reflection, nI -medium of incidence of 
the light, and nR–medium of reflection of light. 

For the total internal reflection, it is required to angle of incidence is always 
greater than the critical angle. In the optical fiber, about 82° incidence angle is used 
for internal reflection. At such an angle, light is reflected without any loss as shown 
in Fig. 3.

Fig. 2 Principle of 
interference used in optical 
fiber 
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Fig. 3 Total internal 
reflection of light inside of 
the core of the fiber optics 

2.3 Classifications of Optical Fibers 

As per the construction and used material composition for core optical fiber cables 
are categorized as shown in Fig. 4. 

1. Step-index fiber−In this case of the cabal, the core has a uniform refractive 
index throughout the length and it is suddenly changed when reached the cladding 
boundary. 

2. Graded-index fiber−In this case of the cabal, the core has a variable refractive 
index from the center of the cable. 

Fig. 4 Classifications of the 
optical fiber cables 

Now these two types of cables are classified into two forms. 

A. Single-mode fiber

● It is suitable for long-distance communication only.
● Small diameter of the glass used for the construction of single-mode fiber.
● Minor signal strength reduced due to small diameter
● Signal light of beam used which can travel for long distance.
● High bandwidth used to transmit the signal
● In this mode laser is used as a source of light
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B. Multi-mode fiber

● It is used for a short-distance of communication.
● It required a large core diameter for the reflection of the signals.
● Multi signals can be transmitted
● Signal loss is possible in multi-mode fiber
● LED used as a source of light 

2.4 Advantages of Fiber Optics 

OFC has the following advantages

● OFC can support higher bandwidth communication.
● Signals travel for long distances so need for any signal booster.
● OFC signal cannot affect by electromagnetic interference.
● It can be used in water also.
● OFC has light in weight; mechanical strength can be used for long life, and easy 

in handling.
● It is free from maintenance. 

2.5 Disadvantages of OFC

● It is costly compared to copper wire.
● Since optical fiber uses glass so it required higher protection compared to copper 

wire.
● New Installation required much labor and hence needs much cost.
● If the cable bend or curved around a radius of a few centimeters due to its fragile 

nature it can be broken or the signal can be lost. 

2.6 Fiber Optic Communication 

It is a technology used to transmit the data from one end to another end of the circuit. 
In this system, infrared light pulses are used as signals to transmit the data. Light 
is used as a signal carrier and it is converted into data. Where long distance, high 
bandwidth, and high-speed data transfer are required optical fiber cable is preferred 
instead of copper cable [8]. 

For the transmission of audio, video, and large data Fiber-optic communication 
is the most suitable system. Optical fiber communication is also used for telephone 
and television signals. Currently in India Jio and Airtel companies mostly use fiber 
optical systems for internet and TV signal communication.
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2.6.1 Working of Fiber Optic Communication System 

In an optical fiber, the light signal is transmitted from one point to another end. As 
shown in Fig. 5 it has a transmitter that transmits the electrical signal to the light 
of the source and such electrical is converted into a light signal. After that using 
fiber and optical cables light source signal send to the receiver, and here again, it is 
converted into a digital signal for further use [9]. 

Fig. 5 Main part used in 
communication 

2.6.2 Elements of a Fiber Optic Communication System 

Figure 5 shows the basic major elements used for the optical fiber communication 
system. 

Transmitter−It consists of a drive circuit and light sources. A drive circuit is gener-
ally used to convert the electrical signal into a digital signal. And a light source has 
an LED and laser diode for the generation of the light beam. The difference between 
LED and laser light diodes is given in Table 2. Generally, the light source value 
depends on the network area and size of the network.

LED is an important element used as a light source In an optical fiber commu-
nication system. It can convert the electrical signal into an equivalent light signal 
which is used as an input signal for optical fiber. The LED has some good char-
acteristics like it induces less heat when converting an electrical signal into a light
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Table 2 Comparison of 
characteristics of laser diode 
and LED 

Quantity Characteristic of laser Characteristic of LED 

Speed Very fast Slow 

Handling Difficult compared to 
LED 

Easy in operation 

Output power High Low 

Cost High Low 

Spectral width Narrow High

source so it improves the overall efficiency of communication. LED has the following 
advantages:-

● Size is small so it easily fits in the circuit.
● LED has a high radiance.
● LED has small emitting regions like optical fiber dimensions so it is suitable for 

use.
● LED is a highly reliable element.
● They can be changed at high speeds. 

Optical fiber cables: it is used to transmit electrical signal in terms of the light beam 
from one circuit to another circuit. The main characteristic of such optical fiber is 
high bandwidth, Low power losses, and high speed of transmitting the data. 

Regenerator: It consists of an optical receiver and optical transmitter. The optical 
receiver receives the optical signal coming from the optical fiber and the optical 
transmitter transmits the optical signal to the receiver via an optical amplifier. 

Receiver: It consists of the photodetector, which identifies the signal that came from 
the regenerator. A signal restorer is also present in the receiver, which converts the 
light signal into an electrical signal. 

2.6.3 Characteristics of Optical Fiber 

Optical fiber has many characteristics as shown in Fig. 6.
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Fig. 6 Characteristic of optical fiber 

2.6.4 Fiber Optics Applications 

Optical fibers have many applications, and Fig. 7 shows various sectors where optical 
fiber is highly recommended [10].
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Fig. 7 Applications of OFC 

2.6.5 Fiber Optic and Satellite Communication 

In the present day, Optic fiber and satellite communications are used mostly all 
over the world. Both technologies have some advantages and limitations. The main 
differences between these methods are shown in Table 3.
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Table 3 Difference between fiber optical and satellite communication 

S.no Fiber optic communication Satellite communication 

1 It is more suitable for urban areas It is suitable for anywhere in the country 

2 This type of communication used light 
signals for the medium of propagation 

Electromagnetic signals are used for the 
medium of propagation 

3 For this communication optical fiber is 
required 

In this communication relay station used 

4 Bandwidth of the fiber optical 
communication is very high and low 
interference with 

Bandwidth is less and interference is always 
flat 

5 For fiber communication antennas are 
not required 

Special antennas required 

6 Medium of transmission is fiber Medium of transmission is air 

7 It is more suitable for point-to-point 
and short-distance communication 

It is suitable for long-distance 
communication only 

8 Rate of data flow is very high and 
propagation delays are very low 

Flow of data rate is slow and since data is 
transferred from satellites to earth, 
propagation delay is high 

9 Its cost is less It is very costly 

10 It is used for stationary communication It can be used for movable communication 
as the mobile 

11 It is reliable and chances of error are 
very less 

It is also reliable but the chances of error are 
more 

Advantages 

The advantages of optical fiber communication include the following.

● Communication is secured
● Speed
● Electromagnetic compatibility
● Distance
● Bandwidth
● No Power loss
● Interference
● Size
● Less Weight
● Security
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3 Electrical Power System Protection and Control System 

3.1 Power System Protection 

The electrical power system is designed in such a way that it can generate and 
transmit power to all consumers. Power systems ensure operation economically and 
provide full safety to the consumers. The huge capital investments in the generation, 
transmission, and distribution of power with proper precautions are taken to ensure 
that the equipment operates at peak efficiency and must be protected from accidents. 
The electrical current is normally transferred from the generator to the transformer, 
transformer to transmission lines, transmission lines to the distribution line, and 
distribution line to different loads using suitable insulators [1]. 

Total protection depends on the insulation provided in the power system, so if 
due to environmental effects or aging or any physical accident insulator is damaged 
then the current follows an abnormal path generally known as a short circuit (fault). 
Generally, we can say fault means the abnormal operation of the power system. Faults 
may arise in two ways, first open circuits and second short circuits. Various faults 
occurred in the transmission line shown in Fig. 8. In most cases, short circuit faults 
arise more compared to open circuit faults [11]. 

During the fault occurs in the power system, an automatic protective device is 
required to isolate the faulty element as quickly as possible to keep the healthy 
section of the system in normal operation. When any short circuit fault occurs in any 
section of the power system, a very high short circuit current will start to flow in 
the circuit this high current is very dangerous for the human as well as equipment 
connected with the power system. In such conditions, it is required to clear the 
fault within a fraction of a second. If the short circuit is present in the circuit for 
a long time it can damage the system mostly and sometimes it catches the fire and 
damages the surrounding areas. So it is required to eliminate short circuits as quickly 
as possible using protective elements like relays and circuit breakers. Also required

Fig. 8 various faults occurred in transmission line 



114 N. Singh

Fig. 9 Switchgears used for protection of power system 

is an automatic protection system that isolates the healthy part of the system from a 
short circuit [12]. 

The design of a protection system required two types of devices, the first type 
of device is used to sense the value of current and voltage in the normal situation 
as well as abnormal situation, the second type of device is used to break the faulty 
section of the line from the healthy line. CT (Current transformer) and VT (Voltage 
transformer) are used as primary devices; they can sense the value of current and 
voltage. Relay is also used as a sensor that senses the value of CT current and 
accordingly sends information to the circuit breaker. Circuit breakers and switchgears 
are used as secondary devices which can break the circuit during abnormal condition. 
Figure 9 shows the different types of switchgears Fig. 10 shows the various relays and 
Fig. 11 shows various circuit breakers used for the protection of the power system 
[13].

The general layout of the protection system used for the electrical power system 
is shown in Fig. 12. CT and PT are used for the measurement of current and voltage 
from the power system using step down the principle of the transformer. Relay is 
connected with CT & PT and reads the current and voltage values and according to 
the value of CT and PT it takes the decision whether it is a normal operation going 
on or any abnormal situation arises. If an abnormal situation arises it sends a signal 
to the trip connector. The trip connector activated and magnetized the trip coil so that 
it can operate the circuit breaker. So using a trip coil circuit breaker opens the faulty 
parts of the system. In this way protection system protects the whole power system.

But in the classical protection and control system has many problems. Most 
common problem is to transfer the signal in high speed without any interference. 
Since classical system are using copper wire as a communication line. So in this 
communication system has chances of magnetic interference and loss of signals. 
Since copper wire is using so losses also arises [14]. For the protection of failure 
of system and avoid cut of power need new technology-based automatic protection



Application of Fiber Optics for the Protection and Control of Power … 115

Fig. 10 Different types of relays used in power system 

Fig. 11 Different types of CB used in power system

Fig. 12 Layout diagram of power system protection
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system. Such an Automatic system accurately monitors, control, and protect the 
power system and improve the efficiency and reliability of the system. 

3.2 Qualities Required of a Protection System 

The protection system has the following qualities:

● Reliability
● Stability
● Selectivity or discrimination
● Sensitivity
● Adequateness
● Speed and time
● Simplicity and economy 

4 Automation Power System Protection System with Fiber 
Optics 

Automation system has an effective impact in all sectors of industries which can make 
them more suitable for human daily life. The automation system also increases the 
productivity of work, improves manufacturing quality, and decreases total costs. The 
use of Automation in the power system provides effective and efficient monitoring 
and control. 

SCADA systems recently started to use in the power systems as supervisory and 
control units. As the signal is received from the power system switchgear accord-
ingly SCADA system takes action and provides control and protection. In the power 
system for the communication of signals, a copper conductor is used. As already 
discussed in this chapter copper conductor communication suffers from electromag-
netic interference and hence communication signal is not clear for some time. The 
speed of the signal is also not good. So If the signal is not clear and also not reached in 
time by the protective elements, how they can take proper action, and how to provide 
protection at the correct time? 

To overcome the problem of copper conductor communication systems fiber optics 
can be used in place of copper conductors. As already discussed fiber optics can 
transmit the signal with high speed for long distances and high bandwidth without 
any interference. So there is no chance to lose the signal. If the protection system 
received the correct signal it can take corrective action in time and provide safe 
operation of the power system. 

The optical fiber is the most important communication part between the field data 
interface, control units, and the SCADA system for transferring the data signal. Fiber 
optic communication is free from electromagnetic and radio frequency interference,
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Fig. 13 SCADA system 
with fiber optics 
communication 

sparking does not arise like in copper conductor, data is transited securely and very 
low attenuation coefficient, loss of data is very less and suitable for long communi-
cation at very low cost. The structure of SCADA with fiber optics communication 
system is shown in Fig. 13. 

CPU is the central processing unit used to monitor all processes and send signals to 
different relays to trip the circuit under abnormal conditions. All relays are connected 
with fiber optic cables with CPU units. As with any abnormal situation observed by 
CPU units its send message to the SCADA system as well as different connected 
relays. As the SCADA system received a signal from the CPU unit it sends a signal 
to different protective devices by fiber optics and protective units operate and turns 
off the power as soon as possible. Optical technology applications in electrical power 
systems have in the main included the following major aspects shown in Table 4 and 
(Figs. 14 and 15). 

Table 4 Application of optical fiber system in electrical power system measurements and 
communications 

S. no Application area Measurement (%) Communication (%) 

1 Control & monitoring 40 55 

2 Substations 30 70 

3 Fault location 45 50 

4 Unser ground cables 30 80 

5 Overhead lines 10 95 

6 Distribution system 45 55 

7 Relay and protection 15 90
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5 Conclusions 

The electrical power system has a very large network and continuously works for 
the supply of power for different consumers. A huge of capital is invested in the 
generation, transmission, and distribution of power. But safety is the most impor-
tant phenomenon in the power system. From time to time protection and control 
system is updated by the electricity companies. But that is not enough as the demand 
and utilization are increasing continuously. The switchgear and protection system 
work together using communication copper conductor signals. The copper conductor 
communication system has many issues so the protection system also does not work 
accurately. 

Now the time has come to update the communication system using fiber optics 
which has so many great advantages which make it suitable for communications. For 
power system protection and control, optical fiber can play a big role in providing 
accurate signals which high speed. So using a SCADA system with fiber optics can 
provide great control and protection of the power system. 
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Orbital Angular Momentum of Light 
in Helically Twisted Hollow Core 
Photonic Crystal Fiber 

Rik Chattopadhyay 

1 Introduction 

Orbital angular momentum (OAM) carrying light has found immense application in 
fields like particle trapping, quantum information storing, high bandwidth communi-
cation channel, and quantum communication [ 1]. Since the first proposal of exciting 
light that can carry certain OAM [ 2], some reports suggested methods of exciting 
light that carries OAM which is useful for specific application during the last three 
decades. However, there are not many reported results related to confinement and 
propagation of such OAM carrying light over a long distance [ 3– 8]. Though some of 
these specially designed waveguides can transmit OAM carrying modes over a few 
meters [ 5] but the excitation of such modes in the system needs external arrangements 
and it requires specially designed couplers to transmit the signal from the waveguide 
to the peripherals. 

Recently it has been shown that when a solid core photonic crystal fiber (PCF) is 
twistedhelicallyalongthe length,polarizationdegeneracyof thecoremodesgets lifted 
[ 8– 10] and the photonic crystal (PC) cladding can support Bloch modes carrying cer-
tain OAM [ 11]. As stated in [ 12, 13] the hexagonal cladding in normal PCF supports 
fundamental space filling mode (FSM) whose axial Poynting vector directs toward the 
fiber axis. When the PCF is slightly twisted the FSM is forced to follow a helical path 
around the axis and it picks up a transverse momentum. The discrete OAM order is 
then determined by the PC radius and twist rate [ 14]. It has also been shown that in such 
twisted PCF the core guided mode can resonantly couple with selected OAM carrying 
Bloch modes and as a result it suffers a series of dips in the output spectrum [ 12, 14]. 
It has also been shown that OAM can be preserved in the core mode if the core of the 
PCF is designed as a three-bladed Y-shaped structure [ 13]. 

Our idea is to avoid such special design of PCF cores so that any standard fiber 
optic peripherals can be used while designing a system. This is achieved when we 
can couple the OAM carrying Bloch modes of a twisted PC in the defect core of a 
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PCF. In previous reports it has been demonstrated that in some hexagonal PCs with 
typical values of pitch, Λ (center to center distance of two adjacent air holes) and air 
hole diameter d, a conical Dirac point appears in the photonic band structures and 
PC modes at this Dirac point (DP) can be trapped in a centrally located air defect 
[ 15, 16]. The trapping of such PC modes in a centrally located defect, deliberately 
embedded in the PC, can be tuned by changing the diameter or dielectric permittivity 
of the defect. We try to investigate the possibility of exciting PC modes in a helically 
twisted hollow core PCF (HC-PCF) cladding so that some topological phases can 
be associated with PC modes. Then by utilizing the Dirac point resonance between 
PC mode and defect mode we try to couple the phase information from PC mode 
to the defect mode. We expect that this phase information will be preserved by the 
propagating defect modes in the air core of HC-PCF. Hence we can achieve the goal 
of exciting a guided mode carrying certain OAM in an HC-PCF. 

It may be argued that the azimuthal momentum induced in the Bloch mode can be 
destroyed due to the transfer of momentum within the structure. Even if the Bloch 
modes lose their azimuthal momentum, it certainly will not hinder to couple an 
azimuthal momentum in the defect guided mode because the defect mode will twist 
to resonate with spiraling Bloch mode, but there will be no transverse structural 
discontinuity in the defect to destroy the azimuthal momentum. 

We propose a helically twisted HC-PCF with Λ = 2.21 µm and d = 0.94Λ with a 
centrally located air defect of radius rD = 1.73Λ to excite and guide OAM modes. We 
have studied three different fiber with host glass as pure fused silica (∊r = 2.1025), 
GeO2 (∊r = 2.5281) and SF6 (∊r = 3.24). In the present case, the Bloch modes at 
Dirac frequency are forced to follow a helical path due to twist. Hence, the Bloch 
modes will rotate during propagation [ 14]. Now the spiraling Bloch modes are trapped 
in the defect when a resonance occurs between the defect mode and Bloch mode at 
Dirac frequency. This in turn excites a guided mode at the central hollow core. the 
resonance will be maintained if the defect mode started twisting at the same fre-
quency as that of the Bloch mode. Only at such conditions the defect mode will see 
a consistent Dirac point during propagation. Hence the defect mode will pick up 
an azimuthal momentum and in turn carry OAM. The Bloch modes rotating along 
the twist experience a Dirac point resonant guiding mechanism. On the other hand, 
Bloch modes rotating against the twist cannot see the Dirac cone-like degeneracy 
as the translation invariance of the PC is lifted. Therefore, these modes cannot res-
onate with a defect mode. Since the twist induces circular birefringence between the 
degenerate polarizing modes [ 8, 17], the defect modes in helically twisted HC-PCF 
show transmission peaks at different wavelengths. Therefore it becomes very easy to 
separate the different OAM modes in the proposed fiber. The resonance band depends 
on the twist rate heavily. The propagation constant of the Bloch modes depends on 
the twist rate and thus dispersion of Dirac point becomes twist dependent. As a result 
the resonance between the Bloch modes and defect mode depends on the twist rate. 

We use mode analysis technique in finite element method (FEM) based COM-
SOL multiphysics to calculate the photonic bandgap and bandgap dispersion of the 
PCs as considered in the present study. The dispersion and transmission loss of the 
defect modes at Dirac frequencies are also calculated using FEM. The transmission
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window for the OAM modes is also calculated using an analytical theory based on 
the behavior of Bloch modes in twisted crystal and the results are verified with the 
transmission loss calculated using FEM. The effects of twist rate, PC dimension, 
host glass permittivity, and geometry of the defect are studied and a universal design 
methodology is proposed. We show that the transmission window of such guided 
OAM modes can be tuned by the external twist introduced in the HC-PCF. 

2 Dirac Like Bloch Modes in HC-PCF 

The photonic band structure (PBS) of any PC can be calculated by solving Maxwell’s 
wave equation over a unit cell of the PC with Bloch periodic boundary condition [ 18]. 
Implementation of Bloch periodicity discretized Maxwell equation for the electric 
field in the form given by [ 19], 

−
∑

→G '

k( →G − →G ')(→k + →G ')×
{
(→k + →G ') × Ekn( →G ')

}

= 
ω2 
kn 

c2 
Ekn( →G) (1) 

where Ekn denotes the electric field of the nth  band with wave-vector →k, →G is the 
reciprocal lattice vector defined on the reciprocal lattice of the PC. Solving the 
eigen-value Eq. (1) one can find the allowed frequency ωkn of the nth  band for the 
wave-vector →k. 

Equation (1) can be solved for two different conditions (i) the wave-vector has 
no component along the PC-normal (normal to the PC surface) (ii) the wave-vector 

Fig. 1 Schematic diagram of a two-dimensional hexagonal PC. The in-plane (k||) and out-of-plane 
(kz) wave-vectors are shown using red arrow
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Fig. 2 a Cross-sectional view of an HC-PCF with a central air defect (yellow region). The blue 
region is the high index base glass and white holes denote the air capillary. b Zoom in view of 
the region marked by red dashed hexagon in a. The red dashed hexagon indicates the hexagonal 
lattice. The unit cell is marked by orange lines. The schematic inverse space lattice (black hexagon) 
is shown where the triangle filled with yellow shows the irreducible first Brillouin zone. The three 
highly symmetric point (Γ , M and K) are indicated. c The unit cell of a hexagonal PC as marked 
by orange lines in direct space in b 

has a non-zero component along the PC-normal. Since we are considering a two-
dimensional hexagonal PC we choose the PC plane as X-Y plane and Z-axis is 
the PC-normal (Fig. 1). The component of wave-vector along the PC-normal is 
designated as out-of-plane wave-vector kz and the resultant component along the 
PC surface is designated as in-plane wave-vector k||. The eigen-value Eq. (1) can 
be solved using a plane wave expansion method. In this study, we used FEM based 
plane wave expansion method where the k vectors are varied over the irreducible 
first Brillouin zone (Fig. 2). 

We varied the wave-vector k over the path Γ → M → K → Γ and Eq. (1) is  
solved on the unit cell using FEM. We have evaluated PBS for different values of kz 
and the variation of the PBS with kz is plotted to obtain a complete PBS for a given 
PC. The PBS calculated for the PCs considered in this study is shown in Fig. 3. 

We observe that the conical nature of dispersion near the DP becomes promi-
nent when the permittivity contrast between the base glass and air hole increases 
(Fig. 3a, d and g). The complete PBS plot reveals the condition of trapping of the 
crystal Bloch modes in the central defect. When the PC mode at DP and the defect 
eigen mode have the same eigen-frequency (crossing points of solid red, blue, and 
yellow-green lines in Fig. 3c, f and i), then these two modes can resonate and light 
from PC mode can be trapped in the defect. Since kz has a non-zero value at this 
resonance points so the Dirac modes trapped in defect will have some component 
of the wave-vector along PC-normal, in this case along the fiber axis. Therefore in 
HC-PCF one can observe a propagating trapped Dirac mode if the defect is chosen 
suitably [ 16]. Figure 4 shows the insertion of a circular air defect in the PC. The
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Fig. 3 a In-plane PBS calculated by FEM with kz Λ 
2π = 1.8 for Si O2 glass-air hole. The Y-axis 

is normalized by multiplying Λ/2πc where c is the velocity of light in free space and X-axis is 
transverse wave-vector KT . DP indicates the Dirac point appeared in the PBS. The hashed region 
shows the photonic bandgap. b The variation of PBS with kz is shown for the corresponding PBS. 
c Magnified plot of the region marked by yellow box in b. d–f For GeO2 glass-air hole and g–i 
for SF6 glass-air hole based PC, respectively. The PCs have Λ = 2.21 µm and d 

Λ = 0.94 where d 
is the air hole diameter. DPLO  and DPH I  indicate the lowest and highest linear dispersion eigen-
frequencies, respectively, near DP. The eigen-frequency variation with kz of HE11 and HE21 modes 
of the defect is also shown for the respective cases. Lightline indicates the dispersion of light in free 
space 

red circle shows the defect with radius rD = 1.73Λ. To find out the defect mode we 
have calculated the eigen-frequency of the resultant PC geometry with defect for 
various values of kz . Since we are interested in exciting OAM modes with order ±1, 
we tracked both HE11 and HE21 modes. The dispersion of these two modes in all 
the three considered PCs is shown in Fig. 3b, e, and h. The resonance parameters 
between DP and defect modes for different PCs are given in Table 1. 

Now we find that the normal component of wave-vector, i.e., kz is non-zero for 
all resonance conditions (Table 1). This means when the PC mode resonates with a 
defect mode, a propagatory phase gets associated with it. Hence such eigen solutions 
of Maxwell’s equation in the defect region will be propagatory in nature. This is 
relatively a new phenomenon where light can be guided in a photonic crystal fiber 
(PCF) beyond modified total internal reflection, as in solid core PCF and photonic 
bandgap guidance as in HC-PCF [14]. This beyond bandgap guidance mechanism can
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Fig. 4 Hexagonal PC with circular air defect at the center. The red circle indicates the central 
air defect. The resultant PC with the central defect is shown simultaneously. The defect radius is 
rD = 1.73Λ 

Table 1 Value of resonance parameters of defect mode with the Dirac mode of PC 

HE11 mode HE21 mode 

ωΛ/2πc kz Λ/2π ωΛ/2πc kz Λ/2π 
Si O2 glass-air 1.9821 1.987 1.924 1.907 

GeO2 glass-air 1.696 1.693 1.683 1.673 

SF6 glass-air 1.418 1.413 1.38 1.356 

be termed as Dirac resonance (DR). However, only the resonance does not guarantee 
the trapping of light in the defect. From Fig. 3b, e, and h we observe that Dirac-like 
point in PBG does not appear for any value of kz . Now if the resonance between DP 
and defect mode appears on the right side of the lightline in PBS (Fig. 3c, f, and i) 
then trapping of light in the defect is not possible. In such cases, the trapped photon 
must travel faster than c, which is impossible. Hence, DR is possible only when such 
resonance occurs on the left side of the lightline in PBS. In the present study, we 
observe that DR is possible for all the considered PCs. 

3 DR in Helically Twisted HC-PCF 

The schematic of the twisted HC-PCF and the cross-sectional view of the actual 
geometry is shown in Fig. 5. The pertinent question arises in case of such twisted PC 
whether the Bloch mode degeneracy will hold or not? It has been established earlier 
that when Z-invariance for two-dimensional PC is lifted the frequency degeneracy 
of Bloch modes also gets lifted [ 8– 10]. Therefore, it is expected that the Dirac-like 
degeneracy of the Bloch modes will be lifted in such twisted HC-PCF. But if we make 
a coordinate transformation from a rectangular Cartesian system (X,Y,Z) to a helical 
system (U,V,W) then the Z-invariance can be restored. The coordinate transformation
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Fig. 5 a Schematic of the helically twisted HC-PCF. The blue cylinders represent the air capillaries. 
The central large capillary serves as the hollow air core. The yellow region indicates the base glass. 
b Cross-sectional view of the actual geometry considered in the study. The defect is indicated by 
the dashed red circle with radius rD = 1.73Λ 

relation is given by Eq. (2) as follows:  

⎛ 

⎝ 
X 
Y 
Z 

⎞ 

⎠ = 

⎛ 

⎝ 
cosθ sinθ 0 

−sinθ cosθ 0 
0 0 1  

⎞ 

⎠ 

⎛ 

⎝ 
U 
V 
W 

⎞ 

⎠ (2) 

where the angleΘ = αz, α is the twist rate given in unit of rad/mm and z is the length 
of propagation from input plane. Close inspection of Eq. (2) reveals that Maxwell’s 
equation in such curvilinear coordinate (U,V,W) will no longer remain orthogonal, 
i.e., the variation of the electric field along Z-axis cannot be replaced by a simple 
propagation phase eiβz where β is the propagation constant. 

For an untwisted crystal, the reciprocal vectors for a hexagonal PC can be written 
as [ 19], (

b1 
b2

)
= 

2π 
Λ

[
1 √1 

3 
0 √2 

3

] (
î 
ĵ

)
(3) 

where î and ĵ are the unit vectors along X-axis and Y-axis respectively. Now if we 
consider a helically twisted PC with twist rate α rad/mm then the reciprocal lattice 
vectors can be written as using the transformation Eq. (2),

(
g1 
g2

)
= 

2π 
Λ

[ cos( π 
6 +αz) 

cos π 
6 

− sin( π 
6 +αz) 

cos π 
6 

sin(αz) 
cos( π 

6 +2αz) 
cos(αz) 

cos( π 
6 +2αz)

] (
î 
ĵ

)
(4)
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Now if we consider that Bloch mode exists for such a twisted PC then the electric 
field of the Bloch modes can be written as [ 19], 

E(→r ) =
∑

m,n 

Em,n(→r )e−i(k '+m →g1+n →g2).→r (5) 

where Em,n(→r ) denotes the amplitude of the electric field at →r for (m,n) order Bloch 
mode. k ' = 2π/λ in general denotes the propagation constant along z for operating 
wavelength λ. We have plotted the in-plane Bloch vector

[ →g1, →g2
]
and phase, of the 

mth order Bloch mode (m = n) with propagation distance Z. The plots are shown in 
Fig. 6. 

(a) (b) 

(c) (d) 

Fig. 6 a Tip of the Bloch vector ( →g1 + →g2) for each Z up to 2L where L = 2π/α is the twist pitch. 
Variation of the phase angle of the electric field with propagation length b for first higher order 
Bloch mode m = n = 1 c for second higher order Bloch mode m = n = 2 and  d for third higher 
order Bloch mode m = n = 3
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It is found that the Bloch vector traverses a helical path in the twisted PC. The phase 
associated with mth order Bloch mode varies from 0 → 2πm over the transverse 
plane. Therefore, the Bloch modes in a twisted PC will carry an OAM. This indicates 
that though the PC appears anisotropic for the Bloch modes defined in a laboratory 
frame of reference, but the PC remains isotropic for the Bloch modes defined in a 
helical coordinate frame. Hence the DP will occur for such modes in the twisted 
PC. The only difference is that due to accumulation of some azimuthal phase the 
wave-vector of the Bloch modes will be raised by some amount, and the DR between 
the Bloch modes and defect modes will occur at different frequencies. The change 
in the effective mode index of the Bloch modes in a twisted crystal for small twist 
angle α is given by [ 14, 17], 

ntw = n0 
√
1 + α2r2 (6) 

where ntw is the effective index of the Bloch mode in twisted PC and n0 is the index 
in untwisted PC. r is the distance from the fiber core axis. Equation (6) indicates that 
the increment of Bloch mode index not only depends on the twist rate but also on the 
helix radius r . This intrinsically points to the fact that in twisted HC-PCF the DR will 
occur for a range of frequencies and this range will depend on the dimension of the 
PC. If we consider a PC of 7 × 7 cell then the allowed value of r for the Bloch mode 
is larger than a 5 × 5 cell PC. Hence DR will occur for a wider range of frequency 
in an HC-PCF containing seven layers of air capillaries in the cladding PC. 

This phenomenon can be demonstrated by plotting the dispersion of the defect 
mode and the Bloch modes at DP (Fig. 7). In this case we have considered a circular 
centrally located defect that has a radius rD = 1.73Λ and the cladding PC consists 
of five rings with Λ = 2.21 µm. Hence the maximum value of helix radius r for the 
Bloch mode is rmax < 7Λ ∼ 15 µm and the minimum helix radius will be rmin > 
2Λ ∼ 5 µm. 

Figure 7 reveals that the DR occurs at a particular frequency for untwisted case. 
As soon as twist is introduced in the system, the effective mode index of the Bloch 
modes at DP takes a range of values depending on the value of r ranging from 5 µm 
to 15 µm (Eq. 6). As a result the defect mode can resonate over a wide range of 
frequencies. We also observe that when the dielectric permittivity contrast is high in 
PC, the dispersion of Dirac modes of the PC gets flattened and the DR region for 
different defect modes becomes well separated. 

Analytical solution of E(→r ) is not possible in the twisted frame because we defined 
the electric field in a non-orthogonal curvilinear coordinate facilitating FEM to solve 
for the electric field. We consider the unit cell as shown in Fig. 2(c) where the DP 
appears at k : (4π/3Λ, 0) point of the irreducible Brillouin zone for all considered 
PCs. Therefore, during FEM simulation we set the Flouquet periodicity at the unit 
cell boundaries with periodic vector value →k = 4π/3Λî + 0 ĵ . The dispersion of the 
defect mode is calculated using the same method. The only difference is instead of 
taking a single unit cell we consider a 14 × 14 supercell with a defect inserted at the 
center as shown in Fig. 4. The electric field distributions at 1115 nm (DR point for
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Fig. 7 Dispersion of the 
fundamental (n_FM) and 
HE21 (n_HE21) defect 
mode and PC modes at DP 
with and without twist 
calculated using FEM 
[ 12, 16] and  Eq.  6. a Si O2 
glass-air PC b GeO2 
glass-air PC and c SF6 
glass-air PC. D_lo_un and 
D_hi_un denote the 5th and 
6th PC band at Dirac point 
for untwisted case, 
respectively. D_lo_tw_5 and 
D_hi_tw_5 denote the PC 
bands at DP in twisted PC 
with helix radius r = 5 µm. 
D_lo_tw_15 and 
D_hi_tw_15 denote the PC 
bands at DP in twisted PC 
with helix radius r = 15 µm. 
The yellow region shows the 
DR region with fundamental 
defect mode and gray region 
denotes the DR region with 
HE21 defect mode 

(a) 

(b) 

(c) 

fundamental mode) for 5th and 6th PC bands and the fundamental defect mode for 
Si O2 glass-air PC are shown is Fig. 8. After calculating the effective indices of the 
two PC modes at Dirac point and the defect modes for the untwisted case we have 
estimated ntw of the corresponding PC modes using Eq. (6). These results indicate 
that if we introduce a defect at the center of the PC in the form of a hollow core 
in a twisted PCF then we may create DR over a wavelength region as compared to 
untwisted HC-PCF. Since the modes in twisted PC would carry certain OAM then it
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is expected that upon DR the defect mode will also carry certain OAM. Therefore, it 
is possible to trap the light from the PC modes at Dirac point in a twisted HC-PCF. 
It is also expected that since DR occurs for non-zero value of kz the trapped modes 
would be propagating in nature. 

4 OAM Modes in Twisted HC-PCF 

The nature of the trapped light in the hollow core of a twisted HC-PCF is now 
investigated using FEM. We have already discussed the form of Maxwell’s wave 
equation in a twisted system in Sect. 1. The non-orthogonality of the coordinate frame 
prevents to use the method of separation of variables to calculate the components of 
the electric field using a set of orthogonal equations. Hence no analytical solution to 
Maxwell’s wave equation in the helical coordinate system is possible. But it can be 
shown that if we change the material properties from an isotropic to the anisotropic 
system using the transformation relation [ 7, 12, 20],

∊' = ∊T −1 and μ' = μT −1 (7) 

where, 

T −1 = 

⎛ 

⎝ 
1 + α2v2 −α2uv −αv 
−α2uv 1 + α2u2 αu 
−αv αu 1 

⎞ 

⎠ (8) 

the wave equation can be reduced to a two-dimensional problem and now it can 
be solved using FEM. We have used a perfectly matched layer (PML) to calculate 
the confinement loss of the core guided modes. The geometrical cross section of 
the structure for FEM simulation is shown in Fig. 9. The Poynting vector of the 
fundamental core guided mode at DR for the three PC systems is shown in Fig. 9. 
OAM modes in such twisted PCF can be excited using the DR. We have already 
explained that in a twisted HC-PCF the Bloch mode follows a helical path and 
therefore carries certain orders of OAM. Now if we design the central defect in such 
a way that the HEmn for m ≥ 2 in the core shows a DR with any of the OAM carrying 
Bloch modes then the core mode will carry an OAM by virtue of the topology. We 
have simulated modal propagation for the twisted HC-PCF using FEM analysis 
where the permittivity tensor of the air capillaries was transformed using Eqs. (7) 
and (8) to capture their relative displacement in the glass. Figure 7 depicts that the 
HE21 mode in the defect shows DR from 1.14−1.17 µm in Si O2 glass-air PC, 
1.34−1.36 µm in GeO2 glass-air PC and for SF6 glass-air PC the DR region is in 
between 1.61−1.62 µm. The operating wavelengths are chosen from these resonance 
wavelength regions as shown in Fig. 7. The transverse field distribution plots for the 
defect modes with the lowest confinement loss in these regions are shown in Fig. 10. 

Figure 10 shows that the DR between PC modes and different defect modes 
is possible in the twisted HC-PCF. The phase distribution clearly reveals a phase
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Fig. 8 Electric field 
distribution as generated by 
FEM analysis for a lower 
Dirac band b higher Dirac 
band and c fundamental 
defect mode at K point. The 
X-Y axes are shown in m 
scale 

(a) 

(b) 

(c)
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Fig. 9 a Cross-sectional view of the fiber geometry used for FEM analysis. The blue region is the 
high index glass, the white holes are the air capillaries and the green region is the PML layer. b 
Fundamental mode at 1115 nm for Si O2 glass-air PCF c Fundamental mode at 1305 nm for GeO2 
glass-air PCF d Fundamental mode at 1575 nm for SF6 glass-air PCF. The wavelengths are chosen 
at DR wavelength from Fig. 7 for untwisted cases 

singularity exists at the center of the V + 
21 modes of the defect. We have ensured that 

the tracked defect modes indeed carry an OAM by plotting the x and y components 
of the transverse field (Fig. 11) as shown in Fig. 10. Any OAM carrying mode in an 
optical fiber can be written as [ 6], 

V ± 
21 = HEeven 

21 ± j H Eodd 
21 (9) 

where j = 
√−1. This means, unlike a cylindrical vector mode which has linearly 

polarized orthogonal components, the components of any OAM mode in an optical 
fiber will have two HE modes superposed with a phase difference of π/2. To tes-
tify this we have first simulated the modes in the proposed HC-PCF with the help of 
FDTD solver (Lumerical Mode) in helical frame. We chose the operating wavelength 
as shown in Fig. 10. Then we decomposed the modes in its ‘x’and ‘y’components 
(Fig. 11). Since the OAM modes will be generated due to superposition of HElm 

modes so the ‘x’and ‘y’components of the electric field generated by the numerical 
engine will denote the constituent HE modes. Figure 11a shows the x and y compo-
nents of the intensity distribution of the first OAM mode, i.e., OAM+ 

0 higher order 
defect mode. Since this mode can be written as OAM+ 

0 = HEeven 
11 + j H Eodd 

11 so the
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Fig. 10 Electric field distribution of V + 
11 and V 

+ 
21 mode along with the transverse phase distribution 

obtained by FEM analysis. V + 
11 field distribution for a Si O2 glass-air PC e GeO2 glass-air PC i SF6 

glass-air PC. V + 
11 phase distribution for b Si O2 glass-air PC f GeO2 glass-air PC j SF6 glass-air 

PC. V + 
21 field distribution for c Si O2 glass-air PC g GeO2 glass-air PC k SF6 glass-air PC. V 

+ 
21 

phase distribution for d Si O2 glass-air PC h GeO2 glass-air PC l SF6 glass-air PC. The operating 
wavelengths are shown in the insets. The normalized eigen-frequency can be calculated from the 
operating wavelength using the relation ωΛ/2πc = Λ/λ which is 1.973 for a, 1.939 for c, 1.687 
for e, 1.649 for g, 1.408 for i and 1.373 for k. The twist rate is set to α = −9.6 rad/mm, i.e., twist 
in a clockwise direction for all the cases. The black arrows indicate the polarization of the modes 

real part of ‘x’component and imaginary part of ‘y’component of the electric field 
will exist as shown in the Fig. 11a. The Phase plot of the ‘x’and ‘y’component also 
supports this. The phase associated with ‘x’component of the field is zero and that of 
the ‘y’component is π/2 as  shown in Fig.  11a. Similar analysis is done for the first 
higher order OAM mode as shown in Fig. 10k. The first higher order OAM mode 
can be decomposed as OAM+ 

1 1 = HEeven 
21 + j H Eodd 

21 . So the ‘x’and ‘y’component 
of the electric field will be a HE21 mode as shown in Fig. 11b. To ensure that the 
components are really a cylindrical vector mode we further plotted the rel and imag-
inary part of each component which reveals that both the ’‘x’and ‘y’component of 
the field is formed by the superposition of two LP11 modes with π/2 phase differ-
ence as presented in Fig. 11b. The phase plot further confirms that both the ‘x’or 
‘y’component have a spiraling phase, which is the signature of OAM± 

1 modes. 
The phase distribution in PC cladding (Fig. 10b), indicates that the phase varies 

from 0 to 2π with 6 fold periodicity. Since we have considered a hexagonal PC, 
which belongs to a C6v point group, the Bloch modes in PC should carry an OAM 
with 6 fold symmetry [  14, 19]. Therefore, it is confirmed that the twisted PCF will 
support OAM carrying Bloch modes in the PC cladding.
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Fig. 11 Transverse electric field energy distribution for OAM+ 
0 and OAM+ 

1 mode in twisted HC-
PCF with SF6 host glass at 1.57 µm and 1.6 µm respectively. Transverse energy distribution, x 
and y component of the electric field distribution, and phase of the ‘x’ and ‘y’ components. a for 
OAM+ 

0 mode b for OAM+ 
1 mode
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Fig. 12 a–c Transverse energy distribution of higher order OAM modes at 1.61 µm in the SF6 
glass based proposed twisted HC-PCF. d–f Respective phase profiles 

It is also to be noted that other higher order OAM modes are likely to be generated 
inside the defect. So we tried to identify some other higher order OAM modes in 
the proposed twisted HC-PCF. Some of these modes are shown in Fig. 12. It is to be  
noted that these higher order OAM modes will have transmission peaks at different 
wavelengths as evident from the resonance condition (Fig. 7). OAM modes with 
negative OAM order will also get excited but they suffer a high loss as the Bloch 
modes for such negative order OAM modes propagates against the twist. 

The confinement loss is calculated using the relation [ 21], 

γ = 
2π 
λ 
Im {n} (10) 

where Im{n} denotes the imaginary part of the effective refractive index. Using Eq. 
(10) we have calculated the transmittance of the fundamental and HE21 mode in 
untwisted HC-PCF and OAM modes (V + 

11 and V 
+ 
21) with order l = 0, +1 modes in 

twisted HC-PCF. The transmittance plots are shown in Fig. 13. 
Figure 13 shows that when the PCF is twisted the transmission windows of the V + 

11 
and V + 

21 mode spread out. This can be correlated with the resonance plots as shown in 
Fig. 7. We observe that for twisted HC-PCF the Bloch modes participating in Dirac 
degeneracy show resonance with different defect modes for a band of wavelengths. 
Therefore, we expect that in twisted HC-PCF the maximum transmission will occur 
over this wavelength range (Fig. 13). The FWHM of transmission window increases
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Fig. 13 Transmittance plot of HE11 and HE21 defect modes for untwisted and V + 
11 and V 

+ 
21 

for twisted HC-PCF calculated using FEM a Si O2 glass-air PC b GeO2 glass-air PC c SF6 
glass-air PC 

Fig. 14 Variation of C and δnef  f  with wavelength for a Si O2 glass-air PC b GeO2 glass-air PC 
c SF6 glass-air PC 

for the twisted case for all considered HC-PCFs. The purity of the OAM mode can 
be defined as the ratio of total power carried by two OAM modes with opposite 
order and their index difference with parasitic T M01 or T E01 modes, δnef  f  given by 
[ 22– 24], 

C = 
P RC P o 

P LC P  o 

and δnef  f  = nTM01 
e f  f  − nRC P 

e f  f (11) 

where Po signifies the output power of the right circular polarized (RCP) and left 
circular polarized (LCP) OAM modes and nef  f  signifies effective mode index of 
the T M01 and right circular polarized (RCP) mode respectively. The variations of 
OAM purity with wavelength for all three PCFs are shown in Fig. 14. We observe 
(Fig. 14) that the distribution of power between modes with OAM order +1 and −1 
becomes almost equal when the base glass index increases. On the other hand, the 
index difference δnef  f  between the V 

+ 
21 mode and the parasaitic T M+ 

01 mode is greater 
than 2 × 10−3 for high index glass based PC. This value is larger than conventional 
polarization maintaining fibers. Hence we may conclude that OAM mode excitation 
will not be hampered by inter-modal coupling in twisted HC-PCF. Hence these fibers 
are suitable for OAM excitation and guiding.
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5 Dependency on Geometrical Parameters 

5.1 Core Geometry 

We have considered a centrally located circular defect placed in the PC to study the 
OAM excitation and guidance. Such a simple geometry is good for initial estimation 
and understanding the physical principles. In practice fabrication of such inverse 
floral shape (Fig. 9a) is bit difficult to achieve. Therefore we have extended our study 
for a more realistic core geometry which is found in regular HC-PCF, fabricated by 
stack and draw method. The cross section of the geometry along with a mode field 
distribution for one of the considered twisted HC-PCF is shown in Fig. 15. 

It is evident (Fig. 15) that the nature of the trapped modes does not change with 
the change in shape of the hollow core. But the presence of a thin glass layer around 
the core increases the transmission loss of the trapped modes. As a result the DR 
wavelength shows a red shift. This is a very trivial phenomenon. Thin glass around 
the air core acts as Fabrey-Perot cavity. Hence the intensity of the surface modes 
gets enhanced and thus the transmission loss of the trapped mode increases. The 

Fig. 15 a Cross section of the twisted HC-PCF with circular core. b Magnified view of the core 
boundary. c Mode field distribution of the OAM carrying HE21 mode for Si O2 glass-air PC at 
1115 nm. d Phase distribution of the mode
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Table 2 Propagation loss and DR wavelength for floral and circular core HC-PCF 

Floral core Circular core 

DR wavelength Loss (dB/cm) (μm) DR wavelength Loss (dB/cm) (μm) 
Si O2 glass-air 1.15 0.984 1.16 2.83 

GeO2 glass-air 1.34 1.38 1.35 4.35 

SF6 glass-air 1.61 3.65 1.62 12.45 

propagation loss of the OAM carrying mode at DR calculated by FEM for the three 
chosen HC-PCFs is given in Table 2. 

Therefore a special attention must be given in designing the core of the twisted HC-
PCF. If we reduce the amount of glass around the core, we would achieve maximum 
propagation of such OAM carrying modes in a twisted HC-PCF. 

5.2 PC Size 

PC size, i.e., the number of air capillaries plays an important role in altering the 
confinement loss of the hollow core guided mode in conventional photonic bandgap 
HC-PCF. Therefore it is expected that if we increase the number of capillary layers 
in the PC cladding then the OAM modes will show lesser transmission loss. In this 
study we consider 5 layers of air capillaries in the cladding PC. We have increased 
the number of capillary layers from 5 to 7 in the PC. The transmission loss of the 
OAM modes in the twisted HC-PCF with 7 capillary layers at DR point is given in 
Table 3. 

We observe that when the layer number is increased the confinement loss of the 
OAM carrying modes decreases and shows a little red shift. This can be explained 
based on results plotted in Fig. 7. When the ring number is increased, the upper 
wavelength limit of the OAM pass band in twisted fiber will show a red shift. There-
fore the maximum DR point will be shifted owing to large values of PC radius. But 
we must keep in mind about the structural integrity while increasing the number 
of air rings in PC. Twist may generate tensile stress that would change the shape 

Table 3 Propagation loss and DR wavelength for 5 and 7 layers of air capillaries in PC with floral 
core 

5 layers 7 layers 

DR wavelength (μm) Loss (dB/cm) DR wavelength (μm) Loss (dB/cm) 

Si O2 glass-air 1.15 0.984 1.17 0.207 

GeO2 glass-air 1.34 1.38 1.35 0.236 

SF6 glass-air 1.61 3.65 1.62 0.922
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of the air capillaries from circular to elliptical and will destroy the isotropic nature 
of the PC. Since we are considering a PC with almost 97% air filling fraction, so 
incorporation of 8 or more rings might lead to twist induced crack in the HC-PCF 
during fabrication. So an optimization is needed during fabrication. 

6 Conclusion 

We showed that OAM carrying modes with acceptable purity could be excited and 
transmitted through a suitably designed twisted HC-PCF. Our study exemplified 
that a new guidance mechanism can take place in a twisted HC-PCF where OAM 
carrying Bloch modes first get excited in the PC cladding. Satisfying the Dirac 
resonance condition such Bloch modes can be trapped in a centrally located air core. 
The process convincingly shows that Dirac cone-like degeneracy of Bloch modes 
can be preserved in a twisted PC under rotating frame of reference. This in turn 
induces a topological phase in the PC modes. As a result this OAM information can 
be extracted and transmitted via a guiding channel. We have analyzed the effect of 
different fiber parameters on the transmission of OAM carrying modes of particular 
order. We provided a guideline of fabricating such HC-PCFs using standard fiber 
fabrication techniques. Our design is universal and compatible with standard fiber 
optic peripherals. This type of optical fiber will provide a tool for generating and 
transmitting OAM carrying lights, particle trapping, and quantum communication. 
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Review of Various Codes 
and Transmitter–Receiver Architecture 
Used in Optical Code Multiple Access 
System 

Somali Sikder and Shila Ghosh 

1 Introduction 

In an optical network the one dimensional (1-D) unipolar optical orthogonal codes 
or pseudo orthogonal codes are used in coherent OCDMA systems to achieve spread 
spectrum modulation for user information bit. For proper detection of user infor-
mation same set of orthogonal codes are used at the receiver end. The 1-D optical 
unipolar code is a string of binary bits having code length ‘n’ and code weight ‘w’ 
with code weight much smaller than code length i.e. w << n. To be a perfect orthog-
onal code from a particular code set cross-correlation among two different pair of 
codes should be minimum as described in the latter part of this chapter. 

Traditionally these coding systems are presented as binary number sequences. 
This chapter also explains the conventional techniques to derive the auto-correlation 
and cross-correlation constraints. It is observed that for a particular code length and 
weight auto-correlation constraints lies between ‘1’ to ‘w-1’ for all different possible 
sets. The set containing different code patterns can be realized with well-defined code 
structures.
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1.1 Bipolar OCDMA Code 

In 2005 the base-band bipolar OCDMA system was introduced [1], where the trans-
formation of unipolar–bipolar and bipolar-unipolar as well as the signal transmission 
process utilizing bipolar codes through unipolar medium are demonstrated. Gold 
sequence and m sequence as bipolar OCDMA code, as well as the effect of trans-
mission medium on the performance of OCDMA system are elaborated here. The 
simulation results provided in the paper [1] specify that both the Gold and m sequence 
are redesigned to bipolar OCDMA systems. 

Accordingly, the auto and cross-correlation performance shows that the Gold 
sequence is more desirable than the m sequence in the bipolar OCDMA system. 
One important scheme to transmit and detect the bipolar code sequences using a 
unipolar system is presented by Nguyen in 1995 [2]. The paper illustrates an all-
optical implementation in non-coherent optical CDMA systems utilizing bipolar 
codes designed for the radio domain. The design described by Nguyen [2] shows  the  
procedure to encode the broadband optical source spectrum to allow large number 
of subscribers. 

A bipolar sequence xn of period N is represented as the difference of two unipolar 
sequences having the same period. If one of the unipolar sequence is represent by un 
then the other is represented by un where un is derived from xn by replacing each −1 
with 0 and un is simply its complement [2]. The data symbols are encoded by un and 
un which modulate the optical signal source as on or off in two channels such that if 
symbol ‘1’ is transmitted then un is on channel 1 and un on channel 2 and vice versa 
for symbol ‘0’. The received signal is decoded as Eqs. 1 and 2 as given below with the 
unipolar matched filters [2]. 

The two complementary correlator pairs produce output which are optically 
added followed by photo-detection. The balanced configuration of two photodiodes 
produces an outputs can be subtracted. The result is then passed through a low pass 
filter and compared to some threshold value to detect the output symbol as either ‘0’ 
or ‘1’. Let ‘vn’ is another unipolar sequence derived from bipolar code sequence yn 
of period N. Therefore the periodic and aperiodic cross-correlation functions of xn 
and yn are expressed as follows. 

θx,y(l) = [θu,v(l) + θu,v(l)] − [θu,v(l) + θu,v(l)] (1) 

Cx,y(l) = [Cu,v(l) + Cu,v(l)] − [Cu,v(l) + Cu,v(l)] (2) 

Here the two correlator pairs are identical and the received signals are differentially 
decoded with one unipolar correlator pair and one photodetector then followed by a 
delay and a threshold comparator finally. The paper by Yen in 2013 reveals the study 
to analyze and calculate the dual unipolar and bipolar coded configurations of spectral 
amplitude coding (SAC) -OCDMA systems by simulation methods [3]. The signif-
icant attribute of the SAC-OCDMA systems is that the effect of MAI can be easily 
eliminated applying code sequences with a fixed in-phase cross-correlation (IPCC)



Review of Various Codes and Transmitter–Receiver Architecture Used … 145

value. The balance detection schemes are used to effectively cancel multiple access 
interference. In this paper [3] for unipolar and bipolar schemes Walsh-Hadamard 
signature codes are utilized. Optical Fiber Bragg gratings (FBGs) base encoder and 
decoder structures are used. 

The simulated result shows that for a large received power the BER applying 
bipolar coding method is superior to the unipolar scheme. To transmit multimedia 
data a system with good performance can utilize the bipolar scheme in optical 
network. To transmit voice data the unipolar method is used. The eye diagram for 
bipolar encoding structure provides wider opening compared to unipolar encoding 
structure. A flexible code and simple hardware design with FBGs used to realize dual 
coding OCDMA system are suggested [3]. 

1.1.1 Walshcode 

Walsh codes are mutually orthogonal error correcting codes and these codes posses 
interesting mathematical properties with a wide ranges of applications in communi-
cation systems. To enhance the bandwidth efficiency of the wireless CDMA Walsh 
code is used as it gives zero cross-correlation factor when properly synchronized in 
time [4]. Walsh code is described by N sequences set. 

The length N where N = 2n’, and Walsh matrix is represented as W ( j) N ; when n are 
positive integers and j ∈ [0, N − 1] denotes the jth row of bipolar sequence derived 
from the WN code set. 

The Walsh code is a linear and mutually orthogonal code, binary strings of length 
n to create a binary code-word of length 2n. 

For the nth ordered n × n Hadamard matrix H contains 1 s and −1 s;  
HHT = nIn where In = n × n identity matrix [4]. 
To generate the Walsh codes, Hadamard matrix of the order 2n is used. Hadamard 

matrices are possible for all orders for multiples of 4. Therefore, the WALSH codes 
[4] are generated by recursive procedure as follows: 

W1 = [+1] 

W2 =
[+1 +1 

+1 −1

]

W4 = 

⎡ 

⎢⎢⎣ 

+1 +1 +1 +1 
+1 −1 +1 −1 
+1 +1 −1 −1 
+1 −1 −1 +1 

⎤ 

⎥⎥⎦And W2n+1 =
[
W2n W2n 

W2n W 2n

]

where W 2n represents the complement of W2n .
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Hamming Distance of WALSH code: It is defined as the difference of bits for two 
different code words having length ‘n’ and for Walsh code the hamming distance is 
2n−1 [2, 4]. 

1.1.2 Gold Sequence Code 

Gold sequence is constructed using two Maximal Length sequences which can be 
simply designed by modulo 2 addition or XOR operation. WALSH codes are mainly 
developed to provide synchronous operations whereas maximal length sequences are 
used for code synchronization purpose. In case of asynchronous OCDMA system 
Gold sequences exist which is a family of bipolar code. It has very large cardinality 
along with good periodic cross-correlation property used to support synchronous 
operations [1]. 

A set of N + 2 Gold sequence having length N = 2 m−1 is designed from a pair 
of maximal-length sequences. 

If x, y are two maximal-length sequences then the gold sequences set is provided 
as, 

Sgold =
[
xyx  ⊕ yxy−1 x ⊕ y−2 ......x ⊕ y−i .....x ⊕ y(−(N−1))

]T 
Where− > y(−i) = [yi yi+1......yN−1 yN−1y0 y1.....yi−1] (3) 

where y(−i) is the ith cyclic left-shift of y. These gold sequence possess a three valued 
cross-correlation function given as –tm, −1 and tm−2, where tm = 1 + 2(m+1)/2 when 
m is the odd number and for even m tm = 1 + 2(m+2)/2. 

1.2 Unipolar OCDMA Codes 

Unipolar codes are used for the traditional optical encryption and decryption process 
in case of incoherent OCDMA whereas the bipolar codes which are used in RF 
CDMA give poor performance for the OCDMA system. Hence the construction of 
the unipolar code with a good correlation property is needed for better system perfor-
mance. Hence, unipolar codes need to be developed to improve the system perfor-
mance. Evidently in the earlier years, research on incoherent OCDMA is aimed to 
obtain unipolar codes with good auto-and cross-correlation property. Many research 
works are motivated to develop an optical code having proper correlation values to 
provide better impact on interference reduction schemes. It can also be observed that 
a variety of unipolar one-dimensional codes are proposed and designed to employ 
in the OCDMA system. 

The following section elaborates few important unipolar OCDMA codes
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1.2.1 Prime Codes (PC) 

In 1981, Titlebaum constructed the time–frequency hop code i.e., Prime code. These 
codes are mostly applicable to coherent multiuser Radar and asynchronous frequency 
hopping/spread spectrum communications. The construction of the code depends 
on linear congruence. The generation of the prime code structure is comparatively 
simple. There are two steps involved in designing the prime codes [5]. 

1st step: For a prime number p, a prime sequence Si = (si,0, si,1,…….si,j,…….., 
si,p−1) is generated using the elements Si,j = i.j(mod p), where, i and j all are 
in Galois field,GF(p) [5]. For example the prime sequence over GF(5) are S0 = 
(0,0,0,0,0), S1 = (0,1,2,3,4), S2 = (0,2,4,1,3), S3 = (0,3,1,4,2) and S4 = (0,4,3,2,1). 
2nd step: Each of the prime sequence is portrayed into a binary code sequence as 
follows CX = (CX0,CX1…..CXj…..CX(P 

2−1)) according to the rule [5] 

Cx =
{
1, f ori  = S p x ( j ) + j p  mod (p); j = 0, 1, .....p − 1 
0, other wise

}

where, i = 0, 1, ..... p2 − 1 (4)  

As p number of ones exist within individual code, the cardinality of the prime 
code is p for GF(p). 

The binary code sequences for GF(5) are: 

C0 
P = {10,000 10,000 10,000 10,000 10,000} = (0,0,0,0,0) 

C1 
P = {10,000 01,000 00,100 00,010 00,001} = (0,1,2,3,4) 

C2 
P = {10,000 00,100 00,001 01,000 00,010} = (0,2,4,1,3) 

C3 
P = {10,000 00,010 01,000 00,001 00,100} = (0,3,1,4,2) 

C4 
P = {10,000 00,001 00,010 00,100 01,000} = (0,4,3,2,1) 

From the above example it is found that a prime sequence set for code length and 
weight p2 and p respectively supports only p distinct sequences. The Prime codes are 
derived from a GF(p), p = prime number. The Prime codes autocorrelation peak is at 
p, and the cross correlation value is always less than two. The correlation properties 
determine the performance of the code and in order to support a moderate number 
of subscribers it srequire much long code sequences. 

The main limitation associated with the prime code is the limited availability of 
distinct sequences which results in limited number of possible subscribers. Also, 
the code length of the prime code is only P2, and this will deteriorate the system 
performance in terms of BER hence MAI. Therefore, longer codes that maintain the 
desired properties are advantageous.
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1.2.2 Modified Prime Codes (MPC) 

Modified prime codes were mainly proposed to overcome the drawbacks of the 
prime codes [6]. The modified prime code could be generated by P−1 times shifting 
of the previous PC sequences. The code is capable of accommodating P2 number of 
subscribers with P groups containing P sequences with code length that is equal to P2, 
where P is a prime number [7]. The MPCs are generated by shifting left or right the 
original PC sequence. Then new time shifted sequences thus obtained are represented 
as SX,t = (SXt0,SXt1,……SXt(P−1)), where t represents the number of times SX has 
been left (or right) rotated. Then the binary code sequence is generated according to 
the rule [7] stated below, 

Cx =
{
1, f or, i = Sst j  + j P, j = 0, 1, .......P − 1 
0, other wise  

MPC with P = 5 is shown below in Table 2 [7]. Here MPC sequence length is P2 

and code weight P generates different code sequences P2. Thus for an OCDMA system 
with MPC, P2 number of possible subscribers can be allocated, which is much better 
with respect to PC, but the code length of MPC [7] is the same as PC [5] (Table 1).

To enhance system performance in terms of BER the user information is modified 
utilizing these designed codes for an incoherent OCDMA system. Again in the year 
1993, Maric suggested a new class of optical code sequences which are utilized in 
spread-spectrum fiber-optic local area networks [9]. 

1.2.3 Quasi Prime Optical Orthogonal Code (OOC) 

This code is the extension of the Optical Orthogonal Code (OOC) set and constructed 
from prime sequences as explained and elaborately by Holmes and Syms [6]. The 
quasi prime code Cxk 

qp is the time shifted and expanded or contracted version of the 
prime sequence code Cx 

p. 
For q number of ones the sequence is expressed as cxk qp (i) = cx p ([i + kp]n); 
Where i = 0,1,…..qp−1, n = qp, (r−1)p < q < rp;  
p = prime number, q, r and k = positive integers; 
The code sequence weight w = q. The auto correlation parameter λa = (p−1)r 

and cross correlation parameter λc = 2, code-words number N is equal top[6]. 
For example for p = 5, q = 7, k = 3, the extended version of the prime codes are 

as follows: 

C0 
qp 

k = {10,000 10,000 10,000 10,000 10,000 10,000 10,000} 
C1 

qp 
k = {00,010 00,001 10,000 01,000 00,100 00,010 00,001} 

C2 
qp 

k = {01,000 00,010 10,000 00,100 00,001 01,000 00,010} 
C3 

qp 
k = {00,001 00,100 10,000 00,010 01,000 00,001 00,100} 

C4 
qp 

k = {00,100 01,000 10,000 00,001 00,010 00,100 01,000}
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Table 1 Modified prime sequence codes (P = 5) [7] 
Code Sequence patterns 

MPSC {1, 1} 10,000 10,000 10,000 10,000 10,000 

MPSC {1, 2} 01,000 01,000 01,000 01,000 01,000 

MPSC {1, 3} 00,100 00,100 00,100 00,100 00,100 

MPSC {1, 4} 00,010 00,010 00,010 00,010 00,010 

MPSC {1, 5} 00,001 00,001 00,001 00,001 00,001 

MPSC {2, 1} 10,000 01,000 00,100 00,010 00,001 

MPSC {2, 2} 01,000 00,100 00,010 00,001 10,000 

MPSC {2, 3} 00,100 00,010 00,001 10,000 01,000 

MPSC {2, 4} 00,010 00,001 10,000 01,000 00,100 

MPSC {2, 5} 00,001 10,000 01,000 00,100 00,010 

MPSC {3, 1} 10,000 00,100 00,001 01,000 00,010 

MPSC {3, 2} 01,000 00,010 10,000 00,100 00,001 

MPSC {3, 3} 00,100 00,001 01,000 00,010 10,000 

MPSC {3, 4} 00,010 10,000 00,100 00,001 01,000 

MPSC {3, 5} 00,001 01,000 10,000 00,010 00,100 

MPSC {4, 1} 10,000 00,010 01,000 00,001 00,100 

MPSC {4, 2} 01,000 00,001 00,100 10,000 00,010 

MPSC {4, 3} 00,100 10,000 00,010 01,000 00,001 

MPSC {4, 4} 00,010 01,000 00,001 00,100 10,000 

MPSC {4, 5} 00,001 00,100 10,000 00,010 01,000 

MPSC {5, 1} 10,000 00,001 00,010 00,100 01,000 

MPSC {5, 2} 01,000 10,000 00,001 00,010 00,100 

MPSC {5, 3} 00,100 01,000 10,000 00,001 00,010 

MPSC {5, 4} 00,010 00,100 01,000 10,000 00,001 

MPSC {5, 5} 00,001 00,010 00,100 01,000 10,000 

Table 2 Example of MFH codes [8] 

α β Sequences Sequence of binary numbers (MFH codes) 

0 0 12,300 0100 0010 0001 1000 1000 

1 0 23,101 0010 0001 0100 1000 0100 

2 1 20,312 0010 1000 0001 0100 0010 

0 3 21,030 0010 0100 1000 0001 1000 

2 2 13,022 0100 0001 1000 0010 0010
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1.2.4 Quadratic Congruence Codes (QCC) 

Each Quadratic Congruence Code sequence of weight p and length N = p2 gives a 
cardinality p−1. For the code construction a quadratic placement operator y(m) is 
defined by Marie [9, 10] as follows:  

Si, j = i. j.( j+1) 
2 (mod p), for 0 ≤ j ≤ p − 1 and 1 ≤ i ≤ p − 1 

For any user k the code sequence, ck = {ck(i)} for i = 0 to N− is constructed. The 
sequences are of length N = p2 and weight p. There can be at most (p-1) different 
code sequences that can be constructed for each p. the maximum auto-correlation 
and cross-correlation value is 2 and 4, respectively. Hence QCC are characterized by 
the quadruple (p2, p, 2, 4).  

1.2.5 Modified Quadratic Congruence (MQC) Codes 

In this paper, Z. Wei suggested the generation process for a series of new code 
families with a fixed in-phase cross correlation value of 1. To neglect PIIN’s effect, 
based on block designs theorem a new code established by q

m+1−1 
q−1 , q

m−1 
q−1 , 

qm−1−1 
q−1 has 

been introduced [11]. It is observed that higher SNR can be achieved by effectively 
eliminating the intensity noise. The higher SNR is the result of higher ratio of the 
autocorrelation peak to the fixed in-phase cross correlation. With MQC, for each 
prime number p, one gets a series of new codes [ p2 + p, p + 1, 1]. 

It is observed that these new codes have similar properties with some other few 
existing important codes. The design of both the MQC based transmitter and receiver 
configuration for the SAC-OCDMA system is provided using FBG groups. The 
comparison of BER performances with the Hadamard code is also presented. This 
paper work proved that when both the PIIN and shot noise are taken into account, the 
count number of the arrived incoming photons obeys a negative binomial distribution 
[11]. To reduce the PIIN without utilizing too many FBGs, MQC code can be used 
[11, 12]. 

For one active user, the negative- binomial-distributed photoelectron counting 
produces a small bit error rate (BER). This result is also experimentally verified by 
Dennis and Young [13]. 

1.2.6 Modified Frequency Hopping (MFH) Codes 

Modified frequency hopping (MFH) is a family of frequency hopping (FH) codes 
with ideal cross-correlation based on the main power. It was originally introduced 
in (2002) by Wei and Ghafouri [8]. Therefore, MFH is characterized by small code 
length N = q2 + q, code weight W = q + 1 with ideal cross-correlation λc = 1 but  
code design is complex. Listed below are the code words for various values for the
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parameters α and β when q = pn = 22, where p is the prime number with n being a 
positive integer, α∈{0, 1, 2,..., q−2} and β∈{0, 1, 2,...,q−1}. 

The MFH code can exist for a much wider number of integers than the MQC code, 
because it depends on the power of the prime number q. Again like the MQC code, the 
MFH code provides q2 sequences. Each of the MFH code pattern has q2 + q elements 
separated into (q + 1) groups and each group holds one ‘1’ and (q−1) ‘0’s. 

1.2.7 Random Diagonal (RD) Codes 

In 2010, Fadhil and his co-authors proposed the Random Diagonal (RD) code for the 
SAC-OCDMA system [13, 14]. Code level and data level are used to design the RD 
code. One of the important features of this code is that the data-level cross-correlation 
is zero. The code length necessitates to be increased to support a greater number of 
users. Here it is essential to repeat each row on both matrices [M] and [B]. For the 
Kth user matrix, [M] and [B] are expressed as: 

[M] =  

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 

0 1  
1 0  
0 1  
1 0  
0 1  

a j1 a j2 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ 

where j is the value for Kth user (j = 1,2…K), and aj value is either zero or one. 
For a basic code matrix Z the user number is K with code length N. Z is represented 

by (K × N) matrix [13, 15]. Therefore it is observed that the code weight, i.e., the 
number of ones in each row is equal to 4. The relation between N and K for W = 4 
is N = K + 5. 

[Z ] =  

⎡ 

⎣0 0 1 1 1 0 1 0  
0 1  0 0 1 1  0 1  
1 0 0  1  0  1  1 0  

⎤ 

⎦ 

To conclude, the advantages of RD codes are shorter code length, cross-correlation 
value is zero for the data level which minimized λ and reduced PIIN. It also provides 
flexible selection of N, K parameters compared to MFH and MDW codes. 

System performance with RD code is analyzed considering the impact of intensity 
noise, shot and thermal noise sources. It is observed that the RD code performs best 
in terms of BER compared to the MFH code.
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1.2.8 Enhanced Double Weight (EDW) Codes 

A new code structure for the SAC-OCDMA system utilizing double weight (DW) 
code families is suggested by Hasoon [8, 15]. Enhanced double-weight (EDW) code 
with variable weight (>1) is another variation of a DW code (weight is fixed at 
2) and it also possesses ideal cross-correlation properties. Enhancement of system 
performance is achieved utilizing the EDW code compared that Hadamard [12] and 
Modified Frequency-Hopping (MFH) [10] codes. 

The DW code construction uses the following steps [8, 16]: 

Step 1:The DW codes are represented with K X N matrix.  

Where K = No of rows = user number, and N = No. of columns = minimum 
code length 

The basic DW code with K = 2 and N = 3 is shown below: 

H1 =
[
0 1 1  
1 1 0

]
, We can see that the H1 has a chips combination sequence of 1, 2, 

1 for the three columns (i.e., 0 + 1, 1 + 1, 1 + 0). 
Step 2:A simple mapping technique is used to increase the number of codes as 
shown below: 

H2 =
∣∣∣∣ 0 H1 

H1 0

∣∣∣∣
EDW code construction: The EDW code is the enhanced version of the DW code. 

The code weight is any odd number greater than one. In reference [8, 15] the  EDW  
code with a weight equal to three is elaborated. The code can be created using the 
steps below. 

Step 1: like DW, the EDW code is also represented by a simple K x N matrix. A 
basic EDW code for K = 3 and N = 6 is shown below [8, 15]: 

H0 =
∣∣∣∣∣∣
0 0  
0 1  
1 1

∣∣∣∣∣∣
1 1  
0 0  
0 1

∣∣∣∣∣∣
0 1  
1 1  
0 0

∣∣∣∣∣∣

It can be observed that the structure of the EDW code maintained quite similarities 
with the DW code matrix with slight variations such as double weight pairs held 
in such a way that only two overlapping chips are allowed in each column. 
Step 2: For a larger number of K a mapping process is used to generate H1 as 
follows. 

H1 = 0 H0 

H0 0
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An EDW code with weight 3 is presented by (N, 3, 1) for code length N. The 
relation among code-length weight and user number is presented as [8, 15] 

N = 2K + 4 3
[
sin

(
K π 
3

)]2 8 
3

[
sin (K +1)π 

3

]3 + 4 3
[
sin (K+2)π 

3

]2 
(5) 

For EDW codes [8, 15], the weight can be set to any odd number regardless of the 
number of users, resulting in a simplified encoder/decoder design. The SNR is not 
affected by the number of users, therefore the same quality of service can be provided 
to all users. One of the main advantages of the EDW code is that it offers improved 
SNR than the MFH and Hadamard codes. 

This can be seen from the fact that the EDW code provides ideal cross-correlation, 
while the Hadamard code has an increasing value of cross-correlation as the number 
of user increases. The cross-correlation value is also fixed to one in the case of MFH 
codes since the SNR value is smaller than that of EDW. 

1.2.9 Modified Double-Weight (MDW) Codes 

The MDW code is in turn another revised version of the DW code and was proposed 
by Aljunid and his co-authors in 2004. Unlike the DW code, the redesigned code has 
variable weights. Since the basic DW code contains K rows for user number and N 
columns for minimum code length represented as [15, 16] 

H1 =
[
0 1 1  
1 1 0

]

Now to construct the MDW code of basic matrix (9, 4, 1) a simple mapping 
technique has been employed by the author as below 

Hm1 =
〈0 0 0  
0 1 1  
1 1 0

∣∣∣∣∣∣
0 1 1  
0 0 0  
1 1 0

∣∣∣∣∣∣
0 1 1  
1 1 0  
0 0 0

〉

The supported number of users K for the MDW code related to N is given by 
Equation. 

N = 3K + 8 3
[
sin

(
K π 
3

)]2 
(6) 

The table below points out some basic properties of the afore-mentioned codes 
(Table 3).
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Table 3 Properties of various OCDMA codes 

Code 
type 

Code-length N Code 
weight W 

Cross-correlation 
value, λc 

Observation(s) 

MQC 
[11] 

p2 + p, p = prime no p + 1 1 The requirement 
of prime number 
limits its freedom 
of code selection 

MFH 
[8] 

q2 + q, q = prime no q + 1 1 Code 
construction and 
the design of 
encoder and 
decoder are 
complicated 

HD 
[17] 

N 2 M−1 2 M−2 Correlation factor 
is not ideal which 
leads to less 
effective to MAI 

EDW 
[8] 

N = 2K + 

4 
3

[
sin

( K π 
3

)]2 8 
3

[
sin (K +1)π 

3

]3 + 

4 
3

[
sin (K+2)π 

3

]2 

3 1 Easy code 
construction as 
well as simple 
encoder decoder 
architecture 

RD 
[13] 

K + 2w-3 ≥ 4 Variable Simple code 
construction and 
more immune to 
MAI 

MDW 
[15] 

N = 3K + 8 3
[
sin

( K π 
3

)]2 
Any even 
no greater 
than 2 

1 More immune to 
MAI 

1.3 Weighted Position Representation (WPR) of Unipolar 
OCDMA Code (1-D) 

The 1-D unipolar OOC word X with code length n and code weight w contains w 
number of ones and (n-w) number of zeroes. For code length n there are n possible 
positions ranges from 0th to (n-1)th places where exists exactly w weighted places and 
n-w non-weighted places. The code X is denoted simply with its weighted positions. It 
possible to derive n presentations for each of n circular shifted versions of the code X. 

This kind of depiction of the unipolar codeword is called weighted positions 
representation (WPR) or bit 1’s position representation [15, 16, 18]. As an example 
for the code X of length n = 11, code weight w = 5so as X = 10,100,101,001 
the WPR is (0,2,5,7,10). Any n circular shift of code X expresses same unipolar 
orthogonal code X. 

There are also several OOCs which are based on the difference set and projective 
geometry too which we have not considered in this chapter.
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1.4 Correlation Constraints of Unipolar Optical Codes 

For OCDMA system, one bit is fragmented into ‘n’ time periods, defined as “chips”. 
A short optical pulse is transmitted in the chip intervals to generate any signa-
ture sequence. The entire number of illuminated chips within the code sequence 
is defined as Hamming weight w. In case of the optical CDMA system each user can 
be represented by its unique signature sequence called the codeword. 

The encoder at the transmitter end encodes each ‘1’utilizing the signature sequence 
and incase of ‘0’ data bit encoding is not required and presented using an all-zero 
sequence. The encoded signal is than transmitted to the N x N star coupler which is 
next broadcasted to every node. The dominant noise source in the OCDMA system 
is multiple-access interference (MAI) caused by the crosstalk among different users 
sharing the same fiber optic channel. Therefore, smart code sequences design is 
important to reduce or nullify MAI effect from the received signal. Let the two 
unipolar code words X and Y be  within the code set with the code parameters (n, w, 
λa, λc). The autocorrelation Property is given by [19–21]: 

n−1∑
t=0 

xt xt+τ ≤ λa; For x ∈ C and for any integer τ such that 0 < τ  <  n (6)  

The cross-correlation property, 

n−1∑
t=0 

xt xt+τ ≤ λc; for any integer x �= y ∈ C and any integerτ (7) 

Here C is the code. The (0, 1) sequences of an OOC are the codeword. The correlation 
properties are not affected by cyclic shifts of the code-words. The code C is considered 
as a family of w-sets of integers |n|. Then the correlation property is re-formulated 
as below [19]. 

|(a + X) ∩ (b + X )| ≤ λa 

For any X ∈ C and any a �= b(modn). 
The cross-correlation property: |(a + X ) ∩ (b + Y )| ≤ λc 

For X �= Y ∈ C and for any a, b where a + X = {a + x:x ∈ X} 
An upper bound to the maximum size of code is denoted as the cardinality factor 

F(n,w,λ) [19–21]. For an C(n,w, λa, λc) is deifned as a collection of binary n-tuples, 
each having weight w. 

Techhniques of error control codes are used to construct OOCs with λa, λc as small  
as possible. For optimum OOCs the modified upper bound derived from Johnson 
bound to get error free codes is obtained for λa = λc = λ as cited in [19]. 

C1D = ϕ(N , w, λ) = (N−1)(N−2)....(N−λ) 
w(w−1)(w−2).....(w−λ)

(8)
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Fig. 1 Transmitter–receiver architecture for fiber-optic-CDMA systems [20, 22, 23] 

1.5 Review of Different Transmitter Receiver Architectures 
of the OCDMA System 

This section gives an overview of a few well known transmitter receiver structures 
designed for user information detection schemes and to improve the system perfor-
mance and increase the capacity by reducing the multi access interference (MAI) 
effect. 

1.5.1 Basic OCDMA System Structures for Fiber-Optic-CDMA System 

Basic OCDMA system Structures for Fiber-Optic-CDMA Systems: In 2007 Salehi 
[20] suggested the working principle and detailed description of the receiver structure 
based on star configuration. The proposed architecture contains N transmitter and 
receiver pairs. In this case every user’s information bit is mapped into a high rated 
optical sequence by an optical encoder. At the receiver section the optical pulse is then 
compared to already stored data same as the data used in the transmitter followed 
by threshold comparator to detect the original data. The optical match-filter used 
contains w fiber delay lines to produce a delay equal to (L − c1)Tc, (L − c2)Tc,…, 
and (L − cw)Tc respectively (Fig. 1). 

1.5.2 OCDMA System Architecture Using Correlator Receiver 
Structure 

For a correlator receiver architecture (Fig. 2) the initial modification suggested by 
Salehi and Brackett [21]. The authors observed that at a particular chip time the 
amount of intensity transmitted for a ‘1’ bit may carry information and any excess 
intensity owing to interference. Such interference may cause a ‘0’ data bit to be 
wrongly received as ‘1’ or vice-a-versa.
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Fig. 2 Architecture of correlator receiver [21] 

Thus to limit the unwanted amount of intensity an optical hard-limiter is placed 
followed by the traditional correlator receiver which in-turn was able to block some 
interfering patterns for enhancement of system performance. To suppress interference 
causing some error patterns the authors suggested employment of an optical hard-
limiter for improving system performance against multi user interference (MUI) or 
MAI. 

1.5.3 Transmitter–Receiver Architecture Using Modified-AND 
Subtraction Detection 

The optical signal detection technique using Modified-AND subtraction was 
suggested by Hamza and his co-authors [22] in the year 2012. From their work it 
is perceived that due to incoherent broadband light sources SAC-OCDMA systems 
are more prone to intensity noise. The detection technique employing the modified-
AND subtraction provides a scope to suppress this noise in incoherent SAC-OCDMA 
systems. 

The detection mechanism relies on lowering the received signal strength during 
the decoding process by the spectrum division of the employed code sequence. The 
SAC-OCDMA receiver structure using the proposed method is shown (Fig. 3). 

In this configuration the received optical power is divided into two parts; one 
provided to the upper part of the decoder and the other to the complementary decoder

Fig. 3 Architecture of modified-AND subtractiontechnique [22] 
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utilizing attenuator to ensure that interference signal produces the same power inci-
dent on each of the photo-detector when the desired user is transmitting ‘0’. The 
signal accepted at the decoder is half of the incident signal processed by the conven-
tional AND subtraction detection process. This decoding technique uses fiber Bragg-
gratings (FBGs) due to low insertion losses, better spectral resolution, compressed 
size and uses of economical material. 

Various filtering techniques are there for decoding signal like FBGs, arrayed 
waveguide-gratings (AWGs) etc. In this case the cancellation of significant inter-
ference can be achieved by the difference of the two signals. The original data are 
restored after passing via a decision circuit. 

1.5.4 Transmitter–Receiver Architecture Using NAND Subtraction 
Detection Technique 

Ahmed and his co-authors in the year 2012 conceptualized the detection technique 
using the NAND subtraction process based on the Modified Double Weight (MDW) 
code [15] for SAC-OCDMA systems. 

In this method, the concept of NAND is utilized as an operation instead of the 
digital gate to recover data. Here for the detection of the output they replaced the 
cross-correlation by the NAND operation between two sequences X and Y. Figure 4 
above represents the detection mechanism. But, a drawback of this technique is that 
it may generate extra weight due to which the signal power increases as well as the 
code weight. 

Fig. 4 Block diagram of implementation of NAND subtraction detection technique [22]
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1.5.5 Structure of Transmitter and Receiver Based on FBG 

In 1997, Kenneth O. Hill and Gerald Meltz described properties and the fundamental 
properties of fiber gratings (FBG) [24]. Here they showed that the index perturbation 
in the core is a periodic structure similar to a crystal lattice that acts as a stop-
band filter. Applications of FBGs are extensive in optical networks such as add-drop 
multiplexing and wavelength routing in WDM networks [24–26]. FBGs are also used 
to design various OCDMA coding schemes such as B. spectral amplitude coding, 
time phase coding and spectral phase coding. 

FBGs offer a simple and elegant all-fiber approach to provide tunability using 
strain and temperature effects. The implementation of WHTS using FBGs is done 
using two structures: a linear array of FBGs and Chirped Moiré Gratings (CMG). 
Figure 5 below shows the implementation of a WHTS code using a linear array of 
FBGs [21]. 

From Fig. 5b it can be observed that for a specific column of the code matrix the 
maximum number of wavelengths is ‘k’. The chip size in FBG-based WHTS encoder-
decoders is restricted by adjacent gratings minimum spacing [25]. The disadvantage 
of this kind of system is the requirement of further components like power splitters or 
circulators to separate the coded decoded signals which leads to increase in system 
complexity and cost (Fig. 6).

The spectral components proportional to the spectral distribution A(v) are reflected 
back when a broadband pulse is injected into a group of FBGs, and the output at the 
other end of the grating contains all the complementary components proportional to 
A(v). At the receiver end the output from the top of the initial FBG group is directly 
used as to decode the output.

Fig. 5 a Schematic of a WHTS encoder with four wavelengths using a linear array of FBG. b 
Parallel linear array of FBGs allows implementation of OCDMA codes [21] 
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Fig. 6 Encoder decoder using FBG [25]

1.5.6 AWG Based OCDMA Encoding–Decoding Technique 

Since the early 1990s, AWG has been of great research interest due to its low inser-
tion loss [25]. As shown in the figure below, it contains a phased array of optical 
waveguides used as a grating. After passing through a region of free propagation, 
the input signal is received in an array of planar waveguides (Fig. 7). 

The waveguides are designed in such a fashion that their lengths result in different 
phase shifts to the signal in each waveguide. Owing to the dependence on frequency of 
the mode propagation constant these phase shifts are wavelength dependent. AWGs 
has wide range of applications like wavelength multiplexers or demultiplexers, N × 
N wavelength routers [25], optical cross connects and so on. AWGs with more than 
100 ports are presented in [21]. In general commercially available devices have more 
than or equal to 50 ports. For the WHTS optical encoder/decoder structure AWG can 
be combined with the waveguide-based delays.

Fig. 7 Block diagram of for implementation of a WHTS encoder/decoder using AWG [25] 
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2 Conclusion 

This chapter explains the knowledge of few important as well as well-known bipolar 
and unipolar optical orthogonal codes used in the OCDMA system. Properties of 
these bipoalr and uniploar codes have also been highlighted. The conventional repre-
sentation and conventional methods for calculation of auto-correlation constraint 
and cross correlation constraints are discussed as well. The chapter also elaborates 
different transmission and detection schemes suitable for the non-coherent OCDMA 
system. 

From the above discussion we can conclude that there are various encoding and 
decoding schemes which are proposed to minimize the MUI or MAI to achieve better 
system performance. For an OCDMA system the communication between each pair 
of transmitter and receiver is implemented by encoding and decoding data with a 
unique code sequence. To achieve this, perfect synchronization between the desired 
transmitter and receiver pair is essential. Hence the transmitter and receiver are all 
required to be well-tuned. 
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Error Detection and Correction 
of High-Resolution Remote Sensing 
Images Using Cyclic Code 

Anirban Patra, Debasish Chakraborty, S. K. Sohel Ahamed, 
Subhadeep Ghosh, and Santanu Kamilya 

1 Introduction 

For effective transmission of high-resolution images, the requirement of a secured 
system is the primary criterion. This security can be implemented using different 
coding and encryption processes. Cyclic coding is implemented to code medical 
images in Covid–19 pandemic situations. In this method, the selected medical images 
are coded using a generator polynomial maintaining a cyclic code algorithm [1]. In 
an optical domain system, by using sinusoidal phase and amplitude grating with the 
help of a random phase matrix, encryption, as well as compression, are performed 
[2–5]. In these systems, the selected images are modulated with the help of high 
grating frequency and variable orientation angles. As a result of the modulation, 
multiple spectra are generated which are encrypted using a random phase matrix. 
This system provides excellent results in ciphertext attacks. DES, symmetric and 
asymmetric algorithms are the few oldest methods used for encryption. The major 
advantage of the DES system is that it takes minimum time to encrypt the messages 
[6, 7]. 

Use of Cipher Feedback Mode enhanced the security of the medical image encryp-
tion process [8]. The encryption system is based on the (k, n) method, where by 
selecting the proper values of k and n, the selected images can be retrieved using 
the proper retrieval system [9]. This system is proposed by Shamir. By shuffling the 
pixel position and applying XORing function the on image encryption method was 
proposed by Nag et al. [10]. Since then, researchers applied different techniques for 
the encryption of images like a one-time password system [11] which divides the 
image bits into blocks of rows and columns, for example, The Dael algorithm process
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[12], the AES system [13], etc. Cyclic coding is used in binary and low-resolution 
image processing for encoding [14–17]. Recently Hamming code is used for error 
detection as well as correction [18] and grating is used to store more images [19]. 

In this communication, the selected images are encoded using the systematic 
cyclic code. Here, a well-known generator polynomial (3°) is utilized to encode the 
image. Initially, all the pixels of the selected images are converted into bits for proper 
processing. In the next phase, the converted pixels are encoded with the help of a 
generator polynomial to generate a codeword. In this way, all pixels are converted 
into code words. This encoded image is to be transmitted over a long distance. On 
receiving, it has been checked whether the received images are free from error or 
not. If the error is present in the images, with the help of this algorithm, the position 
of the error has been detected from the syndrome table. To eliminate errors from the 
images, we have to swap the binary value of this position. To measure the quality of 
the output images, the conventional PSNR (Peak Signal to Noise Ratio) method has 
been used. With the help of simulation software, we have proved that our method 
provides a satisfactory result. 

2 Methodology 

The entire process is divided into categories: codeword generation and error 
detection. During the codeword generation part, we have followed these processes: 

Selected generator polynomial g(x) 
Pixel of selected image f(x, y) is represented by p(x) 

If n = codeword length and k is the message length 

m(x) = p(x) · X(n−k) (1) 

To achieve the remainder r(x), m(x) is divided by the generator polynomial g(x). 
Hence, 

r(x) = m(x)/g(x) (2) 

m(x) and r(x) are added together to generate code word c(x). 
Therefore, 

c(x) = m(x) + r(x) (3) 

This codeword c(x) is transmitted over a long distance. Let us assume that the 
received codeword is k(x). 

At the receiving end, we have to divide the k(x) by the same generator polynomial 
g(x) to get the remainder r1. 

Therefore,
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Table 1 Syndrome table Syndrome Error bit position 

0 No error 

1 1st bit 

x 2nd bit 

x2 3rd bit 

x + 1 4th bit 

x2 + x 5th bit 

x2 + x + 1 6th bit 

x2 + 1 7th bit 

r1 = k(x)/g(x) (4) 

There should be no difference between c(x) and k(x). If there is no error (the 
same codeword is received), the value of r1 is zero. Otherwise, we have to check the 
position of the error from the syndrome table. 

Let us assume that p(x) is 0110. It is represented by x2 + x + 1. Generator 
polynomial g(x) is x3 + x + 1 (which is 1011) 

[n = 7 and k = 4] 

So, m(x) = p(x). x3 = (x2 + x + 1).x3 = x5 + x4 + x3 
Remainder r(x) = (x5 + x4 + x3)/(x3 + x + 1) = x 
Hence, c(x) = m(x) + r(x) = x5 + x4 + x3 + x which is equivalent to 0111010. 
At the receiving end, we have to check the remainder r1(x). Remainder r1(x) is 

also known as syndrome. The position of the remainder value r1(x) and the respective 
error bit is available from the syndrome table (Table 1). 

Mean Square Error (MSE) can be represented as, 

MSE = 
1 

mn 

m∑

y=1 

n∑

x=1

[
f(x, y) − g(x, y)

]2 
(5) 

f(x, y) and g(x, y) represent the original image and output image respectively; 

PSNR = 20 log 10 
255 √
MSE 

. (6)
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3 Flow  Chart  

Start 

Remote Sensing Images are selected 

Noise is added to each image to prove the integrity of this method 

Cyclic Coding is applied on noisy images 

Error is detected in each image 

Error is corrected 

End 

4 Result and Analysis 

We have used six high-resolution remote sensing images for our research work 
(shown in Fig. 1) of pixel size 1024 × 1024. The entire work is done using MATLAB 
simulation software, 32 GB RAM, and Intel Core i5 Processor.

We have applied the down quantization process (8 bit to 4 bit) for simplicity. 
To prove the effectiveness of our proposed method, we have added noise to the 

images. The noisy images are shown in Fig. 2.
Recovered images are shown in Fig. 3.
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Fig. 1 Selected images
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Fig. 2 Images with error
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Fig. 3 Corrected images
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Table 2 PSNR table Image no. PSNR 

1 31.7 

2 31.4 

3 32.1 

4 31.6 

5 31.1 

6 31.5 

5 Advantage 

See Table 2. 
In previous works, cyclic coding was used in binary images and low-resolution 

grayscale images [14–17]. Application of cyclic coding in high-resolution images 
is a challenging task, In this research work, we have applied cyclic coding in high-
resolution images and proved that cyclic coding can be effectively used in high-
resolution images also. 

6 Limitation 

Though this system is effective for error detection as well as a correction there is 
one limitation. As cyclic code can detect only one error per message (here pixel), 
therefore our system is not effective for multiple error detection as well as correction. 

7 Conclusion 

In this communication, we have proposed an error detection and correction method 
for high-resolution remote sensing images using the systematic cyclic code. This 
system is really effective for the long-distance transmission of remote sensing images. 
If the images are affected by noise, this system can be eliminated. For simplicity, 
we have down quantized the selected images. PSNR value is greater than 31 which 
implied the satisfactory result of our method. Earlier research works are based on 
binary or low-resolution images whereas our system shows its effectiveness in high-
resolution images. The only drawback of this system is that it is suitable to correct 
a single error. However, with the help of simulation software, we have proved the 
effectiveness of our proposed method.
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Segmentation of Used Biodegradable 
and Non-biodegradable Products 
of Covid 19 Patients Using Thermal 
Image Processing 

Anirban Patra, S. K. Sohel Ahmed, and Sonali Sarkar 

1 Introduction 

For a long time, researchers have proposed a lot of techniques for segmentation 
of biodegradable and non-biodegradable materials. H. Jouhara et al. highlighted a 
method based on biological and physicochemical systems for separation of munic-
ipal domestic wastes [1]. This method is cost effective but the proposed method is 
suitable for domestic products only. A U. Zaman discussed in their research work 
the importance of separation of different materials to minimize its adverse effect 
on the environment [2]. Other researchers applied different methods in materials 
like plastic, solid waste fuel, crop, industrial waste, etc. [5–8]. In these methods, 
mostly chemical-based technology is used for isolation of different products. These 
processes are time-consuming for detection. Moreover, the chemical activities have 
some side effects too. The use of image processing is widely used for the last few 
decades to separate different types of materials based on their characteristics. The K 
Means algorithm is a conventional technique for segmentation [9–12]. 

X. Zheng et al. utilized the adaptive K Means algorithm to get accurate results. 
N. Akhtar utilized K Means clustering along with neurotrophy in their research 
work. Histogram processing, edge detection, and thresholding are also effective 
tools for image segmentation [13, 14]. K. Qin and K. Xu utilized cloud models 
in histogram processing for separating different parts of images. Spatial metrics are 
used for analyzing urban land use which is an important part of land cover analysis 
[15]. Multiscale geoscience segmentation is an effective tool for extracting urban 
functional zones from VHR Satellite Images [16].
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The use of neural networks in addition to conventional image segmentation tech-
niques in satellite and aerial images has been proposed by few researchers. The rapid 
use of artificial intelligence enhanced the segmentation purpose nowadays. The appli-
cation of convolution neural network in land cover classification is described by K. 
Nogueira et al. [17]. A. Patra et al. highlighted the use of different optical informa-
tion processing methods for the same purpose [18–22]. Sinusoidal amplitude and 
phase grating along with phase mask is used. Moreover, they have utilized the alpha 
blending process (pixel value modification) for watermarking segmented images 
(medical, satellite images). 

Rubin observed that, although color is one of the most interesting and integral parts 
of vision, most models and methods of colorimetric available to describe and quantify 
color have been developed outside of optometry [23]. Apriyanti et al. developed a 
method automated color detection in orchids using color labels and deep learning 
[24]. Color image process using principal element analysis describes that the color 
recognition involves comparison of every pixel within the metric and leads to the 
dominant color because the color of the given object [25]. 

Shriram et al. proposed new real time color recognition features, i.e., extracting 
primary colors for the aim of vision-based human–computer interaction. Vision-
based human–computer interaction can be achieved by analyzing segmental primary 
color regions primarily focused on color-based image segmentation and vision 
primarily based color recognition by addressing these difficulties [26]. Xiong et al. 
proposed a novel real-time color image segmentation method is, which is based on 
color similarity in RGB color space [27]. Tsai and Tseng proposed color detection 
method based on hue, saturation, and lightness (HSL) color space [28]. 

Most of the above-mentioned systems used sensor-based systems for segmenta-
tion. The longevity of the sensor is low. Hence, these systems do not cost much as well 
as are time-effective. In this communication, we have applied thermal imaging by 
selecting a thresholding value for the classification of the bio- and non-biodegradable 
materials. In digital image processing, pixel intensity value takes a major role in the 
segmentation of images. The entire system is based on pixel intensity value-oriented 
segmentation. 

In the first stage, the selected images are converted into thermal images by special 
thermal processing application software. Following, the pixel intensity difference 
is calculated from the pixel value of a reference point [0,0] (this reference value 
is selected as it is the corner coordinate). As each color of the thermal images lies 
within a specified range. Therefore, by this method, we have got different values 
for different colors. Thereafter based on the result, we have primarily classified the 
results into two categories: bio- and non-biodegradable items.



Segmentation of Used Biodegradable and Non-biodegradable Products … 175

2 Biodegradable and Non-biodegradable Materials 

In the present day, the advancement of Science and Technology has improved our 
quality of life and has eased our lifestyles. But human beings for their own benefit 
have exploited the environment as well as the lives of other living beings of the earth. 

Human beings have ruthlessly cut down trees, forest, polluted the air with exhaust 
gases of industries and vehicles, polluted the water with poisonous chemicals and 
the ground or soil with excess fertilizers, plastics, heavy metals etc. This has resulted 
in the damage or decrease in the habitat of other living organisms and degradation 
of the environment which not only poses danger to other organisms but to human 
beings as well. 

We have not done sustainable development earlier, i.e. judicious use of the natural 
resources and optimum development of our lives which would have harmed the 
environment less. This has resulted in our environment to become more polluted for 
our next generation. 

Some waste materials like plastic, bottles may be convenient for daily use but 
these waste materials after their disposal in the environment cause pollution of air, 
water and land. 

Among these waste materials some are dangerous while others are not. This is 
because such waste materials can be largely categorized into biodegradable waste 
materials and non-biodegradable waste materials. 

2.1 Biodegradable 

Biodegradable materials are those natural materials which can be broken down and 
degraded through natural processes by bacteria and other soil microorganisms and 
get absorbed into the environment and do not cause any major damage or degradation 
of the environment. 

2.2 Non-biodegradable 

Non-biodegradable materials are man-made materials which cannot be broken down 
by natural processes by microorganisms and do not decay in the environment. 

They remain in the environment for infinite time and turn into a huge heap of 
garbage. 

They remain in the environment, degrade it and pose danger to living organisms 
and the environment. 

Exp: Plastic, Polyethene, bottles, concrete, chemicals etc. 
Still the biodegradable substances are called biodegrade wastes as though they 

are less riskier for the environment, but eventually the dumping of these huge wastes
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cause the release of obnoxious gases and some pollute the air due to incineration of 
these wastes. 

So these biodegradable wastes are either converted to compost which may be used 
as manure or biogas may be obtained from them or simply dumped into landfills away 
from city. 

Non-biodegradable wastes do not decay through natural process. So to decrease 
the waste we have started practicing the 3Rs, Reduce (reduce the waste), Refuse 
(Refuse use of plastics etc.) and Recycle (Recycle some materials like glass, metals, 
polytene etc. instead of disposing them directly). 

3 Long Term Effect of Waste Materials on the Environment 

The world during its advancement with the help of technology, resulted in releasing 
and dumping of huge quantity of waste materials. Wastes categorized as municipal, 
industrial, bio-medical and hazardous wastes cause multi-dimensional harm to the 
environment. They cause loss of useful materials, scarcity of resources, utilization of 
huge amount of energy, high cost of collection, treatment and disposal of the wastes. 

These wastes also generate huge quantity of greenhouse gases like carbon dioxide 
and methane that increase the temperature of the earth and cause global warming. 
This has a significant effect on the overall heat of the earth surface that are causing 
climatic changes throughout the world including melting of the ice of the arctic 
region etc. 

Hence the importance of identification, disposal, treatment and elimination 
of these wastes in the environment is to ensure sustainable development of the 
environment. 

4 Methodology 

Let us assume the selected image is represented as gx(x, y). A pixel intensity value 
in this selected image is represented by j(x, y). 

Let the intensity of the pixel at coordinate (0, 0) [which we have selected as 
reference] is j(0, 0). 

The difference between each pixel from the reference is 

(x, y) = (x, y) − (0, 0) (1) 

Based on the average value of (x, y) , we have classified it into two zones e1 and 
e2 respectively. 

Let us assume that, threshold value = th 
If e(x, y) >  th
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(x, y) = e1 (2)  

If e(x, y) <  th 

e(x, y) = e2. (3) 

The entire methodology is explained with the help of a flow chart which is shown 
in Fig. 1. 

From our selected images, we have applied a threshold-based image segmentation 
process. In threshold-based, we have set a reference value for comparison. 

We have primarily calculated it for all two materials. The more specific division 
is also possible by varying the threshold values on the selected thermal images.

Fig. 1 General flow chart 
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Fig. 2 Non-biodegradable materials 

5 Result 

In our research work, we have worked with a few biodegradable and non-
biodegradable materials. The pixel resolution of our selected images is 512 × 512. 
The output of the thermal images of biodegradable and non-biodegradable materials 
is displayed in Figs. 2 and 3.

6 Analysis  

Initially, we categorized the materials as biodegradable and non-biodegradable mate-
rials and captured thermal images of them. Selected non-biodegradable materials 
are mainly plastics and selected biodegradable materials are vegetables and paper. 
According to our methodology, we have calculated the intensity difference of pixel 
intensity values of each coordinate of all images from the reference value (coordinate 
0,0) of the image. The result of the pixel intensity difference is shown in Table 1.

From the table, it is clear that if we set the threshold value as 50, we can easily 
separate bio and non-biodegradable materials. We have performed our research work
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Fig. 3 Bio-degradable materials

Table 1 Comparison table Sl No Image type Intensity difference 

1 Non-biodegradable 39 

2 Non-biodegradable 47 

3 Non-biodegradable 36 

4 Non-biodegradable 33 

5 Biodegrable 68 

6 Biodegrable 79 

7 Biodegrable 61 

8 Biodegrable 57

in MATLAB 2014b software. For thermal imaging, we have used thermal image 
applications.
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7 Comparison with Existing Methods 

Most of the existing systems are sensor-based. Due to the presence of toxic mate-
rials, sensors are unable to work for a long period. Therefore, the sensors are to 
be changed frequently. Moreover, it takes too much time for segmentation. So, it 
is neither cost-effective nor time effective. It also violates the direction of WHO, 
as human intervention is required to operate the process. Our system works on a 
thermal imaging camera which lasts for many years. In addition, it takes less time 
for segmentation (a few seconds). 

8 Conclusion 

In a post-pandemic situation, it is essential to separate used bio and non-
biodegradable materials of Covid 19 patients on a non-contact basis. In this situation, 
our method would be helpful for this purpose. No human intervention is required 
here as it separated both types of materials with the help of thermal imaging. In our 
method, we have calculated pixel intensity difference from the (0,0) position but it 
can be measured from any coordinate of the images. In future communication, we 
will use more sophisticated techniques. By varying the threshold values, it is possible 
to sub the grouping of the products too. Our proposed technique is simple as it has 
the potential of separating a lot of materials within a few seconds. Hence it is a time 
as well as cost-saving process. Using machine learning and artificial intelligence, 
a modified system of this technology is possible which will be discussed in future 
communication. 
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