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ABSTRACT

In this thesis, plasma based reconfigurable antenna and photonic crystal device have been
investigated. The first half mainly focused on the design and development of plasma antenna
whereas the developed of plasma photonic crystal is presented in second half of the thesis.

The research work has been accomplished in many stages which are briefed as follow;

Plasma antenna has been developed and investigated for the analysis of its radiation
characteristics for variable plasma properties and operating frequencies. In research work,
30cm long plasma column antenna has been experimentally developed at gas pressure, P, =
0.030mbar and RF power, Py = 60W atts. The setup is modelled based on the extracted data
and simulated for the analysis of resonant frequencies at plasma density (n.) = 2.7x10%m =3,
The radiation patterns at resonant frequencies 112M H z, 347M H z and 409M H z have been
investigated experimentally which are found in good agreement with simulation outcomes.
The study explores that the radiation patterns show significant change for plasma properties
which are the function of gas pressure and power and are more similar like a monopolar
radiation pattern. The ability to reconfigure the plasma properties electronically provides

an option to online control the radiation characteristics of antenna as per the requirement.

Further, an antenna array has been developed by using the classical state of plasma
called plasma blobs or striations. This state of plasma inside a column is formed by having
critical combination of input parameters where its arrangement is called as collinear array
and each blob act as a radiating element. In our experiment, 4 to 6 plasma blobs or
striations are formed in 30cm long column for gas pressure P, = 0.015 — 0.030mbar and
power Py = 40 — 80W atts. Based on the experimental data, the modelling and simulations
of two plasma based collinear antenna array having 4 and 5 plasma blobs have been done
respectively. The resonant frequencies at 4 and 5 plasma blobs based antenna array having
plasma densities, n, = 2.47 x 10'%m=3 and 5.85 x 10%m =3 have been investigated. The
radiation characteristics at resonant frequencies 56 M Hz, 73M H 2z, 178 M Hz and 390M H z
have been experimentally investigated which verify the simulated outcomes. The study
explores that the plasma blobs or striations behaving as an antenna array which improves
the radiation characteristics in terms of directivity, intensity and beamwidth of radiation in

comparison with continues plasma column antenna.

In second half, a reconfigurable one-dimensional Single Column Plasma Photonic Crystal
(SC-PPC) has been modelled and investigated its Photonic Bandgaps (PBG). The SC-PPC
is a novel structure which is simulated for the first time. In our research, SC-PPC is a glass

column containing 6 stationary Standing Plasma Density Patterns (SPDP) called plasma

il
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blobs created at P, = 0.035mbar and Py = 60W atts, where its density varies sinusoidally
along the column axis. The plasma density of blobs is measured by using the interferomtry
setup. The modelling and simulation of SC-PPC is done for the analysis of PBG at variable
plasma density (n. =1 x 1015m™3, 5 x 10%m=3 and 9 x 10%m=3), shape and size of blobs
etc. The simulation results have been investigated which verifies the reconfigurability of
SC-PPC. The additional features of SC-PPC over conventional Plasma Photonic Crystal
(PPC) are its small in size, tunable lattice constant, and simple structure that can enable

wide application scope in various fields ranging from communication to defence.

Further, a two dimensional reconfigurable photonic bandgap structure using low-pressure
fluorescent tubes has been developed. The model consists of square lattice of 3x3 tubes
(60cm long) array placed in free space. The dispersion relation of the PPC has been opti-
mized by using mathematical modelling for the variable plasma density. Modelling of PPC
incorporates the actual plasma parameters which have been extracted from the experimental
setup, where the variable plasma density is created by changing the applied AC potential
in the range of 100 - 240V. The developed PPC is implemented on test bench as per the
mathematical modelling outcomes and tested using VNA (Vector Network Analyzer) for
investigation of photonic bandgaps in the range of 3 - TG H z for different plasma densities
ranging from 0.4 x 10"m3 - 5.3 x 10"m3. The main objective of the work is to conceptu-
alize a reliable plasma-based structure for the development of microwave reflectors, filters,
absorbers etc. which can have important applications in the field of radar, satellite and

navigation.
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Chapter 1

INTRODUCTION

1.1 Overview

In recent years, plasma based technology is well know and has drawn much attention due to
their distinct behaviour and potential advantages over the conventionally used technologies
in ranging from RF to microwave applications [1]. A term plasma is a fourth state of matter
which is basically a fully or partially ionised gas [9], utilized as a conducting structure in
the propagation of EM waves. It is excellently demonstrated that the usage of plasma
technology enable an option to electronically change the plasma properties by altering the
operating parameters|2, 3]. The ability to reconfigure the physical properties of the plasma
provides a wide scope in the development of reconfigurable RF /microwave devices which
have innovative range of applications in the field of communication, defence, radar and

satellite communication etc.[4]-[6].

In general, RF systems are frequency dependent and it need to be altered with the
change of operating frequency. In development of RF /microwave components, plasma can be
utilised as a conducting element in-replacement of the metal which are having fixed physical
properties and rigidity to change [1, 4]. Applicability of plasma can enable RF components to
be reconfigurable in terms of operating frequency and other structure parameters. Utilizing
the plasma based reconfigurable components can create a possibility for the development of

frequency independent RF /microwave system [7]-[11].

In this context, our thesis is mainly emphasis on the development of experimental model
of reconfigurable plasma antenna and plasma photonic crystal devices by replacing the
conventional metallic and dielectric mediums with the plasma structure for RF /microwave
applications. Also, we demonstrate the reconfigurability of the developed plasma antenna
and plasma photonic bandgap using the test setup. The thesis incorporates various inves-
tigations on the reconfigurability of the plasma antenna and plasma photonic crystal by

developing the experimental setup and its testing.

In a wireless communication system, the antenna device plays a major role for the trans-
mission and reception of electromagnetic waves [6]. Antennas are mostly found in metallic
structure with a fixed operating band. Plasma antenna is mainly a plasma column which
exploits the reconfigurability of plasma behaviour, shape and size and hence the radiation
parameters like directivity, gain, beam angle etc. and bandwidth [26]-[30]. Likewise, the

plasma antenna, photonic bandgap is the periodic structure of plasma media and air where
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its characteristics can also be reconfigured with the help of changing plasma properties [62]-
[68]. Photonic bandgaps are mainly used as a reflector, filter, absorber etc. in real manners.
Although, plasma-based devices have a very complicated structure, its application is always
in demand in the area of underwater communication, radar, visible light communication
systems etc. [74]-[80]

This chapter explores the comprehensive literature review, starting with the concept of
plasma fundamental theory. Further, the literature survey is focused on the latest research
carried out in the direction of the development of reconfigurable plasma based antenna and
photonic crystal devices but still there exist many gaps which have been identified during
the literature survey that are presented in next chapter. The literature survey also includes
the previous study based on the design and development of the plasma antenna and plasma

photonic crystal devices.

1.2 Fundamentals of Plasma

The plasma is the state of matter where its existence was first discovered by Sir William
Crookes in 1879 [8]-[10]. In these state, molecules of solid become more energetic due to the
rise in temperature and change its state from solid to plasma which is shown in Fig. 1.1.
Basically, plasma is an ionised gas containing positive and negative charged particles whose
collectively effect is neutral|34]-[35]. It consists free charge carriers where the interaction of

particles in plasma is governed by the laws of electromagnetism and thermodynamics.

States of Matter
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Figure 1.1: Changes of state of matters [60]

The plasma is a Debye dispersive material [11]. It presents some physical properties like
plasma conductivity, plasma permittivity, and plasma permeability [18, 21|. The plasma is
represented by Drude model which is defined with two main plasma properties i.e. plasma

angular frequency and electron-neutral collision frequency [4, 24, 25|.
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1.2.1 Plasma Conductivity

To obtain the conductivity, let’s consider an electron with a charge ¢ and moving with
velocity v through an electric E' and magnetic fields B, the Lorentz force 22, 60| is expressed

as

d
med—: =q(EF+v x B) (1.1)

where m, is the mass of electron. In general, the £ and B fields are considered as a time
varying factor in the free space by e/“!. Assuming a plane wave is incident on tube where
electric field F is in the z-direction and magnetic field B is in the y-direction. Thus, the

electric and magnetic fields can be written as [43]

Yy

Electric field in the x E—*
direction

Figure 1.2: E field direction in the plasma [60|

E = Eye’'a, (1.2)

B = Bye’*'a, = Eyce’'a, (1.3)

where c is the speed of light. By putting the value of £ and B in eq. 1.1 and differentiate
in Cartesian coordinates and analyse velocity and displacement in z-direction. Assuming
the electric current is produced by all the charged particles where the current density vector

[41] is written as:

Jg = qnevag (1.4)
where v = % = mieoniwej“t is the velocity. By putting the value in eq. 1.4 it becomes,
1 .
Jg = qne {iEo.—eJ‘”t} Uy (1.5)
me  Jw

where Jg = o F, the conductivity can be formulated as:

o Eye’t = qn, {iEo,—eJWt} (1.6)
Me  jw
2

WM
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where term o), is the plasma conductivity which is the function of w, n. is plasma density,

m, 18 mass of electron.

1.2.2 Plasma Angular Frequency

Due to the harmonic oscillations of the electrons around the ions, we can assume that the
electron density oscillates at the plasma frequency w, where the electric field intensity also
oscillate at the same plasma frequency [19, 20]. The density of oscillations increases the
total charge density p which is depends on the volume of current density J. The continuity

equation is written as:

dp
g=_% 1.
v.J p (1.8)
dp
jneg’p _ dp (1.10)

WpMe€ Cdt
The plasma angular frequency of oscillation of the free charge density p is also w,, thus we

obtain:
Neq?

(1.11)

W, =
P Me€o

1.2.3 Plasma Permittivity

Since the plasma is a Debye dispersive medium |28, 32| having complex permittivity which

can be calculated by using the conductivity term mentioned in eq. 1.7

V x H = (jwey +0)E (1.12)

V x H = jweg(1 + VE (1.13)

JWeo
By substituting the conductivity in above eq. 1.12-1.13, the equation becomes,

2
JNeq
w2egme

jwe(1 — )E (1.14)

Then, the relative permittivity without collision (v,, = 0) is

L - (1.15)
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The plasma frequency is noted by f,, equal to w,/27 and its unit is Hz.

1.3 Plasma Antenna

A plasma antenna is a kind of RF antenna which utilizes plasma element as a conducting
element for guiding electromagnetic waves instead of a solid metal conductor that are used in
the fundamental metallic antenna [40]-[50]. Basically, plasma is a ionised gas which contains
equal numbers of positive and negative charged particles whose collective effect is neutral
[8]-[12]. A fully ionized plasma is considered as a good conductor where it can be serve as
a transmission line for the guiding of EM waves or as an antenna surface for the radiation
[13]-[17]. A common way to develop such antennas is by creating a plasma inside the glass
tube by different discharge methods such as RF heating, DC Discharge, microwave signal,
fiber optics and laser etc. [53]-[59]. This plasma column structure behaves as a radiating
element which permits the electromagnetic waves to radiate in free space. For antenna
applications, plasma based antenna can be efficient and have low noise which makes them

useful for narrow band high frequency and very high-frequency communications |5, 61].

Discharge tube

N
N
N
N

N
Shielding box a

Figure 1.3: Plasma column antenna [19]

1.3.1 Unique Characteristics

Plasma antenna has distinct behaviour which leads to innovative ranges of applications with

respect to the conventional antenna technologies. In plasma antenna, plasma element is
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created by ionization process and have material properties composed of density and conduc-
tivity. These plasma parameters enable antenna to behave differently from metal antenna

system and provide numerous key features as listed below:

Stealth behavior: Plasma antenna has the ability to transmit when gas is electrified
and become stealth when no excitation is provided to gas for further ionization process.
When the antenna is off, no plasma is formed inside tube where it is a transparent tube and
act as non-conducting material. When gas is energised, plasma is formed which acts as con-
ducting medium for the applied RF signal [47]-[50]. Therefore, based on the gas ionisation
process antenna can be turn on and off electrically instead of mechanically. This property
to make antenna stealth has reduced its interference with other nearby antennas which can
be helpful in the field of defence [14, 17].

Electrically reconfigurable: Plasma antenna is formed by plasma column which is com-
posed of dielectric properties i.e. plasma permittivity and conductivity. These plasma
parameters can be dynamically reconfigurable by altering value of input parameters of the
system [16, 40]. With the changing of plasma material parameters, the physical structure
of antenna can be electrically reconfigured instead of a mechanical control method that re-
quired for the metallic antenna. The findings show that a plasma monopole can be modified
and used as a single structure to trans-receive signal at multiple frequencies by changing the
plasma parameters such as working pressure, input RF power, discharge tube dimensions,
operating frequency etc. [53]-[57|. Therefore, by reconfiguring the plasma properties desired
radiation characteristics can be achieved in a single monopole. This property can be utilised

to online control the radiation characteristics and antenna performance as per desired [61].

1.4 Plasma Photonic Crystal

Photonic Crystals (PCs) are the devices which have been extensively studied in recent years
due to their important applications in the various fields ranging from communication to
defence. It has an excellent ability to control the propagation of electromagnetic waves into
the dielectric medium [63]-[69]. In general, PCs are the periodic structure of the dielectric
materials that produce a range of forbidden frequencies called Photonic Bandgaps (PBGs).
The PBG is depending upon the physical properties of the materials, lattice constant, angle
of incidence etc [70]-[76]. Due to the fixed physical structure in the conventional PCs,
the photonic bandgap is untunable which limits its applicability in the field where tunable

bandgaps are required.

In recent years, plasma photonic crystal (PPCs) has drawn much attention due to the
numerous advantages over conventional PCs. A PPC is the structure with the periodic ar-

rangement of plasma and dielectric medium of specified thickness [77]-[80]. The schematic




1.5 Literature Survey 7

of 1D and 2D PPC is shown in Fig. 1.4 and 1.5. Plasma is the medium which physi-
cal properties like permittivity, conductivity, permeability etc. can be controlled with the
plasma parameters such as plasma frequency, plasma density, conductivity, and collision
frequency [81]-[85]. This property provides an option to reconfigure the PBG electronically
by changing the plasma parameters as per the desired|[91]-[94].

Flasma Column
Y: /v giasltuhu
: I I IAtrI I‘
A . - . _
[A) Top view
x| ® ©® ® ® @
dz  dp e (B) Side view

Dielectric Plasma

Figure 1.4: 1D plasma photonic crystal

Figure 1.5: 2D plasma photonic crystal [85]

1.5 Literature Survey

To start any project, a detailed research has been done on the plasma based technology
to get the knowledge of the remarkable finding that has been already investigated. This
section gives overviews based on theoretical and experimental studies related to plasma

based antenna and photonic crystal.
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1.5.1 Background of Plasma Antenna

Kumar et al. [1]: experiments are carried out for generation of plasma columns that
are excited with a surface wave and analyze their field properties i.e., Current distributions
along the column, radiated field and power patterns, directivity and also antenna efficiency
are investigated. Further, a copper antenna is designed as a reference model where prospec-
tive comparison of simulated result with plasma antenna is presented. From experimental
results, it is observed that the harmonics components in power content of the plasma an-
tenna show prominent behavior as a reference antenna where only fundamental frequency
components exist. However, a bi- spectral analysis is done to give a clear understanding
of non-linear interactions in power patterns. The study also explores the radiation pattern
of both antennae found similarly. In this, some specific characteristics of the antenna are
evaluated that enhance the performance level of the antenna that can be useful in RF-based

applications.

Rayner et al. [3]: Experimental design of plasma column antenna filled with argon
gas driven by a surface wave generated at 500 MHz and taking gas pressures in the range
of 0.03 mb - 0.5 mb. Result outcomes reveal that the increase in antenna’s length with
an increase of applied power whereas plasma density decreases linearly. In addition to
this, noise obtained from plasma is found to be in the range of 10 MHz - 250 MHz which is
sufficiently low. Observations from the radiation pattern show linear changes in conductivity
and resistance of the plasma which reduces the depth of nulls and consequently increases

observed in beam-width of the major lobe.

Ja’afar et al. [4]: Design and development of plasma monopole antenna are done
by taking antenna dimension given as L=150mm, r=5.2mm length and radius of plasma
column respectively at frequency range 550MHz -600MHz and then taken an aluminum
ground plane of radius 40mm. In this project, simulation of the antenna is performed using
computer simulation technology (CST) Microwave Studio. Based on this software simulation
of the antenna is done to evaluate its performance in terms of average gain, bandwidth,
radiation pattern and return losses. Whereas from these observations study shows that

plasma antenna has similar characteristics as an equivalent model of metal antenna.

Ja’afar et al. [7]: numerically and experimentally simulate a monopole antenna struc-
ture consisting of 12 adjacent fluorescent tubes which involve the combination of argon gas
and mercury vapor. These tubes are further electrified and create a plasma inside tubes
which acts as a radiating element. In this report, numerical simulation and experimental
outcomes in terms of gain, radiation characteristics and S- parameter. are investigated at
operating frequency of 4.9 GHz. Findings reveal that plasma monopole antenna are pointed
in different three beam shapes i.e. 0°, 90°, and 180° where it can be electrically switchable
and provides better gain as 6.691dB which is higher than metallic antenna i.e. is generally

2-3dB. The study explores good agreement in both simulated and experimental outcomes.
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Sadeghikia et al. [13]: broadband characteristics can be obtained by increasing the
diameter of the plasma tube whereas the depth of minor lobes can also be diminishing as
diameter increases. Further study reveals that with a decrease in collision frequency the
gain and radar cross-section of the antenna can be increased. To widen the BW there is
need to decrease the L/r ratio, where L is the length of plasma antenna and r is the radius
of tube i.e. by increasing the radius, BW will increase. Impedance variation becomes less
sensitive as a function of frequency as L /r decreases. The plasma conductivity decreases and
RCS also reduces with an increase in collision frequency that affects all the characteristics

of plasma antennas.

Borg et al. [14]: focused on plasma columns driven by surface waves used as Radio
frequency antennas which lead to better noise performance and low radar cross section to be
useful for broadcast communications. Experimental setup is created to generate a plasma
column inside a tube of length 2430 mm and 38 mm diameter respectively which is driven
at 30 MHz operating frequency. Analysis of antenna parameters can be done in terms of

current distribution, efficiency and radiation pattern.

Cerri et al. [16]: design a self-consistent model of plasma column antenna fed by
the single electrode to evaluate its efficiency and conductivity in plasma. Basically, a new
methodological approach is derived to characterize its physical behavior. The plasma an-
tenna’s efficiency is found comparable and efficient as a metallic antenna. Whereas results
finding reveal that conductivity of plasma is dependent on different antenna properties that
affect the antenna losses characteristics and is an important key to establish effective length
of plasma column. For conductivity measurements, the experimental model is set up where
the plasma column is covered with the waveguide and changes the characteristics of dielec-
tric; reflection coefficient is calculated which is dependent on the conductivity of an inserted
portion of the tube in the waveguide. Analysis of S11 parameter gives behavior of reflection
coefficient where the dielectric medium i.e. plasma behaves like a lossy metal and used
as good conducting material for many antenna applications when sigma is observed to be
greater than 100 S/m.

Halili et al. [18]: experimentally fabricated three types of plasma antenna that are
containing three different noble gases listed as xenon, neon, and argon with 1 Torr gas
pressure by using RF heating technique for ionizing the gas. Here, the performance of every
plasma antenna has been calculated to investigate the antenna characteristics in terms of
return losses. From design measurements, findings indicate that all noble gases yield return
losses below -10dB in the frequency range 3.5GHz - 5.5 GHz which is better than the antenna
without formation of plasma in all cases and observed that improvement of 2 to 8 dB is
obtained whereas neon gas yield a significant shift of 200MHz in the optimum frequency

from original value while measured with plasma state.

Zheng et al. [19]: experimentally designed, developed and fabricated a fluorescent
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loop plasma antenna driven by a 220 W A.C power source and RF source. For reference,
the metallic antenna was also simulated. Analysis of radiated field, VSWRs and average
gains of designed three plasma antennas has been evaluated and compared these results to
metal conducting elements that are considered as reference antennas. Findings reveal that
the obtained gains from these two designed plasma antennas are observed 6.0dB and 6.7dB
decreased in case of antenna driven by AC and RF power source respectively instead of the

metal-based antenna.

Zhou et al. [20]: investigate the radiation characteristic of the plasma antenna finite
difference time domain technique under two dimensions. Using the FDTD method, initially,
the propagation of electromagnetic waves in free space in stretched coordinates is studied
and derived update equations from modified Maxwell equations. In advance, propagation
of electromagnetic waves in plasma is also studied by using Boltzmann-Maxwell theory.
The near-field-far field (NF-FF) transformation is used to obtain radiation characteristics.
Whereas results show the influence of electron density on radiation patterns that can change

significantly with the variation of the degree of ionization.

Lee et al. [11]: presents the full-wave electromagnetic analysis of simple plasma
monopole antenna configurations by using 3-D FDTD algorithm to demonstrate some of
their characteristics and evaluates the radiated power, antenna pattern, field distribution,
antenna impedance and efficiency of the plasma column antenna using numerical approxi-
mation technique. Finding demonstrates that the plasma antenna is found to be efficient
and have similar characteristics to conventionally used RF antenna. Furthermore, variation
in plasma characteristics provides dynamic reconfiguration in the radiation pattern of the

antenna.

Qian et al. [21]: In this, Frequency-dependent FDTD method is used for analyzing
return loss characteristics of the rectangular whip antenna. The resonant frequency of the
plasma whip antenna is computed for different antenna’s length found that frequency 5624
decreases from 1.3 to 1.1 6GHz at L=160mm and resonant frequency increases to 1.3GHz
at L=134mm. The further study explores that the effective length and operating frequency

of the whip antenna can be adjusted as per requirement by changing the plasma density.

Chao et al. [22]: describes the simulation and analyses a 0.4-m-long plasma col-
umn antenna by adopting cylindrical-coordinate FDTD algorithm. The radiation efficiency
and input impedance of plasma-based antennas are computed at frequency range 75MHz
- 400MHz. Some specific characteristics of the antenna are investigated where plasma an-
tennas behave similarly as of a metallic antenna. When the ratio of f/f, is observed low
then a resonant behavior is obtained in antenna impedance. Whereas, plasma parameters
like plasma frequency (f,,) and collision frequency (v.) is dynamically altered to obtain the
reconfigurable radiation pattern of the antenna. Furthemore, changes of collision frequency

and ion density produce significant effects on the radiation efficiency of the antenna.
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Luo et al. [23]: presented FDTD simulation of a simple cylinder plasma monopole an-
tenna of dimension 300mm as length and 4mm as the radius of the antenna. For the FDTD
method, the near-field far-field transformation is used to compute the radiated electric and
magnetic field of the plasma monopole antenna in the far-field zone. Further, the pattern is
reconfiguring for the variable dielectric permittivity and sinusoidal signal frequency. From
simulation results, observed that radiation intensity of antenna is a function of the permittiv-
ity of the dielectric medium where the radiation intensity increases as the value of dielectric
permittivity increases and reaches to a maximum value when permittivity is equal to 4.5.
Afterward, the radiation intensity decreases as the still value of permittivity rises. Whereas,
at permittivity reaches a value equal to 7 the magnitude of ration intensity goes to broaden.
Later on, the radiation is investigated for variable operating frequency ranging from 50-500
MHz by taking other parameters constant throughout the analysis i.e. permittivity = 4.5,
plasma frequency = 20GHz, collision frequency = 10GHz.

Zali et al. [24]: proposed a monopole plasma antenna with a parabolic reflector
of cylindrical dimension located at the back section of the antenna to reflect the focused
signal that is received from the transmitter and then sent back for improving directivity
and gain of the antenna. Plasma monopole antenna of configuration 310 mm antenna
height and 12 mm of diameter respectively is placed at the center location of a parabolic
reflector and studied the difference on antenna’s average gain for both antennas and the
performance is calculated terms involves return loss characteristics and radiated pattern
throughout numerical simulations. From the result, it observed that the applicability of
the reflector significantly increases the average gain ranging from 2.54 dB-7.19 dB and yield
return losses below than -10dB at frequency 4.0 GHz - 4.7 GHz. This property makes the

antenna acceptable for indoor wireless transmission applications.

Darvish et al. [25]: investigate a basic theory of the plasma material and then a
design of a Plasma antenna at VHF band based on these theories is presented in detail. The
plasma antenna simulation process can be done with help of computer-aided software i.e.
CST Microwave Studio Suite. In order to validate the outcomes obtained from the designed
plasma antenna, an experimental fabrication is performed to develop a proposed antenna
model. Results from experimentally implemented antennas show a good agreement with the

simulation results which has been obtained based on the proposed design of plasma antenna.

1.5.2 Background of Plasma Photonic Crystal

Tan et al. [63]: investigated the effect of plasma density on one dimensional PPC structure.
The modelling of PPC structure involves the 5 plasma columns where its PBG has been
analysed over the range of 1 — 14GHz. The finding reveals that the bandgaps are the
function of plasma properties which can be tuned by varying the parameters like as, plasma

density, plasma permittivity, plasma frequency etc. The with variation in permittivity of
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structure the bandgaps are shifted from lower frequency to higher frequency.

Zhang et al. [62]: investigated the transmission characteristics of 1D plasma photonic
crystals (PPCs). The PPC structure having 5 plasma tubes has been developed initially
and analysed for PBG structure over the range of microwave signal upto 14GHz. The
developed setup of PPC verify the reconfiguribility of PBG for variable plasma density and
lattice constant. The developed setup is further modelled and simulated for the PBG. The
simulation outcomes found in good agreement with experimentally analysed PBG of 1D
PPC. The study state that the structure of PPCs can be utilised as band-stop filter to

control the propagation of microwave signal.

Mittal et al. [71]: presented the modelling of 1D magnetised plasma photonic crystal
where the effect of extra ordinary modes of plasma on the photonic bandgaps has been
investigated. The modelling of PPC is done by using TMM (Transfer Matrix Method)
where the dispersion relation has been analysed for the variable plasma parameters, angle
of incidence, magnetic field, structure dimensions etc. over the frequency range of 1 —
140G H z. The study explore that due to the presence of magnetic field, trapped oscillation
are introduced in PBG which can be controlled by changing the magnetic field and plasma

properties.

Guo et al. [74]: presented the modelling of 1D photonic crystal doped with plasma and
investigated the effect of angle of incidence on photonic bandgaps. The study stated that for
smaller value of lattice constant in comparison to the incident wavelength which converted
the dielectric properties of plasma into complex and plasma become an-isotropic medium.
The dispersion relation of PPC is evaluated for lattice constant by using two techniques
i.e. TMM and effective medium approximation. The finding shows that the lattics constant

reconfigure the PBG structure.

Qi et al. [67]: investigated the Properties of EM waves with normal and oblique
incidence of 1D plasma layers with sinusoidal densities. Wave transmittance as a function of
wave frequency exhibits photonic band gaps characteristic of photonic crystals. In periodic
photonic crystal, increasing in the collision frequency lead to greater absorption of the wave
whereas the increase in the modulation factor widen the photonic bandgap width. Also
increasing in incidence angle able to relocate the location of the gap. The study reveals
that if defect layer is introduced by incorporating a plasma layer, a defect mode may appear
within the gap whereas the collision frequency, periodic number,and modulation factor has
significantly effect the magnitude of the defect mode. The incidence angle enables the
frequency to be tuned. Defect layer thickness affects both frequency and number of defect
modes. These results may provide theoretical guidance in designing tunable narrow-band
filters.

Wang et al. [73]: developed 2D PPC structure using gaseous plasma column. The

investigation of photonic bandgaps has been analysed for variable plasma density and lattice
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constant. The developed model includes a array of 7 x 7 of plasma column placed with the
lattice of 2.8cm in free space. The applied current to the tube which is varied to change
the plasma density inside the tube and transmission parameters are analysed for potential
0 — 240V. The study reveals that with the variation in density, PBG is shifting to higher
frequency and similar fashion is observed for the lattice constant. This developed setup of

PPC is considered as bandgap filter which can be useful in the field of optical communication.

Jafari et al. [70]: examined the band structures of two types of photonic crystals
(PCs). The first is a one-dimensional metamaterial photonic crystal (1D MMPC) composed
of double-layered units for which both layers of each unit are dielectric. The second type is
a very similar one-dimensional plasma photonic crystal (1D PPC) also composed of double-
layered units in which the first layer is a dielectric material but the second is a plasma
layer. This study compares the band structures of the 1D MMPC with specific optical
characteristics of the 1D PPC using the Fresnel coefficients method and also compares the
results of this method with the results of the transfer matrix method. It is concluded that
the dependency of the electric permittivity of the plasma layer on the incident field frequency
causes differences in the band structures in 1IDMMPC and 1DPPC for both TE and TM

polarizations and their gaps reside in different frequencies

Goldstein et al. [52]: presented the study related gto the formation of plasma blob
or striation inside the column. A bifurcation theory has been developed to explain the
generation of blobs inside column for the critical combination of power and gas pressure
value. The study stated that the plasma mode become unstable when critical value of

bifurcation is increased and the generation of blobs appears.

Howlader et al. [80]: investigated the plasma density of the column by using inter-
ferometry technique. The density is evaluated from the attenuation and phase shift of the
wave passing through the plasma medium which is calculated using refractive index param-
eters. The setup of interferometry involves the transmitting and receiving antenna close
to the plasma where its transmission characteristics are analysed by VNA. This technique
approximate the plasma density and collision frequency of the column which is simpler than

other available options.
1.5.3 Perspective Comparison of the Advantages and Disadvan-
tages of Existing Literature

A detailed comparison of the advantages and disadvantages of the literature review of plasma

antenna and plasma photonic crystal are mentioned in below Table 1.1 and Table 1.2




1.5 Literature Survey

14

Author | Advantages Disadvantages
R. Kumar | Design and developed plasma sys- | Complexity, Interference and Noise
tem, Compared with conventional
antenna
Rayner Antenna parameter exploration, | Narrow frequency range (10-
Experimental setup for radiation | 250MHz)
characteristics
Ja’afar Simulated plasma ~ monopole, | No experiment validation
Broadband frequency range
Sadeghikia | Broadband characteristics, reduc- | Complex design and experimental
tion of Minor Lobes, Gain and | challenges, Sensitivity to collision
Radar Cross-Section, Impedance | frequency
stability
Borg Better noise performance, Low | Limited frequency range
Radar Cross-Section (RCS), Exper-
imental setup
Cerri Efficiency comparable to metallic | Complexity of the Model, Resource-
antenna, Experimental model for | Intensive experimentation
conductivity measurements, Dielec-
tric characterization
Halili Improved return losses, Significant | Gas dependency and pressure con-
frequency shift, Comparative anal- | trol
ysis using variable noble gases
Zheng Novel plasma antenna design, Ex- | Decreased Gain, no comparison
perimental validation, Broadband | with reference antenna
frequency
Zhou Numerical modeling, Variation of | Theoretical analysis
ionization, Near-Field to Far-Field
transformation
lee Numerical analysis, Radiation char- | no experimental verification
acteristics reconfigurability, Effi-
ciency similar to traditional an-
tenna
Qian Effective length adjustment, Reso- | Complex numerical analysis, No
nant frequency control, Frequency | practical implication
range analysis
Chao Reconfigurable radiation pattern, | Numerical method complexitity
Effect of plasma parameters
Drvish experimental and simulation de- | complex theoretical analysis
sign, reconfigurability due to
plasma properties
Zali Improved directivity and gain, Fo- | limited frequency band, less recon-
cused signal reception, Acceptable | figurability
for indoor wireless transmission

Table 1.1: Comparision of advantages and disadvantages of each paper of plasma antenna
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Tan | Plasma  density impact, Tun- | simulation outcomes
able bandgaps, Frequency shift,
Frequency-Selective devices

Zhang | Reconfigurability, band stop filter 1- | Limited frequency range
14GHz, Propagation control
Mittal | Broad frequency range, Trapped oscil- | complex Numerical Analysis,
lations, Transfer matrix method
Guo | Numerical analysis with two tech- | no Practical implementation
niques, reconfigure PBG
Qi simulation analysis of PPC, variation | defect layer introduced in the gap of
in collision frequency, widen frequency | plasma structure

band, narrow band filter
Wang | Two Dimensional PPC experimental | fixed lattice constant
setup, variable potential 0-240V pro-
duce variable density, reconfigurable
PBG

Jafari | Variable plasma photonic crystal de- | no experimental validation
sign, Reconfigurable PBG, Numerical
analysis

Table 1.2: Comparision of advantages and disadvantages of each paper of plasma photonic
crystal

1.6 Proposed Model

The detailed description of the proposed experimental model of plasma-based antenna and

photonic bandgap device are presented in the subsection below.

1.6.1 Plasma Antenna

Schematic of the model of plasma antenna using the plasma column is shown in Fig. 1.6. A
model can be categorized into three parts: plasma column and vacuum system, RF signal

source and radiation measurement which are explained here.

Plasma column and vacuum system

The setup involves RF generator, vacuum and gas dosing system, argon gas cylinder, power
meter, glass tube, KF vacuum assembly, capacitive sleeves etc. The detail description of the

components is given below:

e Discharge tube: The glass tube is used to enclose the gas and form plasma inside
the tube. The tube with different material properties and variant in sizes is easily
available such as soda lime tubes, Pyrex tubes, borosilicate tube etc.
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Figure 1.6: Schematic of complete proposed layout of plasma antenna system

e Vacuum and gas system: The vacuum system plays a crucial role in the generation
of plasma column. The system involves combined system of a rotatory pump, Pirani
and penning gauge and gas feeding. It is basically used to evacuation process to create
vacuum inside the tube. This vacuum pressure inside the glass tube is measured using
Pirani and Penning gauges. The neutral fill gas is injected into the glass tube using a
needle valve to maintain the required operating working pressure.

e RF generator source and power meter: A RF generator plays an important role
for the generation of plasma as it is utilised as a power source for the ionisation of gas.
The RF power is applied to the glass tube via power meter. A power meter is used to
control the forward and backward power in between the RF generator and glass tube.

The formation of plasma involves two major processes i.e., evacuation and ionization of
gas inside the tube. To perform these processes, the vacuum system and RF generator plays
an important role. The vacuum system is a combined setup of rotatory pump, gas dosing
valve, Pirani and penning gauge etc. whereas RF generator is stable and continuous wave
RF power source using transmitting tube filament and produces few Watts. For the initial
evacuation process, one end of the glass tube is mounted on a vacuum system and the other
end enclosed by KF assembly. The vacuum is created inside the tube by vacuum pump
and then low-pressure argon gas is fed via gas dosing valve. After gas feeding, the tube is
energized by an RF generator via. power meter to ionize the argon gas inside it. The power
meter is used to control the power delivered to the tube. Once the gas is ionised, a plasma

column is formed which acts as a conducting medium for the propagation of signals.
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RF signal source:

After the plasma formation stage, the RF source signal is connected to the column for signal
transmission. The signal source system consists of signal generator, stub tuner, capacitive
sleeve etc. The RF signal generator is utilized to produce RF signal and delivered to the
plasma column via. stub tuner and capacitive sleeve. The stub tuners are used to provide
matching between the signal generator and plasma column for the proper delivery of the

signal.

Radiation measurement system:

This system is utilised to measure the radiation from the antenna by using a combined setup
of RF probe, spectrum analyser, computer etc. In the setup, the RF probe is connected
to the spectrum analyzer which captures the radiation magnitude in the real-time domain
and programmed to present the measured data with polar plot coordinates in elevation and

azimuthal plane.

1.6.2 One-dimensional Plasma Photonic Crystal Bandgap Device

Schematic of proposed model of 1D Plasma Photonic Crystal (PPC) bandgap device is
shown in Fig. 1.7. The PPC structure is the periodic arrangement of plasma and air
medium having a thickness of d, and d, respectively, with the periodicity A. Generally,
1D-PPC is designed by utilising multiple plasma columns placed in the air in one direction
for the bandgaps analysis. Our proposed model of PPC involves the plasma column having
plasma blobs aligned along the tube direction. A plasma blob is the critical state of plasma
which can be achieved by varying the plasma properties electronically. A plasma column
with plasma blobs is the periodic arrangement of plasma and air medium which acts as a

bandgap device.

For bandgap analysis, an EM wave is incident at one end of the plasma column which
propagates through the plasma blobs and air inside the column and received the passed wave
at another end of the column. The transmission of wave through PPC structure depends
on the dielectric properties of the plasma and air medium. Based on the given dielectric
parameters of both medium, bandgap appears in transmission spectra which can be tuned

by changing them.
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Figure 1.7: Schematic of general 1D plasma based photonic crystal bandgap

1.6.3 Two-dimensional Plasma Photonic Crystal using Fluorescent
Tubes

Schematic of the prposed model of the 2D plasma based photonic crystal is shown in Fig.
1.8. The setup consists fluorescent tubes, voltage supply, Vector Network Analyser (VNA),

Absorber

Transmitting
Antenna

Fluorescent
tube

3x3 square array of tubes

VNA

Figure 1.8: Schematic of complete proposed layout of plasma based photonic bandgap sys-
tem
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transmitting and receiving antenna, absorbers etc. In 2D PPC setup, plasma tubes are
arranged periodically with the lattice constant in air. The two antennas are placed across
the both ends of the setup for transmission and reception of the signal passing through
plasma tubes. The setup is surrounded by absorbers to absorb the signal and eliminates
the interference of unwanted noise signals. The tubes are connected with variable voltage
meter for the discharging and glowing process. The transmission parameters are captured

by using VNA which is connected to both antennas through port 1 and port 2.

1.7 Organisation of Thesis

This thesis deals with the design and development of plasma based reconfigurable antenna
system and passband device which involves several stages to achieve the research objec-
tives. The experimental setup of both devices involves various components which have been
procured initially and then integrated components for in house fabrication. The developed
setup of plasma antenna and bandgap devices are tested for variable plasma and operating
parameters to analyze its reconfigurability in terms of radiation characteristics and photonic

bandgaps.

e Chapter 1 deals with the introduction and literature survey of plasma column an-
tenna and plasma photonic crystal, fundamental of plasma theory, its limitations,
challenges, and the structure of the thesis is also discussed in this chapter.

e Chapter 2 deals with research gaps and motivation of doing present research work,
objectives, methodology to achieve the goals are elaborated in this chapter.

e Chapter 3 deals with the design and development of a reconfigurable plasma column
antenna using continuous state of plasma. Simulation, fabrication and test results
have been presented in this chapter.

e Chapter 4 deals with the design and development of plasma based collinear antenna
arrays using standing plasma density pattern called blobs or striations. Simulation,
fabrication and test results have been presented in this chapter.

e Chapter 5 deals with the design and development of single column plasma photonic
crystal having standing plasma density pattern. Modelling and simulation has been
presented for the analysis for photonic bandgap for variable plasma parameter in this
chapter.

e Chapter 6 deals with the design and development of a reconfigurable plasma based
photonic bandgap structure using fluorescent tubes array to reconfigure the bandgap
structures. Theoretical modelling and implementation of PPC for the investigation of
photonic bandgaps have been presented in this chapter.

e Chapter 7 provides the conclusion of the thesis and also discusses the future work
that could be taken up to extend the results of this effort.




Chapter 2

RESEARCH GAPS, OBJECTIVES AND
METHODOLOGY

2.1 Research Gaps

Development of plasma-based reconfigurable RF /microwave components is a research inter-
est because of its innovative range of applications. Plasma is fully or partially ionised gas
where its physical properties can be electronically reconfigured. This property of tunability
enables a wide scope for the development of reconfigurable RF /microwave components like
plasma antenna, plasma photonic crystal, plasma based RF absorbers, filter etc, which may
have many important applications in the field of wireless communication, radar technology,
defense, homeland security etc. In general, RF systems are frequency dependent and it need
to be altered with the change of operating frequency. In development of RF /microwave com-
ponents, plasma can be utilised as a guiding structure in-replacement of the metal which
are having fixed physical properties and rigidity to change. Application plasma can enable
RF components to be reconfigurable in terms of operating frequency and other operating
parameters. Utilizing the plasma based reconfigurable components can create a possibility
for the development of frequency independent RF /microwave system. In this context, this
thesis presents the development of reconfigurable Plasma Antenna (PA) and Plasma Pho-
tonic Crystal (PPC). These are the components of the RF /microwave system whereas its
reconfigurability will provide a wide range of application scope. The research gaps, which

are basically highlighting our contribution in current literature are mentioned as follow,

e First half of the thesis incorporates the development of plasma antenna setup which
mainly utilizes a plasma column and a signal source to feed antenna via. capacitive
coupling. The coupling of RF signal in plasma antenna is mainly depends on the
plasma parameters like plasma density, degree of ionisation, shape and size etc. which
decides the operating frequency range of the antenna. Signal coupling in a plasma
column is an important part of our investigation which have not been presented ear-
lier. To investigate the operating band, we have analysed the plasma antenna using
theoretical modelling and verify it with experimental outcomes. Our analysis results
data about RF coupling in plasma column for different plasma parameters.

e The reconfigurability in radiation patterns of the PA has been realised by exploiting
the classical state of the plasma in a column called plasma striations. It presents
a sinusoidal variation of plasma density along the column which appears like plasma
blobs. We have applied signal to the plasma antenna in desired frequency band and in-
vestigated its radiation patterns. It is found reconfigurablility in patterns with plasma
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density pattern (nos. of blobs) which mainly depends on gas pressure and ionisation
energy. It is comprehensively presented in the thesis for the first time.

The next half of the thesis is mainly devoted for the development of reconfigurable
plasma photonic crystal bandgap device. The PPCs have an excellent ability to con-
trol the propagation of electromagnetic waves and introduces the various forbidden
frequency ranges for the EM waves called photonic bandgaps. PBG can be recon-
figured with the plasma parameters. This thesis conceptualises the Single Column
Plasma Photonic Crystal (SC-PPC) for the very first time where we have investi-
gated the reconfiguribility in PBG for the various plasma parameters. In addition to
this, a fluorescent tube based 2D plasma photonic crystal has been also developed to
demonstrate the tunability of PBG with plasma density.

Work presented in the thesis has been accomplished in several steps which is defined in

terms of various thesis objectives.

2.2

Objectives

The thesis objectives are outlined as,

2.3

Theoretical modelling of plasma antenna and passband by using computational elec-
tromagnetic method i.e., Finite Difference Time Domain method (FDTD).

Development of experimental setup of plasma antenna and passband which includes
plasma column, vacuum system, RF supply, and radiation measurement system.

Investigation of radiation characteristics of plasma antenna with various operating
parameters.

Analysis of the reconfigurability of the plasma antenna and passband in contrast to
the various plasma parameter and shapes of the plasma column.

Development of various research data and techniques in reference to the reconfigura-
bility of plasma antenna.

Methodology

In order to achieve the outlined research objectives, we have worked in several stages. These

stages involves the modelling, designing, simulation, fabrication and testing of the plasma

antenna and passband device called photonic crystal. The work done in each stages have

been explicitly discussed as follow,
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e To begin the research work, we made a review on earlier work to obtain knowledge
about similar plasma devices and its physics. A comprehensive review based on the
available literature is given in chapter-1. After receiving the sufficient data from
literature, the experimental model of plasma antenna is planned. Detail discussion
about the experimental setup is given chapter-3. We have extracted the plasma related
data using experimental setup which has been utilized in modelling and simulation of
plasma antenna which has been presented in Chapter 3. It mainly covers the first,
second and third research objectives of the dissertation.

e The reconfigurability in radiation patterns of the plasma antenna have been discussed
in Chapter 4. This chapter mainly describes the collinear patterns of the plasma
structure which radiation patterns are found reconfigurable with plasma parameters.
This chapter covers the fourth and fifth objectives mentioned in the thesis.

e This part of thesis is mainly devoted on the development of Plasma Photonic Crystal
(PPC) as a passband structure where we have developed 1D and 2D PPC. The details
about the development of PPC is mentioned in Chapter 5 and chapter 6. In
Chapter 5 explore the idea of 1D Single Column Plasma Photonic Crystal (SC-
PPC). Here, modelling and simulation of 1D SC-PPC is presented. The chapter
6 development of a 2D PPC using fluorescent tubes and its reconfigurability with
plasma density is discussed. These chapters covers the first, second, third, fourth
and fifth objectives which are mentioned in the thesis.

¢ Additionally, this chapter also incorporates the detail about the design and develop-
ment of the interferometer which has been utilised for the plasma diagnostic during the
analysis and development of PPC. The work has been executed as per the proposed
objectives and published in reputed journals in the area of plasma sciences and plasma
physics.




Chapter 3

DESIGN AND DEVELOPMENT OF
RECONFIGURABLE PLASMA ANTENNA

3.1 Overview

This chapter deals with the design and development of Radio-Frequency (RF) reconfigurable
plasma antenna. Basically, plasma column is a glass tube filled with ionised Nobel gas at
low pressure which behave as a conducting antenna element. The experimental setup of
plasma antenna has been developed, which includes plasma and vacuum system, RF signal
source along with the matching network, and an automated radiation measurement system
to measure the radiation parameters. The radiation characteristics of the plasma antenna
mainly depend upon the plasma parameters like length of plasma and plasma density. These
plasma properties are the function of operating input parameters i.e. gas pressure and RF
power. The data from experimental setup is utilised to model the plasma column antenna
using software where its transmission parameters have been investigated to evaluate antenna
resonant frequencies. The radiation patterns of antenna have been measured for the variable
plasma parameters and tuned resonant frequencies where the experimental results is verified

with the simulated outcomes.

3.2 Experimental Setup

The proposed design of experimental setup of plasma column formation is presented in Fig.
3.1. The formation of plasma column involves two major tasks i.e. evacuation process and
ionization of gas. To accomplished this process, a combined setup of RF generator, vacuum
system and gas dosing valve is required. The detailed description of each component and

its working has been described below

3.2.1 Vacuum and Gas Dosing System:

The vacuum and gas dosing system is basically used for the evacuation process and filling
of gas inside the glass tube. It is a combined setup of rotary pump, gas dosing valve and
Pirani and penning gauges. The rotary pump is a type of vacuum pump which is capable

to produce pressure up to 10~ %ar. A Pirani and penning gauge is used to measure the
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Figure 3.1: Schematic of experimental setup of plasma column formation

vacuum pressure inside the mounted glass column which is controlled by pump needle valve
and able to produce up to 120mbar. A gas dosing system involves the gas filling process via
gas inlet which is controlled by gas inlet valve. Argon gas cylinder is utilised and connected

to the vacuum gas inlet system.

3.2.2 RF Generator and Power Meter:

A RF generator plays an important role for the generation of plasma as it is utilised as
a power source for the ionisation of gas. The vacuum tube-based RF generator is utilised
for the plasma generation experiments. It operates at 13.56 M Hz and able to produce RF
power upto 100Watts. The RF power is applied to the glass tube via power meter. A
BIRDTHRU-LINE power meter (2 —30M H z,500W atts) is used to control the forward and
backward power in between the RF generator and glass tube.

3.2.3 Glass Column and its Assembly:

A 300mm long borosilicate glass tube of 30mm outer diameter with wall thickness of 2mm
is utilised. The both ends of the tube are sealed with K F — 25 vacuum sealing kit which
involves flanges, O-ring, clamps and adapters. A capacitive sleeve is mounted on the one side
of the tube. A capacitive coupler provides the required electromagnetic field distribution in
the wave excitation region to excite a surface wave. A capacitive coupler of material copper
with width of 35mm is placed with the gap of 10mm from the top of the tube sealing. The
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N-type coaxial wire is connected between the power meter and tube. The inner conductor
of the wire is attached to capacitive coupler sleeve and outer conductor is shielded with

grounding.

3.2.4 Developed Experimental Setup for Plasma Column:

Based on the selected components mentioned in proposed model as shown in Fig. 3.1, an
experimental setup for the plasma column formation has been developed in High Power RF
Lab (HPRFL). The photograph of the developed system is presented in Fig. 3.2.

KF assembly i Argon Gas Cylinder

RF Generator
Capaniﬂme E

Pirani & Penning Gauge

Meedle and Gas
Inlet Vakve

Plasma Vacuum System

Power Knob

Figure 3.2: Developed experimental setup of the plasma column formation

To generate the plasma column, one end of the 30cm long glass column is mounted on
the vacuum and gas dosing system where it’s another end is sealed with K F' — 25 vacuum
assembly. The PVS (Plasma Vacuum System) system initially evacuated the glass column
up to the pressure 0.005mbar. After that, the gas is feeding into the glass column via gas
inlet which is connected to the argon gas cylinder. The pressure of gas can be controlled
by using gas valve and visible on the Pirani and penning gauge. Once the gas pressure is

maintained inside the glass column, RF power is then applied to the tube via power meter
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which basically control the forward and backward power. The RF power is applied to the
tube through capacitive sleeve. The initial breakdown occurs at the gap and then discharge
the argon gas inside the tube and formed a surface wave plasma column. The detail of

formation of plasma column and its discharge mechanism is discussed in section 3.3.

3.3 Plasma Column and its Parametric Analysis

A process of the establishment of a fully developed plasma column and the analysis of

properties of plasma formation are given below in subsection,

3.3.1 Plasma Column by Surface Wave Discharge

The generation of plasma column using Surface Wave Discharge (SWD) is well known tech-
nique from decades and various theoretical and experimental studies are presented by re-
searchers [34]. In the SWD, an electromagnetic surface waves travel along the interference
between the plasma and glass tube boundary. A surface wave discharge is accomplished by
using a compact wave launcher which is placed on glass tube of few mm in diameter filled

with low gas pressure up to the range of 10~°Torr and high frequency power source [35]-[39].

In our experiment setup, a plasma column is formed by using surface wave launcher which
involves the high-power source up to 100Watts, capacitive sleeve of thickness of few mm
and glass tube of radius 15mm which is describe in above section 3.2. For initial breakdown,
power is applied to the gas filled tube via capacitive sleeve where the capacitive discharge is
occurred at the gap between the sleeve. In the capacitive discharges [39], a surface wave is
travelled along the plasma column by using a capacitive coupling, an intense electric field is
induced between the ground and a capacitive sleeve. Due to the induced electric field, atoms
of the neutral argon gas is ionised which release an electrons and ions. The free electron,
ions and charged particles accelerate and make collisions and emit the energy in the form
of light. Basically, EM wave is excited which moves along the interface of these two media

and the discharge build-up goes on until the plasma column is fully filled in the glass tube.

The surface wave discharge parameters depend on the power absorbed per unit length
and discharge conditions like tube dimension, material, operational frequency, input power,
working pressure, gas, wall material of tube etc. The discharges which are sustained by
surface wave belong to the general category of Traveling Wave Discharge (TWDs) [51, 52,
96]. Because of their specific mechanism of energy transfer from the electromagnetic field
to the plasma. A high frequency discharge is created in a glass tube from the field of
electromagnetic wave which is propagating along the axis. The wave is launched at position
z = 0 and travel in the axial z — direction. As the wave travel, the power flux decreases

with increasing in axial length of plasma. The plasma column ends at z = L, where power
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drops below the level require to sustain the plasma. The power dissipated per unit length of
the plasma column varies along the axis of the tube. The analysis of a given travelling wave
discharge in a segment z to z+ dz is the same as that for uniform discharge, assuming axial,
radial inhomogeneity in density and step-wise ionization process. The axial distribution
of the electric field E(z) gives the attenuation constant of the surface wave [35] which is

expressed as,

A(z) = —lnggé; - /Oza(z)dz (3.1)

where «(z) is the attenuation coefficient. For collision-less plasma or low collisions (v, <<
w) and non-uniform radial density profile rather than to non-linear effects [41|, the axial

distribution A(z) can be written as

_ Um © wp Xd[ﬁ(z)a] .
Rl e a==) 32)

where vy, is the electron neutral collision frequency and w, denotes the plasma frequency.
Integral part of eq. 3.2. depends on the local dispersion properties of plasma in the column
which is calculated by considering the axial density distribution. The attenuation of wave
is due to the damping of the wave power into the plasma. A power flux, P(z) of the wave

propagating along the discharge over the distance z to z + dz, can be expressed as, [3|

1 1 dP(2)
&(z)__§P(z) dz

(3.3)

where dz is the power absorbed in the plasma per unit volume along axial distance. The
power deposited per unit length of the discharge over the distance z to z + dz is then,
dP(z)

A(z) = o= 2a(2)P(z) (3.4)

The power loss in the plasma under steady state condition can be expressed as
2a(n)P(2)Az = 27?/ o(n)E*(r)rdrAz (3.5)
0

where n is the electron density, a is the inner radius of the tube, o(n) denotes the plasma
conductivity, and E(r) is the average total electric field strength of the wave. Under the
given discharge conditions, the attenuation coefficient depends only on the cross-sectional
average electron density n which varies with z. When the field frequency is exceeded, all the
power absorbed by the plasma is intercepted by the electrons. The power per unit length
lost by the electrons through collisions of all kinds, and gained by heavy particles can be
expressed as,

['(n)Az = ma*nfAz (3.6)

where 6 is the energy term. Taking into the account of above well-established facts of
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surface wave produced plasma column, we can measure the length of plasma column and its
plasma density with the applied input power and given pressure which is discussed in below

subsection.

3.3.2 Plasma Density

A plasma density of the column is measured by considering a power balance equation accord-
ing to the analysis mentioned by M. Moisan [39]. The power absorbed per unit length by
the plasma from the surface wave at any position along the axis (z) of the column i.e. A(z)
is balanced with power per unit length lost I'(2) to the walls from plasma by the movement
of electron-ion pairs at the Bohm velocity (up). Under steady state condition, the power
balance equation is A(z) = I'(z), is written as [96],

dP(z)

Az)=— o= a(z)P(z) (3.7)

For given radius, r of glass tube, the I'(z) is given as,

P(2) = upAessGn(z) (3.8)

a(z)P(z) = mr*nf (3.9)

Where A,y is the effective surface area per unit length of the column. (; is the energy loss
per electron pair, r is the radius of the tube, 6 is power loss by electron. The attenuation
coefficient can be calculated from the dispersion characteristics of the surface wave, for
losses via collision. Based on the calculation [3|, & = a(n), function of plasma density and
its analytical approximation is written as,

a(n) = —Fm_ (3.10)

N — Npes
The constant C' has fixed value for the given experiment.
€Egm

Nyes = ?wz(l + €4) (3.11)

The n,.s is the characteristics number density at a plasma frequency (w,) corresponding
to the operating angular frequency (w). m and e are the mass and charge of electron. ¢ is
the free space permittivity, ¢, is the dielectric constant of glass tube. if the column is excited

at base of the column (z = 0) with the power Py and density is n. > n,.s, than [44, 3|

n. = AT (3.12)
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A@ZU%%l (3.13)

where K (p) = up(p)AecsspeG(p) is the function of pressure and up and (; are the function

of electron temperature for the given geometry. The value of A(p) is constant for given gas

pressure.

3.3.3 Plasma Column Length

A plasma inside the column is formed by surface wave discharge method. A length of the
plasma depends on the height of the column (h;) and potential applied to the column P(z).

The variation in density with distance along the column is expressed by [3, 44|,

K

Ple) = 2Cv

(N — Nyes) (3.14)

Differentiating the eq. (1.14) with respect to z, we get

dP

1dn 2Cv,,

- frrm 3.16
ndz 2N — Nyes ( )

At the top of the column z = h; and n = n,.., where n,., is the minimum value of n for

which the wave propagates. With boundary conditions, eq. (3.16) at any positions of z,

n(z) 1. n(2) hy — =z

— =l =1 3.17
Nyes 2 n( Nyes ) * LO ( )
Where Lo = £z is the characteristics length. In most experiment, -~ >> In(;")
n hy — z
=1 3.18
Nres * LO ( )

From eq. 3.18, it is indicated that the plasma density decreases in an approximately
linearly along the column which directly reduces the length of plasma. So, surface wave
does not propagate below the n < n,.s, the n = n,.s defines the top end of the column. If
the column is excited at the base where z = 0 and n = n., then the height of plasma column
is defined as,

hy = elo g (3.19)

nres
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By putting the value of ng, in eq. (3.19), we get

he = B(p)v/Po (3.20)

B(p) = \/ﬁ (3.21)

In our experiment, the variable plasma profile is formed inside the column by applying
RF power in the range of (Fy) = 10 — 100Watts and gas pressure in the range between
(P,) = 0.025 — 0.055mbar. As per the well described fundamental theory of plasma, its
length and density can be controlled by varying the input parameters i.e. RF power, gas
pressure, column length, column diameter etc. Based on the formulations given in eq. 3.21
and 3.13, plasma column length and its density are dependent on variable B(p) and A(p)
which are the function of gas pressure. The plot of the slope of B(p) is evaluated from the
global model |3]| by considering the parameters as C' = 5x109m~4, K(p) = 2.7x10"m?*W 1
vy = 10°H 2 for given gas pressure range 0.025mbar — 0.055mbar, which is presented in Fig.
3.3.
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Figure 3.3: Slope of B(p)(m/W?'/2) for variable gas pressure (mbar) predicted from theo-
retical global model
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From the given figure, it can be seen that the slope of B(p) is linearly decreasing with
the increase of gas pressure which significantly influence the length of the plasma inside the
column. For instance, at P, = 0.025mbar, the value of B(p) = 5.0cm/W'/? whereas reaches
to its minimum value 1.9cm/W'/? when pressure is 0.055mbar. The Fig. 3.4 presents the
variation in height of plasma inside the column with respect to applied RF power for variable

B(p) values at given working pressure.
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Figure 3.4: Height of SWD plasma column is function of power level at different pressure

From investigated outcomes, it can be observed that the height of plasma increases
linearly proportional to the square root of input power. For instance, at pressure 0.03mbar —
0.05mbar, the value of B(p) = 4.4—2.8cm/W?/2? and column length is increasing from 0.15m
to 0.3m for RF power 10Watts to 50Watts. The factor affecting the antenna length is the
electron collision frequency (v,,) which is a linear function of gas pressure. As the pressure
increases, the collision frequency increases which minimise the value of B(p) and lower the

plasma height.

For plasma density evaluation, we have developed 0.3m long plasma that is formed
by setting gas pressure 0.30mbar inside the column and applied 50Watts to the column
via capacitive sleeve. A density of plasma column is mainly depending on the applied
RF power and gas pressure which can be calculated by using eq. 3.13. For 0.3m long
plasma, the value of variable A(p) is 0.016 x 10'%m=3W /2 for parameters C' = 5 x 10°m ™,
K(p) = 2.7 x 10"m?*W~! v,, = 10°H 2. Based on the calculated value of variable A(p), the
plasma density (n.) of the column is estimated along the axial length of column for applied

power which is shown in Fig. 3.5.
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Figure 3.5: Plasma density of developed 0.3m long plasma column at 0.03mbar and
50W atts.

3.3.4 Plasma Permittivity and Conductivity

A cold plasma is a Debye dispersive media with a relative permittivity €,(w), permeability

ftp(w) and non-zero conductivity o,(w) which are given as

ep(w) =1— R (3.22)
0, (w) = w; ‘f’i ; (3.23)
) = (3.24)

Where w is angular wave frequency, w, = is an angular plasma frequency, v, is
collision frequency, n. is plasma density, e is an electron charge, m is a mass of electron and
€p is a free space permittivity. Based on the n. profile, the permittivity and conductivity can
be varied as per the requirement. The value of €,(w) = —1.207 for 13.56M H z frequency. A
plasma column is aligned along the z direction, where the propagation of signal follows the
EM wave equation i.e. [14, 17,

E(z) = Eye (3.25)
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where 3 = jko,/€,11p, is the propagation constant which depends on the free space factor,
ko = \/eopo- Based on the value of plasma permittivity and permeability, the propagation

constant can be written as,

wp
= jkoy /1 — ——— 3.26
For collision less plasma, v, = 0,
. wQ

The propagation of wave into the plasma depends on the value of propagation constant.
If w > w,, the permittivity of plasma become less than unity, plasma medium behaves as
dielectric where the value of 5 will be imaginary and wave will be propagated through the

plasma with the dispersion relation [24, 29], i.e.
w? = w + 2 (3.28)

where c is the speed of light. If w < w,, permittivity become negative, plasma behave as
waveguide and [ is real where wave is an evanescent wave which do not allow to propagate
through plasma medium. The plasma medium is bounded by the positive dielectric, then
surface wave is propagating through the plasma dielectric interface with the transverse

evanescent field on both sides with the dispersion relation as:

KploKpCL 1 KpKoK()a

2
Epflea le()(l (3 9)

where K, = (8% —w?e,/c*)Y?, Ky = (8% —w?/c*)Y/2, a is a plasma column radius and Kand

I are the Bessel function.

The developed setup of plasma column is further analysed for antenna characteristics
which is accomplished by modelling and simulation approach and explained in next section
3.4.

3.4 Modelling and Simulation of Plasma Antenna

A plasma column antenna is modelled and simulated by using 3D electromagnetic simulation
software i.e. CST (Computer Simulation Technology) microwave studio. The CST utilizes
the finite element method (FEM) for the electromagnetic simulation. It discretizes the
problem space into discrete elements and solved Maxwell’s equations to analyse the transport
properties of the designed model. A process of designing a plasma column antenna model

in software is presented by flow chart which is shown in Fig. 3.6.
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Figure 3.6: Flow chart of designing plasma column antenna

In CST software, plasma antenna is designed using Drude module which is basically
depend on the plasma properties i.e. plasma frequency (w,) and collision frequency (vy,).
The designing parameters of plasma column antenna is extracted from the experimental
setup. A list of designing parameters and its values are shown in the Table 3.1. Based on

the measured data in Table 3.1, the designed model of plasma column antenna is shown in
Fig. 3.7

Table 3.1: Parameters for simulated model of plasma antenna

Parameters Single(cm)
Glass Tube Length G, 30
Glass Tube Thickness Gt 0.2
Plasma Length Pp, 30
Plasma Diameter Pp 1.3
Plasma Density n. 2.74 x 109
Sleeve Height Sy 3
Sleeve Thickness St 0.02
Ground Plate Height Gpy 3
Ground Plate Radius Gpgr 6

The figure presents the front and top view of plasma column antenna. A plasma is
enclosed in glass tube in the z direction where the capacitive sleeve is used for transmission
of wave. A metallic ground plate is used at the bottom of tube to provide an infinite ground
plane for plasma antenna. The PEC (perfect electric conductor) boundary has been assigned
to the simulation space. A discrete port is assigned between the ground plate and capacitive
sleeve which is shown by zoomed version. A plasma column antenna is simulated for the
analysis of transmission parameters (S-parameters) in the range of 1 — 500M Hz. The plot

of Si; parameter is shown in Fig. 3.8.

From figure, it can be observed that the designed plasma column antenna is resonating
at three different frequencies, i.e. 112M Hz, 347TM H z, 409M H z. At these resonant frequen-
cies, return loss characteristics are —30.53dB, —23.73dB and —31.99dB respectively. The
resonant frequency of plasma column antenna is the function of plasma properties which
can be reconfigured as per desired. The simulated radiation patterns on these resonant

frequencies are presented in Fig. 3.9.

It can be observed that the plasma column antenna radiation patterns are more similar
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Figure 3.7: Designing Model of plasma column antenna (a) front view of plasma column
antenna (b) plasma medium inside glass tube (c¢) top view of plasma column
antenna

like a monopolar radiation pattern. It changes in a similar fashion with the change of
frequency which can be realised in metallic antenna [6]. In general, the beamwidth of
antenna is significantly influenced by the increase in operating frequency. Basically, with
the increases of frequency, an effective electrical length of antenna increases that improves its
gain and directivity. A similar observation has been made herewith, at frequency 112M H z,
the beamwidth of the pattern is wider and it became narrower as the frequency increases to
347M H z which is clearly shown in Fig. 3.9.

In the same, radiation pattern of antenna gets intended to form multiple lobes at
frequency 409M Hz and appears resultantly wider as compared to the lower frequencies
112M Hz and 347M H z. In this investigation, we found the developed plasma antenna be-
haves like a plasma monopole at tuned frequency. The tuning of antenna can be made
by changing input power and pressure which leads to change in plasma density. Moreover,
plasma antenna has added advantages over metallic antenna, that its height can be varied by
altering the plasma parameters. Based on the simulation outcomes, the developed plasma

column antenna is tested for these resonant frequencies which is described in next section.
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Figure 3.8: S, parameter of plasma column antenna for frequency upto 500M hz
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Figure 3.9: Polar plot of plasma column antenna at three resonant frequency 112M H z,
347TMH z and 409M H z.
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3.5 Experimental Setup of Plasma Antenna

The schematic of the plasma column antenna is shown in Fig. 3.10 whereas the photographs
of the developed experimental setup are shown in Fig. 3.11 and Fig. 3.12. The developed
setup is mainly classified into three parts i.e. plasma and vacuum setup, RF signal source

and automated radiation measurement system which are briefly described as follow,

Moving RF Prob+

Signal
C-emcrator
wpe ML

Figure 3.10: Schematic of plasma column antenna

3.5.1 Plasma and Vacuum System

The plasma and vacuum setup mainly consist of 13.56 M H z, 100W atts RF generator, power
meter, glass column (tube), vacuum system, argon gas supply, etc. which are used to
generate the RF plasma inside a column. The dimension of the column is selected as, 0.3m
long with 0.03m outer diameter which is mounted on a vacuum system and sealed at the top
with KF — 25 assembly for evacuation. The volume of glass tube 159.5¢cm?. The vacuum
system consists of a rotatory pump, gas dosing valve, and Pirani and penning gauges which
are capable to produce vacuum up to 0.005mbar. Argon gas is supplied in the tube with
controlled pressure the range 0.01mbar to 0.05mbar. A 30cm long plasma column antenna
is developed by having the combination of power 50Watts and gas pressure 0.03mbar which

is shown in Fig. 3.11 and also explained in section 3.3.
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Figure 3.11: Experimental setup of plasma column antenna with automated radiation mea-
surement system
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Figure 3.12: RF signal source
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3.5.2 Automated Radiation Measurement System

To test the radiation characteristics of the plasma column antenna in the far-field region, a
customized automated radiation measurement system has been developed. The RF probe is
connected to the spectrum analyser which captures the radiation magnitude in the real-time
domain. It has been programmed to present the measured data with polar plot coordinates
in elevation and azimuthal plane. In elevation plane, the measurement probe moves in semi-
circular space with angle 0° < § < 180° degree whereas in the azimuthal plane it rotates,
0% < ¢ < 360° with the precision of 1-degree angle. The photograph of the developed system

of plasma antenna and automated radiation measurement system is shown in Fig. 3.11.

3.5.3 RF Signal Source

Plasma is a good conductive medium that can serve as a guiding structure for the propa-
gation of electromagnetic waves. The RF signal of the range up to 500M H z is fed to the
plasma column via. another capacitive sleeve. The RF signal source setup includes a signal
generator up to 3G Hz and stub tuners as a matching network which is shown in Fig. 3.12.
The stub tuners are used to provide matching between the signal generator and plasma

column for the proper delivery of the signal.

3.6 Measurement and Test Results

3.6.1 Experimental Results

The developed experimental setup of plasma column antenna is tested for the investigation
of radiation patterns at different plasma properties and resonant frequencies. To measure the
radiation characteristics, an automated radiation measurement system is utilised. A testing
procedure is beginning with the formation of plasma column at the combined combination
of power (50Watts) and gas pressure (0.03mbar). Once the plasma inside the glass tube is
created and become stable with density profile density 2.7 x 10'%m =3, RF signal of 112M H z
is applied to the glass tube via. capacitive sleeve from the signal generator. Further, the
radiation from the antenna is measured by the reference antenna which is connected to
the moving probe of the automated system. The reference antenna is in far field region
(R < 2m/L) and rotate in azimuthal plane with the precision of 1 degree. Similar steps are
followed for other resonant frequencies, i.e. 347M H z and 409M H z. The captured radiation
patterns in elevation and azimuthal plane at these frequencies are shown in Fig. 3.13 and
Fig. 3.14.
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Figure 3.13: Elevation Polar plot patterns of plasma column antenna for three different
resonant frequencies
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Figure 3.14: Azimuthal Polar plot pattern of plasma column antenna for three different
resonant frequencies

3.6.2 Comparison of Experimental and Simulation Outcomes

The polar plots of plasma column antenna at these resonant frequencies with perspective

comparison with simulation results for 0.3m long plasma column is shown in Fig. 3.15. It can
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Figure 3.15: Perspective comparison of experimental and simulation results for single length
plasma column antenna (a)112M H z(b)347M H z(c)409M H z

be observed that the radiation pattern of antenna changes in a similar manner as obtained
from simulation outcomes. At frequency 112M Hz, beamwidth of antenna is wider and
measured 58 degrees. As the frequency increases to 347M H z, the beamwidth changes and
reduced by 17 degrees. At 409M H z, the lobing in the beamwidth of antenna appears. The
finding reveals that the plasma antenna behaves as a monopolar antenna where its radiation
characteristics can be controlled by plasma properties. The experimental outcomes verify

the simulation outcomes and found in good agreement.

3.6.3 Experimental Results for Variable RF Power and Gas Pres-

sure

In advance, other experiments have also been performed to investigate the plasma column
antenna radiation characteristics for variable RF power and gas pressure values. The plots of
captured radiation patterns in elevation plane are shown in Fig. 3.16 for variable gas pressure
at constant applied RF power i.e. 50Watts and 60W atts respectively. The azimuthal polar

patterns are shown in Fig. 3.17.

From captured patterns, it is observed that the direction of radiation and beamwidth of
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Figure 3.16: Elevation polar plot pattern of single structure plasma monopole at L =
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Figure 3.17: Azimuthal polar plot pattern of single structure plasma monopole at L =
0.3ma)Power = 50W attsb) Power = 60W atts

patterns changes with the increase in gas pressure and RF power values. For instance, at
P, = 0.03mbar the direction of radiation of the main lobe is towards the angle §; = 115°
(50Watts) and 0, = 110° (60W atts) whereas at P, = 0.05mbar, it is shifted to the end fire
side and the direction of the main lobe towards the angle, 8; = 98°, #; = 90° respectively.
The study explores that the radiation patterns of the antenna are the function of input

parameters can be reconfigured as per desired.
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Summary

In this chapter, radiation characteristics of plasma column antenna have been investigated
for variable plasma properties and resonant frequencies. For radiation measurement, an
automated radiation measuring system is fabricated which represents a novel technique to
evaluate the radiation parameter of the antenna. The investigated study reveals that the
radiation patterns show significant change for plasma properties like plasma density, plasma
frequency, and plasma length, etc. which are the function of input parameters such as gas
pressure, RF power, and drive frequency. It can be evident from investigated outcomes
that the radiation intensity shifted its direction with the increase in the values of input
parameters. The study reveals that this property provides an option to online control the
radiation characteristics as per requirement and has a potential applications in the field of

wireless communication, radar technology, defense etc.




Chapter 4

DESIGN AND DEVELOPMENT OF PLASMA BASED
COLLINEAR ANTENNA ARRAY

4.1 Overview

This chapter mainly describes the design and development of a reconfigurable collinear
antenna array based on the plasma column. A plasma antenna array simply presents a
classical state of plasma in a column where plasma blobs or striations are formed by having
the critical combination of input parameters i.e. gas pressure and input RF power. In
particular, plasma blobs or striations are aligned in such a way that its arrangement is called
as collinear array where each blob acts as a radiating element. Based on the experimental
data, modelling and simulations of plasma-based collinear antenna array have been done
using the CST software. The radiation characteristics have been investigated for variable
plasma properties like plasma density, number of blobs and size, plasma frequency and input
operating parameters. Experimental results are presented in comparison with simulated
outcomes. The work is summarised in the last of this chapter which emphasis on the novel

findings of the work for the wide range of its applicability.

4.2 Experimental Setup of Plasma Blobs Column

The schematic of experimental setup of plasma blobs in a column is shown in Fig. 4.1. It
includes a combined setup of RF generator, vacuum and gas dosing system, power meter,
gas cylinder, glass column and its assembly etc. Basically, the same setup is considered
for plasma blobs formation which has been used to form plasma antenna. The detailed
description of each component of the setup is mentioned in section 3.2. However, in the
formation of plasma blobs in a column, a continuous state of plasma inside the column is
transformed into the plasma blobs or striations by having critical combinations of applied
input parameters i.e. RF power and gas pressure. The developed plasma blobs inside a
column is called classical state of plasma. It’s alignment is along the axis of the column
which are arranged in a collinear manner. The photograph of developed experimental setup

of plasma blobs inside a column is shown in Fig. 4.2.

It can be observed that the plasma blobs of certain height are formed for critical combi-

nation of applied RF power and gas pressure. The developed plasma blobs inside a column
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Figure 4.1: Schematic of experimental setup of plasma blobs column
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Figure 4.2: Photograph of developed experimental setup of plasma blobs column
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are in stationary state. In figure, it is evident that 5 plasma blobs are formed inside the
30cm long glass tube for given external parameters i.e. RF power Py = 60Watts and gas
pressure P, = 0.015mbar at 13.56 M Hz operating frequency. In particular, plasma blobs
are the sinusoidal variation of plasma density called as Standing Plasma Density Pattern
(SPDP) which are the function of RF power and gas pressure. The SPDP can be changed
by varying of these parameters. In our experiment, finite number of SPDP are formed in
a column by controlling of these input parameters. The photograph of developed standing
plasma density patterns in a column is shown in Fig. 4.3.

Figure 4.3: Photograph of developed three different SPDP in a column

In Fig. 4.3, three glass columns are presented in which 4 to 6 standing plasma density
patterns are formed at the gas pressure range (0.020 — 0.050mbar) and input RF power
range (55 — 80Watts) where its height is calculated from the given formula;

L(z) — (n,—1)d

N,

hy =

(4.1)

where hy, is the height of the blob, n, is the number of plasma blobs, d is spacing between
two blobs which are marked in Fig. 4.3. A L(z) is the length of the column which is equal
to h;. The measured data of developed plasma blobs are shown in Table 4.1.
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Table 4.1: Gas and pressure values for experimentally developed blobs in 30cm long column

Gas(mbar) | Power(Watts) Blobs size(cm)

0.020-0.025 75-80 4blobs (h, = 5,d = 3.3)
0.030-0.035 65-75 5blobs (h, = 4.5,d = 2.4)
0.040-0.050 55-65 6blobs (h, = 3.5,d = 1.8)

From measured data, it can be analysed that to form 4 number of plasma blobs, gas
pressure is required to be low for high value of applied RF power. Whereas in case of 6
blobs, gas pressure should be high for low value of applied power. It is observed that for
less number of blobs in a column, the height and spacing between the blobs is more and it

reduced with the increases of blobs number inside the column.

4.3 Formation of Plasma Blobs Column and its Analysis

The Standing Plasma Density Pattern (SPDP) is generated at considerably low gas pressure
and high-power input as compared to the continuous state of plasma. In our experiment,
4 to 6 nos. of plasma blobs have been formed by tuning the RF power and gas pressure
at different values in the range of 40 — 80Watts and 0.015 — 0.045mbar respectively. The
photograph of developed plasma blobs is shown in Fig. 4.3 and corresponding physical

parameters are given in Table 4.1.

The physical mechanism of the blobs formation can be understood with the help of
two-step ionization theory [42]. By this theory, applied energy, (;(11.56eV) initially pulls
the atom into the meta-stable state, where an additional collision by an electron provides
subsequent energy, (y/(4.2eV), required for the ionization of the meta-stable atom. At
low pressure, the numbers of atoms are subsequently less where electrons attain sufficient
kinetic energy (u) after being injected from the position of the electrode at x = 0 and
achieved a threshold energy level, (; after a mean free path, A, (is a distance between
two successive collisions)[83]. These electrons experience inelastic collisions and lose their
energies obtained from the electric field to the atoms and produce slow electrons after the
mean free path. These accelerating and de-accelerating electrons produce an Oscillating
Standing Potential (OSP) profile with spatial period of A, along the column axis with the
interaction of alternating electrodes. The OSP modulates the plasma density which results
a sinusoidal SPDP and appears as bright and dark plasma blobs along the column axis.

These dark and bright regions represent the density minima and maxima respectively.

For the analytical explanation of the SPDP formation (plasma blobs or striations), the
Goldstein bifurcation theory [52] can be referred. Based on the theory of bifurcation, a set
of nonlinear equations that have stationary state and become unstable when a bifurcation

parameter exceeds its critical value is required to develop.
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The diffusion equations for a meta-stable atoms and electron is solved as a meta-stable
atoms providing two-step ionization [42], which are responsible to excite the weak instability
in a plasma column. For transverse bifurcation, solved diffusion equations for an electron

and meta-stable atoms along the axial direction (x-axis) can be written as,

on, 9%n,

T - D, T2 S(ne,ny) (4.2)
on. 9%n,

Er —aD, 2 = R(ne,ny) (4.3)

where the term n. and n, are the plasma density and neutral density. The term S and
R are the rate of creation of electrons and atoms, respectively whereas D is the diffusion
coefficient for the electrons and ions. The term « is the ratio of the atom to that of the

ions. According to the discharge mechanism S and R can be written as

S(nea nn) = nnS2ne + 77R2 + an + S3ne — YMNe — Cne (44)

R(ne,nyn) = S1(ne) — I'npSa(ne) — Ene — 2nn2 (4.5)

The destruction of atoms by electron is represented by the term n,,Son.. The destroyed
atoms are becoming ions which is presented as I'n,,Sa(n.). The term S} (n.) presents the rate
per unit volume for formation of atoms by electron collision by the background ions. The
terms yn, and £n, are the losses of electrons and atoms by radial diffusion to the side walls
of the column, respectively. The term nn? is the collision between two atoms whereas xn?
is the recombination collision between ions and electrons. The term Ssn,. presents the direct
ionization of the ground state atoms by the electron collisions. The Boundary condition
at the plasma edges as, x = 0 and L where L is the length of the plasma column. The

boundary conditions can be assumed as

ne(z = 0,t) = n(x = L, t) = ney — n,(x, 1) (4.6)

nn(z = 0,t) = np(z = L,t) = npo — n,, (, 1) (4.7)

where n_(r,t) and n, (x,t) are the perturbation terms in a plasma and neutral densities,
respectively. The linear stability analysis is carried out by putting an eq. 4.6 and eq. 4.7 in
an eq. 4.2 and eq. 4.3, and linearization to obtain

@ne oS oS 82718

D,——
n, + BN n, + 922

ot ot

(4.8)
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where p is the bifurcation parameter which are the function of length of plasma column and

diffusion constant, D. The bifurcation parameter can be written as,

(4.17)

L=DBp)h/— (4.18)

where, B(p) = 1/CKL(I)), K(p) is the function of given gas pressure, the energy lost per
electron ions pair due to collision ({;, = (. + 2T, + (; + (n)[27], vs is an electron neutral

collision and C' is constant, P is the applied power or power absorbed.

(B(p)\/ ) )

(4.20)
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P
w=A— (4.21)

Um
Hence it can be seen from eq. 4.21 that bifurcation parameter is the depending on the
terms i.e. applied power and working gas pressure. According to the theory and observations,
at certain combinations of input power and working pressure p becomes . (critical value

for bifurcation) where plasma column bifurcates in a transverse axis, hence

P

pe = A— (4.22)
U,

W P v,

,u_ =5 (4.23)

It is clearly evident from eq. 4.23 that p > p. for all the values of P > P, and v,,, > v,,,.
Hence, as soon as the value of bifurcation parameter p increases from its critical value g,

stable modes become unstable which means plasma column bifurcates in stationary blobs.

4.4 Modelling and Simulation of Plasma Antenna having
SPDP

In this section, plasma antenna having its classical state called SPDP is modelled and
simulated using CST microwave studio. It uses FEM technology to discretizes the problem
space and solved Maxwell’s equations to analyze the transport properties of the model. In
CST software, Drude module is considered to design the plasma antenna. In software, two
model of plasma antenna having 4 and 5 blobs are modelled and simulated. The designing
parameters which are utilised in Drude module are extracted from the experimental setup
of plasma antenna array. The photograph of designed plasma antenna array is shown in

Fig. 4.4 whereas its list of designing parameters are given in Table 4.2.

The designed modelled of both plasma antennas array are simulated for the transmission
parameters. For analysis, discrete port is assigned to plasma antenna at one end whereas at
bottom PEC (perfect electric conductor) plate is acting as infinite ground. The simulation
outcomes are presented in terms of transmission S parameters upto operating frequency
500M Hz. The perspective comparison of Ss; parameters of both plasma antenna array is

shown in Fig. 4.5.

From Sy;-parameter, it can be observed that the four different resonant frequencies are
obtained for both plasma antenna. The plasma antenna with 4 blobs resonant at frequency
56 M H z whereas in case of 5 blobs, it resonant at three frequencies i.e. 73MHz, 178 M H z

and 390M H z respectively. At theses resonant frequencies, the return loss characteristics
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Figure 4.4: Simulation model of plasma antenna array having 4 and 5 blobs (SPDP)

Table 4.2: Parameters for simulated model of plasma antenna with 4 Blobs and 5 Blobs.

Parameters 4 Blobs(cm) | 5 Blobs(cm)

Glass Tube Length, G, 30 30
Glass Tube Thickness, G 0.2 0.2
Plasma blobs height, h ) 4.5

Plasma blobs spacing, d 3.3 2.4
Plasma Diameter, Pp 1.3 1.3

Plasma Density, n. 2.47x10% 5.85x10

Sleeve Height, Sy 3 3

Sleeve Thickness, St 0.02 0.02
Ground Plate Height, Gpg 3 3
Ground Plate Radius, Gpgr 6 6

are —30.67dB, —15.12dB, —22.44dB, —10.76dB respectively. These obtained resonant fre-
quencies are the operating frequency of antenna which can be reconfigured by changing the

plasma parameters.

Further, both plasma antenna array are simulated for the analysis of radiation patterns
at the evaluated resonant frequencies. The simulated polar plot of both antenna is presented
in Fig. 4.6. The radiation pattern of the antenna is analysed for the case of the multiple
stationary blobs i.e. 4 and 5 respectively. These striations are observed as a collinear array

arrangement where the blobs parameters mainly decide the radiation characteristics. It can
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Figure 4.5: S5, parameters of plasma antenna having 4 and 5 blobs

be seen that the radiation pattern of plasma antenna changes as the frequency increases.
At b6 M H z, the beamwidth and gain of the radiation is less which become more as the
frequency approaches to 178 M Hz. It can also be observed that at frequency 390M H z the
direction of beamwidth is changed from broadside to endfire. In this investigation, the study
explores that the incorporation of plasma blobs in a column acts as an antenna array [42]
which improves the overall gain and also enable an option of beam steering as compared to

the continuous plasma antenna which is mentioned in previous chapter.

Further, a theoretical analysis has also been presented which explains the obtained results
explicitly. The schematic of the N element plasma based collinear antenna array is shown in
Fig. 4.7. Here, each of the blob of height h;, is placed along the axis with uniform spacing,
d between the blobs. The total electric field radiated from N-elements of the array with

uniform spacing and progressive phase difference between the elements are,

Er=FEy + Ey, + Epy + ... + Ep,, (4.24)
Bp = Ege®? 4 Fyel(@rthdeost) o i (@n+H(N=Dhkdcost) (4.25)
where ,
e—jkr
Ey =1, Er = Ey(AF) (4.26)

Anr '
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Figure 4.6: Polar plot of radiation patterns of plasma antenna at resonant frequencies

The Array factor is

AF = (14 &% 4 %9 4 .. 4 WN-Div (4.27)
Sinie

AF = —-2 (4.28)
Nsin%

Where ¢ = kdcosf + ¢, the phase difference of the field, k is wave vector, ¢ is a progressive
phase difference between two blobs. The direction of maximum radiation is defined as
follows,

A
Oy = cos ! % (4.29)

2
6 = kd, wherek = jko\/1 — % (4.30)

The progressive phase changes due to the distinct plasma density profile of plasma blobs
along the column. The First Null beamwidth of broadside antenna with collinear arrange-

ment antenna,

2mA  2mA
BWFN = — = —— 4.31
nd L ( )
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Far field at point P

Direction of maximum radiation

Figure 4.7: Schematic of the N-element plasma antenna array

BWEFN
HPBW = W2 (4.32)
2L
D, == 4.
r= (4.33)

By considering the above eq. 4.29-4.33 of beamwidth and direction of maximum radi-
ation, it can be analysed that the beamwidth and direction of radiation can be controlled
by a number of blobs and spacing between the blobs. The parameters n and d are the
functions of plasma properties that can be altered by changing the value of input power and
gas pressure.

In our case of blobs, the spacing between the blobs is smaller for lower frequency which
provides a wider polar pattern and directive towards the 90 degrees. As the frequency
increases, the effective length of antenna become larger that increases the spacing parameters
d between the blobs which significantly narrow the beamwidth of antenna which is clearly
interpreted from Fig. 4.6. This similar effect can be seen in metallic antenna array |6] where
the beamwidth of antenna becomes narrow with the increases in number of elements and
spacing between the elements. Moreover, the shifting effect in main lobe of antenna array
appears is due to the progressive phase difference between the plasma blobs. The value of ¢ is

depended on the plasma parameters and operating frequency that can be varied to introduce
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the phase between the blobs and significantly influence the radiation parameters of plasma
antenna which can be clearly seen in investigated outcomes. The study explores that the
maximum radiation direction of plasma antenna array can be reconfigured by changing the
array parameters like element spacing, number of elements and progressive phase difference,
etc. by controlling plasma properties that are the function of input operating parameters.
This property introduced a reconfigurability feature in plasma antenna where its radiation
characteristics are reconfigured as per requirement. Based on the simulation outcomes, the
developed plasma antenna array is tested for these resonant frequencies which is described

in next section.

4.5 Measured and Testing Results

4.5.1 Experimental Results

The developed experimental setup of plasma based collinear antenna array is tested for the
investigation of radiation pattern at different plasma properties and resonant frequencies. To
measure the radiation characteristics, same setup of an automated radiation measurement
system is utilised which is explained in Chapter 3. A testing procedure is beginning with
the formation of plasma column having stationary standing plasma density pattern called
plasma blobs (striations) at the critical combination of power (75Watts) and gas pressure
(0.025mbar). Once the 4 plasma blobs inside the glass tube is created and become stable
with density profile 2.47 x 10'm3, than RF signal of 56 M Hz frequency is applied to the
glass tube via. capacitive sleeve from the signal generator. The radiation from the antenna is
measured by the reference antenna which is connected to the moving probe of the automated
system. The reference antenna is in far-field region (R < 27/L) and rotate in azimuthal
plane with the precision of 1 degree. Further, 5 plasma blobs inside column are formed by
varying input parameters and having plasma density profile 5.85 x 10%m?. Similar approach
is used to capture its radiation patterns at resonant frequencies i.e. 7T3M Hz, 178 M H z and
390M H z. The captured radiation patterns in elevation plane at these frequencies are shown
in Fig. 4.8.

4.5.2 Comparison of Experimental and Simulation Outcomes

The perspective comparison of experimental results with simulation outcomes of plasma
antenna array at these resonant frequencies for 0.3m long plasma column are shown in Fig.
4.9. It can be observed that the radiation patterns of antenna changes in a similar manner as
obtained from simulation outcomes. At frequency 73M H z, beamwidth of antenna is wider

and measured 54 degrees. As the frequency increases to 178 M H z, the beamwidth changes
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Figure 4.8: Polar plot of radiation patterns of plasma antenna array at resonant frequencies
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Figure 4.9: Perspective comparison of experimental and simulation results for plasma an-
tenna array (a)73M Hz (b)178 M Hz (c)390M H z

which is reduced by 15 degrees with slight shift in direction of radiation. At 390M H z,

the beamwidth of antenna become narrower and also shifts toward the endfire. The finding




4.5 Measured and Testing Results o7

reveals that the plasma antenna array behaves as a metallic antenna array where its radiation
characteristics can be controlled by plasma properties. The experimental outcomes verify

the simulation outcomes and found in good agreement.

Summary

This chapter evaluates the radiation characteristics of a plasma column for its classical state
called plasma striations. These are the state of sustained radiating arrays of blobs, where
the radiation pattern is mainly dominated by the blobs parameters. Therefore, the antenna
can be electrically reconfigured with plasma parameters without changes in the physical size
of plasma column. This feature has useful applications in the field of defense, homeland
security, long-distance communication. The presented work utilizes an experimental setup
of plasma antenna which incorporates plasma and vacuum system, RF signal source and
automated radiation measurement system. The developed experimental setup is capable to
tune the plasma parameters and operating frequency of the antenna as per desired where
the inbuilt radiation measurement system captures the radiation in different planes. The
created experimental setup is a useful development for the study of plasma devices like

plasma antenna, plasma photonic crystal, plasma-based frequency selective surface etc.




Chapter 5

DESIGN AND DEVELOPMENT OF SINGLE
COLUMN PLASMA PHOTONIC CRYSTAL USING
PLASMA BLOBS

5.1 Overview

This chapter mainly conceptualises a reconfigurable one-dimensional Single Column Plasma
Photonic Crystal (SC-PPC). The SC-PPC is a glass column containing stationary Standing
Plasma Density Patterns (SPDP) called plasma blobs, where its density varies sinusoidally
along the column axis. It appears like a collinear array of the plasma blobs which are
produced by having the critical combination of input RF power and gas pressure in a column.
The numbers of blobs and plasma density can be controlled by RF power and gas pressure.
The value of plasma density is measured for the different nos. of plasma blobs formation
by using the experimental setup of interometry. The measured data has been utilized in
the modelling of SC-PPC. The SC-PPC is simulated for the analysis of Photonic Bandgap
(PBG) with various plasma parameters like plasma density, shape and size of blobs etc.
The additional features of modelled SC-PPC over conventional PPC are its small in size,
tunable lattice constant, and simple structure that can enable wide application scope in

various fields ranging from communication to defence.

5.2 Experimental Setup

This chapter presents a novel structure of plasma photonic crystal with a single column,
called SC-PPC. Generally, plasma photonic crystal are the structure having periodic ar-
rangement of dielectric layer A and plasma layer B with the thickness of d, and d, respec-
tively. The relative permittivity of layers A and B are taken as ¢; and €,. Its periodicity,
A = d, + dy, also known as the lattice constant. The schematic of 1D PPC is shown in Fig.
5.1.

In our experiment, this periodic structure of PPC has been formed by considering the
single column containing stationary standing plasma density patterns. The schematic of

experimental model of SC-PPC is shown in Fig. 5.2.

The SPDP in a column is the classical state of plasma which is created by using the same

experimental setup presented in Chapter 4. The detailed description of the components and
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Figure 5.2: Schematic of SC-PPC experimental setup

fundamental theory to form SPDP in a single column has been already discussed in section
4.2 and 4.3. This classical state of plasma is generated at considerably low gas pressure and
high-power input as compared to the continuous state of plasma. In our experiment, 4 to 6
nos. of plasma blobs have been formed by tuning the RF power and gas pressure at different
values in the range of 40 — 80Watts and 0.015 — 0.045mbar respectively. The photograph
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of developed plasma blobs is shown in Fig. 5.3 and corresponding its physical parameters

are given in Table 5.1.

Figure 5.3: Experimentally produced SPDP with 4 to 6 plasma blobs in a single column for
critical values of RF power and gas pressure

Table 5.1: Physical parameters of experimentally developed SPDP with 4 to 6 plasma blobs
in 30cm long column.

Gas pressure (P,) | RF Power (F) Blobs size
(mbar) (Watts) (cm)
0.015-0.025 75-80 4blobs(h = 5, d= 3.3)
0.025-0.035 65-75 5blobs (b — 4.5, d —2.4)
0.035-0.045 55-65 Gblobs (b — 3.5, d — 1.8)

This developed SPDP is considered as a SC-PPC periodic structure of plasma and air
medium which is utilised to investigate the photonic bandgaps characteristics (PBG). For
PBG analysis, an experimental data of developed SC-PPC are extracted by using interfer-

ometry technique which is explained in subsection below.

5.2.1 Interferometry Setup

An interferometry setup is developed for the measurement of plasma density of blobs inside
a column which is shown in Fig. 5.4. The setup includes two Vivaldi antennae having
operating bandwidth 2.4G H 2—18G H z and antenna beamwidth 30°. In setup, both antennas
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are wired up with Vector Network Analyzer (VNA) and placed in horizontal polarization
across the column to transmit and receive signal. The distance between the both antenna
is 3.0cm. A VNA (RS ZVHS) is the device which is capable to capture the transmission
parameters upto the 8GHz. The interferometer resolution mainly depends on the antenna
beamwidth and the distance between the antenna. The resolution of the interferometer is
greater than 3.5¢m which is the lowest blob height. Therefore, it is unable to correctly
measure the density in gap between blobs, d < 3. However, it is capable to measure the

blob density without any interference by the nearby blobs.

Vivald: Amtenna

Figure 5.4: Interferometry setup for the measurement of plasma density of the blob.

To evaluate the plasma density of blob, column of having six blobs is formed at given
pressure (P, = 0.040mbar) and RF power (P, = 60Watts). The transmission S-parameters
(with phase and magnitude) upto the range of 1 —8GH z are captured 50 times with a delay
of 10s by using the VNA. Based on the captured data of Sy;-parameter, plasma density has
been calculated for all 50 samples using a standard interferometer technique as mentioned in
the earlier study by Howlader|[80|. An isotropic and un-magnetized plasma having refractive

index u = — Jx, can be written as,

1/27 12

(A)2 2 1)2 wg 2
1——2 ) 41— "2 5.1
( oﬂ—l—v?n) +w2 ( w2+v%n) (5-1)
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where w and w,, are the angular wave frequencies in the medium air and plasma, v,, is the
electron-neutral collision frequency. The term k = a + i/J is the propagation constant in
the plasma where o = (w/c)u. The skin depth, ¢ is given as (1/§) = (w/c)x. The signal

propagating in the plasma can be written as,
E(z,t) = Re(Eye? @) (5.3)
Attenuation of an EM wave in the plasma can be written as
a(dB) = 10logio(E/Ey)? = 10logy(e~24/°) (5.4)
a(dB) = 10logio(e 7 2%/¢) = f(ne, Um,w, d)

The phase change of the propagating wave at distance d in the plasma is ¢ = (w/c)ud
and in free space is ¢ = (2m/\)d. The phase shift arises due to the EM wave propagating

in the plasma and free space can be written as,

Ap=¢ =y = (w/e)p = 2m/A)d = g(ne, vm,w, d) (5.5)

From above eq. 5.4 and 5.5, it is seen that attenuation and phase shift (a and A¢) are the
function of plasma parameters (n. and v,,), and the incident wave parameters (w and d).
The value of w and d are constant for a specific signal and experimental configuration. By
experimentally measured the phase shift and attenuation of signal in plasma, the value of

plasma density and collision frequency can be calculated by using the eq. 5.4 and 5.5.

The plot shown in Fig. 5.5 presents the plasma density of blob formed at 60W atts and
0.040mbar vs samples where its average gives the plasma density number, n, = 9 x 10'6m 3.
The measured plasma density number is also verified with our theoretical calculation by using
density formulation which are presented in Chapter 3. The plasma density can be estimated
using the formula n, = A(p)\/Py which is linearly dependent on the variable A(p) and RF
power applied to a column for the formation of plasma. A(p) is the constant parameter
whose value is dependent on the gas pressure (P,). The plot shown in Fig. 5.6 presents the
theoretical calculation for the plasma density at variable values of applied RF power (Fp) to
the column at fixed gas pressure P, = 0.040mbar. The extracted data of blobs in terms of
plasma density, lattice constant, nos. and size of blobs etc. is utilised to model the SC-PPC

using software for the analysis of PBG which is explained in next section.
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Figure 5.6: Theoretically calculated plasma density of plasma column for power 60W atts
and 0.040mbar for 6 plasma blobs

5.3 Modelling and Simulation of SC-PPC

Based on the experimental data given in Table 5.1, SC-PPC has been modelled and simulated
using 3D electromagnetic simulation software, CST microwave studio. The CST utilises
the Finite Element Method (FEM) for the electromagnetic simulation. It discretizes the
problem space into discrete elements and solved Maxwell’s equations to analyze the transport
properties of the model. Fig. 5.7 shows the front and side view of SC-PPC with detailed

dimensional parameters of the model in tabulated form.
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The SC-PPC model is a circular metallic waveguide containing the glass column with a
plasma standing density pattern. The layers A and B highlight the plasma blob and air. The
thickness dimension of layer A and B are taken from the experimental data i.e. d, = 3.5cm
(plasma blob, h;) and d, = 1.8cm (air, d) respectively. In the 1D SC-PPC structure, the
lattice constant (A) is the sum of the thickness of layer A and B, A = d, + d, = 5.3cm.
In the simulation, plasma blobs are modelled by using Drude model parameters like plasma
frequency (w,) and collision frequency (v,,,) which are calculated based on the given input in
terms of plasma density and nos. of blobs along with its physical dimensions by CST itself
and explained in subsection below. The model is approximated by selecting the hexahedral
meshing with cell size and resolution of 0.2mm. The waveguide ports are assigned to both
ends of the circular waveguide which are named port-1 and port-2 respectively. The Perfect
Electric Conductor (PEC) has been assigned beyond the simulation space which provides
an equivalent to metallic enclosure at the outer surface of SC-PPC. Simulation analyses
transmission characteristics of SC-PPC in the fundamental transverse electric mode, T E1;

mode.

5.3.1 Plasma Medium and its Fundamental Parameters

Plasma is a Debye dispersive medium with a relative permittivity ,(w), permeability j,(w)

and non-zero conductivity o,(w), which are given in eq. 5.6 and eq. 5.7[9, 10],

Wp
2
Eowp

where wandw, = y/n.e%/me, are the angular frequency and plasma frequency respectively,
e is an electron charge, and m is a mass of an electron. The permeability of cold plasma is
tp(w) which is 1. It can be seen from eq. 5.6 that the permittivity of the plasma medium

can be adjusted by changing the wave frequency and plasma parameters (wp, v,,).

With the help of simulation software CST, the calculated plasma parameters w,, is 5.7 x
10%ad/sec, 1.2x109rad/sec, and 1.6 x 10'%rad/sec whereas v,, is 3.7x 10"Hz, 1.6 x 108H 2,
and 2.9 x 10®Hz for three values of densities of n, = 1 x 10'%m=3, n. = 5 x 10'%m =3, and
ne = 9 x 10%m 73 respectively. The obtained collision frequencies are very low as compared
to operating frequencies and plasma frequencies which has negligible effect on the plasma
permittivity and also on PBG [63, 84, 95|. For the same reason, the effect of collision

frequency is not taken into account in the analysis of PBG.

The relation between the plasma permittivity and incident frequency as well as the

plasma density is shown in Fig. 5.8. It presents the frequency vs permittivity plot for
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Figure 5.7: Cross-section view of the simulated model of 1 — D SC-PPC structure and its
designing parameters extracted from experimental data

variable plasma density obtained from experimental data, where the cut-off frequency (‘;—;)
are marked as 1.0GHz, 2.01GHz and 2.7G H z for three plasma densities cases respectively.
The cut off frequency is defined for the physical property of the plasma medium where the

permittivity of plasma is zero.

Based on the cut off frequency, when w < w, the plasma dielectric constant is negative,
whereas for w > w, plasma dielectric constant is positive. In the negative region where
permittivity is negative, few TE waves of certain frequencies is able to propagate in the
photonic crystal structure because of the local resonance which is associated with the surface
plasmon wave. In positive permittivity region, some waves of certain frequency will not
able to travel in the PPCs structure due to the periodic scattering of EM waves on the
plasma surface[87]-[94]. The result of two region is considered as PBG structure which

will be produced in the region of the negative and positive permittivity respectively. The
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Figure 5.8: Real components of relative permittivity of the plasma for three cases of plasma
densities

propagation of EM waves in the PPC is explained in below subsection.

5.3.2 Propagation of EM waves in SC-PPC

The SC-PPC is aligned in x—direction where y—axis is the direction of £'—field polarization.
The propagation of EM waves in SC-PPC follows the Helmholtz equation|63, 91| which is

given as following,

v (i 9B -8 (e - 22) B =0 (55)

Weo

where €,.(r) and pu,(r) are the relative permittivity and permeability of the medium, o is
dielectric conductivity of the medium. E,(r) is the electric field at r, €y is the dielectric
constant of the vacuum which is 1. The term ko = # is the wave vector, which is related to

the angular frequency w and c is the speed of light.

According to Bloch’s theorem, the electric field can be expressed as a product of periodic

functions and natural exponential products. Solution of eq. 5.8 presents the electric and
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magnetic field as a function of time and space are given in eq. 5.9 and eq. 5.10.

E(r,t) = B, (r)e @) (5.9)
H(r,t) = —ko%@ 7 xE(r, 1) (5.10)

The propagation of wave in SC-PPC structure depends on the physical properties of
plasma and air medium which may able to formed the photonic bandgaps. For the analysis

of PBG, the transmission of wave in SC-PPC is analysed which is explained in next section.

5.4 Simulation Outcomes and Discussion

To investigate the plasma photonic bandgap, SC-PPC simulation outcomes have been anal-
ysed. In the simulation, both ends of the SC-PPC are excited with waveguide ports which
are named port-1 and port-2 respectively. Software excites any one of the ports at a time
and solves it for the transmission and reflection parameters based on power transferred in
between the ports. The Sy represents the transmission S-parameter which is the ratio of
power at output and input ports. The transmission parameter, Sy is investigated for vari-
able plasma permittivity and nos. of blobs over the 1-16GHz frequency range which are

explained in the following subsections.

5.4.1 For Variable Plasma Permittivity

The PBG in 1D SC-PPC is the function of positive and negative plasma permittivity which
directly depends on the values of plasma density. The modelling and simulation of SC-PPC
have been carried out for the variable plasma density to investigate its effect on the PBG.

Simulation outcome in terms of transmission Sy; parameter is presented in Fig. 5.9.

The Fig. 5.9 shows the transmission parameters at plasma densities (n, = 5 x 10%m=3

and n, = 9 x 10%m=3) for 6 plasma blobs where the cut off frequency corresponding to
these densities, 2.01GHz and 2.7G H z which is presented in Fig. 5.8. The brief discussion

about the obtained results are given as follow,

e Change in plasma density reconfigures the PBG. It can be verified with the prospective
comparison of PBG 3, PBG 4 and PBG 5 at n, = 5 x 10%m =3 and n, = 9 x 10!6m =3
where the PBGs becomes more prominent and widened with slight shift towards the
higher frequency.

e New PBGs have been also appeared as the plasma density is increased. It is marked

as PBG 1 and PBG 2 in Fig. 5.9. Moreover, a significant change in PBG 3 can be

observed against the n, = 9 x 1016m=3.
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Figure 5.9: Transmission Sy; parameter vs Frequency of 1D SC-PPC for the variable plasma
density for 6 plasma blobs

e The change in plasma density significantly shifts the transmission of a wave toward the
higher side. From Fig. 5.9, it can be seen that the transmission starts from 4.7GH z
in case n, = 5 x 10'%m =3 and it starts from 7.2GHz for n, = 9 x 10%m=3.

5.4.2 For Variable Plasma Blobs Numbers

Further, the SC-PPC is simulated by changing the plasma blobs numbers from 5 to 6 with
change in a plasma density (n, = 2.45 x 10'm =3 in case 5 blobs, n, = 5 x 10'*m =3 in case
6 blobs). The transmission Sy; spectra for both of the cases are shown in Fig. 5.10. It can
be observed that the PBG is also affected by the variation in the number of blobs and its
positions. With the increase in the number of blobs from 5 to 6, the negative PBG is shifted
towards the higher frequency whereas the bandgap is wider and deeper. A similar effect is

observed in the case of variation of plasma density.

5.4.3 Analysis of Different Modes in SC-PPC

The SC-PPC model excited with T'E1; mode at waveguide port 1 in y — z which is shown
in Fig. 5.11a. The Fig. 5.11b - 5.11g represent the electric field distribution (£,) in x —y

plane across the column at variable frequencies.

In general, the EM waves having frequency which is below the cutoff frequency will not
able to propagate in PPC. In SC-PPC for 6 blobs at n, = 5 x 10'®m ™3, negative region is
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Figure 5.10: Simulated S5, parameter of 1D SC-PPC with various plasma blobs Structure

lied below the cutoff frequency i.e. 2.01GHz where the Fig. 5.9 shows a passband in the
range of 4 — 6.45G H z. The frequency of the surface wave is depending on the frequency of
plasma w, and the dielectric constant of the air €,. As plasma frequency increases, surface
modes will be shifted to the higher frequency range.

In the frequency range of 1 — 2.01GHz, the electric fields in these modes is intended
to concentrate their energy evenly on the medium surrounded the plasma. The modes
which appear below the flat band zone are considered as Fano mode which can be seen in
Fig. 5.11b. Above the cut off frequency, plasma work as a scattering medium. Like the
conventional PCs, the positive PBG of the 1D PPCs is the result of the periodic scattering
of waves on the surface of the scattering medium, in which the variable permittivity plays an
important role. It can be seen from Fig.5.9, three PBG at frequency 11.2GH z, 12.7GH z and
14.2G H z for PBG 3, PBG 4 and PBG 5 respectively. The electric field distribution at these
bandgap are shown in Fig. 5.11d, 5.11e,and 5.11g. The Fig. 5.11c-5.11f are presenting the
passband at 8GHz and 13.4G H z respectively where the electric field distribution presents

the propagation of Electromagnetic waves in a plasma medium.

Summary

In this chapter, the design and simulation of 1D SC-PPCs are presented. SC-PPC is a
standing plasma density pattern in a single plasma column. It has been comprehensively
investigated as a reconfigurable PBG for the first time. Reconfigurability of SC-PPC is
characterised using modelling and simulation where the plasma parameter has been re-
ceived from the experimentation. The study outcomes show that the PBG of SC-PPC can
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Figure 5.11: Electric field distribution for passband and bandgap across the negative and
positive PBG of 1D SC-PPC for Ne = 5 x 10'%m =3 for 6 blobs (a) TE11 in y-z
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be reconfigured by changing the plasma density and the standing plasma density pattern
(plasma blobs). The structure of the 1D SC-PPC proposed is relatively convenient to rear-
range the plasma properties by varying external parameters and provides an online option
to control the propagation of the wave. The additional features of SC-PPC are its small in
size, tunable lattice constant, and simple structure that can enable wide application scope

in various fields ranging from communication to defence.




Chapter 6

DESIGN AND DEVELOPMENT OF
RECONFIGURABLE PLASMA PHOTONIC
CRYSTAL USING FLUORESCENT TUBES

6.1 Overview

This chapter describes the modelling and implementation of a two dimensional reconfigurable
photonic bandgap (PBG) structure using low-pressure fluorescent tubes. The proposed 2D
PPC model mainly consists of square lattice of 3 x 3 tubes array placed in free space.
The dispersion relation of the PPC has been optimized by using mathematical modelling
for the variable plasma density. Modelling of 2D PPC incorporates the actual plasma
parameters which have been extracted from the experimental setup, where the variable
plasma density is created by changing the applied AC potential. The developed PPC setup
is implemented on test bench as per the mathematical modelling outcomes and tested using
VNA (Vector Network Analyzer) for investigation of photonic bandgaps for variable plasma
density. The main objective of the work is to conceptualize a reliable plasma-based structure
for the development of microwave reflectors, filters, absorbers etc. which can have important

applications in the field of radar, satellite and navigation.

6.2 Plasma Photonic Crystal (PPC) using Fluorescent
Tubes

A two dimensional PPC is a periodic arrangement of fluorescent tubes aligned in free space
where its schematic is shown in Fig. 6.1. In schematic, top and side view of PPC are
shown which present a square lattice of 3 x 3 plasma tubes in the air. The permittivity of
the fluorescent tube and air are presented with ¢, and €,. Similarly, the refractive indices
are denoted as n; and n, respectively. Here, the lattice constant is denoted by A, which

is the sum of tube diameter (d;) and the distance between two consecutive tubes (d,.) i.e.

A:dt+dr.

Based on the proposed PPC structure, the modelling and theoretical analysis have been
done by using MATLAB (MATrix LABoratory) programming language. In MATLAB, the-

oretical code has been written to analysis the dispersion characteristics of the 2D PPC
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Figure 6.1: (a) Schematic of two-dimensional plasma photonic crystal (b) side view of PPC
presents the plasma tubes placed in air.
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structure. A modelling is done based on the formulation related to the dispersion relation

which is presented in subsection.

6.2.1 Mathematical Modelling

In PPC structure, 3 x 3 array of fluorescent tubes of length 600mm with the diameter of
30mm are arranged in free space in z-direction with the periodicity A = 39mm. The TE
wave is incident on PPC structure from one side which propagate along the z-direction. A
wave is incident with the angle 6 to the boundary of the PPC at z = 0 and satisfies the
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Helmholtz equation, i.e., given by [71]

d2

s+ (Be(2) — )| B(2) =0 (61
where, kg = w/c is wave factor of free space where ¢ is speed of light. The term f; =
(nsw/c)sin; is the propagation constant in different layers of plasma, n; is the refractive
index of each layer and 6; is the angle of propagation direction of the wave in any layer
with normal direction. Here, EM wave frequency is below the plasma frequency. Therefore,

solutions of eq. 6.1 for two different regions of the PPC can be written as follows [63, 70]:
E(2) = ame™? + bpe ™7 mA < 2z < mA +d, (6.2)

eme" P £ dpe” ™ mA +d, < 2z < (m+1)A

where a,,, b,,, ¢, and d,, are the amplitudes of waves in forward and backward direction,
respectively. The terms k; and ko are the wave component in air and plasma regions that

can be expressed as,
w

k= e cos(0,) (6.3)
ko = d cos(6; .
st (6.4

The terms 6, and 6, presents the incidence angle of the wave in the air and plasma layer,

respectively. The terms n, and n,; are refractive index of region air and plasma,

€0 1

ny = \/'f_t 1o COS@t (6'5)
€0 1
e = ey |2 (6.6)

T
o cosb,

For evaluating the optical properties of the proposed structure, the Transfer Matrix
Method (TMM) has been used |76, 88]. Each layer i.e. air and plasma can be represented

with transmission matrix parameter i.e. M, and M; as given below:

—J o
M. = ‘COS(‘]{@CZT) ~Lsin(kid,) 6.7)
—jngsin(kid,)  cos(kid,)

M — cos(Kady) + €21 tan 0, sin(kad;) _nit[l + (€21 tan 6,)?] .
. —jne sin(kady) cos(kady;) — €91 tan 0, sin(kad;) )

The term ey is the relative permittivity from dielectric to plasma medium. Now, transmis-
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sion of wave through lattice can be written as,

-l

where, b,,_1 and a,,_; are forward and reflected amplitude of wave at left boundary of the
lattice whereas b, and a,, are forward and reflected amplitude of the transmitted wave. The
term M is the transmission matrix and given by the multiplication of transfer matrices of
the two cascaded layers of plasma and air. It is evaluated in terms of the ABC D parameters

as:
A B

M = M, M, =
¢ D

(6.10)

The dispersion relation can be evaluated by considering the half trace of the transfer
matrix M which is given by
cos(kA) =1/2(A+ D) (6.11)

where, k is the Bloch wave vector which is basically described the conduction of an electron
in the PPC structure. The terms A and D are the diagonal elements of transmission matrix

and obtained from the matrix multiplication,

A = cos(kid,) cos(kady) + €21 tan 0, cos(k1d,.) sin(kod;) — T sin(k1d,.) sin(kad;) (6.12)

r

ny

D = cos(kid,) cos(kad;) — €91 tan 6, cos(kid,.) sin(kad;) [14+ (€21 tan 6;)?] sin(k1d,.) sin(kad,)

(6.13)

Uz

Putting the value of A and D in eq. 6.11, we get

cos(kA) = cos(kid,) cos(kad;) — % (& + E[l + (€21 tan Qt)2]> sin(k1d,) sin(kad;) (6.14)

T s

1 1
k= —cos™ ' |cos(kid,) cos(kady,) — = oy E[l + (€21 tan 6,)?] | sin(k,d,.) sin(kyd,)
A 2\ny  n,
(6.15)

For analysis of dispersion relation of 2D PPC, variable operating plasma parameters and
lattice constant of the structure have been calculated numerically and experimentally which

are explained in next subsection.
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6.2.2 Plasma Parametric Analysis

In PPCs, plasma is a variable medium, whose physical property mainly depends on the
plasma density (n.), plasma frequency (w,) and collision frequency (v.). The plasma per-
mittivity (e;) is given by [65, 72, 77|,

_ P

€t = 1 — w2 + Ug (616)
nee?

— 6.17

“p meo ( )

The plasma density of the tube for different excitations has been measured using an in-
terferometry technique which is detailed discussed in chapter 5. A schematic of a typical
interferometer setup is shown in Fig. 6.2. It mainly consists of a pair of Vivaldi anten-
nas connected with VNA and placed across the plasma tube. It measures the transmission
scattering parameters with and without plasma inside the tube which is utilized further to
calculate plasma density[80] based on the attenuation and phase shift of an electromagnetic

wave which are given as follow,

a(dB) = 10logio(e"*™/¢) = f(n, ve, w, d) (6.18)

Ad = ¢ = by = ((w/)p — 27/N)d = glne, veyw, d) (6.19)

To evaluate plasma density, 15 nos. of data samples measuring the transmission S-
parameters has been taken with the delay of 10ns time interval for each excitation. Based
on received data, plasma density has been calculated for all 15 samples using interferometer
techniques. A plasma density plot for all samples with different excitations varying in the
range of 100 — 240V is shown in Fig. 6.3. The average density for a single excitation can

be considered as final plasma density.

A significant change in plasma density with applied voltage can be observed from the
plot. The plasma density is also calculated as approximately zero for no excitation to the
tube. In our experiment, plasma density is measured as 0.4 x 107m=3, 1.3 x 10"m=3,
2.4 x 10"m=3, 3.7 x 10"m~3 and 5.3 x 10'"m=3 at 100V, 150V, 200V, 220V and 240V

respectively.

Plasma permittivity is mainly a function of plasma density (n.) and is also variable with
wave frequency (w) which is passing through PPC. Plasma permittivity is characterized in

the range of 0.1 — 10G H z using measured plasma density and its plot is shown in Fig. 6.4.
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Figure 6.2: Schematic of interferometry for plasma density evaluation
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Figure 6.3: Plot of plasma density of fluorescent tube for variable voltage supply.

Permittivity below the cut-off frequency, f. = ‘;—7’; is negative. The f. is variable with plasma
density which is given as 1.8 x 10°GHz, 3.2 x 10°GHz, 4.4 x 10°GHz, 5.4 x 10°GHz and
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6.7 x 10°GH z for the measured plasma densities.
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Figure 6.4: Real part of plasma permittivity for variable plasma density

In the negative region, waves in plasma do not propagate. However, waves with certain
frequencies can propagate in the PPCs due to the local resonance associated with the surface
plasmon wave called Fano-mode [62, 64, 67]. The bandgap is mainly observed in the positive
region where the waves in a certain frequency range are forbidden to propagate through the

PPCs due to the periodic scattering from the plasma surface|63, 71, 74].

6.2.3 Dispersion Relation of PPC

The bandgap of the PPC structure has been analysed using the dispersion relation given
by eq. 6.15. The dispersion relation is simply presenting a plot between the wavenum-
ber (kd/2m) and frequency. Fig. 6.5 and Fig. 6.6, show the dispersion characteristics of
developed PPC which have been characterised with variable plasma density and lattice con-
stant respectively. Photonic Bandgaps (PBG) obtained from the mathematical analysis for

different plasma densities and lattice constants are given in Table-6.1
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Figure 6.5: Dispersion relation of PPC with variable plasma density (e, = 1,d, = 13mm,d; =
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Figure 6.6: Dispersion relation characteristics of PPC for variable lattice constant(e, =
1,d, = (13 — 21mm),d; = 26mm)




6.3 Experimental Setup and Test Results 80

Sr. No. N PBG A PBG
1. 0.4 x 10""m=3 | 0.3GHz | 39mm | 0.4GHz
2. 1.3 x 10" m=3 | 0.8GHz | 41mm | 0.6GHz
3. 2.4 x 10"m= | 1.6GHz | 43mm | 0.8GHz
4. 3.7x10"m™3 | 24GHz | 45mm | 1.1GHz
5. 5.3 x 101"m=3 | 2.7GHz | 47mm | 1.4GHz

Table 6.1: PBG for plasma density and lattice constant

It can be observed from the measured value presented in Table 6.1 that the bandgap
is tunable with plasma density as well as lattice constant in a similar manner. At plasma
density 0.4 x 10'"m 3 for fixed lattice constant A = 39mm, the photonic bandgap of 0.3G H z
is obtained. As plasma density increases to 5.3 x 10!"m =3, PBGs are shifted towards higher
frequencies and photonic bandgap of 2.7G Hz has been obtained.

On other hand, in the case of lattice constant the photonic bandgap is shifted towards
lower frequency with the increase in spacing between tubes. For instant, at A = 39mm, the
photonic bandgap of 0.4GH z is observed in the frequency range 4.6GH z - 5.0G H z whereas
at A = 47mm , the bandgap is shifted to lower frequency where 1.4GHz of bandgap is
obtained in the 3.50GHz — 4.4GHz. It is difficult to change the lattice constant because we
have to change the physical structure whether plasma density is electrically reconfigurable.
Hence, we reconfigure the photonic bandgap with the applied potential (100 — 240V) at
fluorescent tube input. The theoretically analysis of PPC has been verified by implementing

the structure and measured its bandgap characteristics which are explained in next section.

6.3 Experimental Setup and Test Results

6.3.1 Experimental Setup

The schematic of the experimental setup of PPC is shown in Fig. 6.7. It consists a square
lattice of a 3 x 3 array of fluorescent tubes periodically placed with a lattice constant,
A = 39mm. Tube array utilizes the 600mm long T'D — 8 Philips’s tubes with inner diameter

and outer diameter of 26mm and 30mm respectively.

Two linearly polarised array (LPDA) antennas operating in the range of 2 — 18GHz
are placed across the PPC, which are terminated with VNA for the measurement of the
scattering parameters. To avoid external interference, the setup is completely shielded
using pyramid shaped absorbers. To get the variable plasma density, tubes are supplied
with a variable voltage AC power supply (10V — 240V). A photograph of the developed
experimental setup is shown in Fig. 6.8. The figure shows the fluorescent tubes without

plasma and with plasma PPC structure. The PPC structure is implemented on test bench.




6.3 Experimental Setup and Test Results 81

Absorber

Tra nﬂ:rni__ O O f}asma
0 0,0
OO

Receiving

Fluorescent Anfenng

tube

3x3 square array of tubés

VNA
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Figure 6.8: Photograph of the developed experimental setup of plasma photonic crystal
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6.3.2 Test Results

Transmission scattering parameters, So; of PPC have been measured using VNA for different
plasma densities across the variable voltage. The S5 for different plasma frequencies are
shown in Fig. 6.9a-6.9f. The Fig. 6.9a presents Sy; in case of no plasma means no voltage
is provided to the tubes whereas Fig. 6.9b - 6.9f shows the S5; at plasma densities, 0.4 x
101"m=3, 1.3 x 10"m=3, 2.4 x 10Y"m =3, 3.7 x 10"m =3 and 5.3 x 10'"m~3 for the voltage
range (100V — 240V) respectively. The bandgap along with the plasma density is given in
Table 6.2.

Sr. No. | Input Voltage (V) | Plasma density (n.) | Bandgap
1. 100 0.4 x 1017m=3 0.4GHz
2. 150 1.3 x 10"m=3 1.1GHz
3. 200 2.4 x 10 m=3 1.8GHz
4. 220 3.7 x 10Y"m=3 2.5GHz
d. 240 5.3 x 1017m=3 3.1GHz

Table 6.2: PBG for different plasma densities

The transmission (Sy;) below —10dB can be considered as a band gap. Test results verify
our estimated outcomes as per the Table-6.1. The plot shown in Fig. 6.9a the measured
So1 parameter when no plasma is formed which is considered as a reference for the analysis.
As shown in Fig. 6.9b, when the voltage source is set at 100V and tube lights glow with
the density n. = 0.4 x 10”m 3, then a bandgap is formed in the range of 3.6GHz — 4G Hz.
As the voltage increases to 200V density of tubes becomes double, n, = 2.4 x 10'"m =3,
the bandgap of 1.8G H z has appeared in the range of 3.5GHz — 5.3GHz. In case voltages
are increased to 240V, and corresponding density changed up to n. = 5.3 x 10"m~3, then
the bandgap becomes widened and shifted towards a higher side in the frequency range
3.0GHz — 6.5GH z which can be seen in Fig. 6.9f. The experimental measurement provides
stopbands/bandgaps which are found in good agreement with the estimated outcomes as
shown in Fig. 6.5. The tunability in photonic bandgaps for variable plasma density enables

the structure as a reconfigurable 2D photonic crystal device.

summary

The design and development of 2D Plasma Photonic Crystal (PPC) are presented in this
chapter. It is fabricated using a low-pressure fluorescent tube (7T'D — 8). Plasma density
inside the tube is found to be variable (0.4 x 1017m =3 — 5.3 x 10'"m~2) with applied poten-
tial (100 — 240V) at tube input. It is measured using the interferometer technique. Based

on the received plasma parameter, an experimental setup for PPC is designed. Photonic
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Bandgaps (PBG) of the designed PPC has been investigated using mathematically mod-
elling where reconfigurability of PBG with plasma density and lattice constant is estimated.
The developed PPC is tested using VNA where results are found per the estimate. Our
investigation characterised plasma-based structures for a photonic bandgap which can be

useful for fabrication of reconfigurable 2D /3D microwave reflector, absorbers, filters etc.




Chapter 7

Conclusion and Future Scope

7.1 Conclusion

This thesis presents the design and development of plasma based antenna and photonic
crystal device. Plasma is a kind of medium where its properties can be tuned by changing
the operating input parameters. The usage of plasma in antenna and photonic crystal device
enable the option to electronically reconfigurable the physical properties of the device. The
developed 30cm long plasma antenna has been developed at given pressure P. = 0.03mbar
and applied RF power Py = 50W atts with plasma density profile n, = 2.7 x 10%m =3 inside
the column. The plasma column antenna is investigated for its radiation characteristics at
three resonant frequencies i.e. 112MHz, 347TM Hz and 409M Hz. In lead to this, plasma
based collinear antenna array has been developed using classical state of plasma called
plasma blobs or striations. Two model of plasma antenna array is developed based on 4
and 5 blobs with plasma density profile, n, = 2.47 x 10'®m? and 5.85 x 10'%m? respectively.
The radiation characteristics of the plasma antenna array having 4 and 5 plasma blobs have
been investigated at resonant frequenciesi.e. 56 M Hz, 7T3M H 2,178 M Hz and 390M H z. The
findings reveals that the radiation patterns show significant change for plasma properties.
Moreover, study also explores that the classical state of plasma behaving as an antenna array
which improves the radiation characteristics in terms of directivity, intensity and beamwidth
of radiation in comparison with continues plasma column antenna. Additionally, radiation
measurement system has been developed which is novel approach to measured the radiation

pattern in elevation and azimuthal plane.

Further, a novel model of plasma photonic crystal using single column called SC-PPC has
been developed which is presented in thesis for the very first time. The developed SC-PPC
is formed by having 6 stationary Standing Plasma Density Patterns (SPDP) in a column
called plasma blobs and investigated its photonic bandgaps for variable plasma density(n.) =
1 x 10%m=3, 5 x 10%m =3 and 9 x 10'*m =3 shape and size of blobs. The reconfiguribility
in photonic bandgaps have been observed which verify the SC-PPC structure as bandgap
device. The additional features of SC-PPC over conventional PPC are its small in size,
tunable lattice constant, and simple structure. Further, a two dimensional reconfigurable
photonic bandgap (PBG) structure using 3 x 3 array of fluorescent tubes has been developed.
The 2D PPC structure is tested for bandgap analysis by varying plasma densities ranging
from 0.4 x 10'7m?35.3 x 10"m? and lattice constant A = 39mm — 47mm. The study explore
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that the photonic bandgap are the function of plasma properties which can been reconfigured

as per desired.

The main objective of presented work in this thesis is to conceptualize a reliable plasma-
based structure for the development of RF /microwave devices like antenna, photonic crystal
which can have important applications in the field of ranging from communication, defence,

homeland security etc.

7.2 Future Scope

e The study presented in this thesis is related to the design and development of plasma
based antenna and photonic device. Plasma based technology is research interest
due to its interesting and innovative properties. Applicability of plasma make the
reconfigurable device by varying its plasma properties.

e In developing reconfigurable RF /microwave devices like filters, absorbers, amplifiers,
switches etc., the developed experimental setup of plasma column can be used to
explore more plasma properties and analyse its impact on the physical properties of
the device.

e The Standing Plasma Density Pattern (SPDP) is a unique form of plasma. In this
thesis, it has been utilised for the plasma antenna array and photonic crystal appli-
cations. Measuring the density of SPDP is a bit of a challenging task. To investigate
the density profile, the advanced level of the interferometer system is required to be
developed.

e For wave transmission in SC-PPC, a waveguide with different mode transitions is
required to develop which is a challenging task. The setup of a plasma column having
SPDP can be considered to develop the reconfigurable waveguide cavity for the SC-
PPC.

e The developed setup of plasma blobs in a single column is a unique behaviour of
plasma which can also be utilised to explore the blob properties for a wide range of
applications in the field of optical communication.

e The developed setup of radiation measurement is a novel system which can also be used
to measure elevation and azimuthal profile of other antenna radiation characteristics.

e The developed system can be considered for plasma-based devices in the field of ranging
from communication to defence.
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