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ABSTRACT

In Tokamaks, RF power of few MW is feed to the ICRH antenna for heating the plasma for the
fusion reaction. The plasma offers continuously variable load impedance, which changes
dynamically with time. These variations are mainly due to the collective effect of the spatial
change of plasma density and Edge Localized Modes (ELMs) inside the tokamak. These
variations might be in the order of few milliseconds. Such fast variations are very difficult to
match, and to a certain extent, developed matching networks fail to cope-up with the faster
variation of the plasma load impedance. Therefore, the development of a matching network is
inevitable to match the fast variation of plasma.

The real ICRH systems of the tokamaks are spatially distributed in very long distances
and unreliable for implementation of the research problem. Therefore, the idea is to develop a
mock-up of the ICRH system on the test bench. To reduce the size of the mock-up, and make
it accommodate at the test bench, the mock-up is designed for lower power handling capability
and scaled at five times the ICRH frequency. Now, the mock-up can be a useful set-up on a
single test bench where research problems related to the ICRH system of Tokamak can be
tested before final implementation.
The proposed work has been completed in several stages which are briefed as follow:

» The components of the mock-up ICRH system, such as 3dB hybrid coupler, directional
couplers, rigid coaxial tapped transmission line, coaxial stub tuners, line stretcher, RF
antenna, variable water load has been developed. Since these component designs are
novel in many respects, it is a part of our research objective.

» The developed components of the mock-up have been integrated as in the similar layout
of the ICRH system and tested using VNA for the desired performance.

» A computational program has been developed with a defined control sequence to
control the detectors and matching components. The developed system has been
optimized for the best possible speed using the developed program.

» The developed system is capable of automatically match any arbitrary load and tested

for load resilient behavior as per our thesis objective.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1. Overview

The consumption of energy has drastically increased over the decades, as the population increased.
Therefore, the focus on alternative sources of energy is inevitable. The energy consumption in
India is the third biggest after China and the USA. In India, about 92% of the total energy
consumption is fulfilled through crude oil (29.55%), coal (55.88%), and gas (6.17%) and around
8% contributed through nuclear energy, hydroelectricity, and renewable power as per data
available of 2018 [1]. About 75% of India’s electricity generation is from fossil fuels. The total
energy consumption is expecting to exceed 53% by 2030, so it will largely depend upon the export
of fossil fuel to meet its energy demands. Also, fossil fuel poses a serious threat to the environment
as it liberates around 10.65 billion atmospheric carbon dioxide (CO3) per year, which contributes
to global warming. There is a need to explore environmentally sustainable energy options to meet
the current requirement. We have to consider various options to fulfill the demand. Fusion energy
seems to have the potential to offer a secure and sustainable energy option because of numerous
advantages [2]. Fusion energy is liberated from the fusion reaction, where two hydrogen isotopes
that fuse to form the heavier helium element, a neutron, and also releases a large amount of energy
[3]. The same mechanism is considered to be responsible at the core of our sun. Every second, the
sun turns 600 million tons of hydrogen into helium, releasing an enormous amount of energy. The
reaction between two hydrogen (H) isotopes, deuterium (D) and tritium (T) are identified as the
most efficient reaction in fusion science. The DT fusion reaction produces the highest energy gain
at the "lowest" temperatures. Scientists from various organizations around the world join hands to
develop a powerful reactor known as the International Thermonuclear Experimental Reactor
(ITER) in Cadarache, south of France, to demonstrate the feasibility of fusion energy [3-4]. In
2005, India became the solemn member of the ITER project and is responsible for delivering the

lon Cyclotron Resonance Heating (ICRH) system along with other systems.

This chapter explores the comprehensive literature review, starting with the concept of
fusion energy, generation in the laboratory along with the practical problems involved. Further,

the literature survey is focused on the latest research carried out in this direction of the development
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for an efficient ICRH system. Several types of research studies have been carried out in respect to
ICRH heating system, but still there exist many gaps which have been identified during the
literature survey which has been presented in next chapter. The literature survey includes the
previous study involved in the design and development of the ICRH system with a detailed study

on matching techniques for matching the load impedance with source impedance.

1.2. Fusion Energy

Fusion energy is liberated from the fusion reaction, where two hydrogen isotopes that fuse together
to form the heavier helium element, a neutron, and also releases a large amount of energy [1-2].
This same mechanism is considered to be responsible for energy sources like sun, stars and other
illuminating celestial objects. The core of the sun composed of a tremendous amount of heat and
gravity, which is responsible for fusion. In the laboratory, fusion has been achieved in Tokamak
devices that used magnetic fields to contain and control the plasma for the production of energy.
The plasma is produced with deuterium gas, and tritium is added in the form of pellets in the
plasma to have fusion reaction. For a fusion reaction to occur in sun or stars, about 10 million
degrees temperature is adequate due to high gravitational forces whereas, on earth, it requires
above 100 million degrees Celsius temperature, i.e. about 10eV in a fusion reactor. This is one of
the requirements to achieve fusion. Second is the requirement of sufficient plasma particle density
such that most of the collisions between the nuclei do occur. Third is the requirement of sufficient
plasma confinement time which is a sort of practical problem. Plasma confinement is needed to

kept plasma at a safe distance from the reactor in order to prevent melting [3].

1.3. Plasma Confinement

Plasma as like gas, will occupy the whole volume when it’s not confined. The inertial confinement
uses the high energy focused laser beams to confine the dense plasma for a short period of time.
The magnetic confinement device uses magnetic fields to confine the plasma. The first device used
for magnetic confinement is a linear device which uses open field lines [4]. The losses in the linear
device led to the formation of a torus structure that uses toroidal as well as poloidal fields called
as Tokamak [3-5]. The Tokamak concept is given by the soviet physicist, and till now, it is the

most successful configuration in terms of output fusion power.
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1.4. Tokamak

1.4.1. History

Tokamak is an experimental reactor or machine in the shape of torus designed to harness the energy
of fusion [2]. Tokamak is a magnetic confinement device, which is used to control and confine the
high-temperature plasma to have a controlled fusion reaction for future energy generation [4]. The
fusion reaction between the atoms releases enormous amount of energy which is absorbed as heat
by the sidewalls of the device. This heat will generate the steam in the fusion power plant, and
then by the use of turbines or generators, this will be converted to electricity.

A brief of the world-known experimental reactors [5-49] are given in Table 1.

Table 1.1: Various Tokamak and its description:

Tokamak Power Frequency Range
Aditya [5] 200kW (22-47) MHz
SST-1 [6-14] 1.5MW (22-91.2) MHz
Alcator C-Mod [15-22] 4AMW (40-80)MHz
ASDEX upgrade [23-27] 6MW 30-120MHz

JET [28-34] 36MW (25-55) MHz
WEST (formerly Tore Supra) [35-37] 17TMW (40-80) MHz
ITER [38-49] 20MW/Antenna (40-55) MHz

Tokamak is till now the foremost leading candidate for the practical fusion reactor. But the
history of nuclear fusion on earth started around 1934, when a scientist like Mark Oliphant, Paul
Hartack and Ernest Rutherford [4] tried to fuse deuterium nuclei with metal foil using a particle
accelerator. But the experiment results in the scattering of particles due to the low cross-sectional
area of reaction.

The scattering will create a loss in energy and do not undergo fusion. In 1944, to maintain
the fusion, Enrico Fermi calculated the temperature around 50,000,000 K; that will self-sustain the
reaction. In 1945, UK scientist George Paget gave various unsuccessful attempts to build a
practical fusion machine using a pinch effect, which is a promising technique but gave up due to
the funding problems. The Russian physicist Sakharov and Tamm initially suggested not to use
external magnets as the current in the plasma is strong enough to confine [4]. Golovin and Natan
Yavlinsky were the only scientists that favor the static toroidal arrangement. The linear pinch
concept found many instabilities. One is the sausage, and the other one is kink. [4] One additional
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concept of ‘stabilized pinch’ is introduced in which extra magnets outside the chamber are used,
which created a field before the plasma discharge. Sakharov again gave a new idea to stabilize the
plasma by reducing the current and use of strong external magnets to confine the plasma. To
suppress the instabilities, the safety factor (q) concept is developed, which state that g must always
be greater than 1. In 1958, the first Tokamak T-1 began operational. In T-1 demonstrated high
energy losses due to the impurities in plasma. To find the solution, a small device T-2 was
constructed. The results make way for the Tokamak construction around the world like TM-2 in
1965, T-3, T-4 in 1968, “The Culham Five” late in 1968. During the mid-1970s, many countries
started working on Tokamak, and in the late 1970s many results suggest the practical conditions
to achieve the fusion but not in a single reactor. Princeton Plasma Physics Laboratory (PPPL)
proposed the magnetic compression, whereas neutral beam injection is proposed by Oak ridge
laboratory. The results on beamforming heating shown by Princeton Large Torus (PLT) form the
basis of a future fusion reactor. The T-7 Tokamak in 1979 successfully used superconducting
magnets. After that, various Tokamaks like T-15, Alcator C-mod [15-22], JT-60 [25], JET [28-
34], TFTR [35],TEXTOR [37] etc. started to work on the instabilities, and these were run on the
fuel of deuterium and tritium. These machines also demonstrated new problems that limit their
performances and to mitigate the challenges, a more expensive and bigger unit is required which
is beyond the ability of a single country. So, an agreement is signed between European Union,
USA, Japan, and Soviet Union in1986 to build a larger and more powerful machine with a q factor
of nearly 10, and the organization is known as International Thermonuclear Experimental Reactor
(ITER) organization [4]. In 2005, India became the solemn member of the ITER project. Till now,
only JET has the highest fusion output of 16MW from the 24MW input power.

1.4.2. Plasma Heating

As the fusion is directly related to the temperature of plasma inside the vessel. In the mid-1970s,
when the stellarator results were not encouraging, the PPPL and Oak Ridge laboratory [80] started
working on heating the plasma by external sources, and the initial results confirmed success in
heating the plasma. For a fusion reaction to take place inside the Tokamak, plasma temperature
should be maintained to about 100 million degrees Celsius [2-3]. To achieve such a high
temperature is the main key challenge for scientists. Plasma, as an ionized gas makes it electrically
conductive and strongly responsive to electromagnetic fields. So, the plasma is initially heated by

inducing a current obtained using a transformer coil around the perimeter of the vessel. It is also
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called ohmic or resistive heating, as the same occurs in electric heater or electric bulb. The heat
generated within the Tokamak depends upon the amount of electric current running and resistance
of plasma. The ohmic heating becomes ineffective with the increase in plasma temperature, and
thus, the resistance decreases. There are many limitations, as discussed by R. Koch and D. Van
Eester [4]. This type of heating can attain about 20-30 million degrees Celsius. To obtain the
optimum temperature where fusion can occur, various methods have been developed for heating
the plasma-like ICRH (lon cyclotron resonance heating), ECRH (Electron cyclotron resonance
heating), Neutral beam injection, Magnetic compression, etc. [5-30].

1.4.2.1. Magnetic Compression

Magnetic compression is a technique in which the plasma is compressed by increasing the
confinement of the magnetic field. This compression brings the ions closer together and makes the
required plasma density for the fusion reaction. This type of heating was used in the early research
of fusion and was used in ATC. Since then the magnetic compression is not used but the concept
is a part of general fusion design.

1.4.2.2.  Neutral Beam Injection (NBI)

NBI is the technique in which a beam of high energy neutral particles is injected into the plasma.
The particles transfer the energy to plasma via Coulomb collisions. Oak Ridge Laboratory first
proposed the NBI in mid-1970s [4, 15]. The neutral beam injection facility of ITER in Padova is
the first to start operation. This technique is basically used to heat the plasma but also used as a
diagnostic tool and in feedback control by making a pulsed beam.

1.4.2.3.  Electron Cyclotron Resonance Heating (ECRH)

In ECRH, the microwave energy is absorbed at electron resonance frequency to heat the plasma
to fusion temperature. It happens when the frequency of incident waves collides with the frequency
of electrons in the magnetic field [15, 27]. The ECRH system frequency may vary from 28 to
170GHz depending on the magnetic field inside Tokamak, and these frequencies are produced by
special free-electron lasers and gyrotron tubes.

1.4.2.4.  lon Cyclotron Resonance Heating (ICRH)

During the last few decades, continuous study on the interaction of electromagnetic waves with
the plasma has been studied. Various fusion devices such as stellarator [15], mirror machines [4],
and Tokamak [4-50] uses plasma heating by EM waves. Radio Frequency (RF) heating is the
technique in which energy of high-frequency electromagnetic waves is transferred to the plasma.
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The waves are generated using RF oscillators/generators outside the vessel. The resonant
interaction of EM waves with plasma increases the kinetic energy of ions, this energy is transferred

to other plasma particles by collisions, and hence the heating takes place.

1.5. Detailed description on ICRH system

India is a part of the ITER Tokamak project and is responsible for the delivery of ECRH, ICRH
heating systems, power supplies, etc. Inside Tokamak, plasma is heated up to several tens of
million degrees centigrade to achieve the required rate of the fusion reaction. The heating of
Tokamak plasma using the ICRH system is one of the promising methods due to effective heating
in low densities, low magnetic field. Also, the technology involved in high power RF generation
and transmission is relatively cheaper. The ICRH system consists of RF generator, transmission
lines, a detection unit, matching network, and RF antennae [6].

RF power of few MW is feed to ICRH antenna to transfer power from source to antenna, and then
these RF antennae radiate the RF waves inside Tokamak at ICRF frequency of plasma for heating
the plasma for the fusion reaction. Plasma condition varies dynamically in front of RF antennae,
which results in variation of antenna impedance [6-14], [38-41]. The antenna impedance not only
depends on antenna structure; it also depends on the boundary condition of plasma such as plasma
density, density gradient in front of the antenna. The variations in impedances have a time scale of
few milliseconds, which are very difficult to control and match. These impedance variations can
limit the power delivered to the plasma in a Tokamak to achieve the fusion temperature. It can also
damage the generator with the reflected power. Various studies have been presented in detail with
respect to the ICRH system. The detailed description of various studies carried out on the ICRH
system of Tokamak around the world, its structure, working frequency range, various matching
networks, detection units, and then problem identification related to the ICRH system has been
explained below in detail.

1.5.1. Structure of ICRH system

The ICRH system used in each Tokamak [5-53] basically consists of high power RF generators,
long transmission lines, a detection unit, a matching unit, a feedback unit, and an RF antenna. The
high power generators used in some of the Tokamaks such as ASDEX upgrade [23-27] use four
generators, each with power capability of 2 MW, C-mod Tokamak [15-22], D-111-D [25], NSTX
[25], Tore Supra [35-36], TEXTOR [37] consist of 2MW power with multiple generators whereas
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JET [28-34] uses 16 generators for its ICRH system each having power capability of 2 MW, in
similar way JT-60U [25] consists of 8 generators with 1.5 MW power generation from each unit.
The ICRH system on Aditya [5] uses a 200 kW generator, whereas SST-1 [6] uses a 1.5MW
generator for the operation. ITER [47] proposed 20MW of power coupled to ICRH antenna. The
RF power of a few MW is transferred to the RF antenna through high power transmission lines. In
Aditya Tokamak [5], 97 coaxial transmission line (TL) is used, which is about 53m long whereas
in SST-1 [6, 9] it is100m long. The TL carries the high power to the RF antennae which radiates
the RF waves inside the Tokamak at ICRF frequency of plasma for heating the plasma. The
operating frequency of the various system of Tokamaks are described as below,

1.5.2. Operating Frequency

Many experiments on different Tokamaks like JET, Tore Supra, ASDEX Upgrade, KSTAR,
TEXTOR, SST-1, Aditya, ITER, etc. around the world have been carried out to enhance/explore
the capability of the tokamak. ICRH system used in some of the well-known Tokamaks such as
ASDEX Upgrade worked in the frequency range of 30-120 MHz, D-I11-D from 60-120 MHz,
Aditya [5] from 22-47 MHz, SST-1[9] Tokamak at 22-91.2 MHz, C-mod Tokamak [16] in the
range of 40-80 MHz, TEXTOR [36] from 25-38 MHz, JET [26-28] at 25-55 MHz, Tore Supra
[35] from 35-80MHz whereas ITER [47] plan to operate at 40-55 MHz range of frequency.

1.5.3. Detection, matching and feedback system with its components

Plasma property varies dynamically in front of RF antennae, which results in variation of antenna
impedance. The antenna impedance variations have a time scale of few milliseconds, which are
very difficult to control and match. Also, it can damage the generator with the reflected power. So,
to protect the system and to deliver full input power to the plasma, a matching system along with
a detection unit, which is used to calculate the amount of reflection on the generator is integrated
into each ICRH system of the Tokamak. Here detailed analysis about the detection, matching and
feedback system used in various system of Tokamak has been discussed,

Bora et al., [6] reported the commissioning and testing of the SST-1 ICRF system, which is one of
the major heating schemes used in SST-1 where the system consists of two branches, and 3dB
hybrid coupler is used to split the power to drive both the antenna. The study and installation of
3dB coupler in different Tokamaks proved to be very successful as it diverts the reflected power
to the isolated port terminated by dummy load and protects the RF generator from backscattered

waves. An ultra-wideband two-section 3dB coupler study was reported by H. J. Kim et al., [51]
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which is developed for high power handling capability in fusion Tokamak. Yadav et al., [54-56]
has also successfully designed the 3dB coupler using strip-line technology in the frequency range
of 38 to 112MHz. He also explains about the junction discontinuity effect in high power scenario
and explains the bandwidth enhancement by using multi-section coupled lines. Noterdaeme et al.,
[25] reported the use of 3dB coupler and conjugate-T provides a better handling capability to
suppress the reflections. Messiaen et al., [38, 40, 42, 46] and Grine et al., [47] successfully tested
four hybrid couplers for mock-up of the ITER Tokamak system and found response very similar
as expected.

The detection unit consists of directional coupler, tapped transmission line, i.e. RF probes section.
The directional couplers are used to detect the forward and reflected power to calculate the
mismatching in the system. Different Tokamaks such as in Aditya [5], SST-1 [6-14] Parihar et al.,
[8] uses 24 probe signals in the transmission line to calculate the VSWR, which is processed using
a controller to control the matching system to achieve the desired output. The directional couplers
[59-70] are also placed in the transmission line to calculate forward and reflected power, which is
used in error signal calculation. Grine et al., [47] also calculated the voltage for forward and
reflected signals to find the error signal for matching of variable load.

The matching networks are used to transform the load impedance with that of source impedance,
to transfer the total input power to the plasma for the ignition of fusion reaction. The matching
units that are used on different Tokamaks consist of a combination of fixed and variable stub
tuners, phase shifters/line stretchers, de-couplers, and service stubs. Tokamaks around the world
have been operated on different combination of matching systems. Some of the well-known
Tokamaks such as ASDEX upgrade [25] uses a combination of double stub and hybrid coupler,
C-mod uses combination of Trombone (basically a phase shifter/line stretcher) and stub, D-I11-D
uses only hybrid couplers whereas JET, JT-60U and NSTX [25] uses Trombone and stubs,
TEXTOR utilizes Stubs, trombones and capacitors whereas tore supra uses resonant double loop
(capacitors) for the matching unit. Aditya Tokamak [5] uses an offline matching system that
consists of directional coupler, probe section, fixed and variable phase shifter, variable stubs for
matching purposes. As the matching system operates in offline mode, so the response time of the
matching system is very slow. Bora et al., [6] reported the use of two matching systems in SST-1,
one is slow matching system that consists of stub and phase shifter whereas the other is the fast

matching system which is an online system that uses variable capacitor and stubs. Presented work
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reported to match the system within few seconds as the movement of stub is very slow. SST-1
system uses the VERSA-Module Euro card (VME) based data acquisition system for real-time
control. SST-1 system reported around 30-40% reflections during the operations, which is very
high, and plasma impedances changes within a few milliseconds (ms). Joshi et al., [9] reported to
match the load impedance with source impedance within 120 ms, where poloidal antennae are
used. The offline system uses stub and phase shifter, while the online system uses a capacitor and
two stubs. The offline matching is achieved within a few seconds whereas online matching
achieved in ~120ms. Parihar et al., [8] tested the system at 45.6MHz for variable conditions made
using variable capacitor and resistor as same as the condition of plasma inside the Tokamak. Joshi
et al., [9] integrated and tested the PLC-based control and acquisition system in SST-1, where
SCADA based interface is used for matching. The offline system has been tested and integrated,
which consists of static stubs, two variable stubs with two voltage variable capacitor and one
variable shifter have been employed for the offline system. Noterdaeme et al., [25] reported that
the reflections might be as fast as 50us. The variation of impedance values in JET and ASDEX are
ranging from 1 to 10 ohm in the real part. Noterdaeme suggested matching methods to control the
impedance variations such as, to make the antenna variations small by reconfiguring boundary
conditions or use of traveling wave antenna, use of capacitors, inductors to transform the
impedance, use of hybrid coupler and T-conjugate by suppressing the reflected power. In JET [25]
the matching component such as stub moves at a speed of 5cm/sec, trombone at 16.5cm/sec, which
matches the variations of impedance in few seconds whereas in JT-60 U trombone at 0.5 cm/sec
and stub at 2cm/sec.

Various experiments have been performed to test the condition for the proposed ITER Tokamak.
Messiaen et al., [42] reported a mock-up for ITER Tokamak to test the load resilience behavior
based on antenna array with varying water load conditions as same as plasma variations. Here,
Messiaen developed an array of 24 radiating straps [40, 42] where the mutual coupling effects
have been analyzed, and the effects of the variation of mutual coupling between the straps have
been controlled by anti-node voltage distribution and use of the de-coupler circuit. The system
uses four hybrid couplers, CT junctions and de-coupler, and the feedback-controlled stub. The load
resilience performance and the antenna spectrum obtained by modeling is very similar to TOPICA
simulation and is true for the ITER system. The Prototype has been scaled to five times the ITER

ICRH which means, the system has increased the frequency and decreases the size to five times
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than the real system, to test and control the effects of mutual coupling, loading variations. Messiaen
utilize the saltwater load for similar variation like plasma. Grine et al., [47] stated the results
obtained on the prototype developed for the ITER ICRH system. They have utilized different
matching techniques for the impedance matching in real-time. The system is scaled to low power,
and 3dB matching technique is used with 24 strap antenna forming the eight four-port junctions.
The matching components like de-coupler, stub tuners, phase shifters are used to provide the
necessary reactance or phase for matching. The system operated on 210 MHz, and the response is
very similar as expected in the real system. Grine reported a real/Img algorithm based on error
function that can match the impedance variations in real-time. Messiaen [38] reported the testing
of simulated salt water load in front of the developed array of antenna straps. The saltwater can act
like the plasma load conditions due to the high dielectric constant of water, which is similar in
variations, and the impedance matrix also remain the same when the proposed system is scaled in
terms of frequency and power. The analysis reported by Messiaen shows that loading variation in
front of the antenna can be changed by varying the distance between the antenna straps and the
water tank. Salt is added to decrease the effect of reflection from the walls of the tank. Messiaen
[40] utilized the electrostatic screen in front of the antenna that has been realized to decrease the
effect of plasma loading. Kumazawa et al., [73] uses liquid stub tuner for Alcator C-Mod Tokamak
but the response time of the stubs remain in seconds which is quite slow whereas, Lin et al., [19]
implemented fast ferrite tuner using triple tuner scheme for matching the variations in real-time
but the RF losses due to biasing is the major issue with the ferrite tuner. This technique has been
previously deployed in several Tokamaks such as D-111-D [25], ASDEX-upgrade [23-25], etc.
Durmortier [43] shows the optimization of the ICRF antenna in terms of current distribution, RF
losses, etc. using CST microwave studio. The optimization is performed using a single triplet strap
and is designed on scaled frequency. The service stub is also attached with the antenna which
increases the coupled power and provides the broadband frequency response. Vervier [37] reported
about the de-coupler circuit that is used to modulate the power transfer as well as to reduce the
mutual coupling between different straps of the antenna. Durmortier [45] described the ITER
ICRH antenna design and matching circuit, which consists of straps, pre matching elements,
pressurized transmission lines, faraday screen, and also the use of single stub, double stub, de-
coupler, ELM resilient schemes such as Conjugate-T and hybrid coupler has been explained

briefly. The topic is still under research where scientists, researchers from various organizations
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are working on it to mitigate the effect of impedance variations for maximum transfer of input RF
power to the plasma. The literature review presents the study related to the design and development
of the ICRH system in different Tokamaks for matching of variable load using various matching
techniques.

In general, ICRH systems are RF network which has been rated for MW power handing
capability in HF and VHF range. The real ICRH systems of the Tokamaks are spatially distributed
in very long distances and very inflexible to changes due to its rigid configuration. Thus, any
change in the system consumes much time and requires large number of manpower and planning.
It is very difficult to utilize such a diversified system to study the research problems, where
changes inside the system are required in a very frequent manner.

Therefore, the idea is to develop a low power prototype of the ICRH system at five times
scaled frequency on test bench where new concept or technique can be easily implemented,
studied, and tested for the ICRH system of Tokamak. This can be very useful to solve the research
problems related to the ICRH system without facing the practical complexity of the high power
ICRH system of Tokamak. So, the author is motivated to intensify his research on the development
of a fast ICRH network and optimize it using simple and efficient algorithms, to enhance the
capability of the ICRH system to deliver the maximum power to the load at any mismatch

conditions. The general description of the proposed mock-up is discussed as follows:

1.6. Proposed mock-up ICRH system

The mock-up ICRH system consists of important RF components such as 3dB hybrid coupler,
directional couplers, power detectors, coaxial stub tuners, line stretchers, service stubs, RF
antennae, variable water load, and feedback-controlled drives, which are designed for low power
and scaled at five times of ICRH frequency to reduce the size. Without introducing any significant
effect on the system performance size of mock-up can be reduced by scaling the design at a higher
frequency so that it can be implemented at a single test bench. The layout of the proposed mock-
up ICRH system is shown in Fig.1. Each component shown in the layout has been discussed

herewith in detail.
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Figure 1.1: Layout of the proposed experimental set-up.
1.6.1. RF source

The RF source provides input to the mock-up system for active test and measurement. An RF
signal generator is used for the waveform generation, which is being amplified with Low power
amplifier (LPA). The combination of a signal generator and LPA offers an output of 100 watt RF
power in the frequency range, 50 to 500MHz. The RF power is supposed to be sufficient for the
operation of the mock-up.

1.6.2. The 3dB Hybrid Coupler [50]

A 3 dB hybrid coupler is used to divide the RF power between two antennae of the prototype and
also provide the essential protection to the RF generator by coupling the reflected power at
matched terminated isolated port [51-56]. The hybrid coupler provides the load-resilience to fast
load excursions. Indeed, the use of hybrid splitters ensures that no reflections occur at the generator
when the reflections on the output are equal both in magnitude and in phase, in which case the

reflected power is diverted to the dummy load.

1.6.3. Tunable and Fixed Type Directional Coupler [57-58]
These are used to detect the forward and reflected power taken out for error signal calculations of
the Matching network [59-70].

1.6.4. Components of Matching Network

Stub Tuners: These are the motor-driven variable-length shorted stubs, which provides the online
matching to the variable load and minimize the reflected power [71-78].

Line Stretchers: The motor-driven line stretchers with shorted terminations on one of the two

ports. This provides the required phase matching to the variable load [79-82].
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Service Stubs: This is utilized for broad banding and optimization of the frequency response of
antenna [61-78].

De-coupler: This is utilized to reduce the mutual coupling between the RF antennae.

1.6.5. RF Antenna [83]
RF power is fed through the antenna to the variable load. These are designed to deliver the
maximum power to the load in a perfectly matched condition [84-93].

1.6.6. Variable Load
To emulate the plasma load variation, a moveable water tank based variable load can be utilized
[38, 40-41].

1.6.7. Controller and Interfacing Unit

The real-time matching shows the auxiliary hardware systems, including (i) the controller unit,
motor drivers, analog to digital converter (ii) Human Interface Unit (HMI) (iii) the AC servo
motors and power supplies (iv) A desktop computer/laptop used to run the acquisition and control
part as well as Human Machine Interface (HMI) software, respectively [6-13].

The layout of the mock-up ICRH system is arranged in a similar way to that of SST-1
Tokamak [6]. The mock-up consists of two branches where each branch comprises of the
directional coupler, power detectors, double stub arrangement, line stretcher, service stub, antenna,
and variable water load. The stub tuners, line stretchers, service stubs are attached with electrically
controlled fast drives that provide needful mechanical movement for required matching. The
controller automatically senses the forward and reflected voltages through a power detector
connected to the directional coupler and responds as per developed algorithms. The matching
algorithm incorporates various matching steps which have been interpreted for the controller
program to control devices used in the matching network. The speed of the matching network
depends on the response of the inbuilt diagnostic and applied matching algorithms. Various
matching techniques have been developed and applied for the fast load resilient matching of ICRF

heating of the Tokamak.
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1.7.  Summary

This chapter provides introduction and a background review of different ICRH system of
Tokamak, study of various detection and matching components involved, and its development.
Different matching techniques have been studied to deliver optimum power to plasma for the
unknown load. This topic still requires a continuous effort to make the system more reliable,
accurate, and fast. Therefore, based on the literature survey, the research gaps have been identified

and are presented in the next section.

1.8. Organization of the Thesis

The thesis deals with the design and development of a mock-up ICRH matching network where
each component of the system is indigenously designed for lower power and scaled at five times
of ICRH frequency to reduce the size. Then the fabrication and testing of every component have
been completed. After that, the integration of the developed components into a matching system
using coaxial transmission lines has been done. At last, the optimization with a continuous variable
load has been carried out using simple and efficient algorithms.

Chapter 1 deals with the introduction and literature survey of fusion Tokamak, various heating
phenomena, and brief about the ICRH heating, its limitations, challenges, and the structure of the
thesis is also discussed in this chapter.

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

Chapter 3 deals with the design and development of various components of mock-up ICRH system
which are developed for low power and scaled at five times of ICRH frequency to reduce the size.
Simulation, fabrication, and test results have been presented in this chapter.

Chapter 4 presents the development of a high power double stub automated matching network
along with a computational program based on a double stub RF matching hypothesis to achieve
the optimum matching speed.

Chapter 5 deals with the integration of the whole mock-up ICRH system of Tokamak using
developed components and implementation of different matching techniques on a developed
system to provide the optimum power to the load in mismatch condition has been presented in this

chapter.
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Chapter 6 provides the conclusion of the thesis and also discusses the future work that could be

taken up to extend the results of this effort.
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CHAPTER 2
RESEARCH GAPS, OBJECTIVES AND METHODOLOGY

2.1. Research Gaps and Objectives
2.1.1. Research Gaps

The ICRH is used in Tokamak to heat the plasma at the required temperature for the fusion
reaction. In Tokamak, plasma offers continuously variable load impedance, which changes
dynamically with time. These variations are collective results of the variable spatial plasma
density, Edge Localize Modes (ELMSs), etc. inside the Tokamak. The plasma load varies in order
of few milliseconds, and it is very difficult to match. Therefore, researchers are working on the
development of a fast RF high power matching network to cope-up the plasma load variation inside
Tokamak. The topic is still under research, where significant research contribution is expected [4-
8, 18-20]. In general, ICRH systems are RF network which has been rated for Megawatt (MW)
power handing capability in HF and VHF range. The real high ICRH systems of Tokamaks are
spatially distributed fixed structures that are very unreliable for frequent changes required in
research. Therefore, the idea is to develop a low power prototype of the ICRH system at five times
scaled frequency on test bench where new concept or technique can be easily implemented,
studied, and tested for the ICRH system of Tokamak. The thesis is mainly based on the design and
development of load resilient mock-up ICRH system of the Tokamak. The work has been planned
in various steps that decides the thesis objectives. The main objectives of the thesis are given as

follows,

2.1.2. Objectives

1. Design and simulation of components of the mock-up ICRH system.

2. Optimization of each component in operating frequency range, 170-190MHz for the
optimum performance.

3. Fabrication and testing of components and its integration for the development of proposed
mock-up ICRH system used for matching of continuously variable load.

4. Optimization of mock-up ICRH system to deliver the optimum power to the load in

mismatch condition.
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2.2.  Methodology to achieve the Objectives:

The work presented in the thesis is mainly based on the development of mock-up ICRH system of
Tokamak. In order to get the fast matching speed, various matching concept has been developed.
The work has been completed in many steps which have been explicitly discussed as follow,

The proposed system comprises of various RF components such as directional coupler, power
detectors, coaxial stub tuners, phase shifters, RF antenna, variable water load, and feedback-
controlled drives. The development of each component of the mock-up is a part of the thesis
objective. Therefore, a detailed investigation has been carried out in a very early stage.

These components have been mainly developed using air-cored RF transmission line by
taking into consideration of high power application. Initially, each component of the mock-up is
theoretically designed, and the performance of these are verified using 3D Electromagnetic
simulation software, CST. The simulation results in terms of S-parameters, VSWR, radiation
characteristics, etc. have been analyzed for the desired results. The complete study on simulation
of each component has been presented in Chapter 3, and the task has also been mentioned as the
first objective of the thesis.

The next objective of the work is to design the RF components which can be upgradable
up to MW power handling capability and optimize these for desirable parameters. These designs
should also be compatible with the high-speed matching system. Therefore, air-cored coaxial
transmission lines used in the fabrication of the matching components like variable stub tuner and
phase shifter, directional coupler, etc. The variable stub tuner and phase shifters designs are based
on belt pulley linear arrangement instead of a lead screw as found in conventional systems. Pulley
arrangement is much faster than the lead screw, and it will move with the precision of 3.9mm/msec.
These component designs incorporate the peripheral arrangement for mechanical movement for
the tuning of components, which leads to transmission line discontinuity. The effect of this
discontinuity significantly deteriorates the performance of the components from the desired
response. Therefore, each of the components needs to be optimized by compensation of the
induced discontinuity effect. So, the second objective of the thesis is based on the optimization of
the designed components for the desired performance in the prescribed frequency range 170-
190MHz. The complete study has been presented in Chapter 3.

The detailed engineering drawings of components have been prepared by taking into
account of fabrication feasibility. The development of each component involves discussion on the
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material used and mechanical fabrication processes such as CNC, milling, wire cutting, die casting,
etc. that are the part of the analysis. The fabrication details have been discussed in chapter 3. After
fabrication, each component has been tested and characterized using Vector Network Analyzer
(VNA). The output performance of these components has been discussed in Chapter 3.

These components have been integrated as per the proposed layout of the mock-up as
shown in Fig.1. The variable matching components such as stub tuners and phase shifters are
integrated with AC servo motors, which are controlled and drive using feedback controller in the
real-time domain. The fabrication, testing, and integration of the components are proposed as the
third objective of the thesis.

The speed of the matching network depends on the response of the inbuilt diagnostic and
applied matching algorithms. Therefore the next objective of the thesis is mainly based on the
development of matching concepts and efficient algorithms for the operation of mock-up ICRH
system. A high power double stub automated matching network along with a computational
program based on a double stub RF matching hypothesis has been developed a stage before the
development of a full mock-up ICRH system, which has been discussed in Chapter 4. The layout
of the mock-up ICRH system is arranged in a similar way to that of SST-1 Tokamak. The mock-
up has been designed to control the matching components and consists of two branches, where
each branch consists of the directional coupler, power detectors, double stub arrangement, line
stretcher, service stub, antenna, and variable water load. The stub tuners, line stretchers, service
stubs are attached with electrically controlled fast drives that provide needful mechanical
movement for required matching. The controller automatically senses the forward and reflected
voltages through a power detector connected to the directional coupler and responds as per
developed algorithms. The matching algorithm incorporates the various matching steps which
have been interpreted for the controller program to control devices used in the matching network.
Various matching techniques have been developed and applied for the load resilient matching of
ICRF heating of Tokamak as detailed description presented in Chapter 4 and Chapter 5. The work
has been mentioned as the fourth objective of the thesis.

Chapter 6 provides a summary of the thesis and discusses the future work that could be

taken up to extend the results of this effort.
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CHAPTER 3
DESIGN AND DEVELOPMENT OF RF MATCHING
COMPONENTS OF MOCK-UP ICRH SYSTEM

3.1. Overview

This chapter briefly explains the design and fabrication of components used in the development of
the proposed mock-up ICRH system. The real ICRH system of Tokamak spreads over long area
and not suitable for changes required for research and development. The main objective of the
thesis is to develop a prototype called mock-up of ICRH system on the test bench. The proposed
mock-up is designed for low power handling capability and scaled at five times of ICRH
frequency, i.e. 182.5MHz. So that it can be implemented at a single test bench. The layout of the
proposed mock-up of ICRH system is shown in Figure 3.1. It comprises of various RF components
such as RF source, 3dB hybrid coupler, directional couplers, power detectors, coaxial stub tuners,
line stretcher, RF antenna, variable water load, and feedback-controlled system. The RF power
coming from the RF source is divided equally between the two RF antennae using a 3dB hybrid
coupler. Antennae are out faced with a variable water load which emulates the mismatch condition
like plasma inside the Tokamak. The components like directional coupler, power detectors, and
RF probe array are used to detect the magnitude and phase of forward and reflected power for the
analysis of the mismatched condition. Similarly, the other components like motorized stub tuners,
line stretcher, service stub are utilized to provide necessary reactance for matching the load
impedance to source impedance. A feedback control system has been designed to control the
matching component on the basis of feedback received from the detectors.

The components of the mock-up are theoretically designed and modelled for the 3D
Electromagnetic simulation. The design components has been simulated and optimized for the
desired performance in the prescribed frequency range 170-190 MHz with the help of 3D
Electromagnetic simulation software, CST. The dielectric loss is one of the major concerns in high
power RF devices. Therefore, the components of the proposed mock-up have been designed using
air-cored RF transmission lines. The detailed engineering drawings of components have been
prepared and used for the fabrication of the respective component of the proposed system. A

detailed study about each component is discussed in this chapter.
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Figure 3.1: Layout of Proposed mock-up ICRH system.

3.2.

The peak power handling capability of the strip-line is limited by dielectric breakdown, whereas

Estimation of Power Handling capability

an increase in conductor temperature and dielectric losses limit the average power rating.
The peak power handling of strip-line depends on the maximum voltage that can be applied
without causing dielectric breakdown. The maximum peak power P, is given by [14, 55, 94]:
4

Pp = —-.
P2z,

(3.1)

where, Z, is the characteristic impedance of strip-line and V,, is the maximum voltage that can
withstand. The separation between inner to ground conductor can support higher voltage. At
atmospheric temperature and pressure, the breakdown strength of air is approximately 3 x
10 V/mor 1.47 x 10° Vrfpeaky/m [94]. Thus, the maximum electric field on the surface of the
strip conductor should be less than this value.

The average power handling capability (P,,,) of the strip-line components depend upon the
conductivity of the material, transmission losses, and ambient temperature, which is responsible

for the rise of temperature in the conductor from T,,,;, to T,,,, and is given by [14, 95, 96]

_ Tmax—Tamb
5 av —

T (3.2)
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Tinax= Maximum allowable operating temp, T,,,,,= Ambient temperature of medium surrounding

the strip-line, AT = Rise in temperature of strip line and is given as

— b(ar APg c
AT B k (We + ZXWeff(f)) w (33)
where, b is gap between conductor, k is thermal conductivity of air = 0.0286 wm/K, W is the
width, t is thickness, AP, and AP, are the dissipation per unit length of the line due to losses in
inner conductor and dielectric respectively, Z,(Impedance of line) = 50 Q, &, (dielectric constant
of air) = 1.

_120><n><b

A Z , AP. =1 —exp(—0.2303 X a,)

AP; =1 —exp(—0.2303 X a,)

where, a,. and a, are the loss coefficient of conductor and dielectric respectively and are given as,

0.0231R,¢,Z, 2W  (b+t)Z,\e,  (2b—t

“=0mt-0 |' b=t G-0Dr l"( ¢ )l
ag = 27.3\[¢, tand /2,

As, tand (loss tangent of air dielectric) = 0. So, ay becomes 0. Also, R, is the sheet resistivity of

the conductor and is given as Ry = /f,/a Q/m, o (conductivity of copper) = 1/(1.68 x 1078).

By substituting above values, we can get a rise in temperature AT. The maximum allowable

operating temperature of a strip-line circuit to be the one in which its electrical and physical

characteristics within the acceptable limits.

3.3.  High Power RF Components

3.3.1. TANDEM HYBRID COUPLER

The 3dB hybrid coupler [50] is an important component of the ICRH system. It divides the RF
power coming from the RF source to feed the two RF antennae inside the Tokamak [51-56]. It also
provides the essential protection to the RF generator by coupling the reflected power at the
matched terminating isolated port. In case both the antennae interface pass through a similar

mismatch condition, the total reflected power is being coupled to isolated port. A 3dB tandem
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hybrid coupler has been developed by considering the high-power application. The place of the

hybrid coupler is mentioned in Figure 3.1 as 2.

3.3.1.1.  Concept, design and simulation

A single 3dB coupled line section provides narrow coupling gap which limits the power handling
capability of the coupler. To achieve the higher power handling capability, two 8.34dB TEM
broadside coupled strip-line sections in tandem are chosen to get the overall 3dB coupling.
Schematic of the 3dB tandem hybrid coupler is shown in Figure 3.2. In case, RF input is given at
port-1 that is to be equally divided between port-2 and port-3 with 90° phase difference, whereas
port-4 is isolated. It is a symmetrical device in which any one of the ports can be taken as an input
port.

4

[p——a|
INPUT OUTPUT
PORT 1 PORT 2
COUPLED ISOLATED
PORT3 PORT 4

Figure 3.2: Schematic of the 3 dB tandem hybrid coupler.
The detailed drawing of the designed hybrid coupler is shown in Figure 3.3. The two identical U-

shaped copper strip-lines with opposite faces are hanged to overlap and separated by a calculated
coupling gap to form the assembly of tandem coupler. The hanging of U-strip is supported by
Teflon studs with outer metallic enclosure. The assembly of 3dB hybrid coupler consists of two
8.34dB coupled line sections and a non-coupled connecting patch. The length of coupled line
section is taken as A/4 whereas non-coupled section is optimized with short length i.e. A/40 at the
operating frequency, 182.5 MHz. A coupling gap of 8.34dB coupled line section is selected in
such a way that it can provide essential breakdown strength at 2kW RF input. Air is used as a
dielectric that provides space for heat dissipation and gives better average power handling in

continuous wave (CW) application.
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Figure 3: Detailed Assembly drawing of the prototype tandem hybrid coupler ((a) U-shaped Strip-line (b)
Layout design (c) Top view (d) Side view of prototype coupler).
The dimensions of strip-line sections are calculated using standard equations [97, 98].
The characteristic impedance (Z,) of coupled strip-line depends on the amplitudes of even and

odd mode impedances (Z,, and Z,,) and given by [99],
d
59.952m K (k' 94.172m
B T K(k") /p 3.4)

Zoo = , Zyo =
o Ve, K(k) ¢ [e tanh—1(k)

Where k' = V1 — k?, K(k")and K (k)are the complete elliptic integrals of first kind which are

mentioned as [100],
1/2

(G

[ 0.5exp Kk —1 ]

k=11- 0 and
l 0.5exp K& 41 J
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(3.5)

Herew, b, d, tand &. represents strip width, total height of the conductor box, coupling gap, inner
strip thickness and relative permittivity of medium respectively.

For finite value of coupling coefficient ¢, Z,, # Z,, are limited by the overall characteristic

impedance(Z,), where

Zy = vV (Zoe X Zo0) (3.6)

The coupling coefficient (c) is defined as,

_ Zoe = Zoo

=22 90 (3.7)
ZO@ + ZOO

The coupling coefficient, ¢ for 8.34dB coupled lines corresponds to 0.3828 in linear scale. Z,, =
78.84Q0 and Z,, = 22.23Q has been calculated for coupling coefficient ¢ = 0.3828 using equation
(3.6 and 3.7). The dimensions of strip line for given impedances are shown in Figure 3.4 (a) with
its perspective annotations. The non-coupled 50Q patch section has been optimized and the

resulting dimensions of the patch are given in Figure 3.4 (b)

1 4hm T 1-4::&1 1
t=0.3em !]:A_ ) =03 _
d=l6em 3.0 ‘I |3 2eme] b=3cm

=T | )

(a) Dimensions of 8.34dB coupled line (b) Dimensions of Patch section

Figure 3.4: Dimensions of (a) Coupled line and (b) Patch section.

The designed model of hybrid coupler has been simulated and optimized in 3D Electromagnetic
simulation software, CST. The simulation outcomes are shown in Figure 3.5. The Figure 3.5 (a),
(b), (c) and (d) present the coupling Ss1, output Sz1, return loss Si1 and isolation S parameters of
the hybrid coupler respectively. The coupling and output parameters are found as, -3.001dB and -
3.031dB at the center frequency, 182.5 MHz and these are found under —3 = 0.3 dB in an entire
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frequency band of 155-225MHz. The return loss and isolation are found as -39 dB and -37 dB

respectively, at center frequency and found better than -30dB in an overall band.
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Figure 3.5: Simulated S-parameters using CST software ((a) Coupling, (b) Output, (C) Return Loss and (d)
Isolation) in dB.

The electric field distribution inside the designed hybrid coupler is analyzed at 2kW RF input using
CST simulation. Simulation outcome is shown in Figure 3.6. Here, the maximum electric field is
found to be 6.6 x 10* V/m below the breakdown strength. The peak power handling capability

depends on various losses and the maximum value of an applied electric field. To prevent the
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electric breakdown, maximum applied electric field should be under the limit of 1.47 x 10° V/m
[94, 98]. In simulation result, the maximum electric field is found significantly less than the
breakdown limit which verifies the power handling capability of the coupler i.e. 2kW.

e-field (fF=182.5) [1[63.5,0.0]] {peak)
3D Maximum [¥fm]: 66.04e+03
Frequency: 182.5
Phase: 0

Figure 3.6: Electric field plot of tandem hybrid coupler.
3.3.1.2.  Fabrication and Test results
A photograph of the fabricated hybrid coupler is shown in Figure 3.7. The fabricated hybrid
coupler is having two U-shaped copper strip each of 3mm thickness. The outer rectangular box
with dimensions 51.7 x 21.5 x 5 cm? is designed with 3mm thick aluminum sheet where air is
used as a dielectric. Teflon studs are used for the insulation of U-shaped copper strips and also to
provide support for the strip-line in a metallic enclosure. Coaxial N-type connectors are applied

for input/output terminals which can withstand high voltage.

Figure 3.7: Fabricated design of tandem hybrid coupler.

The fabricated hybrid coupler is tested using a two ports Vector Network Analyzer (VNA). The
prospective comparison of simulation and experimental results are shown in Figure 3.8, where

Figure 3.8(a) shows coupling characteristic, Figure 3.8(b) shows the output, Figure 3.8(c) shows
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return loss and Figure 3.8(d) shows isolation characteristics of the hybrid coupler. In simulation
results, the coupling and output parameters are found as -3.001dB and -3.031dB respectively at
the center frequency, 182.5MHz, whereas the experimental results provide the coupling and output
-2.96dB and -3.14dB respectively. The comparison shows that the test results are found in close
agreement with the simulation results. In given comparison, the coupling in test result is found
slightly greater than simulation outcome. These differences are found -3.001dB and -2.96dB in
coupling, whereas -3.031dB and -3.14dB in output, which can be due to the fabrication and
material tolerances such as Teflon studs and heavy weight of copper strip-line. The weight of
copper strip-lines also result in very small sagging when hanged over metallic enclosure using
Teflon studs. The sagging introduces decrease in distance between the strip-line. As the coupling
coefficient is inversely proportional to the distance between the strip-line. These constraints result
in small differences between simulation and test results which is acceptable. The developed
coupler found providing coupling of —3 + 0.3 dB, return loss better than -25dB and isolation better
than -32dB for the full frequency range of 155-225MHz. Also, Figure 3.8(c) and Figure 3.8(d)
shows return loss and isolation characteristics respectively. The simulated return loss found better
than -30dB i.e. 0.1% loss of total power, whereas the return loss from test results comes out to be
better than -25dB i.e. 0.3% loss for the full frequency range of 155-225 MHz, which are in good

agreement with the simulated results.
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Figure 3.8: Measured S-parameters for fabricated coupler using VNA ((a) coupling, (b) output, (C) return
loss and (d) isolation).

3.3.2. VARIABLE DUAL DIRECTIONAL COUPLER

The variable directional coupler [57, 58] is a passive RF component of the RF system. It couples
the forward and reflected power in RF system [59-70, 102-107]. In an RF matching network, the
magnitude and phase of the forward and reflected power are measured to analyze the standing
wave ratio, which has to be ideally in the range of 1-2 for the matched RF system. In high power
ICRH system, the forward propagating power is much more prominent as compared to the
reflected power. Therefore, power in each direction should be coupled with different coupling
magnitude. The development of dual directional coupler is inevitable. An automated RF matching
network is proposed under the thesis, where we have to work on the development of computer
programs for the matching of variable unknown loads. The initial establishment of the system
would be passed through the numerous calibration where the coupling of forward and reflected
power with different magnitude is required. A rigid coaxial line based variable loop type dual
directional coupler has been developed. The developed coupler is to be utilized for calibration of
the proposed system.

3.3.2.1.  Theory of dual directional coupler

Schematic of a loop type directional coupler is shown in Figure 3.9, where a U-shaped coupling
loop is incorporated inside rigid coaxial line. Coupling loop intercepts over main line with length,

L and coupling gap x, another symbol references are described as follows,
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D represents the gap between inner and outer conductor,

W, L, and t are the width, length, and thickness of the coupled lines respectively,

Ci1, C,, are the self-capacitance between coupled loop element and inner coaxial conductor in
ground reference,

Ci12, C,q represent mutual capacitance between the loop element and the inner conductor of a

coaxial line, whereas Z,, and Z,,are the even and odd mode characteristic impedance.

I U-strip
Dl = Ciy =
| & L7 = C,,
1 Main line conductor | | Ground *l-
/ Cx T
(@) (b)

Figure 3.9: Loop type coupler (a) Schematic, (b) Equivalent Circuit
The main coaxial transmission line is designed for 50 Q characteristic impedance, where inner to

outer dimensions are calculated using standard equations [96]

b

Sz e =1 (3.8)

Ve,
Where, a and b are the inner and outer radius of the coaxial line.

Z, =

The coupling between two coupled elements is mainly function parameters, coupling length (6 =
SL), the separation between two conductors (coupling gap), x and even and odd mode impedances

Z,e and Z,,. The coupling coefficient of the coupled line, C is given by

ZOE‘_ZOO
" ZoetZoo (3.9)
Whereas
1 1
Zoe = E; Zoo = wCy (3.10)

Here, vp is phase velocity of wave, e,.= 1 is the relative permittivity for air dielectric, and C, and

C, are even and odd mode capacitance which are mentioned as,

26, W
Co=Ci =~ (3.12)
Co=Ciy+20y = 224225 (3.12)

From equation (3.10), (3.11), (3.12) and (3.9), Z,. and Z,,, are derived as,
Zy = D—x _ (b-x)x (3.13)

2We, ' 700 T (2we, D)

Where coupling coefficient,
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_ Zoe=Zoo _ D=x (3.14)

T ZpetZoo  D+x
Here, coupling coefficient is proportional to coupling gap. The derived coupling coefficient is

utilized to get voltage coupling, [97]

Z—j= jC singe7® =gsin(znci)e_f9. (3.15)
The coupling characteristic of directional coupler is derived as a function of electrical length, (6),
operating frequency, f and physical length, L (8 = AL, 8 = ((2z f L)/c)). This means, the desired
coupling response can be obtained by having the desired value of these parameters. The coupling
response gets flat, if the physical size of the loop is very small as compared to the wavelength. In
particular, physical size of the loop is taken as approximately A/40. The coupling performance is
being analyzed and shown in Figures 3.10, 3.11 and 3.12. The Figure 3.10 shows coupling
response with variable coupling gap, x (3.5 to 11.5) and frequency, f (50 to 500 MHz). Figure 3.11,
shows coupling response for variable length, L (26-42mm) with frequency (50 to 500 MHz) with
x=3.5, whereas Figure 3.12, shows coupling response for variable length, L (26-42mm) with
frequency (50 to 500 MHz) with x=11.5. It can be observed that a variable coupling response, —35

to —10 dB can be obtained by selecting the proper values of, L and x.

— =3 5MM
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x=8.5mm
x=9.5mm
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Figure 3.10: Coupling characteristics with variable coupling gap (x) at constant length (L), 40 mm.
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Figure 3.11: Coupling Characteristic with variable length (L) at constant coupling gap (x), 3.5 mm.
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Figure 3.12: Coupling characteristics with variable length (L) at constant coupling gap (x), 11.5 mm.
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3.3.2.2.  Sensitivity Analysis
The sensitivity of the directional coupler defines as the robustness of design for manufacturing or
assembly tolerances. The sensitivity as a function of even and odd mode impedances is written as
[101]
1—C?
S5, =—S5 =
Zoe Zoo ZC

Equation (3.16) is also known as closed form expression, where S7 and S7 ~ represent the

(3.16)

coupling sensitivity in even and odd mode, respectively. By substituting the value of C in equation
(3.16), we get,

2XZye XZ
S =-S5 =——2 22 3.17
Zoe Zoo (de - Zozo) ( )
The overall sensitivity of directional coupler represents the fractional change of coupling
coefficient, AC,,4,/C. The AC,,4,/C is evaluated from equation (3.17) which is given by

(Ac)max — AZOB |AZOO
C Zoe ZOO

Sg .|+

C
Sz

(3.18)

Equation (3.18) defines the overall sensitivity. Figure 3.13 shows the plot of sensitivity with
respect to the coupling coefficient. Ideally, coupler should be insensitive to the small changes in
the value of coupling coefficient. In particular, a very insignificant variation is observed in
sensitivity (0.05-0.095) as coupling coefficient varied (0-1), which is desirable for our design in

reference to the robustness.
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max

0.07

AC

0.06

0.05

0.04
0 0.2 0.4 0.6 0.8 1

Coupling Coefficient (C)

Figure 3.13: Sensitivity plot with respect to coupling coefficient.
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3.3.2.3.  Design and Simulation

The assembly drawing of the proposed coupler is shown in Figure 3.14. Aluminum is used as a
conductive material for the fabrication of inner and outer conductors due to the weight concern.
The coaxial N-type connectors are attached for RF input and output. Any one of two N-type
connector ports can be used for input/output, whereas other four BNC connectors can be utilized
as coupling ports. The two variable rectangular coupling arrangement made up with copper is used
for forward and reflected power. The magnitude of the coupling is <—10 dB in throughout the
band. Therefore, Bayonet Neill-Concelman (BNC) connectors have been used to conduct this low
power. The coupler design is incorporated with four ports for forward and reflected power
coupling. Any of two nearby ports of coupling arrangements are needed to be matched terminated
for the measurement of forward and reflected power and to avoid multiple reflections. The
coupling arrangement is designed with a compact size so that multi-octave bandwidth can be
achieved without having any significant deterioration in performance at the higher end of the

frequency band.

"4
Aluminum Delrin
Coupled rod Isolated
Port-3 : = -JH. M. -
Teflon a_ =i Port-4
26mm -

{ 2 : '/ '
et S0\ NN NN N NN N e

* Main line

L 4 Z Z v AR 4 |

Delrin

1
=
[
=

200mm ————— =

Figure 3.14: Assembly drawing of the directional coupler.

These coupling arrangements are incorporated with the movable tap that moves the inner
coupling loops upward and downward direction and provides reasonable variable coupling. The
rods consist of eight threads, each of 1 mm which can make eight rotations. Delrin (g, = 3.7) is
used for support and insulation purpose inside the assembly. The volume of dielectric material has
been minimized to avoid the discontinuity and the shape of the transmission structure is modified
accordingly to get the proper matching for optimum performance. The dimensions of directional

coupler are optimized using 3D EM simulation software, CST and are described as, inner and outer
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diameter of the main coaxial line is 26mm and 60mm respectively, the length of the main line is

200mm, [ X b x h of rectangular strip is 40 x 8 x 3. The designed model of the coupler has been

simulated using CST microwave studio software.

Simulation results in terms of S-parameter is shown in Figures 3.15, 3.16 and 3.17. Figure

3.15 shows the coupling response with variable coupling gap, x (3.5 to 11.5), where the coupling
varies from -12 to -37 dB in prescribed frequency, f (50 to 500 MHz). Figure 3.16 shows the

isolation characteristic for variable, x (3.5 to 11.5). The isolation is found better than -21dB in

prescribed frequency, f (50 to 500 MHz). Figure 3.17 presents the output S,; and return loss Sy,

parameters, which are found variable, 0.0 to — 0.8 dB and -42dB to -30dB respectively in the

prescribed frequency band. The designed coupler is providing desired results in simulation. It can

be fixed at any value of coupling within -12 to -37dB in in frequency band 50-500 MHz.
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Figure 3.15: Simulation result presents the coupling for different coupling gap (x).
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Figure 3.16: Simulation result present the isolation for different coupling gap (x).
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Figure 3.17: Simulation results present return loss and output in dB.

Figure 3.18 shows the electric field mapping inside directional coupler. Its maximum value is

found 1.59 x 10° V/m at 2kW input, which is comparatively very less than the rated breakdown
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strength of 1.47 x 10° V/m [14, 94] as discussed in section 3.2. As per our analysis at 2kW CW
RF input, 8.6°C temperature rise is estimated from ambient (25°C) inside coupler and equilibrium
will be attained afterward with natural cooling. Therefore, coupler design is estimated for 2kW

power handling capability.

Coupled_ . Terminated ~_Isolated

Port (Bhuhe Pors e, o

- i . ‘ : 1.59e+05

3 3 1.45e+05
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e-field (f=200) [1[63.3,0.01] (peak) o

3D Maximum [V¥/m]: 159.5e+03 ka6

Frequency: 200 g

Phase: 247.5

Figure 3.18: Electric field plot of dual-directional coupler.

3.3.2.4.  Fabrication and Test results

A photograph of the fabricated dual-directional coupler is shown in Figure 3.19. The inner and
outer conductors are separated with the delrin ring that provides needful insulation. The rest of the
space between the inner to outer is filled with air. The U-shaped rectangular copper strips are
hanged over the inner conductor and supported by the Teflon rod. These strips are connected to a
rotating shaft that provides the linear sliding motion to the U-strip. The resulting motion provides

the variable coupling gap.

Figure 3.19: Photograph of the fabricated dual-directional coupler.

Coaxial N-type connectors are applied to input and output terminals which can handle the rated
power, whereas BNC connectors are applied to the coupling ports. The fabricated hybrid coupler
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is tested using two ports of vector network analyzer (VNA). Figure 3.20 shows the coupling
response with variable coupling gap, x (3.5 to 11.5), where coupling varies from -10 to -40 dB
whereas, Figure 3.21 shows the isolation response with variable coupling gap, x (3.5 to 11.5),
where isolation varies from -22 to -55 dB in prescribed frequency, f (50 to 500 MHz).
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Figure 3.20: Test result presenting coupling characteristics in dB.
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Figure 3.21: Test result presenting isolation characteristics in dB.
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The details about the variability in coupling along with isolation performance is shown in
Table 1. Prospective comparison of simulation and test results is presented in Figure 3.22, 3.23
and Figure 3.24, respectively, which shows the comparison of coupling, isolation, output and
return loss S-parameters. The overall test results are found as per desired where coupling varies
from -10 to -40 dB , isolation -21 to -53 dB, output from —0.12 to —1.8 dB, return loss better than
—15 dB. The small deviation is observed between the test and simulation results which are found
under desired limit. These deviations are found due to the resultant effect of inbuilt transition and

sliding contact presents inside the fabricated model.
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Figure 3.22: Respective comparison between theoretical, simulation and test results of Coupling.
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Figure 3.24 Comparison between simulation and test results of output and return loss in dB.
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Table 3.1: Value of coupling and isolation for different coupling gap.

Parameter Variable distance Frequency range, MHz | Typical variation
between the two strips, range, dB
mm
Coupling x=3.5-11.5 50-200 -19to -39
200-400 -10to -26
400-500 -10to -16
Isolation x=3.5-11.5 50-200 -33 to -56
200-400 -25t0 -38
400-500 -22 to -26

The VSWR measures how effectively RF power is transmitted from input to output port.
Directivity and VSWR of directional coupler are correlated parameters which are described as
Directivity (dB) = Isolation (dB) — Coupling (dB).

Based on a given equation, a plot for directivity and VSWR of coupler is shown in figure 3.25.
The fabricated variable coupler shows VSWR from 1.15-1.65dB and directivity from —12 to —23
dB in the frequency band 50-500 MHz which are as per desired. Figure 3.26 shows the phase
transmission response of the developed coupler. A Table of comparison of coupler characteristics
in terms of coupling, power handling capability, directivity, and coupling flatness with earlier
works is shown in Table 2. As per the observation, the developed coupler is providing better overall
response in comparison to similar work as reported earlier.

The CWRF power test also has been conducted to test the average power handling
capability, where 36 W is given as input at 200 MHz. The schematic of high power set-up is shown
in Figure 3.27. The resulting peak voltages at the input, output, coupled, and isolated ports captured

using oscilloscope are shown in Table 3 which are found in agreement to the VNA outcomes.
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Figure 3.25 Test result present VSWR and directivity in dB.
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Figure 3.26: Phase response of direction coupler.
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Table 3.2: Quantitative comparison between the presented design and other similar designs.

Sr. Reference Frequency Coupli | Band Coupling Type of Rated Directivity
No. Range ng, dB | width | flatness Coupling Power

1. [102] 2.1-3.1Ghz 1.4-71 | 1.476 3.86 Variable Very -

low

2. [65] 1.6-2.4GHz 2-20 1.50 12 Variable Low -

3. [103] 2.7-5.3GHz 4-20 1.96 8.16 Variable Low 16-29dB

4, [104] 0.1-500MHz 20 - - Fixed 200w 20dB

5. [105] 10-2000MHz 30 - - Fixed 75W 18dB

6. [106] 30-512MHz 10 - - Fixed 50W 13dB

7. [107] 60-345MHz 1-50 5.75 8.52 Variable 1kW -

8. Presented 50-500MHz 10-40 10 3 Variable 2kwW 12-23dB

design
Oscilloscope
M
DC Power
Supply Loa‘ld
Coupled Terminated fodiatud
Port Port
5 — Liiit DUT
gF S'g';"' L;’;‘l Il’i‘;i“;' ol irectionall  ond=) $OAD
enerator Amp Port Coiples Port
Figure 3.27: Schematic representation of high power test set-up.
Table 3.3: High power measurement
Input, V Output, V Coupling, V Isolation, V
6 5.6 0.61 0.039
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3.3.3. 20dB DIRECTIONAL COUPLER

The directional couplers with fix coupling magnitude are proposed to be utilized under a mock-up
ICRH system to couple the forward and reflected power [59-70, 108-113]. The couplers are placed
at position 3 as mentioned in Figure 3.1. The fixed directional coupler is supposed to couple 1%
of total RF input power inside the proposed mock-up ICRH system.

A simple 20dB directional coupler along with miniaturization, easy to manufacture design,
has been developed for this purpose. It consists of two symmetrical edge coupled lines having an
electrical length of A/4 at 182.5MHz. It is about 41 cm, which is very long and very difficult for
practical realization. In order to miniaturize the coupler, the length of the coupler is reduced with
90° bends. The 90° bend in the strip-line generates extra capacitance due to the accumulation of
charges at the corner of the bend, which is compensated by chamfering at the corner.

The even and odd mode impedance of edge coupled strip-line are mentioned as follow,

_ 30_1r K(ker)
Ver K(ke)

where, k, = /1 —k,*, k, =tanh tanh (g%) .tanh (EWTH) and
ky = /1 —ko” ko =tanh tanh (3.2 .Coth (5.22).

Here, K is the complete elliptic integrals of the first kind,

_ 30mK(k,n)

Zoe ohms, Z,, = TR ohms (3.19)

&, 1S the relative dielectric constant of the material.
w, b, and s represents the width of strip, total height of the conductor box and the coupling gap.
For calculating w/b and s/b

% - %tanh‘1 k.k, and % = %mnh‘1 (1_—%\/%> (3.20)

1—ke

Equations (3.6, 3.7, 3.19 and 3.20) has been utilized for the calculation of coupled strip-line
dimensions which is shown in Figure 3.28. For 20dB coupling, Zee = 55.277Q and Zoo = 45.227Q

are calculated.
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Figure 3.28: Dimension of 20 dB conventional directional coupler.

As per the calculated dimensions, assembly drawing of directional coupler is shown in Figure 3.29,
where two similar copper strips are placed in edge coupled configuration and are hanged with
Teflon studs through outer ground metallic enclosure. The air act as a dielectric and space between
the copper-strips and outer box provides better heat dissipation and average power handling in

continuous wave application.
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Coupled lines 182.4 mm

~-102.4 mnr"j
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(c) Side view of assembly drawing.
Figure 3.29: Detailed Assembly drawing ((a) Layout design (b) Top view (c) Side view of 20dB coupler)
3.3.3.1.  Fabrication and Test results
Photograph of fabricated directional coupler is shown in Figure 3.30. The rectangular box is made
of aluminum metal using a die casting process. The thickness of the box is 3mm and having
dimensions of 250 x 250 x 20 mm®. The design consists of two copper strips each of 2 mm
thickness arranged in edge coupled configuration to provide the needful coupling. The copper
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strips are hanged using Teflon studs inside a rectangular box and the space is filled with air as

dielectric. The N-type coaxial connectors are connected at all ports of the device.

Figure 3.30: Photograph of fabricated directional coupler.

Fabricated coupler is tested with two-port handheld Vector Network Analyzer (VNA). The
obtained test results are shown in Figure 3.31 in prospective comparison with simulation results.
The fabricated coupler provides excellent coupling flatness of —20 £ 0.3dB in full frequency band
of 140-200MHz, whereas the obtained return loss and isolation are better than -30dB and -36dB,
respectively. The overall directivity found to be more than 16.5 dB in frequency band 140-
200MHz. The overall test results are found in close agreement to simulation results. For more
comprehensive analysis, a table of comparison is also shown in Table 3.4, which compares the key
parameters of the coupler with earlier work.
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Figure 3.31: Measured S-parameters characteristics comparison of the simulation and experimental result

using VNA ((a) coupling, (b) output, (C) return loss and (d) isolation).

Table 3.4: Comparison between the proposed design and other similar work.

Sr. | Reference Frequency Coupling Power Directivi Remarks

No. Range Range Capability (W) ty

1. [108] 20-30 GHz 20.5-22 dB Low 15dB Very low power capability

2. [109] 0.75-1.25GHz | 34+0.2dB Low 20dB Increased size of

compensating elements
3. [110] 500-1000 MHz 20 dB 50 20dB Very low power capability
4, [111] 500-1000 20+1.25 200 20dB Very low power capability
MHz dB

5. [112] 0.1-500 MHz 20 dB 200 20dB Moderate power

6. [113] 30-512 MHz 10dB 50 13dB Low directivity and power

7. Presented | 140-200 MHz | 20+0.3dB 2000 16.5-20 | Good coupling flatness and
design dB high power capability
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Figure 3.32 shows the electric field mapping inside the directional coupler. Its maximum value is
found 1.04 x 10° V/m at 2kW input, which is comparatively very less than the rated breakdown
strength of 3 X 10° V/m as discussed in section 3.2. We have estimated the power handling

capability of directional coupler for 2kW.

[ ¥/m
1.04e+05
94562
85106
75649
66193
56737
47281
37825
e-field (f=182.5) [1[63.3,0.0]] {peak) s
3D Maximum [¥/m]: 1042403 18912

Frequency: 182.5 9456
Phase: 225 0

Figure 3.32: Electric field plot of directional coupler.

3.3.4. HIGH POWER RF ANTENNA

The high-power RF antenna [83] has been applied in RF heating of fusion Tokamak [84-93]. The
RF power is directed inside Tokamak via various antennae to heat the plasma at ion cyclotron
resonance frequency in which RF energy is transferred to the charged particle through resonant
interaction. Various designs of high power antenna has been presented earlier by different
Tokamak groups. In a very early stage, a double loop antenna is developed by Oak Ridge National
Laboratory (ORNL) for TORE SUPRA [17, 36]. A similar antenna design has also been developed
for JET [30, 32, 34], TFTR [35], and Alcator C-Mod Tokamak [16-18]. Recently, development
of ITER-like antenna is reported by JET, where four resonant double loops (RDLSs) are connected
to achieve the required power handling capability. The ITER has also proposed the ICRH antenna
with 24 radiating shorted straps that have to be feed with 20 MW RF power to the plasma [38-48].
The earlier works were mainly focused on the application of high power antenna in ICRF heating
reference. However, the earlier literature is not well explained about high power ICRH antenna
design. This thesis hypothesizes the high power antenna design technique for the Tokamak
application. A 2kW, 182.5 MHz prototype of the ICRH antenna has been developed and tested for
the desired performance. This section mainly focused on the theoretical analysis of the ICRH
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antenna design and its optimization for the desired radiation parameters. The RF Antenna is placed
at position 6 as shown in Figure 3.1.

3.3.4.1. Design and Simulation

The proposed design of the ICRH antenna is based on the composite right/left-handed transmission
line (CRLH-TL) unit cell. The CRLH-TL possesses through the left-handed (LH) and right-handed
(RH) combined attribute [114-120]. The distributed series and shunt LC components decide RH
and LH nature of the transmission line. An equivalent circuit model of a CRLH TL unit cell is
shown in Figure 3.33, where series inductance (Lg) and shunt capacitance (Cp) provide RH
attribute and series capacitance (Cs) and shunt inductance (Lp) provide LH attribute to the

transmission line.

=

Figure 3.33: Unit cell of CRLH-TL.
The CRLH TL unit-cell's dispersion relation is determined by following [112],

1 1/w? w? w? w?
plw) = ;(1 - §<w—;+ priab —2)> (321a)

where,
(,l)L == 1 , (DR = 1 (321b)
VLG, VLrCr
1 1
Wse = m; Wep = —m (3216')

In general, series (w,,) and the shunt (wg;,) resonance are not equal in nature and present two non-
zero frequency points. These resonance points are referred to as infinite wavelengths and are

determined by the series and shunt LC elements. The series and shunt resonance frequencies can
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be calculated using equation (3.21c). To realize a resonant type planar antenna, a CRLH-TL
structure that supports an infinite wavelength at its fundamental mode is required.
The schematic of the proposed ICRH antenna design is shown in Figure 3.34a. It presents

the asymmetrical TEE of transmission line with left and right shorted end at length L, and L,

respectively. For % <Lf <% and L, <% , the shorted end provides the parallel LC resonance

equivalent. The full arrangement can be realized as an equivalent circuit shown in Figure 3.34b.
Here, shunt and series elements of the circuit decide the resonance frequency and characteristic
impedance of the antenna, respectively. This arrangement is known as inductor-loaded TL. In the
case of an open boundary, the infinite wavelength frequency is determined by the shunt resonance

frequency wygy,.

L
y S
i N~
et i
= e g
i O
le- 2/4 <L <)/2-»e Ly <j/d>| : [ 2
(a) ' (b)

Figure 3.34: Proposed ICRH antenna (a) Schematic (b) Equivalent circuit.

The resonance frequency and propagation constant of the open end, inductor loaded unit cell are

given by [119,120],
1 ) 1(Lp w? -
ﬁ(w)—p +2<Z—w—}%> (3.22)

Transmission matrix (ABCD) for given equivalent circuit of ICRH antenna as shown in Fig. 2b

is written as,
1 j2nfL
[ Co D] [ 7 S][](anCp) 1][(2 ) 1] (3.23a)
. 1 0
[ACOO gZ]=[(1) jznlf Ls] [j(ancp—m{LP) 1], (3.23b)
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[Ao B, ] _ 1—-2nLs(2nfCp — m) j2nfLg | (3230
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277.'pr
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From equation (3.23c), transmission matrix parameter for CRLH inductor loaded TL can be

written as,
1
Ao =1- 27TLS (ZTL'fCP - m),
B, = j2mfLs,
C, =j(2nfcp — 21Tpr)'D =1.
In resonance condition, substituting f = f;, = Zm/+_c in above gives,
plp
L
A, =1,B, =j< 5 >,CO =0,D, = 1.
JLpCp

From above, it can be found that C, = 0 satisfies the resonance criteria. However, the resonance
frequency is not affected by the series inductance (Lg) as shown in equation (3.23c).

The ICRH antenna has been realized as a single inductor-loaded TL unit-cell, where
resonance frequency depends on the shunt LC elements. It has been designed at 182.5 MHz, which
is five times the frequency (36.5 MHz) used in SST-1 for ICRF heating [6]. The assembly drawing
of a strip-line based prototype ICRH resonant loop antenna is shown in Figure 3.35, where side
and isometric view of the antenna are shown in (a) and (b), respectively. The outer assembly of
the antenna is designed with aluminum metal, where the air is used as a dielectric. Teflon studs
are utilized for the insulation of inner strips that support the strips in metallic enclosures. The
antenna front end is covered with the faraday shield. Faraday shield filters the external electric
field parallel to the static magnetic field. The spacing between conductors in the antenna is taken
in such a way that it can be capable to withstand maximum 2 kW RF power. Inner strip-line
conductors are shorted with the outer box at Ly and L, in left and right end, respectively. The
resultant assembly of the strip-line introduces the parallel LC network element at the feed point.
As shown in Figure 3.35b, the strip-line is folded back from the front end and formed broadside
overlapping with itself. The overlapping of folded strip-line introduces the internal series

capacitance (C,,.) which has been utilized for matching the overall antenna at 50 ohms. The C,
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has been incorporated in the equivalent circuit of an antenna as shown in Figure 3.34b. Now, the

modified equivalent circuit of an antenna is shown in Figure 3.35c.
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Figure 3.35: Assembly drawing of prototype ICRH resonant loop antenna (a) Side view, (b) Isometric view
and, (c) Equivalent circuit with series coupling Capacitance.
Transmission matrix for modified equivalent circuit of ICRH antenna can be is written as,

f B[ jenfis [; J(anLs—Zn;;Lse—znch)] [j(Zﬂpr—j—(znlfLP)) 1]

A = (1 — 2nfLs — 2mfLgse — Flcsj (2"fCP _J(Znﬁ)

. 1
By = j (2nfLs ~ 2nflee — 53—
se

C,=j (ancp — mﬁ) (3.24)
D;=1
From equation (3.24), it can be found that the resonance frequency is not affected by the series
capacitance (Cs,).
The input impedance of an antenna is given as

_ Z12Z21

Zin=2Zu=57——r (3.25)
22 L
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where

A A;D; — B;C 1 D
Z1q =C—i;Z12 2%, 21 =C_1' 22 =C_i (3.26)
Substituting the values from equation (3.26) in (3.25) gives,
AiZ; + B,
in=——o—— 3.27
M CZ, + Dy ( )

It can be observed that the input impedance Zin depends on C,, and can be utilized for matching
overall antenna impedance.

3.3.4.2.  Physical Parameters of Antenna design

The calculation of physical antenna parameters is given in this section. Antenna design passes
through various transitions and the strip-line impedance is varying in various places according to
the design. The impedance segments are highlighted in Figure 3.36a. The equivalent of antenna
design is shown in Figure 3.36b, where Z,,Z,,Z5,Z4,Z< and Ly, L,, L, Ly, Ls represent the
impedances and progressive lengths of respective segments. Here, the left and right end have been
shorted at Ly = 745mm and L;, = 198mm, respectively. The shorted line with impedance of Z; and
Zs is replaced with its equivalent reactance Xy = Z;tan(fL;) and X, = Zstan(fLs). The other

antenna segments are presented as same with their respective impedance.

¢
Z3L &
) - :
Z5Lg Xs %2 Z3 Za /—|'- Xp

Z
%

7L Short ———1 1 L—

(@) (b)

Figure 3.36: Antenna transitions and its equivalent design (a) Proposed antenna structure with various
impedance segments and, (b) Equivalent of antenna design.

The overall design is optimized using transmission matrix which is written as,
A B
[d=[7 ] =TT (3.28)

where, Ty, T,, T5, Ty, and Ts are transmission matrix of each segments which are given as,

R R VAN
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T, = [ Cos(BLy)  jZ,Sin(BLy)]
27 |jv,Sin(BL,)  Cos(BL,) |
T, = [ Cos(BL3)  jZ,Sin(BL3)]
37 |jv,Sin(BL3)  Cos(BL3) |
T = [ Cos(BLy)  jZ,Sin(BLy)]
* 7 |jY,Sin(BLy)  Cos(BLy) |

To=y. 1] ¥ = 1/GZstanBLe),

The length and impedance of the each segment has been optimized using transmission matrix A;.
In resonance condition C = 0 at 182.5 MHz is applied in equation (3.28) where values of
Z4,Z9,Z3,2Z4,Zs and Ly, Ly, L, Ly, Ls are calculated as,
Z; =25980,7Z, =10.850,Z; = 500,Z, = 75.500,Zs = 48.66(2
Ly =198mm, L, = 152mm, L; = 91mm, L, = 182mm, L5 = 320mm.

The strip-line parameters of the antenna are calculated by well-known Wadell's formula [121].
These parameters are incorporated in 3D Electromagnetic simulation software, CST Microwave
Studio and simulated for the radiation characteristics. The obtained results are shown in Figures
3.37-3.49. The simulation results are found as, reflection coefficient is —32 dB, efficiency is
—0.7669 dB, directivity is 3.09 dBi, and gain is 2.63 dB at desired frequency 182.5 MHz. The
obtained results are found as per desired. The gain and the reflection coefficient of the antenna is
optimized by having the appropriate strip line parameters such as strap width, ground spacing, and
feeder point. The gain of an antenna varies with radiating strap width. Figure 3.40a shows that the
antenna gain improves as strap width increases with a slight shift of frequency. The re-centering
of the frequency can be made by shifting the feeder position. Figure 3.40b shows the respective

shift of the center frequency with the change of the feeder location from the back shorted end.
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Figure 3.37: Simulation result of Reflection coefficient in dB.
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Figure 3.38: Radiation pattern present the (a) Directivity (b) Gain of simulated antenna.
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Figure 3.39: Polar plot of (a) Directivity in dBi (b) Gain in dB.
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Figure 3.41: Electric field plot of ICRH antenna at 2 kW power.

The electric field distribution inside the designed ICRH antenna is analyzed at 2 kW RF
input using CST microwave studio software which is shown in Figure 3.41. Here, the maximum
electric field is found to be 1.43 x 10°V /m below the breakdown strength. The peak power
handling capability depends upon various losses and the maximum value of an applied electric
field. The maximum allowable electric field to prevent the breakdown in the air is limited by
1.47 x 10V /m [14, 54-56, 94]. In the simulation result, the maximum electric field is found

significantly less than the breakdown limit, which verifies the maximum power rating of the
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3.3.4.3.  Fabrication and test results

A photograph of the fabricated ICRH antenna is shown in Figure 3.42a. The Faraday shield is
designed with stainless steel and the other components are made with commercial-grade
aluminum. The N-type connector is attached to withstand high power up to 2 kW RF input.

0

Reflection Coefficient (dB)

Return Loss

160 170 180 160 200
Frequency (MHz)
(b)

Figure 3.42: Fabricated antenna and its test result (a) Photograph of fabricated ICRH antenna, (b) Test
result of reflection coefficient in dB.

The fabricated antenna is tested with the help of a vector network analyzer (VNA). The
reflection coefficient obtained is — 24.65 dB, as shown in Figure 3.42b. The result obtained after
fabrication is in good agreement with the simulation result. The measurement setup for the polar
radiation pattern of an antenna is shown in Figure 3.43, where Figures 3.43a and 3.43b present the
schematic and a photograph of the real system, respectively. The setup consists of multiple AC
servo motors and controller, network analyzer, RF signal generator, and a computing device. The
RF signal generator Agilent (N9310A) provides 13dBm RF input to the ICRH antenna at 182.5
MHz. The antenna radiates the RF input, where an air-cored helical antenna is used for reception
of radiated power. The receiving antenna is on board at moving arm which moves in polar
coordinates. Received power at each location is recorded using a spectrum analyzer. The radiation
results in terms of polar coordinates are shown in Figure 3.44 in prospective comparison with the

simulation results. The test results are found in close agreement with the simulated result.

56 |Page



AC Servo motoH

— ==}

Spectrum
Analy

Laptop

ICRF Antenna =X Source(13dBm)

z1 > =] E
=
AC Servo motor r Automation]

L System

(b)

Figure 3.43: Radiation measurement set-up (a) Schematic, (b) Photograph of real system.
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Figure 3.44: Comparison of polar plot for simulated and test result.

The directivity of an ICRH antenna is calculated using the well-known formulas as given in [122]
and is found as ~2.95 dBi. The antenna radiation efficiency (e) is defined in terms of reflection
efficiency (e,-), conduction efficiency (e.), and the dielectric efficiency (e;) which is given by

e =eqe.ey (3.29)
Here, e, =(1 — S;12), §11 = — 24.65 dB = 0.0034. So, reflection efficiency is calculated as 99%
approximately. Here, dielectric loss can be considered as zero for air dielectric. The maximum
resistivity of aluminum and steel is given as 2.65 t0 2.82 x10~8 and 6.9 x 10~7Qm, respectively,
and exhibits conduction losses due to which the efficiency is approximately equal to 85%. Also,
the gain is related to the directivity with antenna efficiency factor as: G = kD where, k is the antenna
efficiency factor and equal to 0.85 and also calculated using known formulas as in [122]. So, gain

comes out to be 2.5 dB. The measured parameters are in good agreement with the simulated results.

3.3.5. VARIABLE WATER LOAD

In Tokamak, plasma impedance varies dynamically in front of the RF antennae. To emulate the
realistic plasma like conditions for mock-up ICRH system, a variable water load has been
developed. The variability of the developed load is found in the range, (35 to 260)1Q, resistive +
(-]25 to +j220)Q, reactive due to the high dielectric constant of water [38, 40, 41]. The photograph
of the water load in front of the RF antenna is shown in Figure 3.45. A movable water bucket,
connected with the controlled motor drive is placed in front of an RF antenna which moves back
and forth to introduce variable load impedance. The length of the sliding bed is approximately

600 mm. The variable water load is placed at position 7 as shown in Figure 3.1.
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Figure 3.45: Photograph of water load in front of antenna.

3.3.6. TAPPED TRANSMISSION LINE

Arigid coaxial tapped transmission line has been utilized to calculate the phase difference between
the forward and reflected wave [6]. The tapped line consists of 15 voltage probes. It is placed
between the hybrid coupler and matching unit, which is used to rectify the voltage signals with
diode detectors and are sampled to find the VSWR curve at any given instant of time. The VSWR
curve is used to find the load impedance, i.e. magnitude and phase. The co-axial transmission line
is fabricated from the commercial-grade aluminum. The length of the transmission line is selected
approximately one wavelength (1.64m) at the center frequency of 182.5 MHz. For the 50 Q line,
the inner to outer dimensions are selected as standard 1:2.3 [97, 98]. A view of the transmission

line and return loss graph is shown in Figure 3.46.

LT T AT B S T 7
At 1068 T6Fower, 1048 Supar. O

Figure 3.46: Fabricated coaxial transmission line and return loss (dB).
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3.3.7. RFSOURCE

The RF source provides input to the proposed mock-up ICRH system for active test and
measurement. An RF signal generator, Key sight model no. N9310A, along with LPA, model no.
Mini-Circuit ZHL-100W-52-S+ is used as an RF source in the system, which is shown in Figure
3.47. It can produce RF output up to 100 watts in the frequency range 50 to 500MHz. The RF

source is placed at position 1 as mentioned in Figure 3.1.

Figure 3.47: Photograph of the source along with LPA.

3.3.8. CONTROLLER UNIT

A controller unit used in the mock-up ICRH system has been designed to control the matching
components on the basis of feedback received from detectors, and the controller unit is placed at
position 8 as mentioned in Figure 3.1. The schematic of the matching system along with a
controller is shown in Figure 3.48. The photograph of the controller unit is shown in Figure 3.49
consists of Motion controller, Human-Machine interface (HMI), Servo drive module, A/D
converter and power supply unit. The motion controller is inbuilt with ARM Cortex A9 800 MHz
Processor which can control servo motors up to 16 nos. at a time [123]. The forward and reflected
magnitude obtained from the power detector is fed to A/D converter for conversion to a digital
value. The motion controller processes the digital value using an algorithm at the server end and
the controller generates feedback to the AC servo motor connected with encoder. An encoder
converts the electrical signals to the mechanical motion and thus moves the stub position. The
user can use HMI to change modes like manual and automatic processing of the system.
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Figure 3.48: Schematic of controller with matching network.
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Figure 3.49: Photograph of controller unit.
The controller uses the M/s Trio Motion Technology's software [124], motion perfect v4.1.4 for

controlling purposes. It is a Windows-based software for the PC, which has been developed using
the latest .NET and WPF technologies. Programming is as simple like C, where standard

instruction sets such as variables, loop, input/output, math, conditions, etc. can be executed. It

6l|Page



facilitates the wide variety of motion control facilities, such as single-axis moves, synchronized
and unsynchronized multi-axis moves, and control of the digital 1/0.
Figure 3.50 shows the program window of the Trio controller for writing the instruction

set for communicating the device.
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Figure 3.50: Program window of the Trio controller.

3.3.9. STUB TUNER

A high-power stub tuner is used for matching and tuning of the ICRH network at the operating
frequency. Various designs of stub tuner have been presented earlier. At present, tuner designs are
based on cavity type, micro-strip, coaxial line, dielectric liquid stub tuner, fast ferrite tuner, MEMS
designs, etc. as discussed earlier [71-78]. In high power systems, rigid coaxial line based stub
tuners are used. Therefore, for the mock-up ICRH system, the rigid coaxial line based variable
stub tuner, which is capable to tune at any frequency in the range of 80 to 850 MHz, has been
developed. The stub tuner is placed at position 4 as mentioned in Figure 3.1.

3.3.9.1.  Design and Analysis

The schematic of high power RF stub is shown in Figure 3.51. Stub design is based on a rigid
coaxial line that incorporates a movable shorting ring. It is housed inside the transmission line and
moved along the length of the stub. Shorted stub introduces a reactance in microwave or RF circuit,

which can be utilized for the matching of RF system. Stub parameter can be analyzed using
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distributed lumped equivalent circuit of a transmission line, which is shown in Fig 3.52, where R,
L, G, C are resistance, inductance, conductance, capacitance per unit length. Z;, is the input
impedance of short circuited line and L, represents the per unit length of transmission line. Here,
values of L and C vary with the stub length. A slot on the outer conductor of the coaxial line is
assumed as an equivalence of L'in the circuit.

For lossless transmission line, equivalent circuit parameter are given by [97],

U b 2me’
L=—Inln- ,C=——and R=G =0.

21 a n2

a

Where, a and b are the inner and outer diameter of the conductor respectively.
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Figure 3.51: Schematic of high power RF stub.
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Figure 3.52 Distributed lumped equivalent circuit of slot line transmission line.
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The characteristic impedance for the equivalent circuit, shown in Figure 3.52 is calculated using

telegrapher’s equations [97, 98] and given as below:

L
%= /m (3:30)

1
'

Propagation constant (y) = jﬁ:j\/wL (wC - )

Input impedance at AA’ is calculated as,

’ L 1
Zin =JjZ, tan tan (ﬁLg) =] CT/(UZL' tan tan L (C - wZL’> Ly (3.31)

1
w?l!

In case L C,

Zin=J \E tan tan (VLC * Ly) (3.32)

Equation (3.32) represents the impedance of uniform shorted stub without slot. This thesis
hypothesizes the fabrication of shorted stub, which can be upgradable up to MW power handling
capability, where the size of the outer conductor goes up to 9” diameter and slot size is also
significantly wider. Therefore, the significance of the slot cannot be avoided. Significance of
1/w?L’ deteriorates the impedance of stub and it highly dominates when frequency goes high. This
deterioration can be compensated by tapering of inner space within the coaxial line.

The assembly drawing of the stub tuner is shown in Figure 3.53. The shorting ring is placed
between the inner and outer conductor, and a linear slot is cut through the outer conductor to move
the ring along the length using a fast belt pulley arrangement, which is integrated with a controlled
drive. Air is used as a dielectric for the high power handling capability, where Teflon supporting
studs are used at one end near to connector to provide the insulation between inner and outer

conductors.
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Figure 3.53: Assembly drawing of stub tuner.
The dimensions of the inner and outer conductors have been calculated for 500 impedance. To

compensate the slot discontinuity, a tapered profile is incorporated at the outer of a coaxial line,
which has been optimized using CST software simulation. The final dimensions of the developed
model are given in Figure 3.53. The critical dimensions between the inner and outer conductors
are selected in such a way that it can support an electric field at 2kW input without any breakdown.

The simulation outcomes are shown in Figure 3.54. The simulation results show that the
designed stub is performing excellently in the frequency range of 80 to 850 MHz. It can be tuned
at any frequency within the range by changing its length. For example, stub is tuned for frequencies
120, 510, 630 MHz by having the stub length of 410, 300, and 70 mm, respectively, as shown in
Figure 3.54. The VSWR, as shown in Figure 3.55 is observed in the range of 1.1 to 1.7 in a
prescribed frequency range, which is a desirable parameter. Electric field mapping of inner space
of coaxial stub is shown in Figure 3.56 where the maximum electric field at 2kW input is found to
be 1.57 x 10>V /m which is much below the breakdown strength of air i.e. 1.47 x 10°V /m as

shown in section 3.1 [94].
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Figure 3.54: Simulation outcome of stub tuner. Figure 3.55: VSWR output of stub tuner.
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Figure 3.56: Electric field plot of stub tuner.
3.3.9.2.  Fabrication and testing
A photograph of the fabricated stub tuner is shown in Figure 3.57. It has been developed as per the
assembly drawing shown in Figure 3.53. The Assembly of a stub is connected with a belt pulley
arrangement, which moves in linear motion. The maximum speed of the shorted ring is estimated

as,

G Belt pitch X Pulley teeth X rpm 9 mm

60 x 1000 " msec’
Where, maximum rpm is 3000, nos. of pulley teeth is 26, and belt pitch is 3.0mm. The full length
of stub can be traveled by the shorting ring in 106msec as per the given estimate. This means the

stub can be tuned at any frequency in the range of 80 to 850 MHz within 106msec.
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Figure 3.57: Photograph of fabricated stub tuner.
The fabricated tuner is tested using a single port Vector Network Analyzer (VNA). The perspective
comparison of simulation and test results for different lengths is shown in Figure 3.58. The test
results show that the tuner can operate in the wideband of 80MHz to 850MHz frequency range for
matching of unknown impedance and having return loss better than 25dB and VSWR in between

1.1 to 1.9 as shown in Figure 3.59. The test results are in good agreement with the simulation
results.

e L=410mm (Simulation)
B0 |= = =L=410mm (Test result)
== L=300mm (Simulation)
o] = =L=300mm{Test resuit)

S-parameter (S"dB)

= L=10mm (Simulation)
20 = = =L=10mm({Test result) | | i ! :
106 200 300 400 500 600 700 80
Frequency (MHz)

Figure 3.58: Comparison of simulation and test results of stub tuner.
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3.3.10. LINE STRETCHER

A high power line stretcher or phase shifter is used to control the phase of RF signal for impedance
matching in RF system or testing application. At present, the phase shifter designs are based on
electrically controlled co-axial ferrite based, micro-strip based, coaxial transmission line, etc. [79-
82]. In high power, a rigid coaxial line based line stretcher is designed that can be moved
mechanically using servo motors. A rigid coaxial line based line-stretcher has been developed,
which is capable of providing required phase shift for matching in the frequency range of 50-250
MHz, and the line stretcher is placed at position 5 as shown in Figure 3.1. It is designed for 2kW
power handling capability and can be upgraded up to MW as per the required applications.
3.3.10.1. Design, fabrication and results

This section presents the design and fabrication of the rigid coaxial line based line stretcher. The
assembly drawing of the line stretcher is shown in Figure 3.60. It incorporates two rigid coaxial
transmission lines (TL), one is fixed, and the other is movable. The movable TL slides over the
fixed one, which changes the overall length of TL. The total length of TL defines the electrical
delay and phase of propagation. The sliding assembly introduces the phase shift required for
matching in an electrical circuit. The assembly moves to and fro using a fast belt pulley
arrangement, which is integrated with a controlled drive. Air is used as a dielectric for high power
handling capability, where Teflon supporting studs are used to provide insulation between inner

and outer conductors.
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Figure 3.60: Assembly drawing of line stretcher.

The movable TL introduces discontinuity when it slides over the fixed one, which changes the
overall impedance of TL due to change in inner and outer radii of TL. To compensate the
discontinuity, the Teflon studs are introduced inside the sliding TL at regular intervals, which has
been optimized using electromagnetic simulation software, CST. The final dimensions of the
developed line stretcher is shown in Figure 3.61.

The rigid coaxial transmission line is designed for 50 Q characteristic impedance, where
inner to outer dimensions are calculated using standard equation [97, 98] as described in equation
3.5.

370 o

Figure 3.61: Dimensions of line stretcher.
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The dimensions of fixed TL, inner conductor, ID=OD=6mm and outer conductor, ID=15.5mm,
OD=19mm, whereas the dimensions of moving TL, inner conductor, ID=6mm, OD=9mm and
outer conductor, ID=19mm, OD=22mm. The dimensions are selected in such a way that it can
support electric field at 2kW input without any breakdown.

A photograph of the fabricated line stretcher is shown in Figure 3.62. It has been designed
as per the assembly drawing. The Assembly of the line stretcher is connected with a belt pulley
arrangement, which moves in linear motion. The maximum speed of the shorted ring is estimated
as,

. Belt pitch X Pulley teeth x rpm 3.9 mm

60 x 1000 " msec’
Where, maximum rpm is 3000, nos. of pulley teeth is 26, and belt pitch is 3.0mm. The full length

of the line stretcher can be travelled in 94.9msec as per the given estimate. This means the line

stretcher can provide phase shift at any frequency in the range of 100 to 350 MHz within 94.9msec.

Figure 3.62: Photograph of fabricated line stretcher.

The fabricated line stretcher is tested using a two-port vector network analyzer (VNA). The test
results for s-parameter characteristics are shown in Figure 3.63(a) and (b). Figure 3.63(a) shows
the reflection coefficient (|S;1]) and Figure 3.63(b) shows the transmission coefficient (|S,4])
when the line is elongated from 30mm to 370mm. The phase shift response (angle of S,;) has been
measured from 50 to 250 MHz. The phase shift measured at 100MHz is around 94.5° and 150°at
200MHz, as shown in Figure 3.64.
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Figure 3.64: Phase shift (angle of the transmission coefficient, S21) of the fabricated line stretcher when

3.4. Summary

stretched from 30 to 350 mm.

In this chapter, the components of the mock-up ICRH system have been developed for 170-190

MHz frequency and 2kW power handling capability. These components are designed in such a
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way that can be upgradable up to MW power handling capability in any frequency range within
HF, VHF, and UHF. Each of the components has been indigenously developed and tested for the
desired output. The developed components have wide applications in the field other than the fusion

Tokamak, such as telecommunication, defense and electronic warfare, aerospace, satellite, and
navigation systems.
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CHAPTER 4
HIGH POWER RF MATCHING NETWORK

4.1. Overview

This chapter briefly explains the development of high power double stub automated matching
network using developed components, as presented in chapter 3. The ICRH system of Tokamak is
mainly based on a double stub matching concept. Therefore, an automated double stub matching
network has been developed a stage before the development of full mock-up of ICRH system. Its
layout is shown in Figure 4.1 in which a variable double stub tuner along with a line stretcher is
used to introduce desirable reactance with appropriate phase change for matching of unknown
variable water load. The stub tuners and line stretcher are integrated with AC servo motors, which
are controlled and drive using feedback controller in the real-time domain. In this chapter, we have
developed a computational program, i.e. based on the double stub RF matching hypothesis. A
program algorithm is developed in such a way that the optimum matching speed can be achieved

with the matching network.

S
Line

: Double  gotcher
RF Directional Stub Tuner RF Antenna [Variable
Generator Coupler Unit Water

Y IT T Load

|
Power | PD I PD I I
Detector i

Controller & Interfacing
Unit

Figure 4.1: Layout of automated matching network.

4.2.  Double Stub Tuner based RF matching network

In RF network, stubs are broadly used for the matching of load impedance with impedance of the
network. In case of single stub matching, transformed load admittance, 1 + j£ at distance L from
the load end is matched by adding the susceptance - j3 through shorted or open stub. Single stub

matching is avoided in case of variable load because the distance L is decided by the load
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impedance, and it is very difficult to change the stub position all the time when the load impedance

is changed. Therefore, the double stub matching concept has been used. In a double stub matching
network, two stubs are placed in parallel at a certain distance [, (i.e., in general, it is kept gor%

) to match the unknown load. The stub distance from the load is not dependent on the load
impedance. Therefore, stubs can be located at a fixed distance in a double stub matching network
[97].

Figure 4.2 shows the schematic of a double stub matching network where Stub 1 and Stub
2 are placed L distance apart at node A and node B, respectively. Length L is taken very small as
compared to 4, so that transformed impedance will appear the same as found at load point. The
length of shorted stubs is decided by shorting ring position inside stubs, which are assumed to I,
and lgg respectively.
Based on stub positions, impedance of the short-circuited stub tuners are given by [97]

Zsy = jZotan(Blsy) | Zsg = jZ, tan(Blsp). (4.1)
where Z, is the characteristic impedance of the coaxial line used in the stub and g is the phase
constant. Corresponding normalized admittance (y,) for stubl and stub 2 are given by

Vsa =Jjbsa =1/Zsy , ysp = jbsp = 1/Zsp (4.2)
b,, and by represents the susceptance of stub A and stub B respectively.
In particular, a variable load is emulated using a movable water tank in front of an antenna. The
antenna admittance (y,,;) not only depends upon the structural parameters but also depends on
the peripheral medium which is assumed as,

Yant = Jant + Jbane (4.3)

where g.n: and b, are the conductance and susceptance of antenna load.
By including the stub 1 admittance, transformed admittance at node A is written as

Ya = Yant t Ysa = (gant) + j(bant + bsa) (4.4)
Normalized admittance before the stub 2 by transforming through the length (1), is given by

_ (gant)+j(bantt+bsattan(Bly))
Yar

= = , by, 4,
(ant+bop)tan(Bla) +@anotan(ple) - 947 T b4 (4.5)

So, the real part of y,, must be equal to the 1, whereas it’s imaginary part (jb,,) is compensated

by stub 2. Means admittance at node B,
VB = Yar+Ysg = Gar +j(bas + bsp), (4.6)
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This represents perfectly matched load admittance. Now the reflection coefficient at node B,

(I = 0) can be taken for perfectly matched condition. So,

Yg =9a = 1,and 4.7
bAl + bSB == 0 (48)

Susceptance of stub 1 (bs,) is calculated using eq. (4.7) and eq. (4.5) and given by,
ba = 7= (1 = (band)tan(Ble)) £VEK) (4.9)

2
Where K = (Hm"(ﬁyl“) Want _ g2 tan(Bl,)?

The susceptance (bgg) of stub 2 is obtained using eq. (4.5) and eq. (4.8),

bsg = —b,, (4.10)
In matched condition, length of stub 1 and stub 2 are derived as,
__1 -1(_1 __1 -1( 1
lss = = tan (bsA ) s = tan (bsB ) (4.11)

which can be achieved by moving the shorting rings at appropriate place inside stubs.
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Figure 4.2: Schematic of Double stub matching network.

The double stub matching network is not capable of matching the range of admittance
values called as a forbidden gap, which is marked as a forbidden conductance circle in the smith
chart [89]. The load admittance under the forbidden gap can be transformed using a line stretcher
to get out of the forbidden gap. Therefore, a line stretcher is used along with a double stub tuner

to match all the admittances.
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4.3.

Matching algorithm for high power RF network

The speed of the matching network mainly depends on the inbuilt diagnostics, matching algorithm,

and speed of controlled drives. Therefore, an efficient algorithm has been developed for the

proposed automated matching network. Its flow chart is shown in Figure 4.3. It includes many

steps, and each of the steps is assigned for the specific task, which can be understood using the

flow chart.

|
]

Matched

|

Move
Stub 1

Initialize the matching system

Automatic detection of
forward and reflected power

< Analyze the

" Matched ‘ Stubs remain at
Mismatch _—’ initial position
Status \ :

Mismatched

| - | Analyze \
L & the 4
’ N  Steps

Matched

Figure 4.3: Flow chart for proposed matching system.
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Steps of the flowchart are defined as follow:

Step 1. This step initializes the system and checks the response from all devices connected to the

system. It also ensures that the system is ready for the next step.
Step 2. In this step, the magnitude of forward and reflected power has been measured.

Step 3.0n this basis of measured forward and reflected power data, mismatched status has been
analyzed. If the system is already matched, stubs remain in the same position; otherwise, the

program generates an instruction to start the matching process.

Step 4. The matching process is initiated at this step, where the time taken in matching is
minimized by moving both stubs simultaneously towards the match point. Once the system is
matched, the controller sends a request to stop the moving stub.

4.4. Signal processing for RF matching network

This section formulates the matched condition on the basis of inbuilt diagnostic response. The
system incorporates detectors that continuously measure the forward and reflected power. The
power detector, mini-circuit model no. ZX-47-60LN+ outputs are DC voltages, which can be
mapped for specific RF power value. It is inbuilt with integrated circuit (IC) AD8318 which has
9-stage demodulating logarithmic amplifier, capable of accurately converting an RF input signal
to a corresponding output voltage. The output voltage decreases linearly in the dB scale when RF
input power increases. The photograph of the detection unit is shown in Figure 4.4, whose power
range is defined as -60dBm to +10dBm for frequency, 10-8000MHz. The output of the detector is
specifically plotted for 182.5MHz, which is shown in Figure 4.5. Here, output voltage varies from
0.4 V to 1.2V for -60 to +10dBm input. The detector shows the linear characteristic for -55 to -
10dBm input, where the slope is approximately —15.5 mV/dB, which can be utilized for the
formulation of the detector output.
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Figure 4.4: Photograph of RF power detector.
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Figure 4.5: Output voltage vs input power at 182.5MHz.
The power output has been formulated in terms of measured voltage which is written as [94, 122],

—k (—k)
P, = v—d(dBm) = 10\%a’/mw (4.12)

Where, P, is detector output power and k is slope of the curve in linear region. Now, Voltage

Standing Wave Ratio (VSWR) for RF network is written as [97],
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VSWR = 1+l
- 1-T
Where T is the reflection coefficient.
The matching system utilizes detectors for measuring the forward and reflected power that
measures output voltages V,r and V,, respectively. Its respective power values can be derived
from eq. 4.12, which are supposed to be P, and P,,-. Now, VSWR in term of forward and reflected
power can be written as,
1+ <@>
af

VSWR = (4.13)

P
P
From Eqn. (4.12), substituting the value of Py and P4, in Eqn. (4.13),

1+ 10%(%#_%#)

VSWR = (4.14)

L(L_L)
1-— 1020 Var Var
In matched condition VSWR must be less than 1.5. Therefore,

L(L_L>
14 10%°\Var Var
<15

k 1 1
1- 10_0(__V_dr>
Substituting the value of slope k=15.5mV/dB for 182.5MHz gives,

1 1
(— - —) > 0.901 (4.15)

Vdf Var
The condition is given in eq. 4.15 represents the matched condition, where reciprocal differences
of the voltage output from the detector must be greater than the defined constant (0.901). This
has to be satisfied with the matching of unknown load impedance. The condition is used in

developed algorithm to analyze the matched condition and interpreted for the controller program.
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4.5.  An Automated RF Matching Network

The schematic of the proposed RF matching network is shown in Figure 4.6. It comprises of
various RF components such as directional coupler, power detectors, coaxial stub tuners, line
stretcher, RF antenna, and feedback-controlled drives, etc. To emulate the unknown load
conditions, a water bucket is moving back and forth at the antenna front, which introduces time-
varying load. Signal generator and low power amplifier (LPA) are used as an RF source to excite
the system for testing and measurement. In mismatched conditions, the directional coupler
couples the forward and reflected waves at two separate ports that are measured using power
detectors. The detector output has been utilized for the analysis to match the unknown load
condition. Moving stubs and line stretcher is connected with the feedback controller to match the

system in the real-time domain.

Stub Tuner Line .
RF |_[Low Power _[Direcrionn - Str itfcll{:el 3 ‘n‘t ;::::e
Source Amplifier Coupler - :
|24V
DC Power  Power| Power l
Supply i
=5V S Stubl ‘ '

Controller Unit

Figure 4.6 Schematic of proposed RF matching network.

The photograph of the developed RF matching network, along with a variable water load is shown
in Figure 4.7. System components are connected using coaxial cable (RG142). Initially, it is
tested using a Vector network analyzer (VNA). The set-up has been calibrated for the various
load positions, where impedance values are measured using VNA and matched as per the
computerized program, which has been explained earlier in section 4.3. Figure 4.8 shows the
graphical user interface on the Human-machine interface (HMI) screen, which has been
specifically designed for matching the system. It continuously reflects the detector voltage and
position of stubs and line stretcher.
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Figure 4.7: Photograph of developed RF matching network.
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Figure 4.8 Photograph of graphical user Interface for manual matching.

The initial calibration has been tabulated in Table 4.1, which incorporates the measured load

impedance before and after matching and the corresponding VSWR, return loss, stub, and line

Mock-up ICRH system
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stretcher positions. The test results are shown in Figure 4.9 (a), Figure 4.9 (b), Figure 4.9 (c) and
Figure 4.9 (d), where system response in terms of impedance before and after matching is

presented by using the smith chart. The obtained result shows that the developed system is
performing as per desired.
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Figure 4.9 (a), (b), (c), (d): Smith chart of system response before and after matching at 182.5 MHz.
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Table 4.1: Calibration table.

S. Impedance | VSWR |Return| Impedance after | VSWR Line | Double Stub
No. before Loss | matching (Q) stretcher| Tuner (mm)
matching (Q) (indB) (mm) |Stub 2 Stub1
1 43.6 -j51.2 2.86 | 6.30 50.0 -j0.35 1.02 300 |240.5|120.5
2 8.91-j6.27 6.27 | 2.60 49.2-j1.34 1.03 150 40 70
3 12.2-j3.84 412 | 4.30 50.5-j1.31 1.03 170 50 120
4 8.37-j8.50 6.22 | 2.85 49.5-j0.1 1.01 170 40 150
5 8.39-j13.6 6.40 | 2.75 50.8 -j1.03 1.04 140 80 140

In the next step, a signal generator, along with a low power amplifier (LPA) is used as an RF
source to excite the system for testing of automatic matching response. The feedback of detectors
is used to calculate the mismatch condition and continuously transmits the signal for the movement
of line stretcher and stubs until the matched condition is reached out.

Figure 4.10 shows a graphical user interface for an automatic matching network, where a
click at the “START” button automatically initiates the matching procedure, and the system
automatically stops when the system is matched and displays the mismatch status to
“MATCHED”.
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Figure 4.10 Photograph of graphical interface for automatic mode.
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The developed system is capable of automatically match any arbitrary load corresponding
to VSWR in the range (3.0 to 8.0) within a few 10ms. Test data also have been tabulated in Table

4.2, which shows the VSWR before and after matching, and corresponding stubs and line

stretcher positions after matching. The obtained result shows that the system is successfully

matched, where VSWR is less than 1.5 after matching.

Table 4.2: Test data before and after matching for automated RF matching network.

Sr. | VSWR Movement Movement Movement of | VSWR
No. | before of Stubl | of Stub2 | line stretcher | after
matching length (mm) | length (mm) | length (mm) | matching
1 6.21 62.1 142.8 138.4 1.46
2 4.59 38.7 218.4 120.1 1.42
3 6.24 157.4 279.0 94.6 1.48
4 7.24 128.4 145.9 220.4 1.50
5 3.16 55.8 112.1 82.3 1.35
6 5.87 244.2 325.8 1754 1.46
7 6.52 157.3 314.4 204.6 1.49
8 5.12 98.4 175.2 200.8 1.39
9 3.43 68.9 103.8 88.2 141
10 5.21 214.4 282.5 178.6 1.46
4.6. Summary

In this chapter, an automated high power RF matching system has been developed. The automation

of a developed matching network is based on the forward and reflected power, which has been

detected using power detectors. The detector outputs are utilized to formulate the matched

condition, which has been converted into a computer program. The developed matching system is

capable of matching any arbitrary load corresponding to VSWR in the range (3.0 to 8.0) within a

few 10ms. The developed concept is to be utilized in the development of a mock-up ICRH system

of Tokamak. The developed matching system is very robust and simple, which can be used for

various applications like RF heating, current drives, sputtering, plasma generation, RADAR, etc.

in the RF frequency range.
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CHAPTER 5
MOCK-UP OF ICRH SYSTEM

5.1. Overview

This chapter briefly explains the development of a mock-up ICRH system for matching of
continuously variable load as in a real system of Tokamak. The mock-up is a prototype of the
ICRH system used in SST-1 Tokamak, India, where the components are designed for lower power
and five times the scaled frequency (5 x 36.5 = 182.5MHz). The main objective of this chapter
is to present the developed mock-up in relation to a real ICRH system of tokamak. The detailed
description of the mock-up ICRH system has been given below.

5.2. Layout of mock-up ICRH system

The layout of the proposed mock-up ICRH system is shown in Figure 5.1. The RF source can
produce 100 Watt RF power by using a signal generator with LPA. In the ICRH system of
Tokamak, RF power from the source is divided into two equal parts using 3dB hybrid coupler and
is feed to antennae via matching network. The 3dB coupler also provides essential protection to
the RF generator by coupling the reflected power at matched terminated isolated port. The other
components of mock-up like a tapped transmission line, directional coupler, power detectors,
double stub tuner, line stretcher, service stub, de-coupler, etc. are used for detection and matching.
The layout of the mock-up is arranged in a similar way to that of SST-1. A basic matching network
has been discussed in earlier chapter-4, which can be appeared like an integrated part of the overall
mock-up, as shown in Figure 5.1, where branches of mock-up consist of a double stub tuner
arrangement. The water loads are independently placed in front of the antennae to emulate the

plasma-like conditions of Tokamak.
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Figure 5.1: Layout of the mock-up ICRH system.

5.3. Real Time Control sequence

The components of mock-up are designed to control in a sequence as per the requirements. The
working of each of the components, along with its sequential importance, are discussed herewith
in detail.

5.3.1. The 3dB hybrid coupler
In mock-up ICRH system, 3dB hybrid coupler is used as a power divider to feed both RF antennae.
It also protects the RF source by coupling of reflected power to isolated port, i.e. terminated with
a dummy load. The isolation of reflected power depends on the load impedance, and it is
conditional. Therefore, it can also be used as secondary protection other than the applied matching
unit which, includes tuners, line stretchers, service stubs, and de-couplers, as shown in Figure 5.2.
Working of 3dB hybrid coupler in different loading circumstances is explained as follow:
¢ In case both the antennae interface passes through a similar mismatched condition, a hybrid
coupler completely isolates the generator from reflected power. The similar mismatched
means, magnitude, and phase of load impedances are the same, and it is mismatched from
the source impedance.
¢ If both the antenna interface passes through different mismatched load impedances, which
are not the same, in this case, reflected power is partially coupled at the isolated port, where
the degree of coupling mainly depends on the load values.
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e In a particular condition, if both the antenna loads are terminated with the same load
magnitude and the reflection phase angle is 90° out of phase then, the total power is
reflected back to the source, which is a major disadvantage of 3dB hybrid coupler. To avoid
this condition, a de-coupler arrangement has been utilized to produce a similar phase
difference between the antennae, as shown in Figure 5.2. It also reduces the possibility of

mutual coupling between the antennae.
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Figure 5.2: Schematic representation of mock-up ICRH system of tokamak.

5.3.2. Detection Control

The mismatching at the antenna load increases the Voltage Standing Wave Ratio (VSWR) in the
transmission line, which is detected using the detection unit for analyzing the mismatched
condition. The detection unit consists of a tapped transmission line, a directional coupler, and
power detectors. The tapped transmission line utilizes 15 probes, which are used to calculate the
phase difference between the transmitted and reflected signal. The directional coupler couples the
forward and reflected power at two separate ports that are connected to power detectors. The power
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detectors sense the magnitude of forward and reflected power in the transmission lines. The
detector output has been utilized for the analysis of the VSWR or reflection coefficient (I") to
match the unknown load condition. VSWR is controlled or lowered in a step by step matching
algorithm sequence. Stubs, line stretchers, de-coupler, and service stubs have been utilized with
the feedback controller to match the system in the real-time domain. The controller refreshes the

detected values after every 2ms time period.

VSWR and reflection coefficient (T') is given by

_ VSWR-1
T VSWR+1

On the basis of measured Voltage Standing Wave Ratio (VSWR), the matching algorithms take
the decision through feedback controller.

e First,avery simple turn by turn approach has been followed for impedance matching where
the matching components are adjusted to control the VSWR. In this approach, the stubs
and line stretcher either move upward or downward in one by one fixed fashion depending
on the VSWR with the motive to decrease the VSWR. The feedback loop works on the
principle of generating two outputs, whether to increase or decrease the length of shorted
stub till the VSWR approaches 1. This algorithm is very robust for matching.

e Due to long matching time taken by the turn by turn approach for the matching of mock-
up ICRH system, an algorithmic approach based on the measured VSWR through both
branches has been followed, as discussed in the next section. In this approach, the matching
components of both branches are adjusted simultaneously in real-time, depending on the

received forward and reflected power.

5.4. Matching algorithm for mock-up ICRH system of Tokamak

An efficient algorithm has been developed for the automated matching network for the mock-up
ICRH system of Tokamak. Its flow chart is shown in Figure 5.3. It includes many steps, and each

step is assigned for the specific task, which can be understood using the flow chart.
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Steps of the flowchart are defined as follows:

Step 1. This step initializes the system and checks the response from all devices connected to the

system. It also ensures that the system is ready for the next step.
Step 2.In this step, the magnitude of forward and reflected power has been measured.

Step 3.0n this basis of measured forward and reflected power data, VSWR or reflection
coefficient has been analyzed for three conditions for both the branches which are described as

given:

Condition 1: If VSWR < 1.5 orI'~0, this means the system is matched, and the matching

components remain at the same position.as

Condition 2: If 1.5 < VSWR <2 orT < 0.33, this means the system is mismatched, where the
reflected power is less than 12%. For this condition, the program generates an instruction to start
the matching process. Here, the double stub and line stretcher initiate the matching process as per
the developed hypothesis explained in chapter 4 and are moved simultaneously towards the
matching point. Once the system is matched, the controller sends a request to stop the matching

process. The controller refreshes the detected values after every 2ms time period.

Condition 3: If VSWR > 2 or I' > 0.33, this means the reflected power greater than 12%. In this
case, the system is mismatched, and at first, the system will check the reflection phase angle of
two branches using tapped transmission line. If the antenna loads at both branches are out of phase,
then a de-coupler arrangement has been utilized to match the phase between both the branches
along with double stub, line stretcher hypothesis to achieve the matching point. If the antenna loads

are in phase to each other than the condition 2 hypothesis has been utilized to achieve matching.
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Figure 5.3: Flowchart for mock-up ICRH system of tokamak.
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5.5. Automated mock-up ICRH system

The photograph of the fully developed mock-up ICRH system of the Tokamak is shown in Figure
5.4. Here, the mock-up system supplies RF power using a combination of signal generator with
LPA. The 3dB coupler is used to divide equal RF power in both the branches. Each branch consists
of the directional coupler, power detectors, tapped transmission line, double stub tuner, line
stretcher, de-coupler between the branches, service stub, RF antenna, and variable water load. The
developed components are integrated using coaxial cable (RG142). Input/ output connectors for
each component are designed in such a way that it can be easily changed from BNC to N-type and
vice-versa as per the power requirements. Initially, the system is tested using a Vector network
analyzer (VNA) and matched as per the developed algorithm. The set-up has been calibrated for
the various load positions where the sliding water bucket load is moved in 100mm steps, and the

impedance values are measured using VNA.

Feedback
Controller
Unmit

,/' Water load &
\_// RF Anten

Y

Variable Water = ‘ .
Load Y

Figure 5.4: Photograph of mock-up ICRF matching network on test bench.
Figure 5.5 shows the graphical user interface on the HMI screen, which has been specifically

designed for matching the mock-up ICRH system. The “START” button automatically initializes
the mock-up ICRH system. The position of stub tuners, line stretchers, and the detector voltages
are continuously reflected on the graphical user interface. The controller refreshes the display
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output after every 2ms time period and shows the mismatch status every time, whether the system
is matched or mismatched. If the system gets matched, the controller automatically sends a request

to stop the movement of motorized stubs and line stretchers.

Matching Mode

12.345| [12.345 :
Difference |§
[12.345 [12.345 1:

Forward Reflected I B
Voltage Voltage § STUB 2 ;
- '[_T P] E
Mismatch L
el | ABCD _

Set Zero
Main

MIN 12.345

12,345 MAX

Mock-up ICRH System

Figure 5.5: Graphical user interface for mock-up ICRH system.

The initial calibration has been tabulated in Table 5.1, which incorporates the measured load
impedance before, and after matching and the corresponding VSWR, return loss, stubs, line

stretchers, and service stubs positions. The obtained result shows that the developed mock-up

system is performing as per desired.
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Table 5.1: Calibration table for mock-up system.

BRNACH 1 BRANCH 2

S. |Impedance|VSWR|Return|Impedance VSWR| De- Line | Double Stub | Service | Line | Double Stub | Service
No| before Loss after coupler (stretcher| Tuner (mm) | Stub (Stretc| Tuner (mm) Stub

matching (in dB)| matching position| (mm) |Stub1Stub2| (mm) | her |Stub1Stub2| (mm)

(V) (V) (mm)

1(49.2+j39.8 | 2.20 | 8.58 | 50.2-j2.08 | 1.04 | 49.6 240.4 | 210.1 |150.8| 52.6 |210.1|320.2| 90.5 110.8
2117.6-j9.85| 2.96 | 6.10 | 48.8-j0.19 | 1.02 | 104.2 270 150.2 | 245.5| 90.1 |110.5| 80.4 | 320.6 42.3
31|21.2-j14.4 | 2.63 | 6.99 | 51-j291 | 1.07 | 904 290.3 | 190.6 |198.4| 416 |[171.9(263.6| 272.9 80.5
4188.1+j5.87 | 1.77 | 11.30 | 48.9+j0.44 | 1.02 -- 2244 | 1479 | 85.9 -- 173.8|162.0| 256.1 --
51| 83.4-j57.8 | 2.70 | 6.78 |45.7+j0.12 | 1.09 | 40.3 284.7 | 257.2 |179.2| 247.3 |120.5(110.3| 160.9 256.4
6| 85.2-j19.7 | 1.84 | 10.6 |47.0+j1.05| 1.07 -- 242.5 90.2 | 635 -- 80.4 |240.6| 108.1 --
7117.0-j25.9 | 3.81 | 4.68 | 45.8-j0.46 | 1.09 | 82.2 82.4 113.4 | 190.1| 30.2 |251.9|155.1| 203.2 45.2

In the next step, a signal generator and low power amplifier (LPA) are used as an RF source
to excite the system for testing automatic matching response. The developed system is tested at
182.5MHz. The feedback of detectors are used to calculate the mismatch condition and
continuously transmits the signal for the movement of matching components until the matched
condition is reached out. The developed system is capable of automatically match any arbitrary
load corresponding to VSWR in the range 1.5 to 5.0 within a few 10ms. Test data also have been
tabulated in Table 5.2, which shows the VSWR before and after matching and the position of stubs,
line stretcher, service stubs, and de-coupler position for both branches after matching. The

obtained result shows that the system is successfully matched.
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Table 5.2: Test data before and after matching.

BRANCH 1 BRANCH 2
Sr. VSWR Position | Position | Line Position Position | VSWR | Position | Position | Line Servi | Total
No. | before of Stubl | of Stub2 | stretch | of Service | of de- | after of Stubl | of Stub2 | Stretch | ce Time
matching | (mm) (mm) er Stub coupler | matchi | (mm) length er Stub | take
(mm) (mm) ng (mm) (mm) (mm | n
) (mse
<)
1 2.34 200.5 150.6 114.2 66.8 46.2 1.48 215.6 124.6 148.2 92.3 118
2 3.12 144.6 128.5 120.6 42.6 85.6 1.42 145.6 203.5 204.6 118. 136
5
3 2.74 130.5 65.5 178.5 40.3 115.2 1.35 195.0 148.9 102.9 85.4 89
4 4.62 215.9 147.5 247.2 74.2 145.7 1.49 178.2 258.1 285.6 106. 169
4
5 1.96 98.2 72..3 112.8 -- -- 1.39 103.5 85.4 155.6 -- 69
6 3.56 178.6 254.2 198.6 96.2 200.5 1.43 165..4 241.1 2149 69.3 135
7 1.85 121.3 149.8 95.1 -- -- 1.35 147.5 114.6 145.2 -- 76

5.6. Summary

In this chapter, a mock-up ICRH system for matching of the continuously variable load has been
developed as in a real system of tokamak like SST-1. A computational program has been
developed with a defined control sequence to control detectors and matching components used
in mock-up as per desired. The developed program has been tested for optimum speed. The
developed matching system is capable of matching any arbitrary load within a few 10ms. The
developed matching system is very robust and simple, which can be used for various applications
in the field of satellite communication, radar technology, RF heating, current drives, sputtering,

plasma generation, fusion engineering, navigation, etc.
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CHAPTER 6
CONCLUSION AND FUTURE SCOPE

6.1. Conclusion

This thesis presents the development of load resilient mock-up ICRH system of Tokamak. The
ICRH system is used in Tokamak for heating of plasma in order to get the fusion reaction. Since
plasma offers the variable load impedance, the ICRH system requires a real-time RF matching
network to match the load variation with source impedance. Although load variations are very fast
that may be in the order of few milliseconds. So, the required matching network need to be very
fast. The work presented in the thesis is mainly based on the development of RF equipment that
can be easily upgradable to MW power handling capability and also integrate these into a prototype
to test the matching techniques to achieve the optimum matching speed. The prototype is rated for
low power handling capability (100 W) and scaled up to five times of ICRH frequencies, i.e.
ranging from 22-91 MHz. Mock-up of RF matching network consists of various RF components,
such as 3dB coupler, directional couplers (dual directional coupler, 20dB coupler), stub tuners,
line stretchers, service stubs, RF antennae, and variable water load. Work in the initial stage mainly
focused on the theoretical analysis and exploration of new ideas in the development of RF
components and matching techniques. The design, fabrication, and testing of each component of
mock-up in the frequency range of 170-190 MHz have been carried out at an intermediate stage.
The developed components have been integrated on a test bench finally and tested by
implementing matching concepts developed to achieve the load resilient behavior of mock-up. The
developed components have wide applications other than the fusion tokamak such as

telecommunication, defense, and electronic warfare, aerospace, satellite, and navigation systems.

Summary

The major achievements of the thesis can be summarized as follows,

1. The components of the mock-up ICRH system have been developed for 170-190 MHz
frequency and 2kW power handling capability, which has broad application scope ranging
from communication to defense. These components are designed in such a way that they can
be upgradable up to MW power handling capability in any frequency range within HF, VHF,
and UHF. Each of the components has been indigenously developed and tested for the desired
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output. Brief description of the components has been developed under the thesis is given as

follow:

>

Hybrid coupler: 3dB hybrid coupler is a device that is broadly used as a combiner or
divider in an RF/microwave network. The developed coupler is developed for 155-225
MHz and 2kW power handling capability. The developed coupler is very robust, easier in
fabrication, and can be utilized in many plasma related experiments, radar, and satellite
applications in HF, VHF, and UHF range.

RF Antenna: The developed RF antenna for the mock-up ICRH system is designed at
182.5MHz for 2kW power handling capability. Its design is based on the CRLH-TL unit
cell, where the parameters of the unit cell are decided by the dimension of the shorted loop.
The development process of antenna involves a theoretical analysis which can be applied
for the development of high power RF antenna for the heating purposes in Tokamak.
Directional couplers: In the presented work, the development of variable and fix type
directional coupler has been presented, which are applicable in the frequency range of HF,
VHF, and UHF. The directional coupler is broadly used in the RF network to couple the
forward and reflected power to analyze the system response. The developed couplers are
in simple design and construction.

Stub Tuner: Tuners are broadly used in the RF network to match the RF system. The work
presented in the thesis imparts the indigenous development of feedback-controlled coaxial
line based high-speed tuner. It has the capability to move its entire quarter wavelength
within 100msec.

Line stretcher: Line stretchers are used for phase matching in the RF circuit. It introduces
the required phase shift by changing the length of the transmission line. The rigid coaxial
line based line-stretcher has been developed in the frequency range of 50-250 MHz and
has 2kW power handling capability and can be upgradable up to MW power handling
capability in any frequency range within HF, VHF, and UHF.

. The development of a load resilient matching network for 100 W power handling capability

and upgradeable up to MW is presented. The developed matching network is capable of

matching any load variation corresponding to VSWR in the range 1.5 to 8.0 in a few

milliseconds. The system is directly applicable for RF matching in the area of

telecommunications, broadcasting, small plasma related experiment, etc.
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3. A computational program has been developed with a defined control sequence to control

6.2.

detectors and matching components used in mock-up as desired. The developed program has
been tested for optimum speed. The detailed analysis about the control and matching sequence

has been presented in the thesis, which is useful for similar work.

Future Scope

» The work presented in the thesis is directly associated with RF heating in Tokamak, which
is a controlled reactor for future energy generation. It is a cutting edge of research with
wide research scope. The developed mock-up has been tested for matching unknown load
in a few milliseconds, which is desired in the real ICRH system of Tokamak. In advance
stage, the developed matching technique can be applied directly in the real ICRH system
of the Tokamak.

» The matching speed of the drive-based stub tuner is limited up to a certain extent, and the
speed of the overall matching network cannot be achieved faster than a few milliseconds.
Therefore, for better speed, the ferrite based stub tuner can be used.

» The developed RF antenna is rated for 2kW power handling capability that can be upgraded
up to the MW level by using multiple radiating straps, which can be applied in the real
ICRH system of Tokamak.

» The components of mock-up can be directly used in small plasma related experiments and
can be tested for its matching speed.

» The developed components can also be used in High power RF networks in the field of

satellite communication, radar technology, fusion engineering, navigation, etc.
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