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Abstra
t

The ICRH system of tokamak utilizes 
ontinuous wave rf power above 100kW and

upto few MW at many frequen
ies in the range of 20 to 120MHz. The frequen
y

depends upon geometry of the tokamak, desired plasma parameters and toroidal

magneti
 �eld at the 
enter of tokamak vessel. The ICRF generators are used

to feed the rf power to the plasma with ICRH antennae. These should ideally

be operated into mat
hed load. The antennae load impedan
e not only depends

on the antennae geometry but also on the boundary 
onditions of plasma whi
h

o�er 
ontinuously variable mismat
h. Due to the mismat
hed loading, signi�
ant

amount of the rf power is re�e
ted ba
k and 
auses in
onsitant performan
e or

damage to the generator. The 
onventional mat
hing systems operate on slower

time s
ale and may fails to 
ope with the faster variation of plasma impedan
e. The

3dB hybrid 
oupler is used to provide the essential prote
tion to the rf generator

from the re�e
ted power. The 3dB hybrid 
oupler 
an also be used as power


ombiner, divider and to prote
t the rf sour
e by 
oupling of re�e
ted power to

the isolated port.

The 3dB hybrid 
oupler is a 4-port devi
e in whi
h input of rf power at port-1 is

equally divided into the port-2 and port-3 with a phase di�eren
e of 90◦, whereas

port-4 is remain isolated. In 
ase, re�e
ted powers due to mismat
hed load at

port-2 and port-3 that are 
onne
ted to antennae are equal in magnitude and

phase, the total re�e
ted power goes to port-4. Thus, rf generator is prote
ted

from re�e
ted power. The high power hybrid 
ouplers that are developed and

presently available for these purposes are rated for narrow frequen
y band and

do not 
over full operational frequen
y range of the proposed ICRH experiments.

Many 3dB hybrid 
oupler, at various dis
rete frequen
ies are required in the ICRF

iv



range. Therefore, hybrid 
oupler and the 
oupling me
hanism needs to be altered

with 
hange of operating frequen
y. The development of broadband 3dB hybrid


oupler in the high power rating is not yet reported. Therefore, the need is felt

and the author is motivated to intensify his resear
h interest in this domain. The

work has been 
ompleted in following steps:

1. A strip line based prototype 3dB tandem hybrid 
oupler of rating, 91.2±15MHz

and 2.5 kW has been developed to 
reate the pro
ess for indigenous develop-

ment at any frequen
y in the range of HF and VHF.

2. Design of broadband multi-element 
oupled lines for high power handling


apability is su

essfully 
ompleted.

3. A 200kW and 38 to 116MHz, ultra-wideband novel 3dB hybrid 
oupler is

designed, developed, fabri
ated and tested for the desired performan
e.

4. Design and fabri
ation drawings of the 1.5MW ultra-wideband 3dB hybrid


oupler for the ICRF heating in fusion grade rea
tor is 
ompleted.

v



List of the Symbols

R, L, G, C
are series resistance, series inductance, shunt conductance and shunt
capacitance per unit length of an arbitrary transmission line

ω Angular frequency
α, β are the attenuation phase constant
γ propgation constant
vp phase velocity
λ frequency wavelength
Z0 characteristic impedance per unit length
ǫr relative permittivity
we effective width of strip line
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b spacing beteween ground conductor of the the strip line
αc attenuation constant due to the conductor
αd attenuation constant due to the dielectric
Rs skin resistance of the transmission line
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Vpeak Peak voltage
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Pc, Pd power dissipation due to the conductor and dielectric
PT Total incident power in watt
Gt Thermal conductance
Tamb ambient temprature
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µ Magnetic permeability
σ conductance of the strip line conductor
δ Surface rougness
Ce even mode capacitance
Co odd mode capacitance
Cv coupling cofficient
C11 self capacitance of the strip 1 with respect to ground
C12 capacitance between of the strip 1 and 2

Zce, Zco even and odd mode impedance of the coupled lines
K(k) elliptical integral of first kind
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Zm, Ym patch impedance and cpacitance
Ac amplitude of signal appears at isolated port-4 of uncompensated coupler
Awc amplitude of signal appears at isolated port-4 of uncompensated coupler

A1, A2, A3, A4 amplitude of signal emerging from coupled element-A from port 1,2,3 & 4
T0e, T0o transmitted wave amplitude in even and odd mode
Γ0e, Γ0o reflected wave amplitude in even and odd mode
Zc, Yc coupled line impedance and cpacitance
Zm, Ym patch impedance and cpacitance

Ac amplitude of signal appears at isolated port-4 of uncompensated coupler
Awc amplitude of signal appears at isolated port-4 of uncompensated coupler

A1, A2, A3, A4
amplitude of signal emerging from coupled element-A
from port 1,2,3 & 4

T0e, T0o transmitted wave amplitude in even and odd mode
Γ0e, Γ0o reflected wave amplitude in even and odd mode

Z0eA, Z0oA even and odd mode impedance of element-A
Z0eB, Z0oB even and odd mode impedance of element-B

Cx coupling cofficient of an arbitrary element-x
CA, CB coupling cofficient of element-A and element-B

LjeB, CjoB
even and odd mode inductance and capacitance associated to the
element-B due to the junction discontinuity effect.

LjoA, CjeA

odd and even mode inductance and capacitance associated to the
element-A
due to the junction discontinuity effect

f0 center frequency
ZeB(eff), YoB(eff) even and odd mode effective impedance and admittance of element-B
YeA(eff), ZoA(eff) even and odd mode effective admittance and impedance of element-A

θ electrical length of the coupled lines at frequency f .
θ0 electrical length of the coupled lines at frequency f0.

[

ABe′ BBe′
CBe′ DBe′

]

even mode transmission matrix parameter of element-B including
junction discontinuity effect.

[

ABo′ BBo′
CBo′ DBo′

]

odd mode transmission matrix parameter of element-B including
junction discontinuity effect.

[

AAe′ BAe′
CAe′ DAe′

]

even mode transmission matrix parameter of element-A including
junction discontinuity effect.

[

AAo′ BAo′
CAo′ DAo′

]

odd mode transmission matrix parameter of element-A including
junction discontinuity effect.

B′
1, B

′
2, B

′
3, B

′
4

repersent return loss, output, coupling and isolation of the coupled
element-B including junction discontinuity effect.

A′
1, A

′
2, A

′
3, A

′
4

repersent return loss, output, coupling and isolation of the coupled
element-A including junction discontinuity effect.

b3 overall coupling of 3-element coupled line section

b′3
overall coupling of 3-element coupled line section including
junction discontinuity effect
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b3m overall coupling of modified 3-element coupled line section
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1
Introdu
tion

1.1 Motivation and brief history

The energy demands in the world are dramati
ally in
reasing every year. At

present more than 80% of energy need is ful�lled by the 
oal, oil and gas. The

fossil fuels are present in limited sto
k. These are responsible for the huge emission

of 
arban-dioxide and other harmful gases. Therefore, it is desirable to have an

alternative energy sour
e.

Fusion energy seems to have potential to provide sustainable solution to global

energy requirements. This is the topi
 of a
tive resear
h and is supposed to be

available as a future energy option by the middle of this 
entury. This 
ould 
on-

tribute to a se
ured and safe energy. Fusion energy is liberated from the fusion

rea
tion where the two light atomi
 nu
lei of deuterium and tritium are fused

together to form a heavier atom of helium. The same me
hanism is 
onsidered

to be responsible for the energy sour
es like stars and other illuminating 
elestial

obje
ts. In laboratory, fusion has been a
hieved in tokamak devi
es that used mag-

1
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neti
 �elds to 
ontain and 
ontrol the plasma for the produ
tion of energy. The

plasma is produ
ed with deuterium gas and tritium is added in the form of pellet

in the plasma to have fusion rea
tion. S
ientists are parti
ipating in the worldwide

e�ort to develop magneti
 fusion energy for generating ele
tri
ity. International

fusion experiments like JET, Tore Supra, ITER et
. aim to demonstrate the s
i-

enti�
 and te
hnologi
al feasibility of fusion rea
tors. To a
hieve fusion rea
tion

in tokamak, plasma should be heated to temperatures over 100 million degrees

Celsius i.e. about 10keV. This is ne
essary to provide some of the heating methods

to rea
h the temperature required for ignition. Ion Cy
lotron Resonan
e Heating

(ICRH) is a promising heating method due to its lo
alized power deposition pro�le,

dire
t ion heating at high density and established rf te
hnology at low 
ost [1, 2℄.

Ion 
y
lotron heating in tokamak(ICRH)

In stati
 magneti
 �eld of the tokamak, 
harged parti
les (i.e. ions and ele
trons)

of the plasma move on the spiral traje
tory and rotate around magneti
 �eld lines

with frequen
ies that depend on: 
harge of parti
le, mass of parti
le and magneti


�eld strength. Frequen
y of the rotating ion is known ion 
y
lotron frequen
y

(ICRF). Therefore, if an ele
tromagneti
 wave with ion 
y
lotron frequen
y is

laun
hed into the plasma, most of the ions are heated, provided that the magneti


�eld 
omplements the resonant 
ondition and also the dire
tion of the rotation of

parti
le is in the same dire
tion of the dire
tion of rotation of magneti
 �eld so that

the parti
le see d
 ele
tri
 �eld in their own frame of re
tan
e. This phenomena

is known as ion 
y
lotron resonan
e heating (ICRH). In tokamak, ICRF may vary

from 20 to 120MHz that depends on geometry of the tokamak, desired plasma

2
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parameters and toroidal magneti
 �eld at the 
enter of tokamak vessel. In 
ase

of SST-1 tokamak 91.2MHz frequen
y is required for ICRH during 2nd harmoni
s

heating at 3 T tokamak operation [3, 4℄. ICRH system of tokamak utilizes 
wrf of

100kW onwards in the frequen
y range of 20 to 120MHz [5℄. ICRH system used

in some of the well known tokamak are rated as, In ICRH system rf generator

Tokamak Power Frequen
y range

Aditya 200kW (22-47)MHz

SST-1 1.5MW (22-91.2)MHz

JET 36MW (25-55)MHz

Tore Supra 12MW (40-80)MHz

ITER plan 20MW/antenna (40-55)MHz

feed the rf power to the plasma through one or many antennae. The antenna load

impedan
e not only depends on the antenna geometry but also on the boundary


onditions of plasma whi
h o�ers 
ontinuously variable mismat
hed load. Due

to mismat
h of load impedan
e and generator impedan
e a signi�
ant amount of

the rf power is re�e
ted ba
k to the generator. This is undesirable for the better

e�
ien
y and reliable operation of rf generator. Mat
hing systems are used to

transform the plasma impedan
e to that required for the optimal fun
tioning of

the ICRF generator. The 
onventional mat
hing system operates on slower time

s
ale whi
h may fail to 
ope with the faster variation of plasma impedan
e [6�8℄.

The 3dB hybrid 
oupler may be used to prote
t the rf generator from re�e
ted

power.

S
hemati
 of the the 3dB hybrid 
oupler is shown in Fig.1.1. It is a 4-port

devi
e in whi
h input rf power at port-1 is equally divided into the output port-

2 and 
oupled port-3 with a phase di�eren
e of 90

◦
, whereas port-4 is isolated.

In 
ase, re�e
ted power due to mismat
hed load at port-2 and port-3 is equal in

3
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magnitude and phase, the total re�e
ted power goes to port-4 whi
h is terminated

with dummy the load [9�11℄. Thus, the rf generator at port-1 is prote
ted from

re�e
ted power.

In ICRH system of the Joint European Torus (JET), the 3dB hybrid 
oupler

Figure 1.1: S
hemati
 of the 3dB hybrid 
oupler.

is installed to feed 2MW rf power through two antennae lo
ated at di�erent po-

sitions of the plasma. The tests showed that the re�e
ted power during ELMs

(Edge lo
alized modes) was su

essfully dire
ted to the dummy load instead of

the generator and a 
lear improvement in 
oupled power is obtained [12℄. This

experien
e is utilized in ITER plan where 20MW of rf power is to be fed via four

3dB hybrid 
ouplers with eight transmission lines to the ICRF antenna [13℄.

S
hemati
 of the typi
al rf system used in SST-1 is shown in Fig.1.2 where rf

power from the single sour
e is divided through hybrid 
oupler into two identi
al

transmission lines. Ea
h of the transmission lines in
luding mat
hing networks are

terminated with antennae that feed the power to the plasma in tokamak. Here

hybrid 
oupler is used with following obje
tives,

1. To provide the better e�
ien
y, reliable operation and isolation of the re-

�e
ted power from the rf generator.

4
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Figure 1.2: S
hemati
 of the typi
al rf system used in SST-1.

2. To enhan
e plasma 
urrent drives by 
reating the phase di�eren
e of 90

◦

between two antenna ports that are lo
ated at di�erent positions in the

tokamak.

The previously, hybrid 
ouplers are made for narrow frequen
y band and are not

able to 
over full operational frequen
y range of the proposed ICRH experiments.

Therefore, hybrid 
oupler and the 
oupling ma
hnism needs to be altered with


hange in operating frequen
y. For example, in Steady State Super Condu
ting

Tokamak-1 (SST-1), a 3dB hybrid 
oupler of 1.5MW power handling 
apability is

used to feed the rf power through two antennae. This 3dB hybrid 
oupler is fabri-


ated with a total of �ve segments that are required to be arranged in parti
ular

manner for spe
i�ed operating frequen
ies in narrow band. Four di�erent sets of

the arrangement are pro
ured for the spe
i�ed operating frequen
y ranges namely

22-25MHz, 43-48MHz, 65-75MHz and 87-97MHz. The alteration in assembly of

su
h bulky and sensitive stru
ture 
onsumes time, manpower and alteration in pe-

ripheral rigid 
oaxial transmission lines. Moreover ICRF heating experiments 
an

not be performed outside spe
i�ed narrow bands of frequen
ies. The development

of broadband 3dB hybrid 
oupler for the high power rating is not yet reported.

Therefore, the need is felt and the author is motivated to intensify his resear
h
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interest on this topi
 in this domen.

High voltage breakdown due to appli
able power, frequen
y and stru
ture geom-

etry, limits the power ratings of rf 
omponents [14�16℄. Broadside TEM 
oupled

stripline stru
tures are widely used in the development of 3dB hybrid 
ouplers due

to simple design, 
ost e�e
tiveness and ease of fabri
ation. In a parti
ular envi-

ronmental 
ondition, peak power handling 
apability of any strip-line is de
ided

by the spa
ing between the stripline 
ondu
tors and ground plane. The maximum

permissible spa
ing is governed by the onset of TE and TM modes. The lowest

order TE modes 
an propagate when the width of the strip 
ondu
tor and spa
ings

are su
h that average 
ir
umferential distan
e ex
eeds about one wavelength [17℄.

Therefore in a parti
ular frequen
y range, strip width and spa
ings of the stripline

based system is restri
ted and hen
e the maximum power handling 
apability is

limited. TEM 
oupled strip-lines are also well known for poor impedan
e mat
hing

and poor isolation due to dis
ontinuities, fabri
ation toleran
e 
onstraints and the-

oreti
al approximations. These e�e
ts be
ome prominent as the size of the system

in
reases due to high power appli
ation. Alleviation of all the above problems from

the 
oupled stripline and development of stripline based 3dB high power hybrid


oupler is the motivation of the present resear
h work. The work is organized as

follows.

1.2 Thesis Outline

Thesis deals with the design and development of the 1.5MW ultra-wideband 3dB

hybrid 
oupler for the HF and VHF range of frequen
y, the fabri
ation and testing

of 2.5 kW narrow band and 200kW ultra-wideband novel hybrid 
ouplers have been


ompleted at intermediate steps.
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Chapter 2 
overs the fundamental of transmission lines and 
oupled lines theory

that will be needed throughout the thesis. Transmission lines and their appli
a-

bility in high power is studied in detail. Generally, rigid 
oaxial transmission lines

are used the high power appli
ation. Though, stripline type transmission line is

found appropriate due to simpler geometry i.e. more suitable for broadband 
ou-

pled line design. Therefore, this 
hapter is more 
on
entrated on the study, design

and development pro
edure of the stripline type transmission lines.

Chapter 3: Here, theory of 
oupled lines is revisited. Design and development pro-


edure of the stripline based 3dB tandem hybrid 
oupler is presented. The 
oupled

stripline stru
ture is designed and High Frequen
y Stru
ture Simulator(HFSS) is

used for a

urate modelling and optimization of parameters. To a
hieve the wider

spa
ing between the 
oupled lines two 8.34dB quarter wavelength 
oupled lines

are used in tandem for overall 3dB 
oupling. To demonstrate the design pro
ess,

a prototype tandem 
oupler rated for 2.5kW at 91.2MHz, has been design, fabri-


ated and tasted. Frequen
y and power handling 
apability of the prototype are

sele
ted in su
h a way that it may be useful for various appli
ations in plasma re-

lated experiments. To get the optimum performan
e a novel pat
h 
ompensation

te
hnique is explored, explained, applied and in
orporated in development of the

3dB tandem hybrid 
oupler. This newly explored pat
h 
ompensation te
hnique

is found substantially e�e
tive in improving the overall performan
e in terms of

return loss and isolation. This prototype has su

essfully demonstrated the pro-


ess for indigenous development of 2.5kW, 3dB hybrid 
oupler at any required

frequen
y from 20 to 120MHz. The 
on
ept, design and development pro
edure

have imparted su�
ient experien
e that will be useful while making 3dB hybrid


oupler of more than 100kW power rating at the various frequen
ies within the

7
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range of 20 to 120MHz.

Chapter 4 has been devoted to the 
omprehensive review of previous works in

the area of broadband development of the 
oupled lines and its appli
ability in

the development of high power 3dB hybrid 
oupler. Broadband bandwidth 
an be

a
hieved by means of 
as
ading several quarter-wavelength elements in a parti
ular

manner, 
alled of multi-element 
oupler [18�25℄. In multi-element 
oupled lines,

jun
tions are usually employed to 
onne
t the two di�erent 
oupled elements whi
h

give rise to the undesirable rea
tan
e 
alled jun
tion dis
ontinuity e�e
t [26�30℄.

These e�e
ts are found prominent in the high power 
oupled lines for HF and VHF

appli
ations be
ause of its large stru
tural dimensions. In an earlier work, a the-

oreti
al approa
h for designing of symmetri
al TEM mode multi-element 
oupled

lines was presented [20℄. The theory leads to expli
it expression for essential pa-

rameters i.e. even and odd mode impedan
es for the elements. The theory holds

good for a perfe
t design and yields ideal performan
e. However, jun
tion dis
on-

tinuity e�e
t is not taken into 
onsideration in this theory.

A generalized theoreti
al pro
edure has been developed where analyti
al equiv-

alen
e of jun
tion dis
ontinuity e�e
t is derived for the known parameters and

veri�ed using HFSS simulation. For the 
ompensation of jun
tion dis
ontinuity

e�e
t, a modi�ed theory is developed and applied in the designing of 3-elements

8.34±0.2dB se
tion. The e�e
t of jun
tion dis
ontinuity is found su

essfully 
om-

pensated for the desired performan
e. Here the modi�ed theory has also been

extended for the n-element 
oupled lines se
tion.

In 
hapter 5 design and development pro
ess of a 200kW, 3dB tandem hybrid

8
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oupler for 38 to 112MHz frequen
y range is presented. The two 8.34dB 
oupled

lines se
tion are 
onne
ted in tandem to get 3dB 
oupling. To a
hieve the desired

frequen
y band of 38 to 112MHz, ea
h of 8.34±0.1dB 
oupled lines se
tions are

designed with 3-
oupled elements. The physi
al dimensions of ea
h of the elements

are 
al
ulated and 
on�gured for the design of proposed 3dB hybrid 
oupler. De-

signed model is simulated with HFSS, where results are found signi�
antly deviated

from the theoreti
al predi
tion due to jun
tion dis
ontinuity e�e
t. The modi�ed

theory for the 
ompensation of the jun
tion dis
ontinuity e�e
t is revisited and


ompensation is applied in designed model. The fabri
ation of designed model is

exe
uted where broad side 
oupled strip-line 
ondu
tors are arranged in a parti
-

ular 
on�guration and pla
ed in the grounded metalli
 en
losure. Air as diele
tri


is used to minimize the insertion loss. The 
entral 
ondu
tors are supported with

the a
ryli
 studs. The diele
tri
 stud indu
es the 
apa
itive dis
ontinuity. The

dis
ontinuities e�e
t due to the jun
tion and supporting studs are 
ompensated

using the modi�ed theory. The fabri
ated model is 
hara
terized and tested. The

results obtained are found in 
lose agreement with the 
al
ulated values that take

into a

ount the e�e
t of the dis
ontinuities. The experien
e with 
on
ept, design

and development pro
edure have imparted su�
ient knowledge that 
an be utilize

in the development of the broadband hybrid 
ouplers for the high power appli
a-

tions in HF, VHF and UHF band.

Chapter 6 presents the upgradation of previous design for 1.5MW power han-

dling 
apability in range of 30 to 96MHz. The presented work has imparted the new


on
ept and su�
ient resear
h experien
e for the designing of the high power multi-

element 
oupled lines. The peak power handling 
apability of 
oupled stripline

9
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transmission line is de
ided by the strip-width, spa
ing between the stripline 
on-

du
tors and ground plate whi
h has maximum permissible limit. Up to the 
ertain

limit, TE and TM modes 
an propagate in stripline at higher frequen
ies and one

wants to avoid these modes be
ause of mode 
onversion from TEM to TE or TM.

System experien
es the sudden in
rease of the return loss and isolation while in-


reasing the spa
ing and strip-width beyond the permissible limit. To in
rease

the maximum permissible limit for the upgradation of the previous design for the

desired power handling 
apability, a novel 
on
ept has been developed and applied

in the design of the proposed 1.5MW hybrid 
oupler. The stru
tural model of the

hybrid 
oupler is simulated with HFSS and the results are found in 
lose agreement

to the 
al
ulated values. The power handling 
apability of the designed model has

been demonstrated by using HFSS simulation.

In 
hapter 7, the result of the entire thesis are summarized and future work is

outlined.

10



2
Stripline and its appli
ability in high

power rf systems

2.1 Introdu
tion

This 
hapter deals with the transmission lines and their appli
ability in devel-

opment of the broadband high power 3dB hybrid 
oupler. Main intention is to

give a dis
ussion in su�
ient depth for 
hoosing the 
on�guration, types and pa-

rameters of the transmission line stru
ture as per desired spe
i�
ation and use.

Generally, 
ir
ular rigid 
oaxial transmission line is used for high power handling

appli
ations [14, 15℄. However, similar 
on�guration of stripline is found suitable

for broadband 
oupled line design. This 
hapter 
overs the basi
 theory of 
oupled

lines and related design pro
edures also.
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2.2 Review of transmission line theory

The rf transmission line theory assumes that the physi
al dimensions of a network

are the fra
tion of a wavelength. Whereas, a transmission line is a distributed-

parameter network where voltage and 
urrent vary in magnitude and phase over

the length. The transmission line for TEM wave propagation always have at least

two 
ondu
tors. Lumped equivalent of the two wire transmission line is shown in

Fig.2.1.(a) and (b), where R, L, C and G are de�ned as series resistan
e, series

indu
tan
e shunt 
ondu
tan
e and shunt 
apa
itan
e per unit length respe
tively

[31, 32℄. The TEM wave has a uniquely de�ned voltage and 
urrent whi
h 
an be

obtain by the given equations.

dV (z)

dz
= −(R + jωL)I(z) (2.1a)

dI(z)

dz
= −(G + jωC)V (z) (2.1b)

d2V (z)

dz2
− γ2V (z) = 0 (2.1
)

d2I(z)

dz2
− γ2I(z) = 0 (2.1d)

γ = α + jβ =
√

(R + jωL)(G+ jωC) (2.1e)

These equations represent the travelling wave in z-dire
tion whi
h has solutions

V (z) = V +e−γz + V −eγz (2.2a)

I(z) = I+e−γz + I−eγz (2.2b)

12
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Figure 2.1: Transmission line lumped equivalent 
ir
uit.

Where the e−γz
and eγz represent wave propagation in +z and −z dire
tions re-

spe
tively. In time domen this 
an be written as,

V (z, t) = V +e−αz cos (ωt− βz) + V −eαz cos (ωt+ βz) (2.3a)

I(z, t) = I+e−αz cos (ωt− βz) + I−eαz cos (ωt+ βz) (2.3b)

where α and β are the attenuation and propagation 
onstant respe
tively. Applying

equation (2.1a) to the voltage of (2.1b) gives the online 
urrent

I(z) =
γ

R + jωL
[V +e−γz + V −eγz]


ompairing with (2.2b) shows that 
hara
teristi
 impedan
e, Z0 
an be de�ned as

Z0 =
R + jωL

γ
=

√

R + jωL

G+ jωC
(2.4)
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We �nd that wavelength λ and phase velo
ity vp 
an be given as

λ =
2π

β
(2.5a)

vp =
ω

β
(2.5b)

This is seen that the propagation 
onstant and 
hara
teristi
 impedan
e are 
om-

plex for a general transmission line in
luding loss e�e
ts. In many pra
ti
al


ases loss of the line 
an be negle
ted, resulting in simpli�
ation. Substituting

R = G = 0 gives,

γ = ω
√
LC

or β = ω
√
LC (2.6a)

α = 0 (2.6b)

Z0 =

√

L

C
(2.6
)

λ =
2π

ω
√
LC

(2.6d)

vp =

√

1

LC
(2.6e)

2.2.1 Choi
e of Transmission lines

In 
oaxial transmission line ele
tromagneti
 �eld is 
on�ned to the region between

the inner and outer 
ondu
tors. For high power rf, air-spa
ed lines are used to

minimize the losses but diele
tri
 spa
ers are needed to support the inner 
ondu
-

tor. Coaxial transmission line supports TEM mode whi
h has no 
ut-o� frequen
y.

Thus, it may be used from very low to VHF frequen
y. Here, it is possible to de�ne

a voltage and a 
urrent uniquely for any given 
ross-se
tion. The transmission line
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Figure 2.2: S
hemati
 of the transmission line.

is 
hara
terized by the 
apa
itan
e and indu
tan
e distributed along the length.

Although, 
oaxial transmission line it has very good power handling 
apability

and is not useful in the development of the 
omplex design that is required in

broadband devi
e be
ause of it's non-planar stru
tural 
on�guration. Therefore,

it is ne
essary to look for transmission line 
ompatible for making the 
omplex

stru
tural of broadband hybrid 
oupler. The answer was realized in the form of

planar stripline type transmission lines. The �rst planar transmission line 
alled

the strip transmission line was proposed by Barrett and Barnes [33℄ as early as

1951. The stru
ture 
onsists of a thin strip 
ondu
tor surrounded by the re
t-

angular outer 
ondu
tor. Although it is similar to the 
oaxial transmission line;

found 
ompa
t in size, simpler geometry, easily fabri
able and suitable for the

development of the broadband devi
e. S
hemati
 of the 
oaxial and stripline is

shown in Fig.2.2.(a) and (b) However, many other more reliable 
on�gurations

of the planar transmission line had been proposed from the year of 1952 to 1970

like mi
rostrip line, slotline, suspended stripline, suspended mi
rostrip, inverted

mi
rostrip, 
oplanar wave guide and 
o-planar strips [34, 35℄. Unlike the stripline

these transmission lines require the a diele
tri
 substrate of very high permittivity
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to 
on�ne the ele
tro-magneti
 �eld near the strip 
ondu
tor. These transmission

lines are limited to the low power appli
ations. Therefore, stripline based 3dB

hybrid 
oupler 
on
ept is sele
ted for simple design, 
ost e�e
tiveness and ease of

fabri
ation.

2.2.2 Stripline

The dominant mode of propagation in stripline is the transverse ele
tromagneti


(TEM) mode, in whi
h the ele
tri
 �eld is radial and the magneti
 �eld azimuthal.

The phase velo
ity vp, propagation 
onstant β and Z0 
hara
teristi
 impedan
e of

the TEM wave are given by

vp =
c√
ǫr

(2.7a)

β =
ω

vp
= ω

√
µǫ (2.7b)

Z0 =

√

L

C
=

√
LC

C
=

vp
C

(2.7
)

where c and ǫr are velo
ity of light in free spa
e and relative permittivity of the

diele
tri
 between the 
ondu
tors. L and C are the 
apa
itan
e and indu
tan
e

per unit length of the line. Some of the ways to evaluate C.

1. Conformal mapping te
hniques,

2. Mode mat
hing te
hniques,

3. Finite di�eren
e and �nite element solutions.

The resulting solutions involve 
ompli
ated fun
tions; hen
e for pra
ti
al 
ompu-

tations simple formule are used. The two well known approximations are given
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as,

• Hawe's Approximation Formula [36℄:

Z0 =
30π

ǫr

(

b

we + 0.441b

)

(2.8)

where we is the e�e
tive width of the 
enter 
ondu
tor

we

b
=

w

b
−







0 for

w

b
≥ 0.35

(

0.35− w

b

)2

for

w

b
≤ 0.35






(2.9)

These formulae assume thi
kness t = 0. Their a

ura
y is 1% of the exa
t results.

We see that as w in
reases, Z0 de
reases. While designing stripline 
ir
uits, we

usually need w, whereas Z0, b and ǫr are given. We 
an use the formulae below for

this purpose,

w

b
=







x for Z0

√
ǫr ≤ 120

(

0.85−
√
0.6− x

)

forZ0

√
ǫr ≥ 120






(2.10)

where x = 30π
Z0

√
ǫr
− 0.441

Attenuation in transmission line is mainly 
aused due to diele
tri
 and 
ondu
-

tor i.e. termed as αd and αc respe
tively. Thus the total attenuation 
onstant

α = αc + αd. As αd is of the same form to that for the other TEM lines and is

given by

αd =
β tan δ

2
Np/m(TEM waves), (2.11)

Where tan δ is known as diele
tri
 loss tangent [32℄.

The attenuation due to 
ondu
tor losses, αc 
an be 
al
ulated by proper pertur-
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bation te
hnique. An appropriate result for the αc is,

αc =









2.7× 10−3RsǫrZ0

30π(b− t)
A for Z0

√
ǫr ≤ 120

0.16Rs

Z0b
B forZ0

√
ǫr ≥ 120









(2.12)

with

A = 1 +
2w

b− t
+

1

π

b+ t

b− t
ln

(

2b− t

t

)

,

B = 1 +
b

(0.5w + 0.7t)

(

0.5 +
0.414t

w
+

1

2π
ln
4πw

t

)

where t is thi
kness of the strip

• Collin's Approximate Formula [37℄:

Z0 =











πη0

8
√
ǫr
(

ln2 + π 2
2b

)
for w ≥ 0.2b

η0
2π

√
ǫr

ln

(

8b

πw

)

forw ≤ 0.2b











(2.13)

If we denote the attenuation 
onstant due to the 
enter 
ondu
tor as αc1 and the

attenuation 
onstant due to the ground planes as αc2, then we have the following

approximate formulas:

αc1 =
Rs

√
ǫr

bη0

ln
(

4b
πTe

)

πw
2b

ln2 + πw
2b

for w ≥ 0.2b

αc2 =
πRs

√
ǫrw

4η0b2
(

ln 2 + πw
2b

)
for w ≥ 0.2b

αc1 =
2Rs

√
ǫrln

(

4π
Te

)

πη0w ln 8b
πw

for w ≤ 0.2b

αc2 =
Rs

√
ǫr

η0
(

8π
w

)
for w ≤ 0.2b
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Where Te = eπ/2
√

4wt
π

and Rs =
√

ωµ
2σ

Both of the formulae gives the approximately equal results. By using these formule

one 
an 
al
ulate dimensions of the stripline for the given impedan
e.

2.2.3 Power handling 
apability of stripline

The peak power handling 
apability of the stripline like any other transmission

line is limited by diele
tri
 breakdown whereas an in
rease in the temperature due

to 
ondu
tor and diele
tri
 losses limit the average power rating.

Peak power handling 
apability

The 
al
ulation of the peak power handling 
apability of the stripline depends on

the maximum voltage that 
an be applied without 
ausing diele
tri
 breakdown. If

Z0 is the 
hara
teristi
 impedan
e of the stripline and V0 is the maximum voltage

that line 
an withstand, the maximum peak power Pp is given by

Pp =
V 2
0

2Z0
. (2.14)

The separation between the inner to ground 
ondu
tor 
an support higher voltage.

At the atmospheri
 temperature and pressure the breakdown strength of dry air is

approximately 30.0kV/
m [16℄. Thus the maximum ele
tri
 �eld on the surfa
e of

the strip 
ondu
tors should be lesser than this value. This has no margin of safety

and therefore allowan
es must be made for 
hanges with altitude, humidity and

presen
e of dust parti
les in the air.
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Average Power Handling Capability

Average power handling 
apability of stripline is determined by the temperature

rise in the strip 
ondu
tor and homogeneous diele
tri
 losses. The parameters that

play important role in 
al
ulation of average power handling 
apability are given

by [38, 39℄,

1. Transmission line losses

2. The thermal 
ondu
tivity of the diele
tri
 medium.

3. Surfa
e area of the diele
tri
 strip 
ondu
tor

4. Maximum allowable temperature of the stripline stru
ture.

5. Ambient temperature.

A loss of ele
tromagneti
 power in the stripline 
ondu
tor and diele
tri
 medium

generates heat in the stripline. Due to the good 
ondu
tivity of the strip metal,

heat generation is uniformely distributed along the width of the 
ondu
tor. Be-


ause the ground plane of the stripline 
on�guration is held at ambient tempera-

ture, heat �ows from the strip 
ondu
tor to the ground plane. The heat �ow 
an

be 
al
ulated by 
onsidering the analogous ele
tri
 �eld distribution [40℄.

The temperature rise ∆T of inner 
ondu
tor with respe
t to the outer 
ondu
tor


an be determined by the following relation.

∆T =
Pc + Pd

Gt
(2.15)

Where, Pc and Pd represent the dissipation per unit length of the line due to the

losses in inner 
ondu
tor and diele
tri
 respe
tively, and Gt represent the thermal
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ondu
tan
e of the strip 
ondu
tor. The Pc, Pd and Gt 
an be expressed as,

Pc = 2αcPT (2.16a)

Pd = 2αdPT (2.16b)

Gt =
120πg

Z0
√
ǫr

(2.16
)

Where, PT in
ident power in watts, αc and αd are loss 
oe�
ients of the 
on-

du
tor and diele
tri
(neper/perunit-length), g is thermal 
ondu
tivity of diele
tri


medium and Z is 
hara
teristi
 impedan
e of the stripline. Substituting these in

(2.15),

∆T =
(αc + αd)Z0

√
ǫrPT

60πg
◦C (2.17)

That means, the per one watt of in
ident power temperature rise ∆Tperwatt is,

∆Tperwatt =
(αc + αd)Z0

√
ǫr

60πg
◦C/W (2.18)

• Maximum average power handling 
apability: A stripline 
an handle

the maximum average power, Pav that a stripline 
an handle with rise of

temperature from Tamb to Tmax is given by [40℄

Pav =
Tmax − Tamb

∆Tperwatt

(2.19)

where ∆T denotes rise in temperature per watt, Tamb is temperature of the outer


ondu
tor and Tmax is the maximum operating temperature. The maximum op-

erating allowable temperature of the stripline 
ir
uits is limited due to 
hange

of substrate properties with temperature and 
hange of physi
al dimensions with
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temperature. The maximum operating temperature of a stripline 
ir
uit to be the

one at whi
h its ele
tri
al and physi
al 
hara
teristi
s within the a

eptan
e limits.

For Example, the maximum temperature for polystyrene is known to be 100

◦C.

So Tmax is limited for 100

◦C in this 
ase. Hen
e maximum allowable temperature


an be safely taken as 100

◦C for average power handling 
al
ulation.

Example A 
ross se
tional view of the 
opper material and air spa
ed, 50Ω

stripline is shown in Fig.2.2. Stru
tural parameters are given as, strip width

w = 44mm, strip thi
kness t = 3.0mm, spa
ing of the ground plane b = 50mm.

Estimate the average and maximum power handling 
apability of the stripline at

100MHz, where maximum allowable operating temperature is 100

◦C i.e. 65◦C

above from ambient Solution

For 
opper, σ = 5.813× 107 s/m, magneti
 permeability of air µ = 4π × 10−7

Rs =

√

µω

2σ
= 0.0.00261

A = 1 +
2w

b− t
+

1

π

b+ t

b− t
ln

(

2b− t

t

)

= 4.12

αc =
2.7× 10−3RsǫrZ0

30π(b− t)
A = 0.000327 Nepers/meter

αd = 0 for air diele
tri


∆T =
(αc + αd)Z

√
ǫr

60πg
= 0.00542498◦C/W

Pav =
(Tmax − Tamb)

∆T
=

50− 35

0.00131672
= 11981.6 ≈ 12.0kW

It means that on rise of 65◦ temperature stripline 
an withstand the 12kW rf av-

erage power.

It must be remembered that this �gure provides no margin of safety and that
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allowan
es must be made for 
hanges with altitude, strip surfa
e roughness, impu-

rity of 
opper material and 
ondition of of medium (this 
an be de�ned terms of

moisture 
ontent, dust parti
le et
) [41, 42℄. The αc in term of surfa
e roughness

is given as,

α′
c = αc[1 + (2/π) tan−1 1.4(δr/δ)

2] (2.20)

Where α′
c is new value of attenuation 
oe�
ient after 
onsidering the surfa
e rough-

ness δr.

2.3 Review of the theory of the 
oupled lines

In 1954, Oliver [9℄ and Firestone [43℄ showed that the natural ele
tri
 and magneti



oupling between pair of TEM transmission line produ
es dire
tional 
oupling.

Spe
i�
ally, a wave propagating along one line indu
es a wave on the other line

that propagates in the opposite dire
tion. The TEM mode quarter-wave 
oupled

transmission lines 
oupler is shown s
hemati
ally in Fig.2.3. The 
oupler has the

following properties, when a rf sour
e is 
onne
ted to Port 1:

1. There is transfer of power from Port 1 to Port 2.

2. There is transfer of power from Port 1 to Port 3.

3. There is no transfer of power from Port 1 to Port 4.

4. There is no re�e
ted wave out of Port 1.

5. The two outputs at Ports 2 and 3 di�er in phase by 90 degrees.

Cross se
tional view of the various 
oupled-pair are shown in Fig.2.4. Stru
tural


on�guration of the 
oupled lines 
an be sele
ted on the basis of the 
oupling
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Figure 2.3: S
hemati
 of the 
oupled stripline pair

Figure 2.4: Cross-se
tional views of four widely used TEM 
oupled line pair.

values. The 
on�guration shown in part (a) and (
) is used if tight 
oupling

(6dB or grater) is required where part (a) is often used in the design of 3dB


ouplers. For the loose 
oupling, 
oplanar stripline arrangement shown in part

(b) and (d) are most 
ommon. The 
oupled lines shown in Fig.2.4, 
onsist of

three 
ondu
tor and represent the two transmission lines with 
ommon ground.

An arbitrary ex
itation of the 
oupled lines 
an be treated as a superposition of

appropriate amplitude of even and odd mode [32℄. In even mode, 
urrents in strip


ondu
tor are equal in amplitude and same in dire
tion, and in odd mode, where


urrents in strip 
ondu
tor are equal in amplitude but opposite in dire
tion. The

ele
tri
 and magneti
 �eld for these two 
ases are sket
hed in Fig.2.5. For the even

mode, the ele
tri
 �eld has even symmetry about the 
enter line and no 
urrent

�ows between the two strip 
ondu
tors. This leads the equivalent 
ir
uit shown
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in Fig.2.5(b), where C12 is e�e
tively open-
ir
uited. The e�e
tive 
apa
itan
e of

either line to ground for the even mode is

Ce = C11 = C22 (2.21)

assuming that the two strip 
ondu
tor are identi
al in size and lo
ation.

Z0e =

√

L

Ce
=

1

vpCe
(2.22)

For the odd mode, the ele
tri
 �eld lines have an symmetry about the 
enter line

and a voltage null exists between two strip 
ondu
tors. We 
an imagine this as

a ground plane through the middle of C12, whi
h leads the equivalent 
ir
uit as

shown in Fig.2.5(b). In 
ase e�e
tive 
apa
itan
e between either strip 
ondu
tor

and ground is

Co = C11 + 2C12 = C22 + 2C12, (2.23)

and 
hara
teristi
 impedan
e for the odd mode is

Z0o =
1

vpCo
. (2.24)

In words, Z0e or Z0o is the 
hara
teristi
 impedan
e of one strip 
ondu
tors relative

to ground when the 
oupled lines operate in even or odd mode respe
tively. The

overall 
hara
teristi
 impedan
e of the 
oupled lines is given by

Z0 =
√

Z0eZ0o (2.25)
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Figure 2.5: De�nition of the even-odd mode theory of 
oupled stripline (a)Even and odd

mode ex
itations (b)Lumped equivalent 
ir
uit for the even and odd mode (
)Ele
tri


�eld lines for even and odd mode (d)Magneti
 �eld lines for even and odd mode.
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Coupling 
oe�
ient i.e. C of the 
oupled lines depends on the even and odd mode

impedan
e values that is given by

C =
Z0e − Z0o

Z0e + Z0o
(2.26)

From (2.25) and (2.26), Z0e and Z0o also 
an be expressed as

Z0e = Z0

√

1 + Cv

1− Cv
, Z0o = Z0

√

1− Cv

1 + Cv
(2.28)

2.3.1 Multi-element 
oupled lines 
oupler

Single quarter wavelength 
oupled line based hybrid 
oupler works in narrow fre-

quen
y band and has limited use. The broadband bandwidth 
an be a
hieved by

means of 
as
ading several quarter-wavelength 
oupled elements in a 
ertain 
on-

�guration 
alled multi-element 
oupler.

The total voltage at 
oupled port of the 
as
aded 
oupler in Fig.2.6 
an be ex-

pressed as,

V3 = 2jV1 sin θe
−jNθ

[

C1 cos(N − 1)θ + C2 cos(N − 3)θ + ....
1

2
CM

]

, (2.29)

whereM = (N + 1)/2. In earlier studies, there are many theoreti
al pro
edures are

presented for 
al
ulation of 
oupling 
oe�
ient [18,20�22℄. Using these theories one


an 
al
ulate the appropriate values of the 
oupling 
oe�
ient (C1, C2, C3.......CN)

for the desired 
oupling response of broadband 
oupler. In multi-element 
oupler

multi-o
tave bandwidth 
an be a
hieved but 
oupling level must be low. Be
ause

of the larger ele
tri
al length it is more 
riti
al to have equal even and odd mode

phase velo
ities than in single-se
tion 
oupler. This usually means that stripline
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Figure 2.6: N-element 
oupled lines 
oupler.

is preferred medium for su
h 
oupler. Mismat
hed phase velo
ities, jun
tion dis-


ontinuities, load mismat
hes and fabri
ation toleran
e degrade the 
oupling per-

forman
e of the 
oupler. These e�e
ts be
ome prominent as the size of the system

in
reases due to high power appli
ation. Alleviation of all the above problems

from the 
oupled stripline and development stripline based 3dB high power hybrid


oupler is the motivation of the present resear
h work.
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3
Design and development of 3dB pat
h


ompensated tandem hybrid 
oupler

3.1 Introdu
tion

In a typi
al ICRH system, few milliwatts of 
wrf with desired modulation and

pulsing is multistage ampli�ed to high power rf, whi
h is 
oupled into the tokamak

with the help of two or more transmission lines. Output from the intermediate 2kW

rated pre pre-driver stage of the multistage ampli�er may be divided to drive two

ampli�er 
hains of high power output of 100kW onwards ea
h. These outputs 
an

drive two antennae in the known phase or 
an be 
ombined to drive one antenna

whereas rf power output from one ampli�er 
hain is not su�
ient. Sometimes, the

rf power output of few MW is divided to drive two antennae that are arranged in

a 
ertain 
on�guration.

A 3dB hybrid 
oupler 
an be used as power 
ombiner, power divider or to prote
t

the rf sour
e by 
oupling of re�e
ted power to the isolated port. This is an integral
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part of the rf systems like satellite 
ommuni
ation, 
ellular, broad
ast, defense,

aerospa
e et
. It has several useful appli
ations in the rf and plasma related ex-

periments also. The rf and plasma related small experiments are 
arried out at

various frequen
ies from 20 to 120MHz and up to 2.5kW. The 3dB hybrid 
oupler

is required in some of the experiments to provide the rf power from one sour
e to

two ele
trodes in desired phase. Thus, it has be
ome imperative to understand,

design, optimize and indigenously develop the hybrid 
ouplers for various plasma

experiments in the frequen
y range of 20 to 120MHz.

Therefore, in the �rst step, the development of prototype 2.5kW 3dB hybrid 
ou-

pler at 91.2±15MHz is proposed. This prototype is aimed mainly to 
reate a

pro
ess of indigenous fabri
ation of 2.5kW, 3dB hybrid 
oupler at any required

frequen
y from 20 to 120MHz for plasma experiments et
. The 
on
ept, design

and development pro
edure should also be appli
able while making hybrid 
oupler

of more than 100kW power rating at the various frequen
ies within the range of

20 to 120MHz.

In this 
hapter, design and development pro
edure of the stripline based 2.5kW,

91.2MHz 3dB tandem hybrid 
oupler is presented. The 
oupled stripline stru
ture

is designed and ele
tromagneti
 analysis software is used for a

urate modelling

and optimization of parameters. To a
hieve the wider spa
ing between the 
ou-

pled lines, two 8.34dB quarter wavelength 
oupled lines are used in tandem for

3dB overall 
oupling. Frequen
y and power handling 
apability of the prototype

are sele
ted in su
h a way that it may be useful for the several appli
ations in

plasma related experiments.

Broadside TEM 
oupled strip-line stru
tures are widely used in the designing of

3dB 
ouplers due to simple design, 
ost e�e
tiveness and ease of fabri
ation. Air
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diele
tri
 is used to minimize the insertion and other losses. It renders the upgrada-

tion from prototype to high power appli
ation easier. TEM 
oupled strip-lines are

well known for poor impedan
e mat
hing and poor isolation due to dis
ontinuities,

fabri
ation toleran
e 
onstraints and theoreti
al approximations in strip-lines. To

get the desired results these problems are to be 
ompesated. In the broadside 
ou-

pled strip-line 
ouplers, 
apa
itors are 
onne
ted to the ground in shunt 
apa
itive


ompensation te
hnique [27�29℄. Re
ently, Slawomir, et al. [30℄ have presented the

te
hnique to 
ompensate parasiti
 rea
tan
e of the 
oupled lines by 
onne
ting the

shunt 
apa
itan
es to both 
oupled and signal lines.

The 
onventional methods for the 
ompensation use lumped 
apa
itors or shunt

open stubs that have limitations with high power appli
ation. Commer
ially avail-

able high power lumped rf 
apa
itors are large in size and lossy above 20MHz

frequen
y. Conne
ting shunt 
apa
itor in 
oupled line a�e
ts the 
oupling and

therefore 
ompensation will be needed in the 
oupling gap also. If open stubs are

used, high ele
tri
 �eld exists on edges that may result in ar
ing.

A novel pat
h 
ompensation te
hnique is explored, explained, applied and in
orpo-

rated in development of a 3dB tandem hybrid 
oupler to get the optimum perfor-

man
e . This newly explored pat
h 
ompensation te
hnique is found substantially

e�e
tive in improving the overall performan
e in terms of return loss and isolation.

In this 
hapter, se
tion-4.2 des
ribes the 
on
ept, design and optimization of the

hybrid 
oupler, se
tion-4.3 explains the theory of pat
h 
ompensation and se
tion-

4.4 illustrates the power handling 
apability of the hybrid 
oupler. The fabri
ation

pro
ess is des
ribed in se
tion-4.5 while test results are presented and dis
ussed

in se
tion-4.7. Finally, 
on
lusion on the hybrid 
oupler in
luding novel pat
h


ompensation te
hnique is drawn in se
tion-4.8.
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Figure 3.1: Proposed tandem 3dB hybrid 
oupler.

3.2 Con
ept, Design and Optimization

The tandem 3dB hybrid 
oupler is designed by 
onne
ting two 8.34dB 
oupled

lines in tandem. It 
onsists of two re
tangular strip-line 
entral 
ondu
tors that

are arranged one above the other and pla
ed in the grounded metalli
 en
losure

as shown in Fig. 3.1. The design 
an be divided into 
oupled and non-
oupled

se
tions. The ele
tri
al length of the 
oupled line is taken as quarter wavelength

at desired frequen
y with Zce and Zco as the 
hara
teristi
 impedan
es for even

and odd modes respe
tively. Thus, the design and fabri
ation pro
edure may be

generalized to implement at other frequen
ies also.

The width of 
oupled lines and the gap between them de
ides the degree of


oupling. The non-
oupled se
tions are 
onstituted with 
onne
ting signal lines

and the pat
h of Z0 
hara
teristi
 impedan
e. The pat
h is a small segment i.e.

(≤ λ/15) of strip-line whi
h is used to 
onne
t two 8.34dB 
oupled strip lines in

tandem. Air within the grounded metalli
 en
losure is used as diele
tri
 and the

strip-line 
ondu
tors are supported by te�on studs.
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3.2.1 Coupled Strip-line Design

The s
hemati
 of 8.34dB broad sided 
oupled strip-lines of the tandem hybrid


oupler is illustrated in Fig. 3.2. Here t, w, d and b represent the thi
kness,

Figure 3.2: S
hemati
 diagram Single 8.34dB Coupled strip-line.

width, spa
ing between 
oupled lines and the height of grounded box, respe
tively.

An arbitrary ex
itation of 
oupled lines 
hara
teristi
 impedan
e Z0 is treated as

superposition of amplitudes of even and odd modes given by,

Zce = Z0

√

1 + Cv

1− Cv
, Zco = Z0

√

1− Cv

1 + Cv
, whi
h gives Z0 =

√

ZceZco. (3.1)

Here Zce and Zco are the 
oupled lines 
hara
teristi
 impedan
es of 
oupled lines for

even and odd modes, respe
tively. For 8.34dB 
oupled lines, the value of 
oupling


oe�
ient Cv 
orresponds to 0.3828. For Z0 = 50Ω impedan
e Zce is 78.84Ω and

Zco is 22.23Ω. In order to 
al
ulate Zce and Zco we have used following equations
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whi
h are given by Cohn [35℄

Zce =
59.952π√

ǫr

K(k′)

K(k)
,

Zco =
94.172π(d/b)
√

ǫr tanh
−1(k)

,

where k =



1−





0.5 exp
π

K(k)

K(k′) −1

0.5 exp
π K(k)

K(k′) +1





4



1/2

and

w

b
=

2

π

[

tanh−1

√

(

k − d
b

)

(

1− k d
b

) − (d/b) tanh−1

√

(

k − d
b

)

k
(

1− k d
b

)

]

, (3.2)

where k′ =
√
1− k2

, K(k′) and K(k) are the 
omplete ellipti
 integrals of �rst

kind. The value of K(k′)/K(k) 
an be found in Ref. [44℄ and referen
es therein

that gives Zce and Zco for the spe
i�ed value of d/b and w/b. Using b = 5
m in

above equations, we get strip-width w = 4.125
m and d = 2.475
m. In Eqn.3.1,

it 
an be seen that all design parameters are 
al
ulated in terms of ratio d/b and

w/b. That means, w and d are dependent upon b that is 
al
ulated for the required

power rating. The value of b as explained in se
tion-IV is 5.0
m for the 2.5kW rated

prototype. Therefore, the devi
e 
an be upgraded in terms of power by in
reasing

b, w and d as shown by Eqn.3.1.

3.2.2 Non Coupled Strip-line Design

With 
ertain approximations, one 
an provide [44℄ the relationship of 
hara
ter-

isti
 impedan
e with the shunt 
apa
itan
es of homogeneous strip-line pla
ed at

arbitrary distan
e from the ground plane as shown in Fig. 3.3. The 
hara
teristi
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Figure 3.3: Strip-line with o�-set re
tangular strip.

impedan
e Z0 is given as,

Z0 =
376.7

√
ǫr

Ct
(3.3)

where ǫr is diele
tri
 
onstant of the medium and Ct is total 
apa
itan
e given by

Ct = Cp1 + Cp2 + 2Cf1 + 2Cf2.

Note that Cp1 is fa
e 
apa
itan
e on upper side, Cp2 is fa
e 
apa
itan
e on lower

side, Cf1 is fringing 
apa
itan
e on upper side and Cf2 is fringing 
apa
itan
e on

lower side. These are expressed as.

Cp1 = ǫr

(

2 w
b−2d

1− t
b−2d

)

, (3.4)

Cp2 = ǫr

(

2 w
b+2d

1− t
b+2d

)

, (3.5)

Cf1 =
ǫr
π

[

1

1− t
b−2d

ln

(

1

1− t
b−2d

+ 1

)

−
(

1

1− t
b−2d

− 1

)

ln

(

1
(

1− t
b−2d

)2 − 1

)]

,

(3.6)
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Cf2 =
ǫr
π

[

2

1− t
b+2d

ln

(

1

1− t
b+2d

+ 1

)

−
(

1

1− t
b+2d

− 1

)

ln

(

1
(

1− t
b+2d

)2 − 1

)]

.

(3.7)

Here, 
onne
ting lines are 0.8
m away from the 
enter therefore 2d = 1.6
m, b =

50
m, Z0 = 50Ω, t = 0.3
m and ǫr = 1 give w = 5.75
m. These dimensions and the

e�e
t due to te�on studs are optimized by using HFSS software and performan
e

has been 
al
ulated in term of S-parameters. The optimized design dimensions are

shown in Fig.3.4. Using these dimensions, a tandem 3dB hybrid 
oupler has been

Figure 3.4: Final dimension of the 
oupled and non-
oupled line se
tions.

fabri
ated and tasted with VNA. HFSS optimized design results and the measured

S-parameters without 
ompensation are shown in Fig.3.5, where stripline pat
h of

length λ/m is used to 
onne
t the two 8.34dB 
oupled se
tion. It 
an be seen that

the measured values of return loss and isolation are inferior due to the fabri
ation

toleran
e 
onstraints and theoreti
al approximations. Therefore, 
ompensation

is required for overall better performan
e. A novel idea of pat
h 
ompensation

te
hnique has been explored as illustrated in the next se
tion.
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Figure 3.5: HFSS optimized design results and the measured S-parameters without 
om-

pensation.

3.3 Pat
h Compensation Theory

In tandem 3dB hybrid 
oupler, pat
h is small segment of the stripline used to


onne
t the two 8.34dB 
oupled lines. The terminology used with a U-shaped


oupled strip-line and its equivalent 
ir
uit is shown in Fig.3.6. Here, Zc and Yc

Figure 3.6: U-shaped 
oupled strip-line and equivalent 
ir
uit diagram.
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are 
oupled lines impedan
e and admittan
e, Zm and Ym are pat
h impedan
e

and admittan
e, Z0 and Y0 are the 
hara
teristi
 impedan
e and admittan
e of

the system, Zin and Yin are transform impedan
e and admittan
e at point A, β

is propagation 
onstant and l = λ/m is pat
h length. Admittan
e transformation

equation is given as,

Yin = Ym
Yc + jYmβl

Ym + jYcβl
. (3.8)

For the small se
tion of high impedan
e i.e. Yc ≤ 1 and βl << 1, it implies

Ycβl <<< 1. This gives

Yin = Yc + jYmβl. (3.9)

From the above equation it 
an be seen that a small line se
tion behaves like

shunt 
apa
itan
e of Ymβl/ω Farad. Now, the resulting equivalent 
ir
uit of the

single strip-line of the tandem 
oupler is as shown in Fig.3.7. The 
orresponding

Figure 3.7: Equivalent 
ir
uit diagram of strip-line of tandem 
oupler.

transmission matrix is,







A B

C D






=







0 jZc

j
Zc

0













1 0

Y ′
m 1













0 jZc

j
Zc

0






=







−1 −Zc
2Y ′

m

0 −1






, (3.10)

where pat
h is repla
ed with lumped admittan
e of Y ′
m = Ymβl = Ymβλ/m.

The transmission matrix for mat
hed U-shaped strip-line of length (λ/2 + λ/m)
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an be written as







cos (π + βλ/m) jZ0 sin (π + βλ/m)

j sin (π + βλ/m)/Z0 cos (π + βλ/m)






=







−1 jZ0βλ/m

jβλ/mZ0 −1






. (3.11)

Comparing Eqn.(3.10) and (3.11) for m ≥ 15 and by 
onsidering, jβλ/mZ0 <<

1 ∼= 0, we get

Ym =
−JZ0

Zc
2 . (3.12)

This shows that Ym is 
apa
itive for m > 15. HFSS software is used to optimize

hybrid 
oupler dimensions for port impedan
e of Z0 = 50Ω. On this basis, it is

fabri
ated, tested with VNA and found that the port impedan
e is Zc = 56Ω. This

deviation is found due to the dis
ontinuities, fabri
ation toleran
e 
onstraints and

theoreti
al approximations in strip-lines et
. From Eqn.(3.12), we get

|Ym| =
Z0

ZC
2 =

50

562
= 0.0159 i.e. Zm = 62.72Ω. (3.13)

Therefore, the pat
h impedan
e should be 62.72Ω for mat
hing the 
oupled strip-

lines to the port impedan
e. The proposed 
ompensation te
hnique improves the

performan
e without a�e
ting the 
oupling 
hara
teristi
. The width of pat
hes

is 
al
ulated to be altered from 4.4
m to 3.6
m i.e. 50Ω to 62.72Ω impedan
e. As

all ports are quarter wavelength away from pat
hes, therefore Zm = 62.72Ω of the

pat
h is expe
ted to mat
h the 
oupled strip-line Zc = 56Ω to the port impedan
e

Z0 = 50Ω by quarter wavelength transformer a
tion.

Pat
h 
ompensation also improves the isolation 
hara
teristi
 as presented here
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analyti
ally. Using the Eqn.(3.13), we get







Ā B̄

C̄ D̄






=







−1 −Z̄c
2
Ȳ ′
m

0 −1






, (3.14)

where Ā, B̄, C̄ and D̄ represent the normalized transmission matri
es parameters.

For the 
oupled lines impedan
e Z̄c =
√

Z̄ceZ̄co, where Z̄ce and Z̄co are the normal-

ized even and odd mode impedan
es of the 
oupled se
tion. In order to 
al
ulate

transmission matrix parameters of the 
oupled lines for the even and odd mode

whi
h are given as.

Z̄ce = qZ̄c and Z̄co =
Z̄c

q
, where q =

√

Z̄ce

Z̄co

. (3.15)

By the appli
ation of Eqns.(3.14) and (3.15) even and odd mode transmission

matri
es for U shaped pat
hed 
ompensated strip-line are given as,







Āe B̄e

C̄e D̄e






=







−1 −q2Z̄c
2
Ȳ ′
m

0 −1






and







Āo B̄o

C̄o D̄o






=







−1 − Z̄c
2

q2
Ȳ ′
m

0 −1






. (3.16)

The amplitude of the emerging power A4 from the isolated port-4, is given as,

A4 =
1

2
[T0e − T0o] , (3.17)

where T0e and T0o are the amplitudes of transmitted waves for the even and odd

modes for two-port networks respe
tively. These are given as

T0e =
2

Āe + B̄e + C̄e + D̄e

and T0o =
2

Ā0 + B̄0 + C̄0 + D̄0

. (3.18)
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By using the Eqns.(3.16), (3.17) and (3.18) power 
oming at isolated port-4 of 3dB

pat
h 
ompensated tandem 
oupler is obtained as

A4c =
x(q4 − 1)

(2q2 + x)(q2 + 2x)
where x = Z̄2

c Ȳmβl. (3.19)

Where A4c is the amplitude of power that appears at isolated port-4. For the small

pat
hes 0 ≤ Z̄2
c Ȳmβl ≤ 1, this means 0 ≤ x ≤ 1, for all Z̄c and Ȳm.

Before pat
h 
ompensation, impedan
e of pat
hes is taken as 
hara
teristi
 impedan
e

(Z̄0 = 1). For the analysis of power emerging at isolated port-4 of un
ompensated

tandem 
oupler transmission matrix for the U-shaped strip-line 
an be written as,







Ā B̄

C̄ D̄






=







0 jZ̄c

j/Z̄c 0













cos βl j sin βl

j/ sin βl cos βl













0 jZ̄c

j/Z̄c 0






=







0 −jZc
2 sin βl

−j/(Zc
2 sin βl) 0






.

(3.20)

For short length pat
hes βl ≪ 1 and therefore sin βl = βl. By using Eqns.(3.17),

(3.18) and (3.20) power emerging at port-4 of un
ompensated 
oupler is derived

as,

A4wc =
r2(q8 − 1)

(q4 + r2)(1 + q4r2)
where r = Z̄c

2
βl, (3.21)

Here, A4wc is amplitude of power that appears at isolated port-4 of un
ompensated


oupler. For the small pat
hes 0 ≤ Z̄c
2
βl ≤ 1; that means 0 ≤ q ≤ 1, for all Z̄c.

From Eqn.(3.15), for 8.34dB 
oupled lines of the tandem 
oupler, q = 1.51. Using

Eqns.(3.19) and (3.21), A4wc and A4c are plotted for 0 ≤ q ≤ 1 and 0 ≤ x ≤ 1

in Fig.3.8. From Fig.3.8, it is found that A4c is less than A4wc for the interval.

It means that the isolation 
hara
teristi
 should also be e�e
tively improved after


ompensation. It is well known that optimization of the lumped or distributed


apa
itors at the edges or in the 
enter of the 
oupled region of the strip-line
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Figure 3.8: Analyti
 
omparison of isolation of 
ompensated and un
ompensated hybrid


oupler.


ouplers improves the isolation 
hara
teristi
. Pat
hes behave as lumped 
apa
i-

tors and they are dire
tly 
onne
ted to the 
oupled lines of the tandem 
oupler.

Therefore, isolation performan
e of the hybrid 
oupler is improved.

3.4 Estimation of Power Handling Capability

Power handling 
apability Pp of the designed 3dB Hybrid Coupler is limited by

various losses and the peak voltage at strip 
ondu
tor. Hybrid 
oupler uses air as

diele
tri
 with breakdown voltage rating of 3×104Vdc/cm or 1.47×104Vrf(peak)/cm

[31℄. In the presen
e of standing waves, this be
omes (1.47/2) × 104Vrf(peak)/cm

i.e. equivalen
e ratio of 4.1 with respe
t to d
 breakdown voltage. In this design,
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the hybrid 
oupler strip 
ondu
tor 
learan
e is 1.4cm from the ground. Therefore,

Pp =
Vpeak

2

2Z0

= 1.0588× 106watt.

The te�on studs that hold strip 
ondu
tor are tested for peak surfa
e breakdown

strength of 2kVdc whi
h is equivalent to 0.49kVrf(peak). This limits the hybrid


oupler to the rating of 2.5kW be
ause,

Pp =
(4.9× 103)

2

2× 50
= 2.5× 103watt.

Average power handling 
apability (Pav) of the strip-line i.e. optimization of the

diele
tri
 loss and ohmi
 losses with the dissipation 
apability 
an be written as,

Pav =
60πg (Tmax − Ts)

∆T (αic − αid)Z0
√
ǫr
,

where Ts(strip-line temperature) = ambient 35

◦
C,

Tmax(maximum allowable operating temperature) = 45

◦
C,

g(thermal 
ondu
tivity for air) = 0.0278w/m.k, ǫr = 1,

αic(
ondu
tor loss 
oe�
ient) =
2.7× 10−3RsǫrZ0

30π (b− t)

[

1 +
2w

b− t
+

(b+ t)Z
√
ǫr

π (b− t)
ln

(

2b− t

t

)]

.

For Rs (skin resistan
e) = 2.4925× 103Ω/m, w (strip width) = 0.044m, b (ground


ondu
tor box height) = 0.05m and t (strip thi
kness) = 0.003m, we get,

∆T=2.988× 10−3
,

◦C/w, αic = 3.13× 10−4Np/m, and therefore, Pav = 3.3kW .

The design of fabri
ated hybrid 
oupler was aimed at 2.5kW rating and the te�on

studs 
omply with the same. Power handling 
apability of fabri
ated hybrid 
ou-

pler may be extended up to 3.3kW by repla
ing studs of same rating.
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3.5 Fabri
ation Pro
ess

Designed hybrid 
oupler is fabri
ated with two U-shaped 3mm thi
k 
opper strip-

line 
ondu
tors that are overlapping in opposite dire
tions. The strip-widths of

the 
oupled and non 
oupled se
tions are 4.0
m and 4.4
m respe
tively. Outer


ondu
tor re
tangular box of dimensions 99.2 × 26.4 × 5.0
m is fabri
ated with

the aluminum sheet of thi
kness 0.3
m. A photograph of the fabri
ated hybrid


oupler assembly is shown in Fig.3.9. Pat
h 
ompensation is applied after testing

the hybrid 
oupler with VNA.

Figure 3.9: Photograph of the fabri
ated hybrid 
oupler.

3.6 Results and Diss
ussion

In the present work, a hybrid 
oupler is designed and optimized with HFSS for


oupling of −3 ± 0.2dB, output of −3 ± 0.2dB, return loss of less than 32dB and

isolation of better than −32dB in the frequen
y range of 91.2±15MHz. The same

is for return loss of 34dB and isolation of −34dB at the 
enter frequen
y 91.2MHz.

Hybrid 
oupler is fabri
ated and tested with VNA. This is found providing 
ou-

pling of −3 ± 0.2dB, output of −3 ± 0.2dB, return loss of less than 30.5dB and

isolation of better than −30dB in the given frequen
y range. The same is found
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providing the return loss of 31dB and isolation of -32dB at the 
enter frequen
y

91.2MHz. Comparison of measured values with the 
al
ulated parameters is shown

in Fig.3.5. This implies that improvement is needed.

The proposed 
ompensation te
hnique is implemented in the designed and fab-

ri
ated hybrid 
oupler. The modi�ed i.e. pat
h 
ompensated hybrid 
oupler is

tested and found providing 
oupling of −3± 0.2dB, output of −3± 0.2dB, return

loss of less than 32dB and isolation of better than −31dB in the given frequen
y

range. The same is found providing the return loss of 40dB and isolation of −33dB

at the 
enter frequen
y 91.2MHz. Thus, the performan
e is observed greatly im-

proved after 
ompensation as shown in Fig.3.10.

In 
ase of return loss, great improvement is observed at the 
enter frequen
y

as this 
ompensation te
hnique is frequen
y sensitive and uses the 
on
ept of

quarter wavelength transformer mat
hing whereas the isolation is improved uni-

formly within the given frequen
y range due to lumped 
apa
itive behavior of the

pat
hes. The resulting 
oupling, output, return loss and isolation in the given

frequen
y range implies 2.120W of heat dissipated for input power of 2.5kW i.e.

0.067◦C/minute in
rease of the strip-line temperature at 35◦C ambien
e. Esti-

mated thermal equilibrium is found established at about 38◦C.

The 
wrf high power test is 
ondu
ted with the available 1kW rated sour
e for eight

hours without interruption. S
hemati
 diagram of 
wrf high power test setup and

the resulting waveforms at the 
oupled and output port are shown in Fig.3.11 and

Fig.3.12 respe
tively. Power meters 
onne
ted with port 1, 2 and 3 give the a
-

tual power measurement. Dire
tional 
oupler and the os
illos
ope are 
onne
ted

to obtain sample of forward going power at the 
oupled and output ports. The

performan
e 
on�rms to VNA testing. Voltage withstanding level at ea
h of the
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Figure 3.10: Comparison of HFSS optimized design results, the measured S-parameters

without 
ompensation and with 
ompensation.

Figure 3.11: S
hemati
 diagram of high power test setup.

ports and between the 
oupled lines is found 2kVd
 as measured with a breakdown

tester. This 
on�rms the operational 
apability at 2.5kW of the pat
h 
ompensated
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Figure 3.12: Measured voltage waveforms at 
oupled and output port at 1.0kW input.

3dB hybrid 
oupler.

3.7 Con
lusion

Following are the main 
on
lusions of the presented work,

• A novel pat
h 
ompensation te
hnique is developed to enhan
e the per-

forman
e of tandem hybrid 
oupler without using lumped 
apa
itors and

open stubs. A pro
edure has been established for the 
al
ulation of pat
h

impedan
e required for mat
hing.

• Performan
e of the designed, fabri
ated, tested and pat
h 
ompensated tan-
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dem 
oupler is found improved and the optimum performan
e is obtained

without a�e
ting the 
oupling. The �nal testing shows 
oupling of −3 ±

0.2dB, output of −3 ± 0.2dB, return loss of less than 32dB and isolation of

better than 31dB in the given frequen
y range of 91.2 ± 15MHz. The same

is found providing the return loss of −40dB and isolation of −33dB at the


enter frequen
y 91.2MHz.

• Pat
h 
ompensated prototype 3 ± 0.2dB hybrid 
oupler is indigenously de-

veloped and tested at 91.2± 15MHz for 2.5kW power handling 
apability.

• This prototype has su

essfully been 
reated the pro
ess for indigenous de-

velopment of 2.5kW, 3dB hybrid 
oupler at any required frequen
y from 10

to 100MHz.

• The 
on
ept, design and development pro
edure have imparted su�
ient

experien
e that will be useful while making 3dB hybrid 
oupler of more than

100kW power rating at the various frequen
ies within the range of 10 to

100MHz, mainly for the ion 
y
lotron resonant heating systems of plasma in

the tokamaks.
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4
An analysis of jun
tion dis
ontinuity

e�e
t in multi-element 
oupled lines and

its diminution at the designing stage

4.1 Introdu
tion

Our obje
tive is to develop a broadband high power hybrid 
oupler for the ICRF

heating system appli
ation. This 
hapter is devoted for the 
omprehensive review

of previous works in the area of broadband development of the 
oupled lines and

its appli
ability in the development of high power 3dB hybrid 
oupler. Single quar-

ter wavelength 
oupled line based hybrid 
oupler provides the narrow frequen
y

bandwidth. The multi-o
tave bandwidth 
an be a
hieved by means of 
as
ading

several quarter-wavelength elements 
alled multi-element 
oupled lines. The the-

oreti
al modeling of symmetri
al multi-element 
oupler is presented in the earlier

works [10,20,22℄ where 
oupled elements are proposed to be 
as
aded in a 
ertain
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on�guration to a
hieve the desired 
oupling and frequen
y bandwidth. These

theories hold good and yields ideal performan
e for multi-element 
oupled lines

design.

In a pra
ti
al model, jun
tions are employed for the joining of two di�erent 
oupled

elements whi
h produ
e the undesirable rea
tive e�e
t, abbreviated as jun
tion

dis
ontinuity e�e
t. This depends on jun
tion length in addition to even and odd

mode impedan
es. Jun
tion dis
ontinuity e�e
t deteriorates the performan
es of

the multi-element 
oupled lines from the theorati
al predi
tion [45�48℄. However,

the existing theory does not take into 
onsideration to the unavoidable jun
tion

dis
ontinuity e�e
t. This be
omes more prominent in the high power 
oupled lines

for HF and VHF appli
ations be
ause of larger stru
tural dimensions. Therefore,

analysis and 
ompensation of jun
tion dis
ontinuity e�e
t in a multi-element 
ou-

pled line is inevitable. This 
hapter presents, a generalize theoreti
al pro
edure

for the analysis of the jun
tion dis
ontinuity e�e
t and its 
ompensation at the

designing stage.

Se
tion-4.2 des
ribes the analysis of the 
oupled lines using Cristal parameters.

Con
ept, design and simulation of designed 3-element, 8.34dB 
oupled line se
tion

is explained in Se
tion-4.3. Theory of jun
tion dis
ontinuity e�e
t on multi-element


oupled line performan
e is given in se
tion-4.4. The modi�ed theory for the multi-

element 
oupled lines is illustrated in se
tion-4.5. Appli
ation of modi�ed theory

in design of 3-element, 8.34±0.2dB 
oupled se
tion is shown in se
tion-4.7. Results

and dis
ussion of the modi�ed theory for design and development of multi-element


oupled line are dis
ussed in se
tion-4.8 and 
on
lusions are given in se
tion-4.9.
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4.2 Analysis of Coupled Lines

4.2.1 Single Element Coupled Line

The 
oupled lines, as shown in Fig.4.1 
onsists of two identi
al lines 1-2 and 3-4

with uniform ele
tri
al spa
ing over ele
tri
al length θ.

Figure 4.1: S
hemati
 of quarter wave 
oupled se
tion.

Here,

Z0eZ0o = Z0. (4.1)

Where Z0e and Z0o represent the even and odd mode impedan
e of 
oupled lines.

Signals emerging from the four ports 
an be given as [49�51℄.

A1 =
1

2
[Γ0e + Γ0o] ,

A2 =
1

2
[Γ0e − Γ0o] ,

A3 =
1

2
[T0e + T0o] ,

and A4 =
1

2
[T0e − T0o] . (4.2)

A1, A2, A3 and A4 that represent return loss, output, 
oupling and isolation of


oupled lines whi
h is terminated with mat
hed impedan
e. For the given two-
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port network, Γ0e and Γ0o are the re�e
ted wave amplitudes, whereas T0e and T0o

are transmitted wave amplitudes for the even and odd modes respe
tively.

The transmission 
oe�
ient T and re�e
tion 
oe�
ient Γ are given by the following

Eqations.

Γ =
At +Bt − Ct −Dt

At +Bt + Ct +Dt
,

T =
2

At +Bt + Ct +Dt
(4.3)

Where, At, Bt, Ct and Dt are transmission matrix parameter of the 
oupled ele-

ments. Γ and T represent transmission and re�e
tion 
oe�
ients. Using Eqn.4.2

and Eqn.4.3, A1, A2, A3 and A4 for the mat
hed 
oupled lines 
an be 
al
ulated

as

A1 = 0,

A2 =
2

2 cos θ + j(Z0e + 1/Z0e) sin θ
,

A3 =
j(Z0e − 1/Z0e) sin θ

2 cos θ + j(Z0e + 1/Z0e) sin θ
,

and A4 = 0. (4.4)

4.2.2 Coupled Line Se
tion with Three Elements

S
hemati
 diagram of the symmetri
al 3-element 
oupled lines se
tion is shown in

Fig.4.2 where elements B,A,B are 
as
aded in symmetri
al mannar. The A1, A2,

A3, A4 and B1, B2, B3, B4 are taken as return loss, output, 
oupling and isolation

of 
oupled element-A and element-B respe
tively. To retain the perfe
t voltage

standing wave ratio(VSWR), ea
h element has the same e�e
tive 
hara
teristi
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impedan
e.

√

Z0eAZ0oA =
√

Z0eBZ0oB = 1. (4.5)

Where Z0eA, Z0eB and Z0oA, Z0oB are normalized even and odd mode impedan
es of

the element-A and element-B respe
tively. Initially, amplitude of emerging signal

Figure 4.2: S
hemati
 of 3-elements, 8.34dB 
oupled line se
tion.

from ea
h of the elements are 
omputed and its 
ombination for the multi-element


oupled lines se
tion is solved using graph network theory. The signal �ow graph

of the 
as
aded three 
oupled elements are shown in Fig.4.3.(a) and (b)

Figure 4.3: Signal �ow graph of the 3-elements, 8.34dB 
oupled line se
tion (a) Forward-

wave (b) Ba
kward-wave.

These two graphs are identi
al and represent the forward and ba
kward-wave prop-

agation. In perfe
tly mat
hed 
ondition, port-4 is isolated and (a4 = 0). The
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resulting signal �ow graph is shown in Fig.4.4.

Figure 4.4: Redu
ed signal �ow graph.

For the in
ident wave a1 = 1, 
oupled output b3 
an be derived as,

b3 = jB3.e
−jθ + e−jθ.jA3.e

−jθ.e−jθ

+e−jθ.e−jθ.jB3.e
−jθ.e−jθ.e−jθ

= jB3.e
−jθ + jA3.e

−j3θ + jB3.e
−j5θ. (4.6)

For the known 
oupling of element-A and element-B, 
oupling of the three 
as
aded

elements b3 
an be analyzed by making use of Eqn.4.6.

The Cristal [20℄ table for 8.34±0.2dB, 3-element 
oupled lines se
tion provides the

normalized even mode impedan
e for element-A as Z0eA = 1.7848 and for element-

B as Z0eB = 1.07434. Using these values in Eqn.4.4, A3 and B3 are 
al
ulated.

Now, the overall 
oupling b3 for 8.34±0.2dB, 3-element 
oupled lines se
tion using

Cristal tabulated parameter is analyzed and plotted using MATLAB software and

shown in Fig.4.5. The result shown in Fig.4.5 represents the Cristal theoreti
al


oupling for the 8.34±0.2dB, 3-element 
oupled lines se
tion where both of the

extremes are equal and shows ideal performan
e whi
h one would like to a
hieve

in their design.
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Figure 4.5: Chara
teristi
 of 3-elements, 8.34dB 
oupled line se
tion using Cristal theory.

4.3 Con
ept, Design and Simulation

In this se
tion design and simulation of 8.34±0.2 dB 
oupled se
tion rated for 38

to 112MHz and 200kW is presented. Multi-o
tave bandwidth 
an be a
hieved by
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means of 
as
ading several quarter-wavelength elements 
alled of multi-element


oupler. Coupling of middle element is kept higher in proportion to the number

of elements used. As the number of 
as
aded elements is in
reased, 
oupling gap

of the middle element be
omes narrow that redu
es the power handling 
apability.

Therefore, only three elements namely B, A and B as shown in Fig.4.2 are designed

to provide su�
ient 
oupling gap whi
h is essential for desired power rating.

The Cristal table [20℄ for 8.34 ± 0.1dB, 3-element 
oupled se
tion provides the

even mode impedan
e for element-A i.e. Z0eA = 1.7848 and element-B i.e. Z0eB =

1.07434.

Coupling 
oe�
ient of an element-x is given by

Cx =

(

Z2
0ex − 1

Z2
0ex − 1

)

=

(

1− Z2
0ox

1− Z2
0ox

)

(4.7)

Where Z0ex and Z0ox are even and odd impedan
e of the 
on
erned element-

x. For element-A and element-B, 
al
ulated values of 
oupling 
oe�
ient CA =

0.5222=−6.123dB and CB = 0.07074=−22.896dB respe
tively. Dimensions of

element-A and element-B are 
al
ulated for the CA and CB by using known equa-

tions [11, 35, 44℄. The jun
tion of length l is physi
ally employed to join the 3-

elements and simulation has been performed using HFSS.

4.3.1 Simulation of the designed Model using HFSS

The model used for the simulation of the 8.34 ± 0.2dB 
oupled se
tion 
onsisting

of 3-
as
aded elements is shown in Fig.4.6.

The re
tangular strip-line 
entral 
ondu
tors are arranged in parti
ular 
on�g-

uration and pla
ed in the grounded metalli
 en
losure of dimension 310cm×60cm
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Figure 4.6: HFSS simulated model of 3-elements, 8.34dB 
oupled line se
tion.

×12cm. Air within the grounded metalli
 en
losure is used as diele
tri
. The

holding studs for the inner strip 
ondu
tor and other transition i.e. required for

pra
ti
al aspe
t, are avoided so that jun
tion dis
ontinuity e�e
t 
ould be analyzed

independently. The length of ea
h element is taken to be 100
m i.e. quarter wave-

length at 
enter frequen
y 75MHz. For the given 
on�guration jun
tion length of

5
m is provided in ea
h element. In �rst step, designed elements A and B are

simulated independently and 
oupling performan
es of both are shown in Figs.4.7

and 4.8. The Illustrated performan
es are veri�ed for 
al
ulated values of 6.123dB

and 22.896dB at the 
enter frequen
y.

In the next step, 
oupled strip-line jun
tion is employed to 
onne
t these three

elements namely B, A and B to a
hieve 8.34±0.2dB 
oupling and the simulation
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Figure 4.7: Using HFSS simulated 
oupling of element-A.

is performed again. The 
oupling and output simulation results are illustrated in

Fig.4.9.

As explained in previous se
tion, both the maxima of the 
oupling or output pa-

rameters should be equal in the pres
ribed bandwidth. In HFSS simulation results,

both the maxima at upper and lower end of the frequen
y band are found unequal

and performan
es are signi�
antly deteriorated from the theoreti
al predi
tion.

This anomaly does not exist in 
ase of element-A and element-B sin
e the 
ou-

pling through simulation results are in 
lose agreement to 
al
ulated values. This

anomaly attributes to the rea
tive e�e
t of jun
tion dis
ontinuity.
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Figure 4.8: Using HFSS simulated 
oupling of element-B.

4.4 Theory of jun
tion dis
ontinuity

The 
oupled lines have always 
hara
terized by its even and odd modes behav-

ior. The even and odd mode analysis of element-A and element-B in
luding the

jun
tion dis
ontinuity e�e
t have been performed. Jun
tion represents the 
oupled

transition between element-A and element-B. The even and odd mode impedan
es

of the jun
tion and elements 
an be taken as,

Z0eA > Zj0e > Z0eB, Z0oA < Zj0o < Z0oB.

Here, Zj0e and Zj0o represent the even and odd mode impedan
es of jun
tion.
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Figure 4.9: Using HFSS simulated performan
e of 3-elements, 8.34dB 
oupled line se
tion.

Figure 4.10: S
hemati
 of jun
tion between two 
oupled lines (a) Even mode (b) Odd

mode.

S
hemati
 of jun
tion with 
oupled element A and B is shown in Fig.4.10

60



Chapter 4. An analysis of jun
tion dis
ontinuity e�e
t in multi-element 
oupled

lines and its diminution at the designing stage

4.4.1 Even mode analysis of jun
tion with the element-B

In Fig4.10.(a) input impedan
e at point-Q i.e. Zin(eAQ) is given as

Zin(eAQ) = Zj0e
Z0eB + jZj0e tanβl

Zj0e + jZ0eB tanβl

≈ Zj0e
Z0eB + jZj0eβl

Zj0e + jZ0eBβl
for βl ≤ π/6 . (4.8)

Where, Zj0e > Z0eB, l ≤ λ/25 and βl < 1, that implies Z0eBβl << 1. Therefore,

Zin(oAQ) is approximated as,

Zin(eAQ) ≈ Z0eB + jZj0eβl = ZBe(eff), (4.9)

where ZBe(eff) repersents the e�e
tive impedan
e of element-B in
luding jun
tion

dis
ontinuity. The analysis shows that the jun
tion dis
ontinuity behaves as series

indu
tan
e of Zjoeβl/v with element-B in even mode.

Jun
tion length l in terms of wavelength λ at 
enter frequen
y f0 and arbitrary

frequen
y f 
an be written as.

l =
λ0

m0
=

λ

m
⇒ m = m0

(

f0
f

)

. (4.10)

Where m0 and m represent the wavelength to jun
tion length ratio at f0 and f

respe
tively. Now, from the Eqns.(4.9) and (4.10), indu
tive rea
tan
e jXjeB due

to jun
tion with element-B 
an be written as

jXjeB =
j2πZj0e

m0

(

f

f0

)

=
j2πZj0e

m0

(

θ

θ0

)

=
4jZj0eθ

m0
. (4.11)
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Where θ and θ0 = π/2 are the ele
tri
al lengths of the 
oupled element at variable

frequen
y f and at 
enter frequen
y f0 respe
tively.

4.4.2 Odd mode analysis of jun
tion with the element-B

From Fig.4.10.(b) odd mode admittan
e at point-Q i.e. Yin(oAQ) is given by,

Yin(oAQ) = Yj0o
Y0oB + jYj0o tanβl

Yj0o + jY0oB tanβl

≈ Y0oB + jYj0oβl = YBo(eff). (4.12)

Where YBo(eff) e�e
tive admittan
e of the element-B in
luding jun
tion dis
onti-

nuity e�e
t in odd mode

Form Eqn.4.12, it 
an be noti
ed that the jun
tion dis
ontinuity behaves as shunt


apa
itan
e of Zj0el/v with element-B in odd mode. The odd mode admittan
e

YjoB at frequen
y f is derived as.

jYjoB =
j2πYj0o

m0

(

f

f0

)

(4.13)

Where Yj0o = Zj0e substituting in Eqn.4.13

jYjoB =
j2πZj0e

m0

(

θ

θ0

)

=
4jZj0eθ

m0
(4.14)

From Eqn.4.11 and Eqn.4.14, jun
tion equivalent series indu
tan
e and shunt 
a-

pa
itan
e LjeB and CjoB for the even and odd mode for the jun
tion dis
ontinuity

are derived as.

LjeB = CjoB =
Zj0e

m0f0
(4.15)
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Considering the jun
tion dis
ontinuity e�e
t, the even and odd mode equivalen
e

of element-B is shown in Fig.4.11.

Figure 4.11: Equivalent 
ir
uit of the 
oupled element-B (a) Even mode (b) Odd mode.

Using equivqlent 
ir
uit of element-B, even and odd mode transmission matrix

for the element-B is written as,







ABe′ BBe′

CBe′ DBe′






=







1 jXjeB

0 1













cos θ jZ0eB sin θ

j sin θ
Z0eB

cos θ













1 jXjeB

0 1






. (4.16)

Considering Z0oB = 1/Z0eB, transmission matrix for odd mode is written as,







ABo′ BBo′

CBo′ DBo′






=







1 0

jXjoB 1













cos θ j sin θ
Z0eB

jZ0eB sin θ cos θ













1 0

jXjoB 1






. (4.17)

Where ABe′, BBe′, CBe′, DBe′ and ABo′, BBo′, CBo′, DBo′ are the even and odd

mode transmission matrix parameter of element-B in
luding dis
ontinuity e�e
t.

Using the Eqn.4.16, Eqn.4.17 and Eqn.4.2, the emerging signals from the ports of
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element-B in
luding jun
tion is derived as.

B1′ = 0,

B2′ =
j sin θ

(

Z0eB − 1
Z0eB

)

+ jXjeB

(

2 cos θ − jXjeB sin θ

Z0eB

)

2 (1− jXjeB) cos θ − j
(

Z0eB − 1
Z0eB

(1 + jXjeB)
2
) ,

B3′ =
2

2 (1− jXjeB) cos θ − j
(

Z0eB + 1
Z0eB

(1 + jXjeB)
2
)

and B4′ = 0. (4.18)

Where, B′
1, B′

2, B′
3 and B′

4 are return loss, output, 
oupling and isolation of

element-B in
luding the e�e
t of jun
tion dis
ontinuity.

4.4.3 Even mode analysis of jun
tion with the element-A

The jun
tion dis
ontinuity e�e
t with element-A is also analyzed using the same

pro
edure as used for element-B. In Fig.4.10.(a), input admittan
e at point-P i.e.

Yin(eBP ) is given as

Yin(eBP ) = Yj0e
Y0eA + jYj0e tanβl

Yj0e + jY0eA tanβl

≈ Yj0e
Y0eA + jYj0eβl

Yj0e + jY0eAβl
for βl ≤ π/6 . (4.19)

Where, Yj0e > Y0eA, l ≤ λ/25 and βl < 1, that implies Y0eAβl << 1. Therefore,

Yin(eBP ) is approximated as,

Yin(eBP ) ≈ Y0eA + jYj0eβl = YAe(eff). (4.20)
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Where YAe(eff) is the e�e
tive admittan
e of the element-A in
luding jun
tion dis-


ontinuity e�e
t in even mode. It 
an be seen that the jun
tion dis
ontinuity in

even mode behaves as shunt 
apa
itan
e with element-A. The shunt admittan
e

YjeA 
an be written as

jYjeA =
4jθ

m0Zj0e
. (4.21)

4.4.4 Odd mode analysis of jun
tion with the element-A

In Fig4.10.(b), input impedan
e at point-P i.e. Zin(eBP ) is given as.

Zin(eBP ) = Zj0o
Z0oA + jZj0o tan βl

Zj0o + jZ0oA tan βl

≈ Zj0o
Z0oA + jZj0oβl

Zj0o + jZ0oAβl
Z0oA + jZj0o tan βl. (4.22)

Where, Zj0o > Z0oA, l ≤ λ/25 and βl < 1, that implies jZ0oAβl << 1. Therefore,

Zin(eBP ) is approximated as,

Zin(eBP ) ≈ Z0oA + jZj0oβl = ZAo(eff) (4.23)

where ZAo(eff) is e�e
tive impedan
e of the element-A in
luding jun
tion dis
on-

tinuity e�e
t in odd mode. Using equivqlent 
ir
uit of element-A, jun
tion dis-


ontinuity in odd mode behaves as series indu
tan
e with element-A. The series

rea
tan
e XjoA is derived as

jXjoA =
4jθ

m0Zj0e

. (4.24)
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Using Eqn.4.21 and Eqn.4.24, the series indu
tan
e and shunt 
apa
itan
e due to

jun
tion dis
ontinuity are derived as

LjoA = CjeA =
1

m0Zj0ef0
. (4.25)

Where, LjoA and CjeA are indu
tan
e and 
apa
itan
e in odd and even mode with

element-A due to jun
tion dis
ontinuity. The equivalent 
ir
uit of element-A with

jun
tion dis
ontinuity e�e
t is given in Fig.4.12.

Figure 4.12: Equivalent 
ir
uit of element-A (a) Even mode (b) Odd mode.

Therefore, even and odd mode transmission matrix for the element-A 
an be

written as







AAe′ BAe′

CAe′ DAe′






=







1 jYjeA

0 1













cos θ jZ0eA sin θ

j sin θ
Z0eA

cos θ













1 jYjeA

0 1






. (4.26)

Considering Z0oA = 1/Z0eA transmission matrix for odd mode is written as







AAo′ BAo′

CAo′ DAo′






=







1 0

jXjeA 1













cos θ j sin θ
Z0eA

jZ0eA sin θ cos θ













1 0

jXjeA 1






. (4.27)

Where AAe′, BAe′, CAe′, DAe′ and AAo′, BAo′, CAo′, DAo′ are the even and odd

mode transmission matrix parameters of element-A in
luding the e�e
t of jun
tion
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dis
ontinuity.

The amplitude and phase of emerging signals from the ports of element-A by using

Eqn.4.26, Eqn.4.27 and Eqn.4.3 is derived as

A1′ = 0,

A2′ =
j sin θ

(

Z0eA − 1
Z0eA

)

+ jYjeA

(

2 cos θ − jYjeA sin θ

Z0eA

)

2 (1− jYjeA) cos θ − j
(

Z0eA − 1
Z0eA

(1 + jYjeA)
2
) ,

A3′ =
2

2 (1− jYjeA) cos θ − j
(

Z0eA + 1
Z0eA

(1 + jYjeA)
2
)

and A4′ = 0. (4.28)

Where, A′
1, A′

2, A′
3 and A′

4 are return loss, output, 
oupling and isolation of

element-A in
luding the e�e
t of jun
tion dis
ontinuity.

By using Eqn.4.6, amplitude of 
oupling for 3-element, 8.34dB 
oupled line se
tion

in
luding jun
tion dis
ontinuity e�e
t is written as

b′3 = jB3′.e−jθ + jA3′.e−j3θ + jB3′.e−j5θ. (4.29)

Coupling for the element-A, element-B and 3-element 
oupled line se
tion by using

Eqn.4.18, Eqn.4.28 and Eqn.4.29 are plotted using MATLAB and are shown in

Fig.4.13, Fig.4.14 and Fig.4.15.

From Fig.4.13, Fig.4.14 and Fig.4.15, one 
an 
on
lude the following fa
ts.

1. With the aid of Fig.4.13 it 
an be analysed that in
luding the jun
tion dis-


ontinuity e�e
t in element-A, 
oupling in
reases to left and de
reases to

right of pres
ribed frequen
y band, where 
enter frequen
y is shifted towards

left with redu
ed frequen
y band.
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Figure 4.13: Cal
ulated 
oupling of element-A.
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Figure 4.14: Cal
ulated 
oupling of element-B.
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Figure 4.15: Cal
ulated 
oupling of the 3-element, 8.34±0.3dB 
oupled line se
tion.

2. From Fig.4.14 it 
an be analysed that after in
luding the jun
tion dis
onti-

nuity e�e
t in element-B, 
oupling of de
reases to left and in
reases to right

of pres
ribed frequen
y band, where 
enter frequen
y is shifted towards right

with extended frequen
y band.

3. The resultant e�e
ts of element-A and element-B is observed in 
oupling

performan
e of 3-element, 8.34±0.3dB 
oupled se
tion.

4. Coupling performan
e of 8.34±0.3dB se
tion in
luding the jun
tion dis
on-

tinuity e�e
t is deviated from the Cristal theoreti
al results. The deviation

is found in same manner as simulated result shown in Fig.4.9.

The e�e
t due to variation of jun
tion length λ/m0 is shown in Fig.4.16.

In this 
ase, 
oupling of the designed 3-element, 8.34±0.3dB 
oupled line se
tion

is found in
reasing in left half and de
reasing in right half from the 
al
ulated
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Figure 4.16: Coupling performan
e with varying jun
tion length.

value. The deterioration depends on even and odd mode impedan
es of the jun
-

tion. The deterioration may exist in opposite manner if the 
hoi
e of even or

odd mode impedan
es for jun
tion are within di�erent boundary 
onditions. The

above mentioned pro
edure 
an be followed in both the 
riteria. The magnitude of

deterioration in 
oupling depends on the jun
tion length therefore jun
tion length

should be minimized to minimize the jun
tion dis
ontinuity e�e
t.

4.5 Modi�ed theory of 
oupled line design with

jun
tion dis
ontinuity

In this se
tion, for the 
ompensation of the jun
tion dis
ontinuity e�e
t a novel

theorati
al pro
edure has been developed i.e. named as the modid�ed theory. The

jun
tion dis
ontinuity e�e
t 
an be estimated in terms of the lumped rea
tan
e
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shown in privious se
tion. In
luding the jun
tion dis
ontinuity e�e
t even and odd

mode impedan
e of the element-A and element-B 
an be written as,

ZBe(eff) = Z0eB + jZj0eβl,

YAe(eff) = Y0eA + jYj0eβl. (4.30)

Where ZAe(eff) and ZBe(eff) are taken as e�e
tive impedan
e of the element-A

and element-B in even mode respe
tively. The rea
tive behavior of the jun
tion

deteroriate the performan
e of the 
oupled lines from desired one. This e�e
t 
an

be 
ompensated by making an oppositive e�e
t in ea
h of the elements.

Using the same, it 
an be analysed that jun
tion dis
ontinuity e�e
t in element-

B and element-A 
an be 
ompensated by adding 
apa
itive rea
tan
e XC and

indu
tive admittan
e YL respe
tively. Now ZBe(eff) and YBe(eff) in
luding 
ompen-

sation 
an be written as,

ZBe(eff) = Z0eB + jZj0eβl +XC ,

YAe(eff) = Y0eA + jYj0eβl + YL. (4.31)

In modi�ed theory two fa
ts have been explored and utilized for the 
ompensation

of jun
tion dis
ontinuity e�e
t. These fa
ts are given as follow,

1. A small in
rement in length of the quarter-wave 
oupled element behaves as


apa
itive in even mode and indu
tive in odd mode whereas 
hara
teristi


impedan
e remains same.

This fa
t 
an be understood with the help of Fig.4.17 where in
rement in

length of an arbitrary 
oupled element-x is analyzed. From Fig.4.17.(a), even
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Figure 4.17: S
hemati
 of the of the 
oupled element-x with small in
rements in length

in (a) Even mode (b) Odd mode.

mode input admittan
e Yin(eR) at point-R 
an be written by

Yin(eR) = Y0ex
Y0 + jY0ex tan(π/2 + βǫx+)

Y0ex + jY0 tan(π/2 + βǫx+)

= Y0ex
Y0 + jY0ex cotβǫx+

Y0ex + jY0 cotβǫx+

. (4.32)

substituting 
hara
teristi
 admittan
e Y0 = 1, we get

Yin(eR) = Y0ex
1− jY0ex cotβǫx+

Y0ex − j cot βǫx+

= Y0ex
βǫx+ − jY0ex

Y0exβǫx+ − j
valid for the ǫx+ < π/6. (4.33)

Further, it 
an be simpli�ed as

Yin(eR) = Y 2
0ex

β2ǫ2x+ + 1

β2ǫ2x+Y 2
0ex + 1

+ jY0exβǫx+

1− Y 2
0ex

β2ǫ2x+Y 2
0ex + 1

. (4.34)
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Here, Y0ex < 1, ǫx+ < 1, β < 1 gives Y 2
0exβ

2ǫ2x+ <<< 1 and hen
e Eqn.4.34

redu
es to.

Yin(eR) = Y 2
0ex + jǫx+βY0ex(1− Y 2

0ex). (4.35)

For Y0 = 1, this also may written as,

Yin(eR) =
Y 2
0ex

Y0

+
jǫx+βY0ex(1− Y 2

0ex)

Y0

. (4.36)

This equation represents quarter wave admittan
e transformer with series

indu
tan
e. It 
an be noti
ed that the small in
rement in length of an arbi-

trary element-x behaves like shunt 
apa
itan
e of value ǫx+Y0ex(1 − Y 2
0ex)/v

in the even mode.

In 
ase of odd mode, impedan
e ZineR at point-R is given as

ZineR = Z2
0ox + jβǫx+Z0ox(1− Z2

0ox). (4.37)

It reveals, a small in
rement in length of an element behaves like series in-

du
tan
e of value βǫx+Y0ex(1− Y 2
0ex)/v in odd mode.

Series indu
tan
e in odd mode and shunt 
apa
itan
e in even mode for small

in
rement in length of an element-x are found equal therefore,

jY0ex = jX0ox = jβǫx+Y0ex(1− Y 2
0ex). (4.38)

The above equation in terms of shunt 
apa
itan
e C0ex and series indu
tan
e

L0ox 
an be written as

L0ox = C0ex = ǫx+Y0ex(1− Y 2
0ex)/v (4.39)
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Figure 4.18: S
hemati
 of the of the element-x with small de
rement in length (a) Even

mode (b) Odd mode.

2. A small de
rement in the length of the quarter-wave 
oupled element behaves

as indu
tive in even mode and 
apa
itive in odd mode whereas 
hara
teristi


impedan
e remains same. This fa
t 
an be proved with the help of Fig.4.18

where de
rement in length of an arbitrary 
oupled element-x is analyzed.

Input admittan
e Yin(eS) at point-S in Fig4.18.(a) is given by

Yin(eS) = Y0ex
Y0 + jY0ex tan(π/2− βǫx−)

Y0ex + jY0 tan(π/2− βǫx−)

≈ Y0ex
βǫB + jY0ex

Y0exβǫx− + j
valid for the ǫx− < π/6. (4.40)
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above 
an be simpli�ed as

Yin(eS) =
Y 2
0ex

Y0

− jβǫx−Y0ex(1− Y 2
0ex)

Y0

. (4.41)

This equation represents quarter wave admittan
e transformer with series in-

du
tan
e. This implies that small in
rement in length of an element behaves

like shunt indu
tan
e of value 1/βǫx−Y0ex(Y
2
0ex − 1)v in the even mode.

In 
ase of odd mode, impedan
e ZinoS at point-S is given by

ZinoS = Z2
0ox − jβǫx−Z0ox(1− Z2

0ox). (4.42)

This states, a small de
rement in length of an element behaves like series


apa
itan
e of value 1/βǫx−Z0ox(1− Z2
0ox)v in odd mode.

Series 
apa
itan
e in odd mode and series indu
tan
e in even mode for small

de
rement in length of an element are found equal, this one has

jX0ox = jY0ex = jβǫx−Z0ox(1− Z2
0ox). (4.43)

In terms of series indu
tan
e L0ex and shunt 
apa
itan
e C0ox 
an be ex-

pressed as

L0ex = C0ox = 1/βǫx−Y0ex(Y
2
0ex − 1)v (4.44)

From Eqn.4.44 one 
an noti
e that the 
ompensation of the jun
tion dis
ontinuity

e�e
t in 3-element 
oupled line se
tion 
an be made by making in
rement in the

length of element-B and de
rement in the length of element-A.

Let the in
rement in element-B, ǫB+
and de
rement in element-A, ǫA−

are made

to provide the needful 
ompensation rea
ta
e and admitan
e as given in Eqn.5.4.
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The values of ǫB+
and ǫA−


an be 
al
ulated with the help of Fig.4.19.(a) and (b).

Compensation with element-B in mat
hed 
ondition 
an be expressed as,

Figure 4.19: Equivalent of altered elements in
luding the e�e
t of jun
tion dis
ontinuity

(a)Element-A (b)Element-B.

Z0eB =

√

Xj0eB

Y0eB
. (4.45)

Using Eqn.5.4 and Eqn.4.38, value of ǫB+

an be written as

ǫB+ =
Z0eBZj0el

(Z2
0eB − 1)

. (4.46)

Compensation with element-A in mat
hed 
ondition 
an be written as,

2πf
√

L0eACjeA =
√

X0eAYjeA = 1. (4.47)

By using Eqn.5.4 and Eqn.4.44, value of ǫA−

an be written as

ǫA− =
Yj0el

Z0oA(1− Z2
0oA)

. (4.48)

From Eqn.4.30, it 
an be noti
ed that the e�e
tive even mode impedan
es of

element-B and element-A in
reases and de
reases respe
tively. Due to this e�e
t

maxima at upper end de
reases while in
reases at lower end in 
oupling parameter.
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Thus, 
ompensation i.e. 
orre
tion 
an be made by in
rement ǫB+
in the length

of element-B and de
rement ǫA−
in the length of element-A. This modi�
ation

has been in
orporated in the 3-element 
oupled lines se
tion. The s
hemati
 of

the modi�ed se
tion and it,s signal �ow graph are shown in Fig.4.20 and Fig.4.21.

respe
tively.

Figure 4.20: S
hemati
 of the modi�ed stepped 3-element 
oupled se
tion.

Figure 4.21: Redu
ed signal �ow graph for the modi�ed 3-element 8.34 ± 0.2 
oupled

lines se
tion.

From Fig.4.21, 
oupled signal b3m for the modi�ed 3-element 
oupled line se
tion


an written as.

b3m = jB′
3.e

−j(θ+θa) + jA′
3.e

−j(3θ+2θb−θa) + jB′
3.e

−j(5θ+3θb−2θa). (4.49)

Where, θa and θb are ele
tri
al length 
orresponding ǫA−
and ǫB+

that values are

given as

θa = βǫA−
and θb = βǫB+ . (4.50)
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4.6 Generalizing 
ompensation theory to n-element

In 3-element 
oupled lines se
tion, 
ompensation of the jun
tion dis
ontinuity ef-

fe
t is made by in
rementing in the length of element-B and de
rementing in the

length of element-A. This 
an be generalized for n-element 
oupled lines se
tion

as shown in Fig.4.22. The resultant alteration required for element A, B C.... are

2ǫA−
, (ǫB+ − ǫB−) and (ǫC+ − ǫC−)...... respe
tively.

Figure 4.22: S
hemati
 of the n-element 
oupled lines se
tion.

The in
rement and de
rement required in the length of any arbitrary element-x of

impedan
e Z0ox,Z0ox, 
an be written as

ǫx− =
Yj0ex−lx−

Z0ox(1− Z2
0ox)

, ǫx+ =
Z0exZj0ex+lx+

(Z2
0ex − 1)

. (4.51)

Where, Yj0ex−
is the even mode admittan
e, lx−

is length of the jun
tion and ǫx−

is the de
rement to be made in the length of element-x. Similarly, Zj0ex+
is the

even mode impedan
e, lx+
length of the jun
tion and ǫx+

is the in
rement to be

made in the length of element-x.
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4.7 Appli
ation of modi�ed theory in design of 3-

element, 8.34±0.2dB 
oupled se
tion

The 8.34±0.2dB 
oupled se
tion uses element-A and element-B of even mode

impedan
e Z0eA = 1.7848 and Z0eB = 1.07434 i.e normalized with Z0 = 50Ω.

The strip-line jun
tions of even mode impedan
e Zj0e = 1.312 and length λ0/80

at 
enter frequen
y 75MHz is employed to 
onne
t element-A and element-B. For

the 
ompensation of jun
tion dis
ontinuity e�e
t ǫA−
and ǫB+

are 
al
ulated as

ǫA− =
Yj0el

Z0oA(1− Z2
0oA)

Where l = λ0/80 at 
enter frequen
y. That gives

ǫA− =
Yj0el

Z0oA(1− Z2
0oA)

=
0.56028× (λ0/80)

0.56028(1− 0.560282)
= 0.0248λ0.

Now,

ǫB+ =
Z0eBZj0el

(Z2
0eB − 1)

=
1.07434× 1.312× (λ0/80)

(1.074342 − 1)
= 0.015265λ0 = 0.015265.

Now making use of Eqn.4.50, θa and θb 
an be 
al
ulated as

θa =

(

2π

λ

)

(0.0248λ0) = (2× 0.0248π)

(

λ0

λ

)

= (0.0496π)

(

θ

θ0

)

using same pro
edure θb = (0.03053π)

(

θ

θ0

)

.
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Where θ0 = π/2. Using Eqn.4.49, b3m is 
al
ulated and plotted using MATLAB

and is shown in Fig.4.23.
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Ideal coupling using Cristal theory

Coupling including junction discontinuity effect

Coupling using modified theory

Figure 4.23: Comparison of the 
al
ulated 
oupling of the 3-element, 8.34±0.3dB 
oupled

line se
tion using MATLAB.

The 
oupling performan
e using modi�ed theory is found in agreement to the ideal


oupling using Cristal theory as shown in Fig.4.23. To verify the e�e
tiveness of

the modi�ed theory, 
al
ulated modi�
ation is in
orporated in model used HFSS

simulation and simulation is performed. The perspe
tive 
omparison of 
oupling

and output S-parameters obtained from the HFSS simulation and theorati
ally


al
ulted parameters using modi�ed theory is shown in Fig.4.24 and Fig.4.25, where

e�e
tiveness of the modi�ed theory is proven.

Note:-Jun
tion dis
ontinuity e�e
t is derived in terms of 
apa
itan
e or indu
tan
e

values. These derived values are also useful for the previous method, where jun
tion

dis
ontinuity e�e
t is 
ompensated using 
apa
itor or open stub. Therefore jun
tion
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Figure 4.24: Comparison of 
oupling results obtained from HFSS simulation and modi�ed

theory.
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Figure 4.25: Comparison of output results obtained from HFSS simulation and modi�ed

theory.

81



Chapter 4. An analysis of jun
tion dis
ontinuity e�e
t in multi-element 
oupled

lines and its diminution at the designing stage

dis
ontinuity analysis is also useful for other available 
ompensation te
hniques.

Modi�ed theory is a simple approa
h by whi
h jun
tion dis
ontinuity e�e
t 
an be


ompensated without in
reasing the stru
ture 
omplexity.

4.8 Results and Dis
ussion

Jun
tion dis
ontinuity e�e
t is 
omprehensively investigated while designing of

3-element, 8.34±0.2dB 
oupled line se
tion. Coupling and output S-parameters

obtained from HFSS simulation are seen deviated from the expe
ted results due to

jun
tion dis
ontinuity e�e
t. The left and right extremes in 
oupling performan
e

are found 7.56dB and 8.87dB as shown in Fig.4.9 whereas its magnitude de
reases


ontinuously. This e�e
t is also observed in the output S-parameters where mag-

nitude is found in
reasing in the pres
ribed band. The left and right extremes

of the output parameters are found −0.835dB and −0.63dB as shown in Fig.4.9.

Both the maxima of the 
oupling and output S-parameters should be equal in the

pres
ribed bandwidth whereas these are seen unequal due the e�e
t of jun
tion

dis
ontinuity. The simulated 
oupling performan
e for element-A and element-B

as shown Fig.4.7 and Fig.4.8 are found in 
lose agreement to the 
al
ulated values

i.e. 6.15dB and 22.54dB. This shows that element-A and element-B are perfe
tly

designed. Therefore, undesirable e�e
t of the jun
tion dis
ontinuities is 
on�rmed.

A generalized theoreti
al pro
edure has been developed where analyti
al equiva-

len
e of jun
tion dis
ontinuity e�e
t is derived for the known parameters. The

equivalent of jun
tion dis
ontinuity parameter is in
orporated into Cristal theo-

reti
al tabulated parameters for 3-element, 8.34±0.2dB 
oupled line se
tion and


oupling S-parameters are 
al
ulated as shown in Fig.4.15. The 
al
ulated left and

right maxima of 
oupling parameter of 3-element 
oupled line se
tion are deviated
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from the Cristal theoreti
al results and deviation is found in same manner as sim-

ulated results, shown in Fig.4.9.

To in
lude the jun
tion dis
ontinuity parameter at the designing stage, a modi�ed

theory has been developed. The 3-element, 8.34±0.2dB 
oupled line se
tion is de-

signed by using modi�ed theory and the 
al
ulated results are shown in Fig.4.23.

Both the maxima i.e. approximately 8.25dB are found equal and result veri�es the

Cristal equal ripple theory out
omes. To verify the e�e
tiveness of the modi�ed

theory, 
al
ulated modi�
ation is in
orporated in HFSS simulation of 8.34±0.2dB


oupled line se
tion. In simulation results, left and right maxima of the 
oupling

performan
e are found 8.15dB and 8.1dB respe
tively as shown in Fig.4.24 where

in output performan
e same are found −0.74dB and −0.765dB respe
tively i.e.

shown in Fig.4.25. Here it 
an be seen that HFSS simulation results are found in


lose agreement to expe
ted results.

4.9 Con
lusion

Jun
tion dis
ontinuity e�e
t on multi-element 
oupled lines performan
e and its

diminution is presented using novel theoreti
al approa
h. The rea
tive e�e
t of

jun
tion dis
ontinuity is derived and in
orporated with even and odd modes anal-

ysis of the 
oupled element where negative e�e
t of jun
tion dis
ontinuity on S-

parameters of 3-element 
oupled lines se
tion is presented and veri�ed with the

HFSS simulation result. Modi�ed theory is explored, applied and proven e�e
-

tive in 
ompensation of the jun
tion dis
ontinuity e�e
t. The modi�ed theory is

also generalized for n-element 
oupled lines se
tion. Using developed theoreti
al

approa
h, jun
tion parameters 
an be in
luded in Cristal theory where tabulated

even mode impedan
es of 
oupled elements 
an be optimized for spe
i�ed jun
-
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tion parameter. It is expe
ted that the developed modi�ed theory will help in the

design of high power hybrid 
ouplers.

84



5
Design and development of

ultra-wideband 3dB hybrid 
oupler for

ICRF heating in tokamak

5.1 Introdu
tion

In privious 
hapter an analysis of the broadband multi-element 
oupled lines in


onju
tion with jun
tion dis
ontinuity e�e
t is presented. The jun
tion dis
onti-

nuity e�e
t deteriotes the performan
e of the multi-element 
oupled lines and the

deterioation in terms of 
oupling and output performan
es are studied. For the

high power handling 
apability 
oupled lines system generially be oversized. As

the size of the system in
reses, the dis
ontinuity e�e
t be
ome prominant whi
h

deteriorates the performan
e in su
h a way the one 
an not a
hive the disired per-

forman
e without 
onsidering of it at the designing stage. Modi�ed theory for the


ompensation of jun
tion dis
ontinuity e�e
t is proposed whi
h takes into a

ount
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of it at the designing stage.

In this 
hapter, design and development pro
ess of a 200kW, 3dB tandem hybrid


oupler for 38 to 112MHz frequen
y range is presented. The modi�ed theory for

the 
ompensation of the jun
tion dis
ontinuity e�e
t is revisited and 
ompensation

is applied in designed model. The fabri
ation of the designed model is performed

where broad side 
oupled strip-line 
ondu
tors are arranged in a parti
ular 
on�g-

uration and pla
ed in the grounded metalli
 en
losure. Air as diele
tri
 is used to

minimize the insertion loss. The 
entral 
ondu
tors are supported with the a
ryli


studs. The diele
tri
 stud indu
es the 
apa
itive dis
ontinuity. The dis
ontinuities

e�e
t due to the jun
tion and supporting studs are 
ompensated using the modi�ed

theory. The fabri
ated model is 
hara
terized and tasted, where obtained results

are found in 
lose agreement with the 
al
ulated ones, whi
h take into a

ount the

e�e
t of the dis
ontinuities. The experien
e with 
on
ept, design and development

pro
edure have imparted su�
ient knowledge that one 
an utilized it in the devel-

opment of the broadband hybrid 
ouplers for the high power appli
ations in HF,

VHF and UHF band.

The 
on
ept, design and simulation of 3±0.2 hybrid 
oupler is des
ribed in Se
tion-

5.2. Analysis of the dis
ontinuities in 
oupled lines and it,s 
ompensation are ex-

plained in se
tion-5.3 and 5.4 respe
tively. Appli
ation of 
ompensation theory

in design of proposed 3±0.2 hybrid 
oupler and its optimization with supporting

studs is presented in se
tion-5.5. Fabri
ation pro
ess, results and dis
ussion are

explained in se
tion-5.6 and se
tion-5.7 respe
tively. Finally, 
on
lusions are given

in se
tion-5.8.
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5.2 Con
ept, design and simulation

Design and development pro
ess of a ultra-wideband 3±0.2dB tandem hybrid 
ou-

pler of 200kW power handling 
apability and 38 to 112MHz frequen
y range is

presented. For overall 3±0.2dB of 
oupling, two 8.34±0.1dB TEM broadside 
ou-

pled strip-line se
tions are 
onne
ted in tandem so that wider 
oupling gap 
an

be provided i.e. essential for 200kW power handling 
apability. As we dia
ussed

that the multi-o
tave bandwidth 
an be a
hieved by means of 
as
ading several

quarter-wavelength elements. Therefore ea
h of the 8.34±0.1dB 
oupled se
tion

are designed with 3-elements to a
hive the desired bandwidth. The top and 
ross

se
tion view of the proposed 3dB hybrid 
oupler is shown in Fig.5.1. It 
onsists

of two stepped strip-line 
entral 
ondu
tors whi
h are arranged one above other

and pla
ed in the grounded metalli
 en
losure. Air as diele
tri
 is used to mini-

mize the insertion loss. The 
entral 
ondu
tor is supported with the a
ryli
 studs.

The stru
ture drawing shown in Fig.5.1 has symmetry along the line L and one of

the symmetri
al portions represents 8.34±0.1dB 
oupled line se
tion. Ea
h of the

8.34± 0.1dB 
oupled line se
tion 
onsists of element-B, element-A and element-B

in series where jun
tion of length l is physi
ally employed for joining of these ele-

ments. Privious theory [20℄ has been utlized for the designing of the 8.34± 0.1dB


oupled se
tion, where 
oupling 
oe�
ient for element-A and element-B, 
al
u-

lated as CA = 0.5222=−6.123dB and CB = 0.07074=−22.896dB respe
tively. Two

8.34 ± 0.1dB se
tions are 
onne
ted in tandem with 50Ω 
onne
ting lines(shown

as C.Lines in Fig.5.1) to get the desired 
oupling of 3± 0.2dB.
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Figure 5.1: Perspe
tive top and 
ross se
tion view of the proposed 3 ± 0.2dB hybrid


oupler.

HFSS Simulation results of the designed model

Stru
tural design parameters of element-A, element-B and 50Ω 
onne
ting lines as

shown in Fig.5.1 are 
al
ulated using known equations [11,35,44℄ and the resulting

model is simulated with HFSS software. The earlier theory [20℄ states that the


oupling and output parameters of the multi-element 
oupled lines should represent

equal ripple graph in frequen
y band, where both the maxima/minima should be

equal with spe
i�ed value of toleran
e. In the simulation results, these parameters

are found signi�
antly deteriorated from the theoreti
al predi
tion, as shown in

Fig.5.2. The maxima at upper and lower end of the frequen
y band are seen to be

unequal in
luding signi�
antly low minima. The dis
repan
y is investigated and

found asso
iated with the rea
tive e�e
t of dis
ontinuities in the 
oupled lines.
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Figure 5.2: Simulation results in terms of S-parameter.

5.3 Analysis of dis
ontinuities in the 
oupled lines

5.3.1 Dis
ontinuity due to jun
tion

S
hemati
 of the 3-element 
oupled line se
tion in
luding jun
tion of length l is

shown in Fig.5.3. The e�e
t of jun
tion dis
ontinuity in 3-element 
oupled lines

se
tion 
an be estimated as lumped rea
tan
e that may be series indu
tan
e and

shunt 
apa
itan
e [52℄. In
luding this estimation, ele
tri
al equivalent of the given

3-element 
oupled lines se
tion for even and odd modes are shown in Fig.5.4

As des
ribed in previous se
tion, ea
h of the element are designed for the spe
i�ed

Figure 5.3: S
hemati
 of 3-element 
oupled lines se
tion.

value of even and odd mode impedan
e. Therefore, the estimation of the jun
tion
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Figure 5.4: Equivalent of 3-element 
oupled lines se
tion in
luding jun
tion dis
ontinuity

e�e
t in (a) Even mode (b) Odd mode.

dis
ontinuity e�e
t on the ea
h of the element-A and element-B is made sepa-

rately. In 
ase of element-A, the parameters LjeA and CjoA represent the jun
tion

dis
ontinuity equivalent indu
tan
e in even mode and 
apa
itan
e in odd mode re-

spe
tively. Similarly, in 
ase of element-B, the parameters CjeB and LjoB represent

the jun
tion dis
ontinuity equivalent 
apa
itan
e in even mode and indu
tan
e in

odd mode respe
tively [52℄. These 
an be expressed as follows:

LjeA = CjoA = Zj0el/v,

LjoB = CjeB = l/(Zj0ev). (5.1)

Where, Zj0e and v are the jun
tion even mode impedan
e and velo
ity of propa-

gation of wave respe
tively. The analysis with the help of Fig.5.4 implies following

fa
ts:
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1. The jun
tion dis
ontinuity e�e
t is estimated in terms of the lumped rea
-

tan
e whi
h deteriorates the even and odd mode impedan
e. Consequently,


oupling and output parameters also altered.

2. E�e
tive impedan
e ZeB(eff)
of the element-B and admittan
e YeA(eff)

of

element-A in
luding jun
tion dis
ontinuity e�e
t [52℄ 
an be given by,

ZeB(eff)
= Zin(eAQ) ≈ Z0eB + jZj0eβl,

YeA(eff)
= Yin(eBP ) ≈ Y0eA + jYj0eβl. (5.2)

From the above expression it 
an be analyses that jun
tion dis
ontinuity ef-

fe
t produ
es an additional rea
tan
e of jZj0eβl with element-B and jYj0eβl

with element-A whi
h in
reases e�e
tive impedan
e and admittan
e of element-

B and element-A respe
tively. These variation are dire
tly proportional to

the operating frequen
y and length of the jun
tion.

3. Hen
e, jun
tion dis
ontinuity e�e
t in
reases the e�e
tive even mode impedan
e

of element-B and de
reases the e�e
tive impedan
e of the element-A. The

resultant e�e
t 
auses 
oupling parameter de
reases with in
reasing the fre-

quen
y and both the maxima at upper and lower end of the frequen
y band

be
ome unequal in
luding signi�
antly low minima in the 3-element 
oupled

line se
tion.

The e�e
t of the jun
tion dis
ontinuity is demonstrated analyti
ally in privious


hapter. To study the e�e
t of jun
tion dis
ontinuity by in
reasing the jun
tion

length, a 3-element 8.34dB 
oupled lines se
tion has been designed and simulated

using software HFSS. Initially, lengths of the element-A and element-B are taken

as quarter wavelength at the 
enter frequen
y 80MHz where jun
tion length l =
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0.09meter. By making the variation in jun
tion length in step of ǫ = 0.02meter

simulation is performed. Result obtained from simulation is shown in Fig.5.5,

whi
h indi
ates that deterioration in 
oupling parameter be
ome more signi�
ant

with in
reasing the length of jun
tion.
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Figure 5.5: Coupling performan
e of the 3-element 8.34dB 
oupled lines se
tion by vary-

ing length of the jun
tions.

5.3.2 Dis
ontinuity due to Supporting Studs

Air as diele
tri
 is used to minimize the insertion loss. The 
entral 
ondu
tor are

supported by the diele
tri
 studs that introdu
e additional 
apa
itive dis
ontinuity

in the 
oupled line se
tion. Capa
itive rea
tan
e due to the supporting diele
tri
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stud, Xstud that is given as

Xstud = 1/2πfCstud (5.3)

5.4 Compensation Theory for the jun
tion dis
on-

tinuity

Compensation of the jun
tion dis
ontinuity e�e
t in element-B and element-A 
an

be done by adding 
apa
itive rea
tan
e XC and indu
tive admittan
e YL explained

in privious 
hapter and ZB(eff)
and YB(eff)

are written as,

ZB(eff)
= Z0eB + jZj0eβl + jXC ,

ZA(eff)
= Y0eA + jYj0eβl + jYL. (5.4)

To provide the XC and YL for the need full 
opensatation modi�ed theory 
an

be applied. As per modi�ed theory, jun
tion dis
ontinuity e�e
t 
an be 
ompen-

sated by in
orporating the appropriate alteration in element-B and element-A. To

demonstrate the fa
t a 3-element 8.34dB 
oupled lines se
tion has been designed

and simulated using HFSS. Initially, length LA of element-A and LB of element-B

are taken as quarter wavelength at 80MHz. As per 
ompensation theory, varia-

tion in length of element-A and element-B has been done by in
rementing in LB

and de
rementing in LB in step of ǫ = 0.02meter. For 
onstant jun
tion length

of l = 0.09meter, the results obtained from this variation are shown in Fig.5.6.

The results shows, the proposed variation in the length of the elements give the

oppositive or 
orre
tive e�e
t to the jun
tion dis
ontinuity. So the 
ompensatation
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an be made by appropriate alteration in element-A and element-B.
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Figure 5.6: Coupling performan
e of the 3-element 8.34dB 
oupled lines se
tion with

varying length of the elements.

5.5 Jun
tion dis
ontinuity e�e
t 
ompensation and

optimization in
luding supporting studs

The dis
ontinuity due to supporting studs must also be in
luded along with jun
-

tion dis
ontinuity e�e
t for e�e
tive 
ompensation so that desired 
oupling pa-

rameters 
an be obtained pra
ti
ally. The supporting insulating studs indu
e an

additional dis
ontinuity in terms of 
apa
itive rea
tan
e. The analysis of the stud
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Figure 5.7: Even mode equivalent of altered elements in
luding the e�e
t of dis
ontinuities

for (a)Element-A (b)Element-B.

dis
ontinuity e�e
t on element-A and element-B and the possible 
ompensation


an be evaluated with the help of Fig.5.7 Even mode impedan
e of element-B

in
luding supporting stud and jun
tion dis
ontinuities 
an be written as,

Z0eB =

√

Xj0eB

(Y0eB + YstudsB)
. (5.5)

The value of ǫB+
i.e. overall 
ompensating in
rement in the length of element-B

by using Eqn.5.3, Eqn.5.4 and Eqn.4.38 
an be written as

ǫB+ =
1

βY0eB (1− Y 2
0eB)

[

Zj0eBβl

Z2
0eB

− YstudB

]

. (5.6)

Even mode impedan
e of element-A in
luding supporting stud and jun
tion dis-


ontinuities 
an be written as,

2πf
√

L0eA(CjeA + CstudsA) = 2πf
√

X0eA(YjeA + YstudsA) = 1. (5.7)

The value of ǫA−
i.e. overall 
ompensating de
rement in the length of element-A

by using Eqn.5.3, Eqn.5.4 and Eqn.4.44 
an be written as

ǫA− =
(Yj0eβl + YstudsA)

Z0oA(1− Z2
0oA)

. (5.8)
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This 
ompensation theory in
luding dis
ontinuities due to jun
tion and support-

ing studs is applied to the proposed 3-element, 8.34±0.2dB 
oupled se
tion. The

design parameters of the proposed 3-element 
oupled se
tion are given as,

wavelength at 
entral frequen
y is λ = 3.48meter, length of the jun
tion is l =

0.09meter, 
apa
itan
e of the studs in element-B is CB(studs) = 4.806pF , 
apa
i-

tan
e of the studs in element-A is CA(studs) = 3.204pF , even mode impedan
e of

element-A is Z0eA = 1.7848 and of element-B is Z0eB = 1.07434. These parameters

are used in Eqn.5.7 and 5.8 to 
al
ulate ǫB+
and ǫA−

. The 
al
ulated values are

0.014429λ0 and 0.07587λ0 respe
tively. These modi�
ations are in
orporated in

model and simulation is performed using HFSS software. In simulation results as

shown in Fig.5.8, it 
an be seen that after in
luding the modi�
ation both the

maxima/minima in 
oupling and output parameter of are be
ome equal and repre-

sents the equal ripple graph in the frequen
y band as earlier theory pres
ribes [20℄.

This displays the signi�
an
e of the 
ompensation theory presented herein.
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Figure 5.8: Perspe
tive 
omparison of HFSS simulation results with 
ompensation and

without 
ompensation
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5.6 Fabri
ation Pro
ess

Designed 3dB tandem hybrid 
oupler is fabri
ated with two stepped U-shaped 3mm

thi
k 
opper strip-line inner 
ondu
tors that are overlapping in opposite dire
tions.

Figure 5.9: Super-view of the assembly drawing of the hybrid 
oupler

Stepping in U-shaped strip has been made in su
h a way that its overlap-

ping provides the 
omplete stru
tural 
on�guration of element-A, element-B and


onne
ting lines as per 
al
ulation. The strip-widths of the 
oupled element-A,

element-B and 
onne
ting lines are taken as 10.9
m, 13.2
m and 13.6
m respe
-

tively. The outer 
ondu
tor re
tangular box of inner dimensions 360cm×100cm×

12
m is fabri
ated with the aluminum sheet of 3mmmounted on the suitable frame.

All of the four ports are made to provide 6in
h standard 50Ω 
oaxial transmission

line as the termination. Super-view of the assembly drawing is shown in Fig.5.9,

while inner assembly of the fabri
ated hybrid 
oupler is shown in Fig.5.10.
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Figure 5.10: Photograph of the fabri
ated hybrid 
oupler inner assembly

5.7 Results and dis
ussion

5.7.1 Testing with ve
tor network analyzer(VNA)

A 200kW, 3 ± 0.2dB tandem hybrid 
oupler has been designed for the frequen
y

range of 38 to 112MHz. The designed model is simulated with the HFSS soft-

ware. Simulation results are found deviated from the theoreti
al predi
tion due

to inherent dis
ontinuities. The maxima at upper and lower end of the frequen
y

band are seen to be unequal and displays signi�
antly low minima as shown in

Fig.5.2. For 
ompensation of the dis
ontinuities e�e
t, a theoreti
al pro
edure

has been developed and in
orporated in the designed model. Simulation of the


ompensated model is performed and obtained results are shown in Fig.5.8. The


ompensated model provides a 
oupling of −3 ± 0.25dB, output of −3 ± 0.25dB,

return loss less than 30dB and isolation value less than −29dB in the frequen
y

range of 38-112MHz. The designed model has been fabri
ated and tested with ve
-

tor network analyzer(VNA). The VNA measured parameters in 
omparison with
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the HFSS simulation results are shown in Fig.5.11. Test results of the fabri
ated

hybrid 
oupler provide a 
oupling of −3±0.2dB, output of −3±0.2dB, return loss

less than 27dB and isolation value less than −27dB in the pres
ribed frequen
y

range.
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Figure 5.11: Comparison of VNA test Results and HFSS simulation Results

5.7.2 Testing Using 1kW, 91.2MHz 
wrf Sour
e

The 
wrf power test is 
ondu
ted with the available 91.2MHz sour
e rated at 1kW.

S
hemati
 diagram of 
wrf power test setup and resulting waveforms at the input,

output, 
oupled and isolated port are shown in Fig.5.12 and Fig.5.13 respe
tively.

With 800watt input, power measured at output 
oupled and isolated port are
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Figure 5.12: S
hemati
 of the 
wrf test setup

−2 0 2

x 10
−8

−5

0

5

Time(s)

vo
lta

ge
(v

)

(a) Input

−2 0 2

x 10
−8

−2

−1

0

1

2

Time(s)

vo
lta

ge
(v

)

(b) Output

−2 0 2

x 10
−8

−2

−1

0

1

2

Time(s)

vo
lta

ge
(v

)

(c) Coupling

−2 0 2

x 10
−8

−0.1

−0.05

0

0.05

0.1

Time(s)

vo
lta

ge
(v

)

(d) Isolation

Figure 5.13: Measured 
wrf voltage waveforms (a) Input (b) Output (
) Coupling (d)

Isolation

392watt 405watt and 1.5watt respe
tively. Dire
tional 
oupler along with os
illo-

s
ope are 
onne
ted to obtain sample of forward going power at the input, output,


oupled and isolated ports. Voltage waveforms obtained from os
illos
ope repre-
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sent the 
oupling of 2.95dB, output of 3.105dB and isolation of 27dB at 91.2MHz.

The out
omes of this testing 
on�rms to the VNA test results within the toleran
e

limit at 91.2MHz.

5.7.3 DC Breakdown Testing

The peak power handling 
apability of the developed hybrid 
oupler is estimated

with insulation resistan
e breakdown testing between the 
oupled strip-line 
on-

du
tors and the strip-lines to ground 
ondu
tor ea
h. The diele
tri
 supporting

studs between strip-line 
ondu
tor and ground outer 
ondu
tor is the limiting fa
-

tor due to surfa
e ar
ing at higher ele
tri
 �eld.

Insulation resistan
e testing between strip-line to ground 
ondu
tor is performed

at 12kVdc without any signi�
ant leakage 
urrent or ar
ing. This is equivalent to

5.88kVrf(peak) [31℄ i.e. 346kW rf power rating. Average power handling 
apability

of the strip-line must also be 
on�rmed with diele
tri
 and ohmi
 losses whi
h

are responsible for rise in temperature [11℄. Devi
e may be used at 350kW average

power with 10◦C rise in temperature from the ambient temperature of 35◦C. Thus,

the developed hybrid 
oupler 
an handle the 200kW rf power within vswr of 1.73

(if exist) due to mismat
h at other ports.

5.8 Con
lusion

Design and development pro
ess of a 200kW 3-element, 3dB tandem hybrid 
oupler

is presented and its appli
ability in ICRF heating of the tokamak is dis
ussed. Use

of multi-element 
oupled lines in tandem be
ome essentials at the desired broad-
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band in the high power appli
ation. Jun
tion dis
ontinuity e�e
t signi�
antly

deteriorates the performan
e of the multi-element 
ouped lines is 
omprehensively

investigated and explained. For the 
ompensation of the jun
tion dis
ontinuity

e�e
t, a theoreti
al pro
edure has been developed and generalized for n-element


oupled lines se
tion. The same theory is utilized and found e�e
tive in optimiza-

tion of the 
entral 
ondu
tor supporting studs that indu
es 
apa
itive rea
tan
e.

The 
ompensation for observed dis
ontinuity is applied in the development of pro-

posed model, where signi�
an
e of theory is highlighted. Developed hybrid 
oupler

provides the optimum performan
e in the pres
ribed frequen
y band. The expe-

rien
e with 
on
ept, design and development pro
edure have imparted su�
ient

knowledge for up-gradating the hybrid 
oupler to higher power levels in the broad-

band appli
ation. This is planned to develop a 3dB hybrid 
oupler for 1.5MW

power in the frequen
y range of 30 to 95MHz, parti
ularly for the ion 
y
lotron

resonant heating systems in various tokamaks.

102



6
Design and development of

ultra-wideband 3dB hybrid 
oupler for

ICRF heating in fusion grade rea
tors

6.1 Introdu
tion

In previous 
hapter, design and development of a 200kW, 3dB tandem hybrid 
ou-

pler for 38 to 112MHz frequen
y range is presented. The modi�ed theory is applied

and su

essfully 
ompensated the jun
tion dis
ontinuity e�e
t [53℄. The devi
e is

fabri
ated and tasted for the desired performan
e. This work has imparted su�-


ient experien
e that 
an be utilized while making of ultra-wideband 3dB hybrid


oupler for HF and VHF [53℄.

In this 
hapter our obje
tive is to design a hybrid 
oupler for 1.5MW power han-

dling 
apability in frequen
y range of 30 to 96MHz for ICRF heating in fusion grade

rea
tor. The peak power handling 
apability is limited by the maximum voltage
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that 
an be applied without 
ausing diele
tri
 breakdown. Here, air is utilized as a

diele
tri
. At the atmospheri
 temperature and pressure the breakdown strength

of dry air is approximately 30.0kV/
m [16, 31℄. Thus, the maximum ele
tri
 �eld

on inner strip and hen
e maximum power handling 
apability is restri
ted by 
ou-

pling gap and gap between lines to ground. Therefore, spa
ing between 
ondu
tors

is needed to be higher for the high power handling 
apability. Thus, 
oupled lines


ross-se
tion be
ome larger. The maximum permissible spa
ing is governed by the

onset of TE and TM modes [17℄. To restri
t the lowest order TE modes, average


ir
umferential distan
e of 
oupled 
ross-se
tion must not be ex
eeded about one

wavelength. The mode 
onversion from TEM to TE or TM modes represents a

sour
e of power loss and resulting deterioration in 
oupling, output, return loss and

isolation 
hara
teristi
. As permissible limit of the gaps are restri
ted hen
e the

power handling 
apability. The problem must be alleviated. In this 
hapter our

obje
tive is to a
hieve the spa
ing and 
oupling gap beyond maximum permissible

limit so that design of proposed 1.5MW ultra-wideband hybrid 
oupler may be

possible.

Se
tion-6.2 explains the multi-element 
oupled lines in ultra-high power appli
a-

tion. The 
on
ept design and simulation of the designed 1.5MW hybrid 
oupler

are des
ribed in se
tion-6.3. The fabri
ation drawings are illustrates in se
tion-6.4

while simulation results have been dis
ussed in se
tion-6.5. Finally, 
on
lusion is

presented in se
tion-6.6.
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6.2 Multi-element 
oupled lines in ultra-high

power appli
ation

In multi-element 
oupled lines wider bandwidth is a
hieved by 
as
ading several

se
tions of the 
oupled lines, ea
h se
tion having an ele
tri
al length θ = π/2

at 
enter frequen
y. The bandwidth in
reases with in
rease in the number of el-

ements. The odd numbers of the 
oupled element are 
as
aded in symmetri
al


on�guration where middle element is more tightly 
oupled as 
ompared to the

side one. Stru
tural 
on�guration of the 
oupled lines 
an be sele
ted on the basis

of 
oupling values. The s
hemati
 of the 8.34dB, 3-element 
oupled lines se
tion

is shown in Fig.6.1. Power handling 
apability of the 
oupled transmission lines


an be in
reased with in
rease in gap/spa
ing and hen
e resulting parameters like

jun
tion length strip-width also in
rease. The signi�
an
e of the stru
tural 
hanges

with power handling 
apability 
an be 
lari�ed with aid of Fig.6.1 where subse
-

tion (a) and (b) de�ne the stru
tural 
hanges of 3-elements 
oupled line se
tion

for low and high power.

In previous 
hapter, e�e
t of jun
tion dis
ontinuity is studied and found more sig-

ni�
ant at high power be
ause of larger stru
tural dimensions of the 
oupled lines.

A theoreti
al pro
edure has been developed for the 
ompensation of this e�e
t. The

theory is applied in development 200kW ultra-wideband hybrid 
oupler and found

e�e
tive. The higher modes of TE and TM 
an propagate at higher frequen
ies

due to in
rease in dimension of the strip-line beyond the 
ertain limit. This should

be avoided be
ause mode 
onversion from TEM to TE or TM modes represents a

sour
e of power loss. Hen
e system experien
es the in
rease of the return loss and

isolation while in
reasing the spa
ing and strip-width beyond permissible limit.
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Figure 6.1: S
hemati
 of the (a)top and side view of low power, (b)top and side view for

high power multi-element 
oupled lines.

Thus, the stru
tural size of the 
oupled lines 
an not be in
reased beyond 
ertain

value. The TM is not propagated in 
ase the strip-line of impedan
e Z0 ≤ 120

and (w/b ≥ 0.215) for HF and VHF range. Therefore only TE mode is 
onsidered

herewith. The lowest order TE mode 
an propagate when the spa
ing b, d and

Figure 6.2: Ele
tri
 �eld lines for lowest TE modes in (a)Element-B and (b)Element-A

strip-width w are su
h that the average 
ir
umferential distan
e as indi
ated by

the dotted line in Fig.6.2 ex
eed about one wavelength. The 
ut-o� wavelength of
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TE mode i.e. λce 
an be expressed in terms of strip-line parameters as [44℄,

λce(A) =
√
ǫr [2w1 + 2π(d+ 2t)] ,

λce(B) =
√
ǫr [4w2 + 2g + 2π(d+ 2t)] (6.1)

Thus, TE mode 
ut-o� frequen
y for element-A, fc(A) and element-B, fc(B) 
an be

expressed as,

fc(A) =
c

λce(A)

=
c√

ǫr [2w1 + 2π(d+ 2t)]
,

fc(B) =
c

λce(B)

=
c√

ǫr [4w2 + 2g + 2π(d+ 2t)]
(6.2)

In 
ase of 200kW hybrid 
oupler as presented in previous 
hapter, the respe
tive

stru
ture dimensions are given as,

w1 = 0.109m, w2 = 0.132m, d = 0.04m

t = 0.003m, g = 0.0172m, ǫr = 1.

Substituting these parameters in Eqn.6.2 we get,

fc(A) =
3× 108

[2× 0.109 + 2× 3.14× 0.046]
= 1.25GHz,

fc(B) =
3× 108

[4× 0.132 + 2× 0.0172 + 2× 3.14× 0.046]
= 348MHz. (6.3)

It 
an be seen that the 
ut-o� frequen
y for the TE mode in element-A is 1.25GHz

and in element-B is 348MHz. That means, above to 348MHz, TE mode 
an

propagate in the 8.34±0.2dB 
oupled lines se
tion whi
h 
onsist of element-A

and element-B. This devi
e is fabri
ated to operate in the frequen
y range of 40-
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110MHz. Thus, it 
an safely be used without any deterioration in the results.

In HFSS simulation, it is found that the hight of outer 
ondu
tor must be taken

0.40m for required spa
ing to limit the ele
tri
 �eld within the 1.0MV/m. For the

1.5MW power handling 
apability in the frequen
y range 30-96MHz same respe
-

tive strip-line dimension are 
al
ulated as,

w1h = 0.39m, w2h = 0.56m, dh = 0.153m

th = 0.005, gh = 0.205m, ǫr = 1

Using Eqn.6.2, 
ut-o� frequen
y for element-A, fhc(A) and element-B, fhc(B) are


al
ulated as,

fhc(A) = 166MHz, fhc(B) = 80MHz. (6.4)

It 
an be seen that above the 80MHz higher mode TE 
an be ex
ited in the

8.34±0.2dB 
oupled lines se
tion. Therefore, required spa
ing for 1.5MW 
an not

be a
hieved using this 
on�guration. It 
an also be noti
ed that the strip-line

width w2 = 0.56m is 
al
ulated for the required spa
ings. Appli
ation of su
h a

large dimension strip-line 
ondu
tor in HF and VHF frequen
y range is di�
ult

due to the many other reasons like,

• Large dimension of the 
oupled lines 
reate the stru
tural 
on�guration 
on-

�i
t between element-A and element-B and jun
tion dis
ontinuity e�e
t be-


ome more prominent.

• To maintain the spa
i�ed gaps between of the bulky 
opper inner 
oupled

strip-lines over the required length is very di�
ult and small deviation from

spe
i�ed stru
tural dimension indu
es, huge deterioration in performan
e.
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6.3 Con
ept, design and simulation of the 1.5MW

3dB hybrid 
oupler

For 1.5MW power handling 
apability, required spa
ing 
an not be a
hieved in

privious model due to the ex
itation of the TE modes as explained in previous

se
tion.

Now the strip-line width 
an be redu
ed by in
reasing the impedan
e. For 1.5MW

power handling 
apability, two 100Ω ultra-wideband 3dB hybrid 
oupler are 
on-

ne
ted in parallel to a
hieve the required spa
ing at redu
ed strip-width. By using

this 
on
ept, strip-width 
an be redu
ed with ratio of 4 approx. as 
ompared to

50Ω, 3dB hybrid 
oupler without a�e
ting the ground spa
ing. S
hemati
 of the

1.5MW hybrid 
oupler using two 100Ω, 3dB 
ouplers is shown in Fig.6.3. Here,

ea
h of 8.34±0.2 
oupled lines se
tion is designed for 100Ω. The stru
tural design

parameters of element-A, element-B and 
onne
ting lines as shown in Fig.6.3 
an

be 
al
ulated using known equations [11,35,44℄. The stru
tural parameters of the

strip-line for the proposed 1.5MW are 
al
ulated as,

w1 = 0.121m, w2 = 0.152m, d = 0.072m

t = 0.005m, g = 0.1851m, ǫr = 1

Using these dimension fc(A) and fc(B) are 
al
ulated as,

fc(A) = 396MHz, fc(B) = 200MHz. (6.5)
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Figure 6.3: S
hemati
 of 1.5MW, 3dB hybrid 
oupler.

This is observed that designed hybrid 
oupler 
an work in the required frequen
y

range of 30-96MHz without ex
itation of higher TE modes. The inner strip-line

dimensions are also redu
ed in the ratio of 4 and it is found appropriate. Therefore,

other problem asso
iated to the bigger size of the inner strip-line is also alleviated.

The resulting model using these stru
tural parameters is simulated with HFSS

software and the ele
tri
 �eld plot is shown in Fig.6.4 Here, maximum ele
tri
 �eld

is found below the safe limit of 1.0MV/m at 1.5MW input. Thus, the designed

hybrid 
oupler is veri�ed for the 1.5MW power handling 
apability. The simulation

results are shown in Fig.6.5
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Figure 6.4: Ele
tri
 �eld plot.

6.4 Fabri
ation drawing of the hybrid 
oupler

Fabri
ation drawing of the designed hybrid 
oupler is shown in Fig.6.6, where

two identi
al 100Ω hybrid 
ouplers are arranged on one above other. These are


onne
ted with 91
8
in
h, 100Ω transmission lines. Ea
h of the re
tangular box have

inner spa
e of 3.40m×1.0m×0.4m and designed to fabri
ate with aluminum sheet

of 5mm thi
kness. Total spa
e used by the devi
e is approx. 5.0m× 2.5m× 2.0m.

Ea
h re
tangular box 
ontains two 8.34±0.2dB 
oupled lines se
tions. Ea
h of the

se
tion has two stepped 5mm thi
k 
opper strip-line 
ondu
tors that are overlapped

on ea
h other in a parti
ular manner. Perspex holders are provided to hold the

strip-line 
ondu
tor inside the outer 
ondu
tor box. The 100Ω 
oaxial transmission

lines are used to 
onne
t two 8.34±0.2dB 
oupled lines se
tions. The detailed

dimension of the inner strip-line are shown in Fig.6.3. All of the four ports are

made to provide 91
8
in
h, 50Ω 
oaxial transmission line as the termination required.
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Figure 6.5: Simulation Results.

6.5 Result and dis
ussion

A 1.5MW, 3 ± 0.2dB tandem hybrid 
oupler has been designed for the ultra-

wideband of 30 to 96MHz. To a
hieve the required spa
ing for 1.5MW power han-

dling 
apability two 100Ω hybrid 
ouplers are 
onne
ted in parallel. The designed

model is simulated with HFSS software. Simulation results are found providing


oupling of −3 ± 0.25dB, output of −3 ± 0.25dB, return loss less than 20dB and

isolation value less than −21dB in the frequen
y range of 30-90MHz.
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Figure 6.6: Assembly drawing of the designed 1.5MW 3dB hybrid 
oupler (a)Top view

(b) Side view (
)Super view.
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The maximum ele
tri
 �eld on the stru
ture is found below 1.0MV/m. The

results are found as per our obje
tive.

6.6 Con
lusion

Design, simulation and fabri
ation drawing of the 1.5MW 3dB hybrid 
oupler in

the ultra-wideband of 30-96MHz is presented. The propagation of higher modes

is main obsta
le. The problem has been alleviated in this 
hapter. The pra
ti
al

experien
e previous development is utilized in the designing of this devi
e. The

devi
e is found performing for the required values in the simulation results. The

fabri
ation of the su
h big and 
ompli
ated devi
e needs su�
ient time and not

a part of the thesis. The �nal model is very expe
ted to provide with a

eptable

results. Therefore the future work may be fo
us on the fabri
ation of the devi
e.
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This thesis is devoted to establish a 
on
ept, design and development pro
edure for

the fabri
ation of ultra-wideband 3dB hybrid 
oupler for the ICRF heating of the

tokamak. The systemati
 design approa
h and fabri
ation drawings of 1.5MW,

ultra-wide band, 3dB hybrid 
oupler for the HF and VHF range are presented.

This 
hallenging task has been 
ompleted in several steps. The design, fabri
ation

and testing of 2.5 kW narrow band and 200kW ultra-wideband hybrid 
ouplers

are being 
arried out as the intermediate stages. In order to investigate the appli-


ability of the fabri
ated devi
e in the desired regime, numerous theoreti
al and

experimental te
hniques have been explored. These are added as new 
ontribu-

tions to the present literature. The fabri
ated hybrid 
ouplers have su

essfully


reated the pro
ess for indigenous development. In high power HF and VHF ap-

pli
ations, bigger size of the devi
e 
reates several unexpe
ted 
ompli
ations due

to fabri
ation 
onstraints and the out
omes 
an be observed in terms of poor

performan
e. In parti
ular, 200kW hybrid 
oupler is fabri
ated with dimension of

3.60m×1.0m×0.12m. Fabri
ation of the su
h a large devi
e within the perfe
t tol-
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eran
e and maintains the spa
i�ed gaps between inner 
oupled strip-lines over the

required 3.6m length is very di�
ult. The small deviation from spe
i�ed stru
tural

dimension indu
es, huge deterioration in performan
e. Thus, the deterioration due

to stru
tural toleran
es need to be 
ompensated in �nal experimental model. This

work has provided with the experien
e of theorati
al modeling, simulation, fabri-


ation and testing of the high power rf 
omponants in HF and VHF. The pra
ti
es

that are learnt and adopted at intermidate stages are utilized and found very

helpful in designig pro
ess of 1.5MW multi-element ultra-wideband 3dB hybrid


oupler. Thesis 
laims the design and development of broadband multi-element


oupled lines of very high power handling 
apability that is not reported earlier.

This is found that jun
tion dis
ontinuity e�e
t des
repen
y is great obsta
le be-

hind it and the development of a high power multi-element 
oupled line is not

possible without 
onsidering it.

The developed broadband 
oupled lines 
an also be used to a
hieve the wider

bandwidth in RF 
omponents su
h as, balan
ed mixer, phase 
orrelator, balan
ed

ampli�er, balan
ed modulator, attenuator, power measurements and antenna array

networks. These 
omponents are utilized in the area of satellite 
ommuni
ation,


ellular, broad
ast, defense and aerospa
e.

Be
ause of its wide appli
ation ranging from fusion devi
es to industries, this is

essential part of a
tive resear
h.

7.1 Summary

The major a
hievements of the thesis 
an be summarize as,

• The initial 
on
ept, design, fabri
ation and test pro
edure of a 91.2MHz,
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2.5kW prototype 3dB tandem hybrid 
oupler has been developed.

• A novel pat
h 
ompensation te
hnique is explored and applied to optimize

the performan
e of hybrid 
oupler in general.

• The above said prototype has su

essfully 
reated the pro
ess for indigenous

development of 2.5kW, 3dB hybrid 
oupler at any required frequen
y in 20

to 120MHz range.

• The 
omprehensive study of the broadband multi-element 
oupled lines, in


onjun
tion with the jun
tion dis
ontinuity e�e
t is presented, and its appli-

ability in high power rf regime is dis
ussed.

• In multi-element 
oupled lines, jun
tions are employed for the joining of


oupled elements. These jun
tions produ
es undesirable rea
tan
e that de-

teriorates the performan
e of multi-element 
oupled lines. The rea
tive e�e
t

of jun
tion dis
ontinuity is derived in terms of lumped 
apa
itan
e and in-

du
tan
e and in
orporated in the previous theory. Ultimately the negative

e�e
t of jun
tion dis
ontinuity is veri�ed with HFSS simulation result.

• Modi�ed theory in
luding 
ompensation of jun
tion dis
ontinuity e�e
t is

explored, applied and proven e�e
tive. This theory has been applied in design

of 3-element 8.34±0.2dB 
oupled lines and found substantially e�e
tive in


ompensation of jun
tion dis
ontinuity dis
repan
y.

• The modi�ed theory is also extended for 
ompensation of jun
tion dis
on-

tinuity e�e
t in n-element 
oupled lines se
tion to make it useful for other

appli
ations.
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• Design and development of the ultra-wideband 200kW, 3dB hybrid 
oupler

for the 40-110MHz is presented where signi�
an
e of the modi�ed theory is

highlighted.

• The �nal obje
tive of the thesis has been 
ompleted with design and fabri
a-

tion drawings of 1.5MW 3dB hybrid 
oupler in the frequen
y range of 30 to

96MHz. This design has been simulated with HFSS and veri�ed for desired

performan
e.

7.2 Future s
ope

In tokamak, hanging boundary 
onditions for the �elds lead to a hanging plasma

load. In many 
ases the �eld pattern is dominated by an exponential de
ay up to

the lo
ation where the plasma density is high enough for the wave to start prop-

agating. Consequently the loading is sensitive to 
hanges of the plasma density

and the density gradient in front of the antenna. The �elds and thus the antenna

loading 
an also be a�e
ted by 
hanges in absorption of the wave inside the plasma,

or by variations of the �elds ex
ited by neighboring straps. Changes o

ur in both

the real and imaginary parts of the antenna impedan
e. The fast variations su
h

as giant ELMs have time s
ale of few 100µs. Su
h fast variations are very di�
ult

to mat
h.

The plasma o�ers 
ontinuous variable mismat
hed impedan
e and therefore, sig-

ni�
ant amount of the rf power is re�e
ted ba
k to the ICRF generator. This may


ause of under performan
e or damage to the rf generator. In ICRH systems, 3dB

hybrid 
oupler is used as rf power divider, power 
ombiner and for providing pro-

te
tion to the rf generator by isolating the re�e
ted power. Re�e
ted power 
an
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be isolated by using 3dB hybrid 
oupler if both of the oupled and output ports

are terminated with identi
al mismat
hed load. The hybrid 
oupler ports that

are terminated with ICRH antennae inside the tokamak may o�ers the di�erent

load impedan
e at a parti
ular moment. In su
h 
ondition, hybrid 
oupler may

fails to prote
t the rf system from re�e
ted power. In that 
ase faster mat
hing

system is required to 
ope with the faster variations of the plasma load impedan
e.

The available mat
hing te
hniques su
h as va
uum variable 
apa
itors and shorted

stubs are slower as 
ompared to the plasma load variations and are not su

essful.

Up to 
ertain extant ferrite stub is suitable for fast mat
hing of the plasma load

variations in millise
onds order. This is found that mat
hing 
apability of the

ferrite stub 
an be faster if it is mounted on the 
onne
ting lines of the hybrid


oupler. The 
onne
ting lines are of 50Ω non-
oupled strip-lines that are used to

onne
t the two 8.34dB 
oupled lines in tandem. In a single tandem hybrid 
oupler

two 
onne
ting lines present where ferrite stub 
an be used. This is expe
ted that

mat
hing speed 
an be two times faster as 
ompared to the ferrite stubs used else

where.

The future work will fo
us on the development of an integrated hybrid 
oupler

system in
luding fast ferrite stub for the to enhan
e the performan
e of the ICRF

system in the tokamak.
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