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ABSTRACT

RF heating and current drive in the ion cyclotron
frequency range is widely used on existing machines
and is planned on ITER. After a brief reminder of
transmission line theory concepts the paper illustrates
the process of antenna design by explaining some key
design choices made for the ITER ICRH antenna.
Finally the most common matching schemes are re-
viewed.

I. INTRODUCTION

The principle of heating and current drive by
plasma waves has been addressed in several other lec-
tures [1, 2, 3, 4]. In particular it has been seen [2] that
the antenna current strap can be described as a strip-
line with equivalent transmission line distributed pa-
rameters. The matching circuit is composed of trans-
mission line components and hence its response can
also be described by transmission line theory. Ba-
sic transmission line concepts are therefore reminded
before going to antenna design and matching.

It is important to note that the time dependence
of the various quantities is in et™? in this lecture,
which is the “engineering” transmission line conven-
tion whereas the “physical” convention generally used
to describe the wave propagation is time dependence
in e”™t  As the et factor appears on all time-
dependent terms it is customary to suppress it on all
terms in the different expressions.

IT. TRANSMISSION LINE MODELING

Transmission line theory can be approached ei-
ther from an extension of circuit theory or from a
specialization of the Maxwell’s equations. The first
approach is favored here. The main difference with
circuit theory lays in the physical size of the electri-
cal circuit: the transmission line size is of the order
of magnitude of the wavelength whereas it is much
smaller in circuit theory. A transmission line is a
distributed parameter network along which voltage
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and current vary in amplitude and phase. Excellent
overview of transmission line theory can be found in
[5, 6].

A. The telegraphers equations

The voltage V and current I on the line vary due
to the presence of the following distributed parame-
ters:

— the series impedance per unit length Z = R +
iX = R+iwL (2/m), where R (2/m) is the se-
ries resistance per unit length and accounts for
the conductor losses, X (2/m) and L (H/m)
are the series reactance and inductance per unit
length.

— the shunt admittance per unit length ¥ = G +
iB = G+ iwC (S/m), where G (S/m) is the
shunt conductance per unit length and accounts
for the dielectric losses, B (S/m) and C (F/m)
are the shunt susceptance and capacitance per
unit length.

The evolution of the voltage and current along the
line is described by two second-order differential equa-
tions known as the telegraphers’ equations:

% ) d?I

— =—2ZYV

The solutions to these equations are the superposition
of two traveling waves:

V(z)=Vote " +Vy et =V 4V~ (2)

1

I(z):Z—O

(VoFe™ " = Vy e =1t +1-  (3)
where the e™7* term represents a wave propagating in
the positive z direction and the term e*7? represents
a wave traveling in the negative z direction.

The time dependent solution for the voltage (it
has a similar form for the current) is:

V(Z, t) — ‘/E)Jre—azei(wt—ﬁz) + Vofe+azei(wt+/3z) (4)

The complex propagation constant is :

y=a+if =VZY = \/(R+ iwL)(G + iwC), (5)




where « is the attenuation constant and § is the phase
constant or wave number; o = 0 for a lossless line.

[Z  [R+iwL
Zo=\ly = G + iwC (6)

is the characteristic impedance of the line. Note that
~v and Zj are functions of the frequency.

B. Transfer matrix and Z transformation

If we know the voltage V,,; and current I,,; at
one point in the line, chosen to be at z = 0, Eqs. 2
and 3 allow us to determine the constants VO+ and
V, . Knowing the characteristics of the line (y and
Zy) and making use of Egs. 2 and 3 we relate the
voltage V;, and current I, in z = —I[ to V,,; and
I,y in z = 0 by the transfer matrix:

Vi fcosh(yl) Zosimh(i0)\ (Viu
I, - sinh(y1) h(~l I (7)

i =z~  cosh(y) out
Also, the impedance at any point (z = —I), defined
as the ratio of the voltage to the current at this point,

is defined if we know the impedance at another point
(z=0):

Zout + Zy tanh(+1)

Zin = 7,
o 0 Zo + Z ot tanh(yl)

(8)

C. Reflection coefficient and VSWR

The (voltage) reflection coefficient at one point
in the line (z = —I) is expressed as the ratio of the
reflected voltage to the incident voltage at this point
and is linked to the reflection coeflicient at another
point in the line (z = 0) by:

-

F:W

= F0€72’ﬂ (9)

Note the factor 2 appearing in the exponential
term. It comes from the fact that the combined wave
is the superposition of two waves, the incident and
reflected waves, traveling in opposite direction at the
same phase velocity.

The reflection coefficient at any point is linked to
the impedance at the same point by:

Z-Z
A

(10)

The Voltage Standing Wave Ratio (or VSWR) is
defined as the ratio of the amplitudes of the maximum
and of the minimum voltages at a given point and is
linked to the modulus of the reflection coefficient at
this point by:

Vinaz 14T
Vmin 1- |F|

S = (11)

For a matched line [I'| =0 and S = 1.
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ITI. ICRH ANTENNA DESIGN

A. Antenna components

An example of ICRH antenna is shown in figure 1.
It is one of the two 2-straps antennas of TEXTOR,
where each antenna is powered by a 2MW genera-
tor. The current strap is generally a strip-line that
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Figure 1: Two-strap TEXTOR ICRH antenna.

is short-circuited at one end to produce the magnetic
field exciting the fast magnetosonic wave [2, 3]. Most
recent antennas are arrays of poloidally and toroidally
spaced straps. The phase and amplitude of the cur-
rents flowing in the different straps of the array need
to be controlled to excite the required wave spectrum
corresponding to the requested physics scenario (see
last section on matching).

The strap is enclosed in the antenna box, part
of the antenna housing, which is protected from the
plasma by side limiters. It is not only a mechanical
structure onto which the current straps, the screen
bars and the feeding transmission lines are mounted
but it also acts as a return conductor for the RF cur-
rents.

The geometry of the straps and antenna box will
be subject to an optimization, constrained to the
available physical space, to maximize the coupling
while remaining below the current, voltage and elec-
tric field limits.

The antenna is generally mounted on the out-
board equatorial plane of the machine. It is either
mounted in the gap between the vessel and the plasma
(TEXTOR, ASDEX-U, JET) or built as a whole as-
sembly inside a port plug that is mounted onto the
vessel (Tore-Supra, JT-60U, ITER). The first option
requires smaller openings in the vessel as the compo-
nents can be brought inside the machine by an access
hole and possibly allows the deployment of larger ra-
diating areas but the available depth can be reduced,
impacting on the coupling. The advantages of the
plug antenna are easier maintenance and remote han-
dling. It generally has smaller radiating areas, partly
compensated by the larger available depth.

RF grounding of the antenna avoids the excita-
tion of unwanted modes (e.g. in the cavity formed by




the liner and the vessel on TEXTOR).

A Faraday shield or screen consisting in a slotted
frame or a series of bars is generally placed in front
of the straps. Its main role is to filter out the elec-
tric field parallel to the static magnetic field. For this
reason it is preferably oriented parallel to the static
magnetic field (what will only occur for a chosen ro-
tational transform).

The antenna is fed by Vacuum Transmission
Lines (or VTLs). They connect the antenna inside
the machine to the pressurized transmission lines out-
side the machine and may contain some pre-matching
elements.

The vacuum windows or vacuum feedthroughs
are critical elements of the ICRH systems. Their pri-
mary goal is to enter the RF into the vacuum vessel
without breaking the vacuum. They see the machine
vacuum on the antenna side and either a private vac-
uum or pressurized lines on the generator side. They
also act as a mechanical support for the inner conduc-
tors of the feeding lines and as tritium barriers, when
necessary. As they are generally located in sections
with high VSWR they must be able to cope with high
voltages, of the order of 40—50kV. They generally are
constituted of cylindrical or conical ceramics (usually
AlsOs3) brazed onto the inner and outer metallic con-
ductors of the cylindrical coaxial transmission line.
ICRH technology is further discussed in [7].

B. Key design choices for the ITER ICRH an-

tenna

The ITER ICRF antenna [8, 9]

The main functional requirements for the ITER
ICRH system are heating, current drive and wall con-
ditioning. The key specifications are the following;:

— Nominal power per antenna (2 antennae are fore-
seen at the moment): 20MW;
— Frequency range: 40 — 55M H z;
Quasi-CW operation;
— Phased antenna array (6 poloidal by 4 toroidal
array of straps);
— Location: equatorial port plug.
The control of the currents (amplitude and phase) in
the different columns of straps combined to the broad
frequency range allows covering all requested physics
scenarios to fulfill the functional specifications.

The ITER ICRH port plug (figure 2) contains
4 RF modules and is cantilevered from the port plug
flange, where it is connected to the vacuum vessel. Its
inside acts as a neutron shield, reducing the level of
radiation at the back flange below a level permitting
hands-on operation after some time for maintenance.
The port plug is put in place by remote handling.

One RF module consists of two columns of three
short current straps. Each strap is connected to a 1582
characteristic impedance cylindrical coaxial feeder.
Three poloidal straps with their feeders are connected
in parallel by a 4-port junction (4PJ) to form a triplet
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of straps. The 4PJ is connected to one 20f2 character-
istic impedance RF feeding line containing a vacuum
window acting as a mechanical support for the inner
conductors, a vacuum and a tritium barrier.

Plug Body
¢ Outer structure
RF Grounding System  ® Rear flange

Four Port Junctions
(4PJ)

Front Housing Module

Diagnostics
(Reflectometer)

Straps
RVTL Antenna Rear Transition Frame

Faraday Screen Rear Shield Module

Figure 2: ITER ICRH antenna.

FEM approach vs. transmission line approach

Finite Element Modeling (FEM) codes with a
plasma model as Topica [10] allow calculating the
antenna input impedance and determine the distri-
butions of electric and magnetic fields in the whole
antenna with as input the plasma and Scrape-Off
Layer (SOL) information (density and temperature
profiles, composition), the static magnetic field infor-
mation (amplitude and angle) and the antenna ge-
ometry. Plasma and SOL information can be used to
create an equivalent dielectric load [11] if the FEM
code doesn’t have a plasma model, as it is the case
for commercially available codes like CST MicroWave
Studio [12] and ANSOFT HFSS [13]. The gyrotropy
of the plasma is in this case not taken into account.

The FEM simulations indeed give a full RF char-
acterization of the antenna but they require making
use of very intensive computational resources. Hence
the interest of the transmission line approach linked
to a semi-analytical coupling code: it is very fast,
requires limited computational resources and gives a
very good approximation of the results. It also al-
lows having a better understanding of the physical
processes at hand.

Strap input impedance

As described in another lecture [2] the current
strap can be described as a short-circuited strip-line
with its distributed parameters Ra, La, Ca, which
are determined by a semi-analytical coupling code,
and length 4. Using the et™! convention for the
time dependence the strap input impedance, complex
propagation constant and characteristic impedance
are given by:

Zp =Rp+iXp=Zga tanh(VAlA) (12)

= RA +iwL 4)iwCa (13)

YA =

Za Ra+iwly
Zoa =\l =\|——F— 14
04 Y iwCg (14)




Choice of short straps
The power radiated by the antenna is given by:

la

T 2
Prad = /%d% (15)
0

where R4 is the radiation resistance as given by the
coupling codes. If R, is determined experimentally
one has to subtract the losses in the antenna (deter-
mined from tests on vacuum) from the experimentally
measured loading resistance.

The current and voltage along the strap are given by:

I(y) = Imaz cosh(vy) (16)

V(y) = Zoalmaz Slnh('}/y) (17)

A comparison of the radiated power pattern, volt-
age and current along one long strap and three short
straps is given in figure 3. As the radiated power is
proportional to |cosh(yy)|? the power is very effec-
tively radiated near the short circuit (where y = 0
thus cosh(yy) ~ 1) and much less effectively when
moving away from the short-circuit. The radiation
efficiency is thus improved when going from one long
strap to several short straps and for a given total
power to be radiated the maximum current (at the
short-circuit) will be lower. But the main advan-
tage is the significant voltage reduction on the strap
(about a factor 3 in the example of figure 3). The
choice of short straps will lead to the design of high
power density antennas.

1 long strap 3 short straps

Prad(y) (MW/m)
o N & o
Prad(y) (MW/m)
o N s oo

)

Ylstrap,1

Ylstrap,1 Ylstrap,1

Figure 3: Radiated power pattern, voltage and cur-
rent evolution along one long strap (left) and three
shorter straps (right).

Choice of the feeder characteristic impedance

The main operating limit on current antennas is
the maximum voltage in the system V... We can
express the transferred power by:

_ G‘V|2 _ Gmin|Vmaz|2
2 2

P

(18)

Gmin is the minimum conductance, which will
occur where V = V4, and represents the coupling
to the plasma. The antenna optimization will consist
in maximizing G,;n, meaning maximizing the trans-
ferred power for a given allowed V4, on the system
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(or minimizing the maximum voltage on the system
for a given power to transfer).

We have seen that by choosing short straps we
could decrease the voltage on the straps. As the
straps are shorter than a quarter wavelength (14 <
A/4) Vipax will not occur on the strap and we need to
include the next part, which is the strap feeder, into
the system to be able to optimize the antenna.

The strap feeder is a cylindrical coaxial transmis-
sion line. The characteristic impedance of such a line
with an inner radius a and outer radius b is:

Zo=~ P xgom? (19)
2tV e a a
The maximum electric field will occur at the inner
radius a and is equal to:

Vv

Bmaz = B(a) = aln(

(20)

Qo

)

Figure 4 shows Gnin1 and FEp,q. in the feeder as
a function of its characteristic impedance (Zyr). To
improve the performance of the system (i.e. maximize
Gmin1) one has to choose Zpr as small as possible.
But this reduces the gap between inner and outer
radii of the feeder and E,,,; is dramatically increas-
ing, finally exceeding the limit of 2kV/mm (parallel
to By), for small Zpr. The strap input impedance
chosen to estimate the performance and electric field
in figure 4 is taken from Topica calculations with ref-
erence ITER plasma and SOL profiles and for 0770
toroidal phasing. Zyr = 15 is chosen as a good com-
promise between voltage stand-off and performance.

3
Topica Sc2 short17 - 00 - 2 = 0.75+ 23 Q sx 10
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Figure 4: Minimum conductance (Gin1) and maxi-
mum electric field (Ey,q.) in the feeder in function of
its characteristic impedance (Zop).

Antenna segmentation

Short straps were chosen to limit the voltage on
the straps and have high power density. But why
were three straps chosen as optimal for ITER ?

Let’s consider the ITER antenna box and split it
into N segments. In the case of short straps —but not
too short —the strap input impedance, mainly induc-
tive, is roughly proportional to the length of the strap




(Zp,n = Zp1/N). The power of 2.5MW per feeding
line is divided amongst the N segments. The feeder
outer radius is constrained by the physical dimensions
of the ITER antenna box (320mm wide, 945mm high
and 30mm thick strap). Zor = 1562

Vinazs Emaz and (Ploss) on the feeder section are
shown in figure 5 in function of the number of seg-
ments N. FE,,q. and (P,ss) are increasing with N
but because of the constraints on the physical dimen-
sions they also increase when going towards N =1 or
2. Vinae is decreasing with N as the power is divided
among more straps. Again the choice is a matter of
trade-off and N = 3 is a good compromise between
Eraz and V4.2 on the feeder.

55 T T T T T T T T 4 20

Vimax
50

4
Viimit = 45kV

2
Ejimit = 2kV/imm

Vmax (KV)
Emax (KV/mm)

40

35 0 0
1 2 3 4 5 6 7 8 9 10

N (number of segments)

Figure 5: Maximum voltage V42, maximum electric
field Fypq. and average power loss (P,ss) in the feeder
as a function of the segmentation of the antenna.

Passive power distribution: the 4-port junction

From the plasma point of view (or coupling) three
short straps will be roughly equivalent to one long
strap only if the currents flow in phase in the three
straps. This can be achieved either actively or pas-
sively. An active control requires a large number of
matching components to ensure the correct phase on
the three straps, which in turn will lead to space issues
and a very complex matching (the 24 straps are mu-
tually coupled). This leads to the choice of a passive
power distribution by the use of a multi-port junc-
tion: 3 straps are connected in parallel by a 4-port
junction (4PJ). In this case the currents will be in
phase if the 4-port junction is located around V-

This has consequences on the frequency response
of the antenna. Let’s note G,,i,1 the minimum con-
ductance in the strap feeder section (antenna side of
the 4PJ) and G,in2 the minimum conductance in the
feeding line of one strap triplet (generator side of the
4PJ). For a given antenna geometry and loading con-
ditions G,n1 is evaluated by a coupling code. If the
junction is located at the voltage anti-node (V4. ) for
all frequencies then Griin2 = Gmin2,maz = 3Gmini-
But in practice the junction is physically located at
a fixed position and will be at V4, for a single fre-
quency. Moving away from this point in frequency
will lead to a Gmin2 < Gmin2,mae (see figure 6). The
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4-port junction acts as a frequency filter . The po-
sition of the maximum of G,,;n2 can be moved to-
wards lower /higher frequency by increasing/reducing
the feeder or 4PJ length.

Water 10ad - dsyrap-water=60m

0.016
0.014 R
2 \
0.012 7 N\
// Gmin2,-30cm\,
. 0.01
= Gmin2,+30cm
£ 0.008 ;
£
)
0.006
0.004
0.002
0 A
0 10 20 30 40 50 60 70 80

Frequency (MHz)

Figure 6: Gpints Gmin2maz and Guine (to have
Vinas at mid-band) vs. frequency. Guin2,—30em and
Grmin2,+30cm When removing or adding 30cm of feeder
length.

Antenna optimization [14, 15]

The main operating limit on current antennas be-
ing Vi,a the RF antenna design will strive to:
— improve the achievable V,,,, by design;
— maximize Gnin2, i.6. maximize the transferred
power for a given Vi,qz-
Increasing Gj,in2 can be obtained by increasing
Gmin1, .. by acting on the antenna front face ge-
ometry (strap width, box depth, septum recess). As
the strap input impedance is mostly reactive (R% <<
X?) we have:

R

Gminl ~ WFZ(%F (21)
The resistive part, Rp, is determined partly by the
antenna box geometry and partly by the external
medium (mainly plasma and SOL density profiles).
The reactive term, X, depends mainly on the an-
tenna box geometry and only weakly depends on the
external medium.

Maximizing G,,n1 often leads to a reduction of
Xp accompanied by a reduction in Rp. The current
in the antenna then increases as |Ip| = |Vr|/|ZF| =
|Vr|/|XF|. The ITER ICRF antenna being a long
pulse antenna it needs active cooling. This sets a
limit on the maximum allowed RF losses, thus the
maximum allowed current (a.o. in the RF contacts).
The RF optimization has to proceed together with
the thermo-mechanical calculations in order to find
the best trade-off between the limits on maximum
current, electric field and voltage.

Gmin2 can also be maximized by the choice of the
4PJ geometry, which response should be as close as
possible to the one of an ideal transmission line [14].

Finally it was shown [14] that broad-banding of
the system response in the main transmission line




could be obtained by introduction of a quarter-wave
stub at a quarter-wavelength of the 4PJ.

IV. MATCHING

The matching has three essential goals:

— maximizing the power transfer to the antenna

and minimizing the power loss in the feed line;

— controlling the antenna array current spectrum,;

— avoiding tripping the generator.
When a generator is delivering its power through a
transmission line to a load the maximum power trans-
fer occurs when the input impedance looking into the
transmission line terminated by the load from the
generator end is the complex conjugate of the out-
put impedance of the generator [6].

In practice, the generator output impedance is
real and equal to Zpg = 302 or 502. The strap input
impedance is complex and essentially reactive. To
maximize the transferred power we need to transform
Zp into Zpg. This is the first role of the matching
circuit.

Secondly the different heating and current drive
scenarios require different antenna array current spec-
tra: the phase and amplitude of the currents of the
different poloidal columns of straps need to be con-
trolled.

Finally the generators are protected against too
high power reflection to avoid any damage (they are
typically limited to VSWR < 1.5, i.e. |[T'g| < 0.2).
Above this limit the generator is tripped (no power
is delivered any more).

A. Classical Matching

The principle of classical matching is shown in
figure 7. A generator delivers incident power (P;,)
to the system. Its output impedance is real (e.g.
Zoc = 50Q). The antenna has a complex input
impedance Zr = Rp + iXp, with R% << X%. The
transmission line is generally matched to the genera-
tor (Zorr, = Zog). Because of the impedance mis-
match (Zp # Zorr) most of the delivered power
is reflected at the antenna and can cause tripping
of the generator. To fully radiate P;, a matching
circuit is inserted to constitute a resonant circuit,
in which VSWR is high, with the antenna. It in-
creases the antenna current to the value needed to
radiate P, and low (no in case of perfect match)
power is reflected back to the generator. The genera-
tor side of the matching circuit is a matched section
where VSWR ~ 1. The load of the antenna is not
constant: varying plasma and SOL conditions (con-
finement regime transition, distance plasma-antenna,
switching on of NBI) lead to changes in the strap
input impedance: mainly in the resistive part (Rp)
but also to a lesser extent in the reactive part (Xp).
Consequently the elements constituting the matching
circuit need to be adjustable. The most widely used
matching components are:
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Figure 7: Principle of classical matching.

— reactive components such as capacitors or shunt
short-circuited line sections called stubs;
— phase shifters or line stretchers.
The admittance of a capacitor is purely capacitive:
Y =iX, with X = wC.

The impedance of a lossless short-circuited line
section (or stub) is: Zg = iZptan(Blg:). The stub
can be either capacitive or inductive depending on its
length lg;.

The phase shifter is a section of transmission line
of variable electrical length: it changes the phase an-
gle of the reflection coefficient. This length can be
changed mechanically by using trombones or electri-
cally as on JET by a slight frequency shift on very
long lines [16].

Other techniques are employed as modifying the
electrical properties of the transmission line (e.g. lig-
uid tuners [17]) or its magnetic properties (e.g. ferrite
tuners [18]).

The single-stub tuner

The single stub tuner is a matching circuit com-
posed of a line stretcher and a shunt stub, whose
lengths are the two adjustable parameters.

The length of the line stretcher is chosen such
that the input admittance looking towards the load
at the stub insertion position is of the form Y = Yo+
iB (where Yoo = 1/Zoc). The length of the stub is
then chosen such that its susceptance is equal to —i B
resulting in a matched condition.

There are two solutions: one inductive and one
capacitive. All loads can be matched provided the
available lengths are sufficient.

The double-stub tuner

This matching circuit is composed of two shunt
stubs, whose lengths constitute the two adjustable
parameters, distant by typically A/8 for the mid-band
frequency.

The first stub (antenna side) is set such that the
input admittance looking towards the load at the po-
sition of the insertion of the second stub (generator
side) is of the form Y = Yy +iB. Again the length of
the second stub is chosen to neutralize the remaining
susceptance.

This scheme doesn’t allow matching all loads:
there’s an inaccessible region that depends on the dis-
tance between the two stubs. Adding a line stretcher
however allows to move outside the inaccessible re-
gion.




B. ELM-resilient matching [19, 20]

The classical matching components are too slow
to cope with the very fast load changes due to ELMs
(Edge Localized Modes; they appeared with the dis-
covery of the H-mode). The resistive load during
ELMs is typically increased by a factor 2 to 4 while
the inductive load typically decreases less dramati-
cally by about 2 to 15%.

Two ELM-resilient schemes were developed and
tested on several machines: the Conjugate-T (TEX-
TOR [21], Tore-Supra [22], JET [23, 24]), which is
presently the ITER back-up option, and the hybrid
coupler [25] (DIII-D [26], ASDEX-U [27], JET [28]),
which is presently the ITER reference one [8].

The Conjugate-T

In this scheme two straps (two poloidal triplets
for the ITER ICRH antenna) are connected to a sin-
gle feeding line by a T-junction (see figure 8). A
reactive element —generally a capacitor or a shunt
stub —is added in each line between the strap and
the T-junction. Its susceptance is chosen such that
one branch is inductive with an admittance at the T-
junction equal to Y7 = 1/(R + i|X|) and the other
is capacitive with the complex conjugate admittance
of the first branch at the T-junction: Yy = Y =
1/(R —i|X]). The admittance in the feeding line at
the T-junction is then Yy =Y, + Y7 = 1/Z¢.

Prefi

Antenna

Ze=Rp +iXg Pin

RZ << x2 = <j

YT = Y1 + Y:i
vi[S Zor, = 500 enerator
> <’ Zgg = 500

a o [

< L} »
Resonant circuit '+ Matched section
High VSWR section Low VSWR (~1)

Figure 8: Conjugate-T circuit.

If only the resistive part of the load varies during
an ELM then we can express the reflection coefficient
at the T-junction towards the generator in function of
the normalized variables r = R/Zy¢ and x = X/Zyq
as:

= r=r)lr—r) (22)
(r+mr)(r+mre)
with r179 = 22 and 71 + ro = 2.

The evolution of |T'¢| in function of r is shown on
figure 9. Perfect match occurs for » = r; and r = ro.
For r1 < r < r2 the curve presents a maximum at
r = ry corresponding to a VSWR of S = S0 = 1/z.
We can see that there is a large load-resilient domain
([rp1,762]), where S < Spaz-

The price to pay for the load resilience is a change
in phase angle between the currents flowing in the two
branches, given by A® = 2arctan(/ri72/7).
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A second stage matching circuit (or impedance
transformer) can be implanted between the generator
and the T-junction in order to change the impedance
on which one has to match at the T-junction. In this
case one can improve the load resilience by lowering
the impedance to match at the T-junction. This is
especially useful for low loadings where the matching
is more difficult to achieve. This also allows imposing
a complex impedance on which to match at the T-
junction, what can be useful in case of strong mutual
coupling between different Conjugate-T circuits.

Load resilience

0.3
4 Classical matching
Conjugate-T matching
02 / Trip level - |[Fg| = 0.2 - S;,5,=1.5
2
©
=
01
0 ‘ ! ! ; !
0 r4 05 1 15 1y 2 25 3
1 s I'=R/RG M2

Figure 9: Reflection coefficient vs. normalized load-
ing resistance for CT matching and classical match-
ing. Load resilience domain is much larger for CT
matching.

The Conjugate-T matching requires symmetric R
and X variations and has limited resilience to X vari-
ations.

One of its most remarkable features is that it con-
tinues to deliver the power through the ELMs. The
debate on whether this is an advantage or a drawback
(it could favor arcing in this phase where plasma is
expelled towards the antenna) is still open.

The Hybrid Coupler

In this case the power is delivered through a hy-
brid coupler to two straps (two poloidal triplet of
straps for the ITER ICRH antenna). The last port
of the hybrid coupler is connected to a dummy load
(see figure 10).

Vi V3
Matching circuit o—— —
and antenna 1 —4 3

Vi| Hybrid |V5
v; coupler v

Matching circuit —
and antenna 2 o—11 2 LOAD
+ vl
Vi V5 =0

Figure 10: Hybrid coupler circuit.

The scattering matrix of the hybrid coupler is:

0 W a O
S=- a 0 0 sl where V —ZS”V]-
0 a id 0 !

(23)




For the 3dB hybrid coupler a = § = 1/4/2 giving:

-1 . . —i
In this case the power is split into two equal parts to
the two branches but with a phase difference of /2.

The matching is done by a classical matching cir-
cuit placed between the antenna current straps and
the 3dB hybrid coupler. For perfectly matched condi-
tions, no power is reflected back to the hybrid coupler.
But when an ELM occurs the system is not matched
any more and a high fraction of power is reflected
towards the hybrid.

The reflection to the generator and transfer coef-
ficient to the dummy load are given by:

Vi Vs (24)

_ Vs _Ti-Ty

Vi oo Ve _ T+l
A s g =

r -2 —
3 ‘/;3_‘_ ? 2

(25)

No reflection to the generator and full dump of the
reflected power will happen when I'; and I'4 are equal
in phase and amplitude. This needs complete sym-
metry in the load variation (R and X) and of the
matching circuit.

In the 3dB hybrid coupler scheme the generator
continues to deliver power during the ELMs but most
of this power is dumped into the dummy load. The
generator is isolated from the load changes.

Decouplers

The ELM-resilient schemes not only require that
the load variations on the two branches are symmet-
ric but also that the level of mutual coupling is kept
sufficiently low.

This last condition pleads in favor of the use of
decouplers when possible (it is difficult to implement
them with internal matching for instance).

A decoupler consists of two A/4 lines of charac-
teristic impedance Zyg4.. connected to an adjustable
reactance Xge. (see figure 11) [20].

1 4 N4 C?S
ZOdec ZOdec
i Xdec

Figure 11: Decoupler circuit.

All the terms of the 2 x 2 admittance matrix Yy,
of this two-port network are equal to iXdec/ngec.
This circuit connected in parallel to a two-port net-
work with admittance Y allows to cancel the reactive
part of the coupling terms if Y15 = Y51 or to reduce it
in case of a non-symmetric matrix (Y12 # Ya1), which
is the case on plasma. The decoupler adds an addi-
tional contribution to the diagonal terms (Y3; and
Y32) that has to be taken care of by the matching
circuit.
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