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Abstract The launcher of the 4.6 GHz lower hybrid current drive (LHCD) system for the
Experimental Advanced Superconducting Tokamak (EAST) consists of 24 antenna modules, each
composed of an array of 3 (row) × 8 (column) waveguides. In order to verify the radio frequency
(RF) design and the feasibility of the manufacturing process, a mock-up of the module has been
fabricated and measured. The measured return losses of all three input waveguides are less than
−25 dB at a frequency of 4.6 GHz. The transmission coefficients from the input waveguide to
the output waveguides are −9.13 ± 0.2 dB and the insertion loss is 0.104 dB. These good results
mean that the design method of the antenna module can be used for the new 4.6 GHz launcher
on EAST. The detailed design of the multi-junction antenna module and its initial test result are
described in this paper.
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1 Introduction

LHCD is an efficient tool to sustain off-axis non-
inductive current drive and to maintain steady state
currents [1,2] on tokamaks. As a medium sized non-
circular cross section superconducting tokamak, EAST
aims at performing high parameter discharges and
steady-state operations. To meet its experimental re-
quirements, a new 4.6 GHz 6 MW LHCD system is un-
der development. The transmitter is based on 24 VKC-
7849A klystrons, each one delivering 250 kW with a
1 dB bandwidth of 8 MHz. All of these klystrons, made
by Communications & Power Industries (CPI), can be
operated in continuous wave (CW) mode. The VKC-
7849A is an upgrade of the pulsed klystron used at Alca-
tor C-MOD. Meanwhile a new launcher, composed of 24
antenna modules, has been designed to inject 6 MW for
a pulse length up to 1000 s. The structure of antenna
modules is very complicated, because each of them is
made of several pieces of metal plates and dozens of
metal strips that need to be joined together by braz-
ing. To reduce the risk of design and manufacturing
process, it is necessary to build a module mock-up in
advance.

During the past 20 years, several kinds of launch-
ers, including the conventional grill, the multi-junction
launcher and the passive-active multi-junction (PAM)
launcher, have been proposed and used in different
tokamaks [3∼6]. For EAST the multi-junction launcher
is adopted for its compact structure and good coupling
property with the plasma.

2 Antenna description

The 4.6 GHz multi-junction launcher is made of 24
antenna modules arranged on 4 rows of 6 columns, as
shown in Fig. 1. Each module, fed by one klystron
through a TE10-TE30 mode converter/power splitter
dividing the power into 3 waveguides, has 3 waveguide
rows in the poloidal direction. The waveguide in each
row of a module is separated into 8 narrow active waveg-
uides in the toroidal direction by means of 7 E-plane
bi-junctions. For the assembly of the launcher, three
passive waveguides arranged in a column are inserted
between each antenna module in the toroidal direction,
each one with a depth of a quarter of the guide wave-
length. In addition, a full passive waveguide is mounted
on each side of each waveguide row of the launcher.
Consequently, the whole launcher is an array of 12 rows
of 48 active and 7 passive waveguides.

Fig. 2 is the front view of the rightmost module of a
generic row of the launcher, the one on the second row
is named the HB1 module. A full passive waveguide is
visible on the right side of each row and a half one on the
left side. For the inner modules, a half passive waveg-
uide is added on each side, recombining in a full one
when the modules are assembled to form the launcher.
Water cooling channels are attached on both the top
and bottom of each module. The inner structures of the
three rows of the HB1 module are shown in Fig. 3. Each
row consists of an input waveguide, an E-plane linear
taper followed by an oversized waveguide, a set of 7 E-
plane waveguide bi-junctions, and phase shifters. The
power in each row is divided toroidally into eight sub-
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waveguides through these E-plane bi-junctions. The
phase difference between the adjacent sub-waveguides
is fixed to 90◦ in the toroidal direction through dozens
of built-in stepping phase shifters. Moreover, the phase
shifter order after the second bi-junction is 0−π−0−π
both in the top and bottom row, but it is π− 0− π− 0
in the middle row so as to compensate the phase delay
in the centre row of the mode converter. The antenna
mouth will be finally machined into a curved surface to
match the plasma profile, leading to different lengths
between waveguide rows. For example, in the HB1
module, the length difference between the top and bot-
tom row is 12.18 mm, corresponding to a poloidal phase
difference of 51◦. Therefore, to compensate the poloidal
length difference, compensating phase shifters are em-
ployed for the top and middle row and are computed to
have a 0◦ phase shift between poloidal waveguide rows.

Fig.1 Front view of the configuration of the 6 MW

4.6 GHz LHCD launcher

Fig.2 Front view of the rightmost antenna module of each

row of the launcher

Fig.3 Inner structure of the three rows of the HB1 module

(color online)

3 Design of the antenna module

3.1 Design of the sub-waveguides

The RF power is coupled to the plasma directly by
the sub-waveguides, whose sizes determine the radiated
n‖ spectrum of the launcher. Here n‖ is the parallel re-
fractive index of the launched wave. If a multi-junction
unit, similar to one of the rows of a 4.6 GHz module, is
obtained by dividing the main waveguide into several
sub-waveguides, the fundamental peak value of the ra-
diated n‖ spectrum of the multi-junction units can be
written as [7]

n‖ ≈
c

ω∆z
∆φ, (1)

where 4z = b + d, b is the width of the sub-waveguide,
d is the septum thickness and ∆φ is the phase shift
(in radians) between adjacent waveguides. Here, the
phases in the sub-waveguides are increasing along with
the plasma current, resulting in a spectrum mainly
launched in the opposite direction so as to drive the
fast electrons.

LHCD experiments require a well defined n‖ spec-
trum. The wave accessibility condition [8], which
should be satisfied firstly, is given by
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where ωpe and ωce are the electron plasma frequency
and electron cyclotron frequency respectively. How-
ever, the n‖ values of the main peak of the launched
spectrum should not be too high, as it will lead to
electron Landau damping or mode conversion to the
hot ion plasma wave branch in the outer layers of the
plasma and will decrease the current drive efficiency.
The previous experimental results [7] have shown that
the best n‖ values of the spectrum are concentrated at
low values lying above the limit defined by the wave ac-
cessibility to the central region of the plasma. For the
EAST physical parameters, B = 3.5 T, f = 4.6 GHz,
the atomic number of hydrogen M = 1, and the den-
sity in the plasma centre ne = 0.5× 1020 m−3, thus the
accessible N‖acc = 1.80 is obtained from Eq. (2).

For the antenna module, the cross section dimen-
sions of the active sub-waveguides, as well as the pas-
sive waveguides, are chosen as 50 mm×6 mm. The sep-
tum thickness is 2 mm inside the module and 2.5 mm
outside. The phase shift is 90◦ and the septum thick-
ness between different rows is 6 mm. As calculated
from Eq. (1), the antenna module will radiate a power
spectrum peaked at n‖ = 2.04, which is larger than
N‖acc = 1.80 because the toroidal magnetic field inten-
sity B is lower than the design value most of the time,
implying that a relatively larger n‖ is needed.

The phase shift between each antenna module can be
adjusted by a 6-digit low power electronic phase shifter,

835



Plasma Science and Technology, Vol.15, No.8, Aug. 2013

which can change the input phase of the klystron from
0◦ to 360◦ with a step of 5.6◦. The main peak of the
radiated spectrum of the launcher can be adjusted from
n‖ = 1.79 to n‖ = 2.23 when the phase shift between
adjacent modules on the same row varies from 0◦ to
180◦. Due to the passive waveguides, the main peak
n‖ = 2.04 will be obtained when the phase shift is set
to the default phase of 90◦.

The calculated insertion loss of all the RF compo-
nents on the transmission line is lower than 1.5 dB
and the power density in the module is less than
2.43 kW/cm2, which is below the weak condition-
ing region [9]. The maximum electrical amplitude is
2.25×105 V/m at the antenna mouth for the forward
wave and therefore full power injection ability could be
expected.

3.2 Taper section

The taper is used to connect the input waveguide
(50 mm×29.1 mm) to the oversized waveguide, whose
cross section sizes is 50 mm (height)×62 mm (width).
Instead of a stepped impedance transformer, an E-plane
linear taper is chosen to reduce the electric field increase
at the edges of steps. The linear taper of 84 mm in
length is optimized by using the High Frequency Struc-
ture Simulator (HFSS) package [10], based on the finite
element method. The return loss is less than −33 dB
and the maximum electric field amplitude at the input
waveguide is 3.6×105 V/m. Due to the cross section
dimension of the output oversized waveguide and the
frequency we use, the generated high order unwanted
modes should be suppressed. In the calculation, only
the fundamental mode (TE10) is considered for the in-
put waveguide, but for the output waveguide, the three
propagating high order modes (TE01, TE11, and TM11

mode) are also taken into account besides the TE10

mode. The simulation results show that all the three
high order modes are dampened to less than −50 dB
over a bandwidth of 400 MHz around 4.6 GHz.

3.3 E-plane bi-junctions

The incident power in the main waveguide is divided
into 8 sub-waveguides by using a series of E-plane bi-
junctions, as shown in Fig. 4. The wave will be reflected
by the dividing wall of the bi-junction, where the reflec-
tion coefficient is determined by the septum width and
waveguide sizes. To reduce the reflected power, the
length difference between the first bi-junction and the
two second ones is designed to have an electrical length
of 90◦. With this configuration, the reflected waves
from the two second bi-junctions can be partially can-
celled by the one from the first bi-junction [11], because
their phase is delayed by 180◦ compared to the latter
one. In the 4.6 GHz antenna module, due to the edge
effect of discontinuities of the dividing walls, the length
difference is designed to be 20.5 mm, which is a little
shorter than a quarter guide wavelength.

Fig.4 Schematic drawing of the bi-junctions of the an-

tenna module

The lengths of the third bi-junctions are optimized
for the coupling by computing the average reflection
coefficient R in the input waveguides and the power
directivity Dp of the power spectra. Both the effects
of plasma load and passive waveguides have been taken
into account. For electron density ne = 1.2×1012 cm−3

and density gradient5ne = 1.2×1012 cm−4, the Dp re-
mains at 75% and R remains below 1% when the phase
shift between modules varies from 0◦ to 180◦. Also, the
lengths of the second bi-junctions are optimized for low
return losses of the input waveguides using HFSS.

The final dimensions for the module are shown in
Fig. 4. Here, the length of the oversized waveguide is
15 mm, the length from the first bi-junction to the third
ones is 470.5 mm, the length of the third bi-junction is
538.5 mm, and finally, the overall length of the antenna
module is 1180.2 mm. When these bi-junctions are be-
ing optimized with HFSS, the phase shifters are not
added in the simulation, but their lengths have been
considered so that the E-plane bi-junctions are long
enough to accomodate the phase shifters.

3.4 Phase shifter

The phase shifters are fixed and nonadjustable in
the E-plane bi-junctions. Before the launcher installa-
tion, the antenna mouth will be machined into a curved
surface with a radius of 760 mm in the poloidal and
1968 mm in the toroidal direction. As mentioned be-
fore, this will lead to different lengths between waveg-
uides both in the poloidal and toroidal direction and
thus produce additional electrical lengths for the waves.

In the toroidal direction, the maximum electrical
length difference between neighboring modules is 21.5◦,
and only 3.5◦ between neighboring sub-waveguides. For
the former this difference can be calibrated out by
changing the phases of the antenna modules. While
for the latter, we will neglect this difference because
it is much less than the phase error resulting from the
manufacture tolerance. As a result, the phase differ-
ence between adjacent waveguides is designed to be
90◦ in the toroidal direction. With the simplification
of neglecting the length differences between neighbor-
ing sub-waveguides, the structures of the modules in
one row will be the same and thus the manufacture of
the launcher will be much easier.

In the poloidal direction instead, the additional elec-
trical length of the three rows facing the plasma surface
should be considered. Due to both the 180◦ phase delay
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in the middle row of the mode converter and the cur-
vature of the antenna mouth, the poloidal phase differ-
ence is fixed and can not be changed once the launcher
is completed. For instance, the maximum phase differ-
ences resulting from length differences between differ-
ent rows are 160.5◦ and 51◦ in the HH and HB modules
respectively. On the other hand, in the 1-dimensional
coupling theory, the waveguides are usually assumed as
infinitely high and the fields without spatial variation
are in the poloidal direction. Consequently, the the-
oretical analysis of a launcher consisting of multi-row
waveguides is identical to that for single row waveguide
arrays. In order to make the perpendicular refractive
index values of the spectrum in the poloidal direction
as low as possible [12] (close to 0), the poloidal phase
difference between two vertical sub-waveguides is de-
signed to be 0◦, and correspondingly, the phases of the
incident waves in different waveguide rows will be iden-
tical.

In the antenna module, the compensating and step-
ping phase shifters are used to countervail the above ad-
ditional electrical length. They are computed to have a
90◦ phase shift in the toroidal and 0◦ in the poloidal di-
rections between neighboring waveguides. The required
values of the phase shifters in the third bi-junctions for
the HB1 module are computed and listed in Table 1.
The shadow in the table means that the π shifters
should be put in the waveguides after the second E-
plane bi-junctions.

Table 1. Computed values for the phase shifters in
the sub-waveguides

No.8 No.7 No.6 No.5 No.4 No.3 No.2 No.1

Row 1 141 51 141 51 141 51 141 51

Row 2 108 18 108 18 108 18 108 18

Row 3 90.0 0.0 90.0 0.0 90.0 0.0 90.0 0.0

The fixed phase shifter is made by adding two steps
in the straight waveguide and thus reducing the height
of the waveguide, as shown in Fig. 5. If λ1, λ2, λg are
defined respectively as the guided wavelength of the
fundamental mode at the first step region, at the sec-
ond step region, and at the input waveguide with a
height of 50 mm, then the design equation of the fixed
shifter can be written as

2π

λ1
2y +

2π

λ2
x− 2π

λg
(2y + x) = −φ, (3)

where φ is the phase to be shifted, y is the length of the
first step and x is the length after the second step. As
usual, the quarter wave transformer is used to cancel
out the reflected waves from the cut steps, leading to
y = λ1/4. From Eq. (3), it can be deduced that us-
ing the large cut depth can shorten the length of the
shifter, but it may cause arcing for high power trans-
mission. With the optimization for minimizing the re-
turn loss of the cut step, the parameters for all the
phase shifters are chosen as follows: the first cut depth

is 1.75 mm, the second one is 1.25 mm, y = 22.3 mm,
and the waveguide height of the region after the second
step is 44 mm. Then the phase φ is dependent only on
the length of the region after the second step, namely
x. For different phase shifters, the lengths optimized
by HFSS are listed in Table 2. These results are very
close to the theoretical values that are obtained from
Eq. (3). The return losses of all the phase shifters are
less than −40 dB in a bandwidth of 200 MHz centered
at 4.6 GHz.

Fig.5 Schematic drawing of a phase shifter with two cut

steps

Table 2. Phase shifter lengths from HFSS and in
theory for different phases

Phase φ (◦) x (mm) x (mm) in theory

18 11.4 13.79

51 80.4 82.75

90 161.4 164.26

108 199.4 201.88

141 268.4 270.85

180 348.4 352.35

4 RF test result

Fig. 6 shows the HFSS result for the return losses S11

of the three input waveguides of the HB1 module. It is
seen that the S11 parameters of all the input waveguides
are less than −25 dB in a bandwidth of 50 MHz. In
addition, the calculated power transmission coefficients
from the input waveguide to the output waveguides on
each row are −9.03± 0.1 dB, and the maximum phase
difference deviation from 90◦ of the sub-waveguides is
0.5◦.

In order to verify the RF design, a mock-up of the
HB1 module has been fabricated, but no water cool-
ing pipes or passive waveguides are added because the
RF performance of the antenna module is not being af-
fected. The mock-up is composed of 32 metal strips
and 9 metal plates. The phase shifters with steps
are machined on these strips, whereas the septa for
bi-junctions are made of thin metal plates (the thick-
ness is only 2 mm) with different lengths, both of them
made of oxygen-free high-conductivity copper. In par-
ticular, the two external plates (5 mm thick) of the
module are made of two layers: stainless steel and cop-
per, linked by explosive bonding. When assembled, one
metal plate and four strips are stacked layer by layer,
fastened with bolts, and finally joined by vacuum braz-
ing to ensure the electrical contact. As a consequence,
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different lengths in metal plates lead to different loca-
tions of the bi-junctions (see Fig. 3), whereas the sub-
waveguides and oversized waveguides are formed in the
space between the strips and plates. The linear tapers
are inserted into the area of oversized waveguides be-
fore the bi-junctions and also fastened to the external
metal plates with bolts.

Fig.6 Calculated return losses versus the frequency for all

the three input waveguides of the antenna module (color

online)

Two impedance transformers have also been made
for testing this antenna module mock-up. The first
one converts a standard WR229 waveguide to the in-
put waveguide of 50 mm×29.1 mm, and the second one
transforms the sub-waveguide (50 mm×6 mm) into a
standard WR229 waveguide. Besides, a vector network
analyzer Agilent E5071B, two waveguide to coaxial ca-
ble transitions, phase stable cables and several home-
made wedge loads are also used for the RF test. When
the mock-up is being measured, the first transformer is
fastened to the input waveguide with bolts, whereas the
second one is inserted tightly into the sub-waveguide.
The test system of the mock-up is shown in Fig. 7. Note
that the three rows of waveguides in the module are
tested separately one by one.

Fig.7 RF test system of the antenna module mock-up

(color online)

The measurement result indicates that the S11 pa-
rameters of all the three input waveguides are lower
than −25 dB at the frequency of 4.6 GHz. Fig. 8 shows
the return loss of the input waveguide and the transmis-
sion coefficient from the input waveguide to waveguide
No. 5 for the middle row. It can be seen that the val-
ues of S11 within the frequency range from 4.55 GHz to

4.75 GHz are close to those of HFSS simulation. The
slight difference between the calculation and measure-
ment is due to the mechanical tolerances of connections,
because when the second transformer is inserted into
the sub-waveguide, the electrical contact between them
is not good.

Fig.8 Measured return loss of the input waveguide (A)

and the transmission coefficient from the input waveguide

to waveguide No.5 (B) for the middle row (color online)

Fig.9 Measured power transmission coefficients from the

input waveguide to the 8 sub-waveguides for the three rows

(color online)

Fig. 9 shows all the measured power transmission
coefficients from the input waveguide to the 8 sub-
waveguides for the three rows, and the power atten-
uation can also be obtained from the measurement
results. The measured transmission coefficients are
−9.13 ± 0.2 dB, suggesting that the power is almost
distributed equally among the sub-waveguides. More-
over, the measured insertion loss for this mock-up is
0.104 dB, meaning that 2.36% of the power is lost due
to the conduction loss of copper material. As seen
from Fig. 10, the phase shift of 90◦ between neighboring
waveguides in the toroidal direction is confirmed. The
maximum phase error is 11◦ because of the deformation
of one copper plates during the welding. One may note
that the measured phase values in the middle row are
180◦ delayed when compared with those in the bottom
row, this is because we did not add the TE10−TE30

mode converter before the antenna module. Once the
phase in the middle row of the mode converter is taken
into account, the measured result will be close to the
expected values in Table 1.
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Fig.10 Measured phases for all the 24 output waveguides

in three rows (color online)

5 Conclusion

A multi-junction antenna mock-up of the EAST
4.6 GHz LHCD launcher has been realized and tested at
low RF power. The measured results are in good agree-
ment with the simulated results, which proves that the
design method and manufacture process are reasonable
and able to meet the requirements of the EAST 4.6 GHz
LHCD launcher. In the near future, a high power level
RF test of the antenna module will be carried on at
250 kW for pulse length up to 1000 s. Furthermore,
the manufacture of the launcher will be completed by
the end of 2012 and the 4.6 GHz LHCD system will be
commissioned from the middle of 2013.
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