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A new multichannel frequency modulated continuous-wave reflectometry diagnostic has been successfully
installed and commissioned on ASDEX Upgrade to measure the plasma edge electron density profile evolution
in front of the Ion Cyclotron Range of Frequencies (ICRF) antenna. The design of the new three-strap ICRF
antenna integrates ten pairs (sending and receiving) of microwave reflectometry antennas. The multichannel
reflectometer can use three of these to measure the edge electron density profiles up to 2×1019 m−3, at different
poloidal locations, allowing the direct study of the local plasma layers in front of the ICRF antenna. ICRF
power coupling, operational effects and poloidal variations of the plasma density profile can be consistently
studied for the first time. In this work the diagnostic hardware architecture is described and the obtained
density profile measurements were used to track outer radial plasma position and plasma shape.

I. INTRODUCTION

The operation and coupling of Ion Cyclotron Range of
Frequencies (ICRF) power to the plasma are greatly in-
fluenced by the dynamic behaviour of the plasma layers
in front of the antenna. Simulations have shown that the
induced RF sheaths contribute to the generation of E×B
convective transport, impurity generation, hot spots and
power dissipation1. Even though indirect measurements,
such as measuring density and temperature along the
toroidal magnetic field lines during ICRF operation, cor-
roborated the simulation results, no direct experimental
observation of these effects were available. A new three-
strap ICRF antenna was designed for ASDEX Upgrade
with the aim of reducing wall W impurity sputtering2

in a collaboration between IPP, ASIPP and ENEA. This
new antenna design also integrates ten small microwave
reflectometry antenna pairs (FIG.1), which look at the
plasma from different toroidal and poloidal locations3.

The new multichannel density profile reflectometry
system was designed to use the available embedded an-
tennas to study the evolution of the edge electron den-
sity profile at three different poloidal locations directly
in front of the ICRF antenna.The new three-strap ICRF

a)Contributed paper published as part of the Proceedings of the
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antenna and embedded reflectometry diagnostic were in-
stalled successfully on ASDEX Upgrade in 2015. This
project was an international collaboration between the
ASDEX Upgrade, Germany, ENEA, Italy and Instituto
Superior Técnico, Portugal.

II. REFLECTOMETRY DIAGNOSTIC

The implemented multichannel reflectometry diagnos-
tic was designed to measure edge plasma electron density
profiles up to 2×1019 m−3 in X-mode in the typical 1.5 T
to 2.7 T magnetic fields of ASDEX Upgrade. The probing
wave frequency is swept in the extended U-band between
40 GHz and 68 GHz. This diagnostic uses a modular de-
sign, in which the microwave components are physically
separated from the host and acquisition systems. This
allows the microwave hardware to be attached to the re-
flectometry antenna waveguides, near the tokamak ves-
sel, while the control and acquisition systems are placed
inside the torus hall but kept away from the magnetic
interference during the discharge.

The host and control computer is connected to the
ASDEX Upgrade network and handles the configuration
and data acquisition of the diagnostic. The system inte-
grates a universal time-to-digital converter4 to generate
synchronized triggers for the acquisition and frequency
sweep generation. A local solid-state drive temporarily
stores the reflectometry raw data files for processing and
uploading to the shotfile database. The acquisition sys-
tem uses the Advanced Telecommunications Computing
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FIG. 1: (Left) ICRF antenna embedded reflectometry
antenna locations; (Right) Poloidal cross section of
vessel and lines of sight of connected reflectometry

antennas 1, 4 and 8.

Architecture standard and communicates with the host
computer through a PCI Express link. There are 8 aqui-
sition channnels with a 13-bit resolution, a maximum
sampling rate of 200 MSamples/s and a total of 512 MB
memory per channel5. Each reflectometer channel uses
two (I and Q) acquisition channels.

In a typical reflectometer operational configuration,
the full frequency range is swept in 15 µs, generating
a electron density profile every 100 µs. This configura-
tion allows covering 8.9 seconds of the ASDEX Upgrade
discharge and is limited by data acquisition system mem-
ory. In fast sampling configuration a density profile can
be obtained every 25 µs covering around 2.2 s. This mode
is used for detailed sampling of fast plasma events.

A total of 10 reflectometry antennas, grouped in pairs
of transmitting and receiving antennas, are embedded in
the ICRF antenna #4, in sector 12 of ASDEX Upgrade
tokamak (see FIG.1). The outer antennas (0, 1, 8, and
9) are pyramidal horn antennas located between the last
Faraday straps and the ICRF antenna limiter. The cen-
tral reflectometer antennas (2-7) have to look through
the small gap between the Faraday shield straps, and use
WR42 waveguide tapers instead pyramidal horns. The
CO12 port vacuum flange allowed the access of only 14
WR19 waveguides, restricting access to only 7 preselected
reflectometry antenna pairs at a time without rerouting
the in-vessel waveguides. The implemented diagnostic
uses three channels, connected to antennas 1, 4 and 8,
with the possibility for new channels in future upgrades.

A. Reflectometer architecture and operation

In the typical operation of a density profile reflectome-
ter, the probing wave propagates in the plasma and is
reflected at a cut-off layer where the index of refraction
goes to zero, depending on the probing wave frequency
and the local plasma characteristics. By sweeping the
probing frequency it is possible to estimate the electron
density of the plasma layer at which the wave is reflected.
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FIG. 2: Heterodyne topology of the reflectometer.

Mixing the reflected wave with a local oscillator signal
results in a beat signal whose frequency is proportional
to the group delay of the probing wave propagating in
the plasma. Density profiles can be measured from al-
most zero density using the X-mode upper cut-off, up
to a maximum density limited by the plasma magnetic
field and the quality of the signal near the end of the
probing band. This diagnostic uses the full coherent het-
erodyne architecture (see FIG. 2) that provides in-phase
and quadrature (IQ) beat signals for each of the reflec-
tometer channels.

A single Voltage Controlled Oscillator (VCO) is used
to generate a 5-8.5 GHz signal, which is split into two
branches. In the transmitting branch, this signal is dou-
bled, power split in three and used as the source of
each transmitter front-end. Each transmitter front-end
consists of an active frequency quadrupler attached di-
rectly to the reflectometry transmitting antenna waveg-
uide, providing the 40-68 GHz probing signal with a max-
imum power output of +16 dBm. In the local oscillator
(LO) branch, a frequency translator module introduces
a 50 MHz shift in the source signal to generate a coher-
ent 5.05-8.55 GHz reference signal, which is doubled and
quadrupled to drive the mixers LO port.

The receiver front-end consists of an active frequency
quadrupler and a fundamental mixer. The reflected wave
is mixed with the LO signal generating a beat signal,
whose frequency is proportional to the delay of the re-
flected wave, centered at an intermediate frequency of
400 MHz. A coaxial delay line partially compensates the
delay introduced by the long waveguide transmission line
(about 10 m), and keeps the beat frequency within the IQ
detector bandwidth (100 MHz). In the receiver back-end,
the beat signal is filtered and amplified. The quadrature
detector uses the synchronized reference to demodulate
the beat signal into its IQ components, which are then
acquired.

The raw IQ signals are then calibrated to remove the
effect of waveguide dispersion, which corresponds to an
added group delay that decreases non-linearly as a func-
tion of the probing wave frequency. A spectral analysis
of the signal is performed to determine the start of the
plasma reflected signal, which corresponds to the zero
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density reflection, known as the first fringe, and can oc-
cur anywhere in the 40-68 GHz band, depending on the
local magnetic field and the distance of the plasma to the
antenna. The measured group delay, the probing wave
frequency and the magnetic field profile along the line of
sight obtained from the equilibrium codes are then used
to invert the density profile6.

III. EXPERIMENTAL RESULTS

For a plasma period with no ICRF heating (#33520
at 3.999 s), the measured group delay for each antenna
and the automatically calculated first fringe frequency
(dashed line) are shown in FIG. 3 (left). The correspond-
ing density profiles in FIG. 3 (right) are compared with
the density profiles obtained with the Lithium Beam and
O-mode reflectometry diagnostics. As each diagnostic is
located at distinct toroidal and poloidal positions inside
the vessel, the profiles are presented in ρpol flux coordi-
nates.

A commissioning shot was designed to study the per-
formance of the new reflectometry diagnostic in track-
ing the density profiles modification during variations of
the plasma outer radial position and plasma shape, by
changing plasma triangularity, and toggling ICRF heat-
ing. The measured radial displacement of the edge iso-
density layers in front of each connected antenna, repre-
sented in FIG. 4, agrees with the separatrix displacement.
Changes in plasma triangularity affect the measurements
of the upper (1) and lower (8) antennas. Local effects due
to ICRH24 operation can be observed in antenna 1.

IV. SUMMARY AND CONCLUSIONS

The new multichannel X-mode edge plasma electron
density profile reflectometry diagnostic for the ICRF an-
tenna has been successfully installed and commissioned
on ASDEX Upgrade, Germany. Changes in the plasma
outer radial position and plasma triangularity were ob-
served using the density profiles obtained in front of each
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FIG. 3: (Left) Measured reflectometry antenna signal
delay and estimated first fringe frequency (dashed line);
(Right) Comparison of measured density profiles with

other diagnostic data.
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FIG. 4: AUG#33214 Evolution of the measured
isodensity lines during a scan of the plasma outer radial

position and triangularity with BT =2.5 T.

antenna location. Early results show that this multichan-
nel reflectometry diagnostic will enhance and improve the
analysis of plasma poloidal variations and the observation
of convective cells during ICRF operation.

ACKNOWLEDGMENTS

This work has been carried out within the frame-
work of the EUROfusion Consortium and has re-
ceived funding from the Euratom research and train-
ing programme 2014-2018 under grant agreement No
633053. IST activities also received financial support
from Fundação para a Ciência e Tecnologia through
project UID/FIS/50010/2013 and the PhD Scholarship
FCT-SFRH/BD/52414/2013. The views and opinions
expressed herein do not necessarily reflect those of the
European Commission.

1D. A. D’Ippolito and J. R. Myra, Physics of Plasmas 13 (2006),
10.1063/1.2360507.

2V. Bobkov, M. Balden, R. Bilato, F. Braun, R. Dux, A. Herrmann,
H. Faugel, H. Fünfgelder, L. Giannone, A. Kallenbach, H. Maier,
H. Müller, R. Neu, J.-M. Noterdaeme, T. Pütterich, V. Rohde,
N. Tsujii, F. Zeus, and H. Zohm, Nuclear Fusion 53, 093018
(2013).

3O. Tudisco, A. Silva, S. Ceccuzzi, O. D’Arcangelo, G. Roc-
chi, H. Fuenfgelder, V. Bobkov, R. Cavazzana, G. D. Conway,
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