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1. Introduction

One of the key diagnostics on ITER is the low-field side 
reflectometer (LFSR), whose primary tasks are to measure 
edge density profiles and fluctuations [1]. Reflectometry is a 
microwave based technique to measure electron density pro-
files and fluctuations in fusion plasmas [2]. Currently, a fast-
swept system over a frequency range from 30 to 165 GHz is 
under consideration for the ITER LFSR whereby the micro-
wave sources and receivers are located in the diagnostic hall 
and are connected to the antennas inside the vacuum vessel by 
a transmission line consisting of 40 m of circular wave guide, 
up to 13 miter bends, and a Gaussian telescope.

Three conditions have to be satisfied for the reliable opera-
tion of this system: (i) high-power (>∼100 mW) fast-tunable 
micro-wave sources, (ii) low losses in the transmission line, 
and (iii) a good coupling between the antennas and the plasma.

The first two conditions—high-power, fast-tunable micro-
wave sources and low-loss transmission lines—can be engi-
neered and optimized in the lab. The antenna–plasma coupling, 
however, cannot be studied and/or optimized exper imentally 
before ITER plasmas become available because in current 
machines the plasma size, densities, and magnetic fields are 
too low to obtain plasma reflections over the 30–165 GHz  

frequency range that is needed in ITER (which follows directly 
from the magnetic field (5.4 T at the magnetic axis and the 
expected electron density of 1020 m−3). A profile reflectom-
eter that is swept fast over a much smaller range (30–75 GHz) 
has successfully been made operational in DIII-D [3].

In reflectometer bench-tests, the plasma is usually replaced 
by a mirror of some shape (flat, curved, with or without cor-
rugations) to simulate the antenna–plasma coupling. Although 
these mirror-tests are a necessary part of reflectometer design, 
they cannot give information on aspects of the antenna–
plasma coupling due to refraction and density fluctuation 
effects in the plasma. These plasma effects usually degrade the 
antenna–plasma coupling, and should be taken into account in 
the reflectometer design.

An alternative way to study the antenna–plasma coupling 
is to use computer simulations. Reflectometer response sim-
ulations have been performed on a regular basis to interpret 
density fluctuation measurements [4, 5]. These simulations, 
however, were performed in a single poloidal plane, reducing 
the simulations to a 2D problem which is a valid approach 
for physics studies in toroidal symmetric devices [6]. The 
antenna–plasma coupling problem, however, cannot be treated 
with such 2D-codes because the antennas have finite radia-
tion patterns and the plasma is curved in both poloidal and 
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toroidal directions. Therefore, only a code that solves for the 
3D problem can give meaningful results for antenna–plasma 
coupling simulations.

For the antenna–plasma coupling studies presented in this 
paper, a new 3D hybrid reflectometer simulation code [7] was 
used; an outline of the 3D code is given in section 3. The new 
3D code is based on a similar approach used in the FWR2D 
reflectometer code [6].

The antenna–plasma coupling is studied for two micro-
wave frequencies, 30 and 150 GHz, using the equilibrium 

profiles as discussed in section  2. The results of this study 
(section 4) show that (i) a vertical array of antennas is needed 
to cover the vertical variation of the plasma mid-plane relative 
to the vessel mid-plane, and (ii) only a mono-static antenna 
system is viable for the ITER LFSR. Most reflectometers that 
are operational in current fusion research machines use a bi-
static antenna set-up with the reflection layer located in the far 
field. The main advantage of a bi-static system is that only the 
reflected signal from the plasma is transported to the receiver 
while the spurious reflections that are often generated in the 
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Figure 1. (a) ITER plasma shape and the antenna array used in this paper for the antenna coupling of the LFSR system and (b) a close-up 
of the various simulation regimes used in the FWR3D code with the reflection layer indicated with the green line. The contours indicate 
minor radii.
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Figure 2. The lower X-mode (fLX), O-mode (fO), and upper X-mode (fUX) cut-off layers and the electron cyclotron (fce) resonance as 
function of major radius used in this paper for (a) the 30 GHz O-mode and (b) the 150 GHz X-mode simulations.
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transmission lines are absent. A bi-static approach is not fea-
sible in the ITER LFSR due to space restrictions in the ITER 
port plug and due to the high antenna gain for the higher range 
of microwave frequencies used.

The degrading effect of density fluctuations in the antenna–
plasma coupling is studied in section 5, where it is shown that 
those fluctuations reduce the reflected power, occasionally 
leading to the loss of the reflected signal. Such a signal loss can 
easily be accounted for in the profile measurements because 
of the high sweep rate—designed to be selectable between 4 
and 24 μs per sweep—used for the profile measurements.

In section 6 it is concluded that, based on the 3D reflec-
tometer simulations presented in this paper and after some 
minor changes to the proposed design of the ITER LFSR, the 
antenna–plasma coupling of the ITER LFSR is sufficient to 
meet its specifications.

2. ITER parameters

The primary goal of the LFSR is to provide edge electron den-
sity profiles (r/a > 0.85) with a spatial resolution 0f 0.5 cm. A 
number a fast frequency-swept profiles (sweep time: 4–24 μs) 
will be measured and averaged to a single equilibrium density 
profile every 10 ms. Density transients such as edge localized 
modes (ELMs) and L–H transitions should be resolved on a 
0.1 ms time scale, which can be obtained by using a shorter 
time averaging window than for normal profile measurements.

For the antenna–plasma coupling studies presented in 
this paper a 15 MA ELMy H-mode scenario was used for 
the X-mode calculations; its shape is shown in figure  1(a), 
together with a vertical antenna arrangement that was consid-
ered during the design process.

The frequency profiles for the various cut-offs and reso-
nances for this plasma scenario are shown in figure 2(a). Most 
of the X-mode antenna–plasma coupling simulations in this 
paper were done at 150 GHz, which is at the high-frequency 
side of the reflectometer range (30–165 GHz). In this sce-
nario, 150 GHz reflects 3 cm inside the plasma near the top of 

the density pedestal, as is indicated in figure 2(a). At the low 
end of the reflectometer frequency range 30 GHz was used, 
with an O-mode polarization and a parabolic density profile, 
to represent an L-mode plasma. The characteristic reflection 
layers in this case are shown in figure 2(b), where it can be 
seen that the 30 GHz reflection layer is located 15 cm inside 
the plasma.

The choice to focus on these two frequencies was moti-
vated by the fact that at 30 GHz the antenna gain is low and 
the footprint of the reflected signal is extended at the first 
wall. The footprint decreases with increasing frequency, and 
at 150 GHz the antenna gain has become very high—resulting 
in a highly localized reflected footprint, as will be shown in 
section 4.

3. The 3D reflectometer code

The calculation of the antenna–plasma coupling is a true 3D 
problem in tokamaks because of the poloidal and toroidal 
plasma curvature, sheared magnetic field structure, and the 
radial density and temperature profiles. Therefore, a 3D 
version of the well established 2D hybrid simulation code, 
FWR2D, was developed. Analogously to the 2D code, the 
3D code also divides the region in which the waves prop agate 
into three sub-regions: (i) a vacuum region, (ii) a paraxial 
region, and (iii) a full-wave region. This hybrid approach was 
taken for computational efficiency. In large tokamaks, and 
especially in ITER, a full-wave simulation from the antenna 
to the reflection layer and back is computationally too chal-
lenging because of the size of the computational domain (of 
the order of 0.25 m3) compared to the microwave wavelengths  
(0.2–1.0 cm), resulting in a typical grid of of 107 points.

In the code a transmission antenna is located at a plane 
outside the plasma—the antenna plane—where the antenna 
radiation pattern is specified. The waves are propagated from 
the antenna plane in the vacuum region, located between 
the antenna plane and the plasma edge, using the Fresnell–
Huygens equation. In the region between the plasma edge 
and a surface close to the reflection layer, called the paraxial 
region, a paraxial technique [8] is used to propagate the waves 
to the region where the full wave solution calculated. The 
effects of the equilibrium plasma and the density fluctuations 
are taken into account in the paraxial and full-wave regions on 
the wave propagation. At the boundary between the paraxial 
and the full wave region, the incoming paraxial solution is 
used to construct the source for the full wave solution.

In the full-wave region the following wave equation:

∂2E
∂t2 = c2∇× (∇× E) + ω2 χ · E + S(y, z)δ(x − xs)e−iωt

 (1)
for the wave-electric field, E, is solved, with c the speed of 
light, ω the reflectometer frequency, χ the electric suscep-
tibility tensor, and S(y, z) the 2D electric field source at the 
paraxial full-wave boundary located at xs. The equation  is 
solved in a Cartesian coordinate system with x aligned in the 
major radius direction, y in the toroidal direction, and z in the 

x

z
y

Figure 3. The Cartesian coordinate used in the full-wave 3D code.
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vertical direction, as shown in figure 3. The electric suscepti-
bility tensor is given in Stix coordinates [9] by:

χ =


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−ω2
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with ωp the plasma frequency and Ωe the electron cyclotron 
frequency. Relativistic expressions as discussed in [10–12] are 
included in the calculation of χ.

In the full-wave region the electric field from the source is 
propagated to the reflection layer and back beyond the par-
axial full-wave boundary. When the full wave solution has 
reached steady state in the full-wave region, the outgoing full 
wave is then used as the source for the returning wave through 
the paraxial and vacuum regions back to the antenna plane and 
stored for post-processing.

Waves can be launched both in O-mode and in X-mode 
polarization and propagated to the full wave region. Although 
coupling between the two polarizations can occur in the 

full-wave region, a single polarization is extracted at the full-
wave paraxial boundary and propagated back to the antenna 
plane.

A comparison between the well established 2D code and 
the new 3D codes reveals that the 3D code reproduces the 
2D results well, as can be seen in figures 4 and 5 where the 
reflection of the 2D code is compared with the 3D results. The 
standard equilibrium as discussed before was used without 
the poloidal field, so as to keep the fieldline pitch the same 
in the 2D and 3D simulations. As shown in figure 4(a), the 
transmitting antenna, indicated by the blue circle, is located 
two centimeters below the plasma mid-plane (the 3D reflected 
power is shown in red). The vertical power distribution (figure 
4(b)) and (complex) electric field (figures 4(c) and (d)) are 
compared for the 2D calculation and the 3D calculation 
along the toroidal symmetry line (yellow dots in figure 4(a)). 
The power distribution peaks at the same vertical location 
for both calculations, although the 3D power is lower than 
2D power—which can be explained by the fact that the 3D 
power is spread in both the toroidal and vertical directions 
while in the 2D calcul ation the power is only distributed in the 

(a) (b)

(d)(c)

0.2

0.0

-0.2

-0.4el
ec

tr
ic

 fi
el

d 
[a

.u
.]

E
real

40 50 60
vertical [cm]

___
2D

___
3D

E
imag

40 50 60
vertical [cm]

___
2D

___
3D

0.5

0.0

po
w

er
 [a

.u
.]

40 50 60
vertical [cm]

Z
ant

=0.50 m

___
2D

___
3D

-7.0 0.0 7.0
toroidal [cm]

45

50

55

ve
rt

ic
al

 [c
m

]

Figure 4. (a) Reflected power distribution at the antenna plane for a 150 GHz beam launched from a circular antenna (blue circle) 
located 2 cm below the plasma mid-plane. (central white: 0 dB, black at the edge:  −30 dB). (b) Comparison between the reflected power 
distribution as calculated from the 2D code (black) and 3D code (red) along the symmetry plane indicated with the yellow dots in (a). Real 
(c) and imaginary (d) electric field comparison for the 2D and 3D results at the symmetry plane.
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vertical direction. The electric field distributions agree very 
well between the 2D and 3D calculations (figures 4(c) and 
(d)). They vary slowly with the vertical height, as is expected 
from a reflection coming from a highly collimated beam that 
is almost perpend icular to the reflection layer.

A similar result is obtained when the antenna is displaced 
down by 17 cm, as can be seen in figure 5. In this case the 
beam is reflected downward (figure 5(a)) and the peak of 
the reflected power has moved from the antenna center at 33 
cm–29 cm in both the 2D and 3D calculations (figure 5(b)). 
This shift is caused by the plasma curvature, and results in a 
strongly varying electric field for both the 2D and 3D calcul-
ations as can be seen in figures 5(c) and (d).

Field-line tracing has shown that a Gaussian beam pat-
tern is returned as a tilted ellipse with the tilt of the ellipse 
set by the field-line pitch at the reflection layer [13]. When 
a finite poloidal magnetic field component is included in our 
3D calculations we also find that a launched Gaussian beam 
pattern is returned as a tilted ellipse, as is shown in figure 6 
for a 30 GHz O-mode polarized beam. This tilt agrees well 

with ray-tracing calculations that were performed with the 
GENRAY code [14, 15] as can be seen as yellow diamonds 
in figure 6. The ellipse is caused by the anisotropy between 
the X- and O-mode polarized refraction indices. For O-mode 
polarization the long axis of the ellipse is perpendicular to the 
field lines at the reflection layer, while for X-mode polariza-
tion the long axis of the ellipse is parallel to the field lines at 
the reflection layer, albeit much less pronounced than it is for 
O-mode polarization.

4. Antenna–plasma coupling

As mentioned earlier, the reflectometer antennas cannot be 
placed far enough from the plasma edge, so that the plasma 
is in the far field of the antennas—starting between 0.8 and 
4.0 m, depending on the frequency. In the current design, the 
distance between the antennas and the nominal last closed 
flux surfaces is 25 cm. The reflectometer antennas will con-
sists of a straight piece of circular (6.35 cm in diameter) cor-
rugated wave guide of between 1.3 and 1.9 m depending on 
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Figure 5. (a) Reflected power distribution at the antenna plane for a 150 GHz beam launched from a circular antenna (blue circle) located 
19 cm below the plasma mid-plane (central white: 0 dB, black at the edge:  −30 dB). The power distribution of the emitted waves is 
indicated in the antenna aperture. (b) Comparison between the reflected power distribution as calculated from the 2D code (black) and 3D 
code (red) along the symmetry plane indicated with the yellow dots in (a). Real (c) and imaginary (d) electric field comparison for the 2D 
and 3D results at the symmetry plane.
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the antenna, connected in the port plug to the transmission 
line outside via two miter bends. The antenna edges have to 
be actively cooled to remove the radiation and nuclear heat, 
and the minimum separation between antenna edges therefore 
cannot be smaller than 2 cm. Due to these spatial constraints 
and the high gain of the antennas it is not possible to use a 
bi-static antenna system for the LFSR system, as is discussed 
below.

In figures 4(a) and 5(a) it is shown that the foot-print of 
the 150 GHz beam reflected at the H-mode plasma edge is 
only slightly larger than the transmission antenna aperture. 
For a bi-static configuration at 150 GHz with the transmit 
and receive antennas 11 cm separated toroidally at the plasma 
mid-plane, there is no bi-static coupling between the two 
antennas, as can be seen in table 1, whereas the mono-static 
coupling in this case is excellent. In order to explore the pos-
sibilities for a bi-static system further we have varied the dis-
tance between the transmitting and receiving antennas, and 
the tilt angle of the antennas, as shown in table 1. When the 
antennas are tilted toward each other, the bi-static coupling 
improves at the expense of the mono-static coupling but the 
bi-static coupling stays more than 20 dB below the optimal 
mono-static coupling.

Because the LFSR is a critical diagnostic for plasma edge 
density measurements, redundancy should be built into the 
system in such a way that if one of the antennas fails, the 
remaining antennas should still give the requested informa-
tion. In considering a bi-static set-up and the limited port 
space for mounting antennas, the natural redundancy for a pair 
of bi-static antennas is the ability to use a single antenna in a 
mono-static way. Obviously, when a bi-static antenna pair is 
mounted at 8.48 m this redundancy is lost.

When the antennas are moved back by 30 cm from their 
nominal position, both bi-static and mono-static coupling can 
be achieved for the plasma edge (see table  1). Moving the 
antennas backward decreases the mono-static coupling while 
increasing the bi-static coupling, while tilting the antennas 
toward each other increases the bi-static coupling further—
albeit at the expense of the mono-static coupling. Moving 
the antennas closer together and optimizing the antenna tilt 
improves both the bi-static and mono-static coupling further, 
although at 7 cm antenna center separation the antennas are 
already too close to satisfy the cooling geometry constraint.

From the above considerations it is concluded that a bi-
static system for the high frequencies of the LFSR is not pos-
sible for the following reasons: (i) the bi-static coupling is 
much lower compared to mono-static coupling; (ii) the redun-
dancy in the antenna system is lost for a bi-static system; and 
(iii) due to space limitations in the port plug, it is not pos-
sible to recess the antennas sufficiently to construct a viable 
bi-static LFSR system.

At the low-frequency range of the LFSR, coupling between 
separate transmit and receive antennas is possible as is shown 
in figure 7. The mono-static coupling for reflections from the 
equilibrium profiles without fluctuations in this case is  −12.3 
dB, while the bi-static coupling between the five other pro-
posed antennas varies between  −21.0 and  −40.5 dB as indi-
cated in figure 7. Although a bi-static antenna arrangement is 

possible for the lower frequencies of the LFSR, the coupling 
is still weak compared to the mono-static arrangement—and 
when density fluctuations are taken into account, the bi-static 
coupling decreases (as will be discussed in section 5).

The plasma mid-plane in ITER is nominally located at 
50 cm above the machine mid-plane, but depending on the 
discharge scenario the plasma mid-plane can vary from about 
25–70 cm. The reflectometer system must have the capability 
to cover this range. In [16] it was argued from 2D reflectom-
eter simulations that a vertical array of antennas is an optimal 
solution to cover that range. With the 3D code we can now 
quantify how much the antenna–plasma coupling degrades as 
a function of the distance between the antenna and the plasma 
mid-plane, as is shown in figure 8. When the antenna is located 
at the plasma mid-plane, optimal coupling is obtained for both 
the low-frequency range (represented by 30 GHz in figure 8) 
and the high-frequency range (150 GHz) of the LFSR.

The antenna–plasma coupling for low frequencies varies 
by about 3 dB over the range where the antennas can be 
mounted because the wave guide that forms the antenna acts 
as a low-gain antenna at those low frequencies. At high fre-
quencies the wave guide antenna has a much higher gain, and 
the antenna–plasma coupling is therefore much more strongly 
peaked around the plasma mid-plane.

When the plasma mid-plane is shifted in ITER from its 
nominal place, the coupling with the LFSR at the higher fre-
quencies is quickly lost for an antenna fixed at the machine 
mid-plane, as can be seen in figure  8. A vertical array can 
overcome this problem, and in the design of the LFSR system 
studied in this paper two additional antennas—one at 33 cm 
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Figure 6. The power distribution at the antenna plane for a 30 GHz 
beam launched from a circular antenna (blue circle) located 2 cm 
below the plasma mid-plane showing elliptical deformation and tilt 
of the reflected signal. The yellow diamonds are obtained from  
ray-tracing calculations using the GENRAY code.
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and the other at 62 cm—were envisioned. In our simulations 
we have found that the gap between the 33 cm and 50 cm 
antennas is somewhat too big to obtain a good antenna–
plasma coupling when the plasma mid-plane is around 42 cm. 
Based on these simulations the antennas in the final design 
will be arranged in a four-antenna vertical array with antenna 
centers at 0.273, 0.383, 0.493, and 0.643 m above the mechan-
ical mid-plane of the ITER vacuum vessel. This arrangement 
is sufficient to cover the expected plasma mid-plane displace-
ments in ITER.

One of the main objectives for the ITER LFSR is to 
measure edge density profiles, but when the plasma den-
sity is low enough the reflection layers are located further 
inside the plasma. The antenna–plasma coupling from well 
inside the plasma was studied by varying the density gra-
dient of a linear density profile from 1019 m−4 to 1021 m−4. 

At the low end of this density gradient range the reflections 
come from deep inside the plasma near the core, while at 
the high density gradients the reflection is localized at the 
plasma edge, as can be seen in figure 9. The antenna–plasma 
coupling decreases when the reflection layer moves inward. 
The power from the X-mode reflection at 150 GHz is some-
what higher than the decrease in power that can be expected 
from a plane mirror. This can be understood from the fact the 
X-mode waves are reflected from slightly concave vertical 
reflection layers. The concave curvature is caused by rela-
tivistic effects due to the high electron temperatures as was 
shown in [16]. In this density scan simulation we have used 
a parabolic electron temper ature that reached 20 keV at the 
magnetic axis.

The O-mode antenna–plasma coupling decreases faster 
than the expected decrease from a plane mirror (figure 9), 
which is due to the convex shape of the O-mode reflection 
layer. When the density profile is favorable, (i.e. no steep edge 
gradient and a non-zero density gradient inside the plasma) 
reflectometer measurements can be made near the core. For 

Table 1. Bi-static antenna–plasma coupling for the nominal location (8.48 m) and 30 cm further retracted from the plasma for 150 GHz 
and reflection from the cut-off located at 8.17 m. The two antennas were located at the plasma mid-plane, separated in the toroidal direction 
(second column), and tilted towards each other with an angle given in the third column. The mono-static coupling is calculated with the 
same tilt angle as given in column three.

Antenna location (m) Antenna separation (cm) Antenna tilt (deg) Mono-static coupling (dB) Bi-static coupling (dB)

8.48 11 0.0 −2.7 <−110
8.48 11 ±5.0 <−110 −24
8.78 11 0.0 −4.9 −59
8.78 11 ±2.0 −26 −22
8.78 9 ±1.5 −17 −18
8.78 7 ±1.5 −17 −10
8.78 7 ±1.0 −10 −14
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Figure 7. Antenna–plasma coupling for a 30 GHz beam launched 
at the antenna located toroidally at 0 cm and vertically at 50 cm. The 
mono-static coupling is  −12 dB while the bi-static coupling for the 
five other antennas varies between  −21 and  −40 dB.
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this purpose the X-mode polarization is better suited than the 
O-mode polarization because of the focusing effect of the 
reflection layer.

5. Fluctuation effects on antenna–plasma coupling

So far, only reflections from the equilibrium profiles have 
been considered—but density fluctuations can modify the 
reflectometer performance significantly [17, 18]. The 3D 
reflectometer code has been written in such a way that statisti-
cally relevant ensembles of plasma fluctuations can be gener-
ated and their effects on the reflected signal studied. In the 
calculations presented below, a spectrum of Gaussian density 
fluctuations was included in the 3D reflectometer code. The 
fluctuation in the radial and vertical direction are centered at 
wave numbers kr and kz with Gaussian widths of ∆kr and ∆kz 
respectively, while the fluctuations in the toroidal direction  
are aligned along the field lines with k‖ = 0 cm−1 and 
∆k‖ = 0 cm−1.

The effect of density fluctuations is well visible on the  
footprints of the reflected signals for the 30 GHz O-mode 
(figure 10) and 150 GHz X-mode (figure 11) calculations.

For the O-mode case the effects of a density fluctua-
tion realization from a spectrum with kr = kz = 0 cm−1, 
∆kr = ∆kz = 1 cm−1, and ñ/n = 5%—a value that is not 
uncommon in L-mode plasmas—is shown in figure 10, where 
it can be seen that the power footprint at the antenna plane is 
completely distorted. The mono-static coupling for the central 
antenna has decreased, while the bi-static coupling between 
the central launch antenna and the surrounding antennas 
is severely degraded compared to the equilibrium profiles 
without fluctuations (as was shown in figure 7).

Density fluctuations have a smaller effect on the power 
footprint for the 150 GHz X-mode polarization, as can be seen 
in figure 11. In this case the density fluctuation, ñ/n, was set 
at 1%—a value that is not uncommon in H-mode plasmas—
while the wave numbers were kept the same as in the O-mode 
case.
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Figure 10. Reflected power foot-print (red) for a 30 GHz 
O-mode beam when density fluctuations are included 
(∆kr = ∆kz = 1 cm−1, ñ/n = 5%). Microwaves are launched at 
the antenna located toroidally at 0 cm and vertically at 50 cm. The 
equilibrium footprint is shown as the orange ellipse, while the 
antenna coupling is indicated for the same six antennas as shown 
in figure 7. The green line shows the magnetic field line pitch at the 
reflection layer.
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Figure 11. Reflected power footprint (red) for a 150 GHz X-mode 
beam when density fluctuations are included (∆kr = ∆kz = 1 cm−1, 
ñ/n = 1%). The equilibrium foot-print is shown as the orange 
ellipse while the green line shows the magnetic field line pitch at 
the reflection layer.
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The effects of density fluctuations in the plasma on the 
antenna–plasma coupling was investigated further by gener-
ating 300 independent realizations of the density fluctuations 
and calculating the coupling for each realization. Fluctuations 
that were isotropic in the radial and vertical direction were 
used with three values of ∆k: 0.5, 1.0, and 2.0 cm−1. These 
values correspond to density correlation lengths of four, two, 
and one centimeter. A density fluctuation level of 5% was used 
for the 30 GHz O-mode case, while in the 150 GHz X-mode 
case 1% was used.

The fluctuation level values that are used in the simulations 
were chosen to represent the high end of density fluctuations 
that are observed in experiments [19]. A fluctuation parameter 
scan will not change the conclusions on the antenna–plasma 

coupling because lower fluctuation levels scatter the micro-
wave power less and the average antenna–plasma coupling 
will converge to antenna–plasma coupling value that was 
obtained for the equilibrium plasma profiles.

The results from these calculations (figure 12) show that 
the fluctuations induce significant variations in the antenna–
plasma coupling. Average values and standard deviations 
for these cases are listed in table 2. In the 30 GHz case the 
average attenuation due to density fluctuations is 3 dB with 
a standard deviation of 5 dB for all three values of ∆k used. 
Note that in a number of realizations the coupling becomes 
very small, which means in practice that the reflected signal at 
the receiving antenna will be lost in the noise. The antenna–
plasma coupling for the 150 GHz case is more sensitive to the 
fluctuation wave numbers as can be seen in figures 12(d)–( f ). 
The coupling improves, both in average value and in spread, 
when the wave numbers decrease (see also table 2).

The different behavior of the antenna–plasma coupling for 
the 30 GHz and 150 GHz beams can be understood from the 
large difference in vacuum wavelength, λ0: 10 mm of 30 GHz 
and 2 mm for 150 GHz. The width of the last Airy fringe near 
the turning point, WAiry is given by

WAiry = 0.48L1/3
n λ

2/3
0 (3)

where Ln = |n/∇n| is the density scale length at the reflec-
tion plane. For the 30 GHz case WAiry = 1.2 cm, which is 
of the same order of magnitude as the correlation length of 
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Figure 12. Three hundred realizations for 30 GHz (a)–(c) and 150 GHz (d)–( f ) with fluctuation wave numbers ∆kr = ∆kz = 2.0, 1.0, and 
0.5 cm−1. The density fluctuation level in the 30 GHz O-mode case was set at 5% and at 1% in the 150 GHz X-mode case. The red line is 
the equilibrium coupling value, while the gray bands indicate the plus and minus one standard deviation around the average fluctuation 
level. Note the difference in the vertical scale between the 30 GHz and 150 GHz graphs.

Table 2. Mono-static antenna–plasma coupling in the presence 
of density fluctuations that are isotropic in the radial and vertical 
direction. A 5% fluctuation level was used for the 30 GHz 
calculations and a 1% level for the 150 GHz calculations.

Fluctuation 
wave number 
(cm−1)

Correlation 
length  
(cm)

30 GHz  
Coupling  
(dB)

150 GHz 
Coupling  
(dB)

Equilibrium profiles −12.35 −2.60
0.5 4.0 −16.84  ±  4.73 −3.03  ±  1.22
1.0 2.0 −15.40  ±  5.02 −3.83  ±  2.48
2.0 1.0 −15.42  ±  5.16 −5.15  ±  3.33
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the density fluctuations, and the reflected signal is therefore 
strongly affected by the fluctuations, as was shown for the  
30 GHz fluctuation footprint in figure 10. For the three dif-
ferent wave numbers studied, the coupling degrades by more 
than 3 dB compared to the coupling from the equilibrium 
profile and the standard deviation becomes about 5 dB as is 
shown in table 2.

The last Airy fringe width in the 150 GHz case is 0.25 cm, 
which is much smaller than the density correlation lengths 
used, and the density fluctuations therefore do not affect the 
coupling as much as in the 30 GHz case, which is also reflected 
in the 150 GHz footprint shown in figure  11. The plasma–
antenna coupling, however, degrades when ∆k increases in 
the 150 GHz simulations as can be seen in figures 12(d)–( f ) 
and table 2.

Fluctuations affect the reflected power during the fast-
frequency sweeps that will be used for profile measurements. 
The influence of density fluctuations was calculated at several 
upper X-mode frequencies that cover the plasma edge as is 
shown in figure 13(a). In these calculations an ensemble of 
300 realizations was used with ̃n/n = 1% and ∆k = 1.0 cm−1. 
It can be seen in figure 13(b) that the antenna–plasma cou-
pling in the scrape-off layer (120 GHz) and the steep density 
gradient region is excellent, but that it starts to degrade some-
what beyond the top of the pedestal. The system can cope with 
such a degradation because for each equilibrium profile which 
is required every 10 ms, multiple sweeps are averaged after 
removing unreliable data. We therefore conclude that despite 

the presence of density fluctuations, the antenna–plasma is 
sufficient to obtain reliable edge density profiles.

6. Discussion and conclusion

The antenna–plasma coupling has been studied for the ITER 
low-field side reflectometer with a new 3D hybrid reflectom-
eter code. Before studying the coupling in detail, a bench-
mark for the results from the 3D code was set using the well 
established 2D results and ray-tracing calculations. The 3D 
code was able to reproduce those results correctly, thereby 
giving confidence in the simulations that were performed for 
the ITER LFSR.

The antenna–plasma coupling calculations that were done 
with the equilibrium fields indicate that a bi-static static 
antenna set-up, which is commonly used in current machines, 
is not viable for the ITER LFSR because the antenna gain varies 
strongly over the 30–165 GHz frequency range over which the 
system should be able to work. At low frequencies, where the 
antenna gain is low, the footprint of the reflected signal on 
the wall is large enough to construct a bi-static system, but in 
the high-frequency range the footprint is too small to couple 
two adjacent antennas sufficiently strongly to get meaningful 
signals. Tilting the antennas toward each other improves the 
coupling but is insufficient for the construction of a reliable 
bi-static system. Moreover, by tilting the antennas, the pos-
sibility of using the antennas in a mono-static configuration 
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as a fail-safe back-up is lost due to the high gain and antenna 
tilt. Cooling considerations restrict the minimum distance 
between antenna pairs to 2 cm, which restricts the design for 
a bi-static configuration further. Based on the antenna–plasma 
coupling simulations it was concluded that only a mono-static 
configuration is viable for the ITER LFSR.

The plasma mid-plane in ITER is allowed to move over 
about half a meter, while the reflectometer should be able 
to deliver meaningful measurements over this range. The 
3D reflectometer code was used to study the effects of the 
antenna–plasma coupling over the given plasma mid-plane 
range. It was found that the vertical separation between two 
antennas in a three-antenna array is too large to give sufficient 
coupling when the plasma mid-plane is half-way between the 
two antennas. In a successive design iteration, a four-antenna 
vertical array was used to cover that blind spot.

Plasma density fluctuations have in general a detrimental 
effect on the antenna–plasma coupling, because they scatter 
power away from the receiving antenna. The 3D reflectometer 
code was also used to quantify the effects of density fluctua-
tions on the coupling. It was found that the effects of density 
fluctuations at low frequencies is more harmful than at high fre-
quencies because of the difference in wavelength of the probing 
waves. The degradation of the antenna–plasma coupling will be 
included in the power loss calculations for the LFSR.

Based on the 3D reflectometer simulations presented in 
this paper, the antenna–plasma coupling of the ITER LFSR is 
strong enough to obtain data that can meet the design specifi-
cations. The ultimate success of the system, however, depends 
also on the engineering of the microwave sources and the trans-
mission lines, which is beyond the scope of this paper [20].
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