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I. INTRODUCTION

Due both to the high temporal and spatial resolutions and to the minimal machine access
requirements broadband microwave reflectometry has emerged as a very attractive diag-
nostic technique to measure the electronic density profile and to study the characteristics
of density fluctuations both in present and future nuclear fusion devices, particularly in
tokamaks. The relevant information needed for the density profile evaluation from
broadband reflectometry data is the group delay of the probing waves, due to the propa-
gation and reflection at the cut-off layer, as a function of the probing frequency r (F).

The group delay relates to the reflected signal's frequency by

where Sr is the probing frequency sweep rate. In the absence of plasma turbulence the

rg (F) information can be easily extracted using one of the many techniques developed

so far. However, in the presence of plasma fluctuations the reflected signals can be
largely modulated both in phase and amplitude making it difficult to detect the r (F)

curve due to the underlaying unperturbed density profile.

In the past few years, temporal and spectral techniques have been developed aiming at
the evaluation of the density profile under the presence of plasma fluctuations. In the first
case, narrow filtering is used to eliminate the spurious frequency components due to tur-
bulence. The main disadvantage of these techniques is that the filter should be well
adapted to the slowly varying fb component, which is not an easy task due to scattering

caused by fluctuations, because the extracted fb curve has the tendency to follow the

filter central frequency and may be deviated from the correct fb. It should be underlined

that small deviations of fh over small ranges of the F can result in significant deviations

of the inverted profile because due to integration the errors accumulate.

Standard spectral techniques use the short-time Fourier transform to obtain the time-
resolved frequency spectrum of the reflected signals and take the main peak frequency as
an estimate of fh. However, experiment shows that under strong levels of fluctuations or

fast displacements of the reflecting layer the main peak do not corresponds to the average



profile. Again, to overcome this problem a narrow pre-filtering is used and therefore this
type of analysis suffers from the same drawback encountered in the temporal analysis.

In this paper we present a novel spectral technique that is able to track the group delay
curve even under the presence of high levels of turbulence. The new method is based on
the application of a best-path search algorithm to the energy time-frequency distribution
obtained from the short-time Fourier transform of the reflected signals. These technique
uses more information about the local fb spectrum than previous techniques and doesn't
require narrow filtering or any fine adjustment of parameters, which makes it specially
suitable for the automatic routine evaluation of density profiles.
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FIG.l - Typical spectrograms of reflectometry signals.

The short-time Fourier transform (STFT) of a given signal s(t) is defined as

Ts{t,v,h) = ^~s{u)h\u-t)ejlirvudu



where t is the time, v is the frequency and h(t) is a short-time analysis window. As

h*(u - / ) effectively suppresses the signal outside a range around the analysis point u=t,

the STFT gives the local spectrum of s(t) around t. The spectrogram is obtained by
taking the squared magnitude of the STFT. Figure 1 shows typical spectrograms of re-
flectometry signals.

The best-path technique has the following main steps:

1. Let hj be the y'-th analysis window, Aj the amplitude of the main spectral com-

ponent within hj and P. the set of peaks from h. that verify the condition

i\~5)Aj <Ai<Ai , where A is the peak amplitude and 0<5<l is an ad-
•/max Jraax

justable peak selection parameter.

2. Building of a set of nodes by connecting every peak in P. to every peak in Pm;

the distance (or cost) between each pair of nodes is given by the beat frequency
gap between the corresponding peaks.

3. Application of the Floyd best-path search algorithm to the set of nodes in order to
find the beat frequency (or group delay) path between the start and end peaks,
which minimizes the cost (jumps).
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FIG. 2 - Application of the best-path searching technique to a typical
reflectometry signal. The white line corresponds to the estimated group
delay curve.

The Floyd best-path search algorithm1 works as follows. Given a set of nodes
Gi,i = l,...,n and a cost matrix Lp where Lit = 0 , L})>0 if i&j and L^ =°° if the

nodes i and j are not connected, Floyd's algorithm returns the cost of the shortest path



between each pair of nodes in matrix C.y and the shortest path between them in matrix

Sy. To find the shortest path between any given nodes / and j one looks at Sff. If

Si}. = 0 the shortest path is the direct path between / and j ; otherwise, Sv = k the short-

est path goes through node k. By looking recursively at Sik and S^ we can find other

intermediate nodes, if they exist, along the shortest path. Figure 2 shows an example of
the application of the new method.

It should be noted that in some cases the reflectometry signals are completely damaged
preventing the detection of the group delay curve. Such a case occurs namely during a
fast Edge Localized Mode (ELM) as it is shown in Fig. 3. In these cases, algorithms that
can automatically decide if the profile can be accurately inverted need to be implemented.
For instance, event detectors (of ELMs or MHD activity) can be used to determine the
regions where the profile inversion still needs interactive adjustments of the evaluation
algorithm parameters.

Fig. 3 - Effect of a fast ELM in a 20p.s reflectometry signals.

III. DENSITY PROFILE INITIALIZATION

In the case of O-mode reflectometry measurements, the accuracy of the edge profile
greatly depends on the assumed shape of the non-measured region. In ASDEX-Upgrade
X-mode measurements are used to initialize the O-mode group delay curve. However,
this information is only available for discharges with magnetic fields below ~2. IT. In the
absence of X-mode data the group delay curve is initialized using a constrained extrapo-
lation method that takes into account the information carried on the first probing frequen-
cies. If this fails, linear extrapolation is used.

From O-mode data, the density profile is inverted using the Abel inversion integral
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where R(F) is the location of the plasma reflection layer corresponding to the probing
frequency F, Ro is the position of the plasma edge (ne(i?o) = 0) and c is the speed of
light. As O-mode data can only be obtained for probing frequencies greater than a mini-
mum frequency i7, the group delay information has to be initialized for the non-measured
part of the edge plasma corresponding to the frequency range 0 < F < F,.
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FIG.4 - Comparison between the results obtained with the constrained extrapolation
method and using X-mode data.

With this purpose the non-measured part of the edge plasma is modeled by

where A = rg(F,)exp(-B) and B = {FX - |(Brg/dF\F I)\-2TS(F^/T^F,) . Figure 4 shows

two density profiles initialized with the constrained extrapolation method (solid line) and
using X-mode (dashed line).

IV. EXPERIMENTAL RESULTS

Figure 5 shows the evolution of the H« radiation (upper trace), average density (middle
trace) and data from the even-m channel of the Mirnov coils (lower trace) during ASDEX
Upgrade discharge #11694, where an MHD rotating mode can be observed in the time
interval 2.69<t<2.835. Figures 6(a)-(d) show examples of density profiles obtained
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FIG. 5 — Evolution of the H« radiation (upper trace), average density (middle trace)
and data from the even-m channel of the Mimov coils (lower trace) during ASDEX
Upgrade discharge #11694.

automatically using the best-path searching technique in different plasma regimes during
ASDEX Upgrade discharge #11694: (a) Ohmic plasma, (b) H-mode phase - density
build-up, (c) H-mode phase - rotating magnetic mode present and (d) H-mode phase.

V. CONCLUSIONS

The results shown allow us to conclude that the new method here presented for the
evaluation of density profiles from broadband reflectometry data is able to automatically
and accurately recover the underlaying unperturbed density profile in a wide range of
plasma regimes, even under high levels of plasma fluctuations. The algorithm used does
not require narrow filtering or any fine adjustment of parameters. It is rather based on de-
cision criteria and uses the complete information about the local fb spectrum contained

in the time-frequency distribution. The new technique is being extensively tested and up-
graded in a wide range of plasma regimes using ASDEX Upgrade broadband reflectome-
try data.
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FIG.6 - Examples of density profiles obtained during ASDEX-Upgrade discharge #11694.
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