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Abstract
Comb reflectometers offer the advantage of measuring at several radial positions in the plasma simulta-
neously. This allows the investigation of fast timescales during L-H transitions, I-phases, I-mode bursts,
transients during heat wave propagation, etc. A drawback of many present-day systems is that they use a
fixed frequency difference between the probing frequencies. Hence, although the central probing frequency
can be varied, usually the probing frequency difference is fixed. The new design presented in this work uses
an advanced microwave generation and detection scheme, which allows for arbitrary probing frequencies

and probing frequency separations.
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I. INTRODUCTION

A detailed understanding of physics processes in magnetic confinement fusion plasmas is of
high importance in order to facilitate predictions for future devices, and possibly for their opti-
mization in terms of efficiency. To obtain such a detailed understanding, detailed measurements of
relevant physics quantities are required. Usually, not only good spatial and temporal resolution for
a measurement is desired, but also that the measurement can be obtained at various radial locations
in the plasmas at the same time. To this end, various diagnostic methods usually employ different
lines of sight.

In the case of fluctuation reflectometry or Doppler backscattering, various radial positions can
be probed by using different probing frequencies, since these reflect at different densities (O-mode)
and additionally magnetic field strengths (X-mode). For fluctuation reflectometry and Doppler
backscattering applications, usually the probing of different radial positions is obtained by using
frequency hopping reflectometer systems [1-3]. These systems can change the probing frequency
typically within less than a ms, which means that radial profiles of plasma parameters can usually
obtained within 50 — 100 ms, depending on the radial resolution and radial coverage chosen.

A somewhat different concept is based on the launch of several probing frequencies simulta-
neously into the plasma and their simultaneous detection [4—14]. In this way, the information of
several radial positions is obtained at the same time. Several drawbacks have previously held these
systems from becoming the standard of reflectometer probing techniques, which is still the hop-
ping system. First, the probing frequency difference has so far mostly been constant (excluding
Ref. [12]). Second, the detection part of such a reflectometer has to be significantly more advanced
and complex than for a hopping system. Third, since a comb reflectometer requires the data of
various probing frequencies acquired simultaneously, the data acquisition system is also a critical
part of a comb reflectometer.

This paper presents the design of a new comb reflectometer system for the W-band of fre-
quencies (75 — 110 GHz) to be built for use on the ASDEX Upgrade tokamak (AUG). A variable
frequency difference will be implemented, enabling measurements at arbitrary radial separations.
Furthermore, the center frequency of the comb can be moved over the whole W-band, resulting
in a high flexibility of the system. Two emitter concepts are proposed, one is based on two-tone
input into the frequency multiplier, while the other is based on three-tone input. While these con-

cepts will probably yield somewhat less signal-to-noise ratios than the systems based on non-linear



transmission lines [5, 7, 9, 11], they are expected to be significantly more flexible.

This paper is organized as follows: section II introduces the hardware concepts of two-tone
(IT'A) and three-tone ( II B) input into the multiplier, followed by the detection chain ( IIC). In
sec. IIT experimental measurement results are presented from both laboratory and an AUG plasma,

followed by a summary in sec. IV.

II. HARDWARE CONCEPTS

Several methods exist for the generation of a comb of frequencies, of which the most common
one is probably the usage of a so-called nonlinear transmission line (NLTL) [5, 7, 9, 11]. For the
methods presented below, the nonlinear behavior of frequency multipliers is exploited. Therefore,
the operational concept is briefly summarized.

Figure 1 shows the principle of frequency multiplication by the method of harmonic generation
by a nonlinear element. A low frequency signal (here 14 GHz, blue in (a)) is connected to a
nonlinear element, usually a diode. The spectrum of the input signal is depicted in fig.1(b), where
only one peak at 14 GHz is visible. The response of the nonlinear element (diode) can usually
be written as s(v) = ig(exp(av) — 1), where iy and « are parameters representing the nonlinear
character. The green curve in fig. 1(c) shows the diode output, which is close to zero unless the
input signal (blue, (a)) is close to one. The spectrum of the diode output is shown in fig. 1(d).
Since the signal is not sinusoidal because of the nonlinearity, the specrum exhibits harmonics of
the input frequency. Filtering the diode output in the appropriate frequency range in W-band and
transforming back to time yields the red line in fig.1(e). The input frequency has been multiplied
by six.

It should be noted that real multipliers are significantly more complex than this simple exam-
ple. For instance, the filtering in W-band is obtained by building the multiplier such that several
undesired harmonics are cancelled out internally. Nevertheless, this simple exercise is useful to be

able to understand the mixer output investigated in the following.

A. Two-tone Input to Multiplier

In sec. II, a single frequency was used as input into the x6-multiplier. If two frequencies are

used, f; and f>, so-called intermodulation products will be generated on the output, which consist



3
S
ﬁ 0
5 '
7] _2 @ | | | |
5.0 5.1 5.2 5.3 5.4 55
Time (ns)
=1 0 T T T
i pf :
s Bb i
5 - - _
3 :gg [{b) I I I ]
2]
0 5 10 15 20
3
©
c
2
(%] ]
5.4 5

Spectrum (dB)
| U
DU WN =
[oleolo]leololole]
L\ T T T ¢
k="
o
o | ] nN
i ] )
w
!
L1 o 11

75 80 85 0 95 100 105 110
Frequency (GHz)
S 04 T T T
= 4L — -
s 02l X6 signal
5 55 TTUTTTY
g -02
@ -0.4 [te) ! ! ! ! ]
5.0 5.1 54 55

52 _ 53
Time (ns)

FIG. 1: Harmonic generation of a typical frequency multiplier. (a) Diode input signal, (b) its spectrum, (c)
diode output, (d) its corresponding spectrum (green) and the filter (red) used to obtain the (e) multiplied

signal.

of 611,5fi + fo.4f1 + 2/, 3f1 + 3f,2fi + 4f1, fi + 5/, 6f> This method has been explored in the
context of Doppler backscattering previously on TCV [12].

In fig. 2 the result of using two frequencies (f; = 14GHz, f, = 16 GHz) as input into the
multiplier is depicted. As before, fig. 2(a) shows an excerpt from the time trace of the diode input
signal, and fig. 2(b) shows the corresponding spectrum. The beat frequency f, = f, — fi = 2GHz
is visible in the growth and the decay of the input signal (blue line) on a 0.5 ns timescale (period
T = 1/(f> — f1)). In the spectrum, two peaks are visible. The output of the diode is again shown
in green in fig. 2(c). In this case, the nonlinearity creates spikes of somewhat different shape
than before. The spectrum of the signal after the diode (fig. 2(d)) shows again the harmonics

and additionally the aforementioned intermodulation products. Specifically, and of importance
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FIG. 2: Harmonic generation of a typical frequency multiplier using two-tone input. (a) Diode input signal,
(b) its spectrum showing the two input frequencies at 14 and 16 GHz, (c) diode output, (d) its corresponding
spectrum (green) and the filter (red) used to obtain the (¢) multiplied signal. In (d), the comb of frequencies

can be observed.

for this application, there is a comb of frequencies in the W-band region between 6 f; = 84 and
6f, = 96 GHz, with the power strongest in the center, at 90 GHz. This will also be seen in the
plasma tests later (cf sec. III C). As above, appropriate bandpass filtering will result in the desired
frequency comb in the W-band range of frequencies. This concept has been tested both in the
laboratory and on the ASDEX Upgrade tokamak, and the corresponding results are presented in
secs. I A and III C.



B. Three-tone Input to Multiplier

The two-tone concept of sec. Il A uses two synthesizers to generate the two frequencies. Sim-
ilarly, one can develop a three-tone input to the multiplier. In this case, one can use a double
sideband (DSB) mixer, and provide both LO (fLo = 12 — 18 GHz) and the desired difference fre-
quency fir. This will yield three frequencies on the RF port of the DSB mixer, fio and fio * fiF.
These can be provided to the xX6-multiplier, which will yield a frequency comb on its output port.
The comb will consist of 6f1 o = nfir, with n = 1...3. It should be noted that for this concept,
the power of individual comb frequencies is particularly sensitive to relative input power levels,
as discussed in detail in Ref. [13]. Hence, careful system calibration and configuration will be

necessary to obtain optimum results across the full W-band of frequencies.

C. Detection

The various frequency components generated through either two-tone input (cf sec. Il A) or
three-tone input (cf sec. II B) will have to be detected, downconverted and fed into 1Q-detectors
for later data acquisition in a 14-channel (7 X in-phase and quadrature signals) 20 MS/s 16 bit
system.

A simplified circuit diagram for the emission and detection part is shown in fig. 3. For sim-
plicity, no amplifiers or attenuators are shown. Following sec. Il A, the two-tone input into the
multiplier is composed of f; = 14 GHz and f, = 16 GHz, hence Af = f, — fi = 2 GHz. Based on
sec. IT A, seven different frequencies are produced by the multiplier and sent to the plasma. In this
example, these frequencies are 84, 86, 88, 90, 92, 94 and 96 GHz. These frequencies are mixed
with a local oscillator (LO) frequency, generated by a synthesizer followed by a x6-multiplier. The
LO frequency is fio = (fi + f2)/2 + 0.025 GHz, here fio = 15.025 GHz. After downconversion
of the probing frequencies with fi o, the resulting frequencies are 0.15 GHz and nAf + 0.15 GHz,
with n = 1, 2, 3. These can be downconverted to lower frequencies by mixing with the signal
from three additional synthesizers at fp, = nAf + 0.02 GHz. Since these synthesizers operate at
lower frequencies than the synthesizers in the emission chain and the LO synthesizer, they can be
substantially cheaper. After this downconversion, the resulting signals can be fed to 1Q-detectors.
In the present design in fig. 3, these 1Q-detectors would require reference frequencies of 130, 150

and 170 MHz, which is easily affordable.
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FIG. 3: Simplified microwave circuit diagram for the AUG comb Doppler reflectometer system. For sim-
plicity, no amplifiers or attenuators are shown. The two-tone emission part is indicated in the upper part of

the figure, while the detection component is shown in the lower part.

The advantage of such a detection system is that it can operate with comb reflectometer systems
that use arbitrary frequencies. The only restriction is that the difference between individual comb
frequencies has to be fixed. However, this is given by both generation concepts from secs. II A and
IIB. A drawback is that this system requires various synthesizers, which are comparably expen-
sive. While a synthesizer providing frequencies to 20 GHz at fixed output power is comparably
affordable (~6 k€), the synthesizers necessary for the two-tone input require output power control,

which can bring the price up to 20 k€ each.

III. PROOF OF CONCEPT

Before deployment on AUG and the procurement of all final components, tests were performed
in order to assure that the principle in sec. II actually works. To this end, both laboratory tests and
tests on an AUG plasma confirmed the generation of frequency combs as layed out before. The
laboratory tests were done with a spectrum analyzer, and the output spectra after the x6-multiplier

were analyzed. The hardware components used were QuickSyn© FSW-0020 synthesizers, a Vir-
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FIG. 4: Test of two-tone input into a xX6-multiplier. The number of exploitable comb frequencies depends
on the input frequencies, their power levels, etc. The power has been measured behind 15 cm of WR-10

waveguide, the through-port of a -10 dB coupler and an isolator.

ginia Diodes© WRI10AMI-I multiplier, and a Sage© SBP-7531141015-1010-E1 10dB power
amplifier. For the AUG plasma test, a V-band (50 —75 GHz) system was used in two-tone input

configuration (cf sec. IT A).

A. Laboratory Test of Two-tone Input

Figure 4 shows spectra of two different frequency pairs applied to the X6-multiplier. The power
has been measured behind 15 cm of WR-10 waveguide, the through-port of a -10 dB coupler and an
isolator. In consequence, real values are about 3 dBm higher. Focusing first on the 15.8 /17.0 GHz
pair, a comb of frequencies is obtained. The edge frequencies of the comb are then expected to be
94.8 and 102.0 GHz. Indeed, these frequencies are obtained, and frequencies lower than 94.8 GHz
and higher than 102.0 GHz exhibit significantly less power. In contrast, the intermodulation prod-
ucts show comparably strong powers, and the seven desired comb frequencies are within a range
of 7 dB. This is a good result and should yield reliable Doppler spectra for all the comb frequencies
employed.

In contrast, using a different combination of input frequencies (13.0 / 14.2 GHz), the specrum



after the x6-multiplier is significantly more peaked, i.e. only three out of the seven desired fre-
quencies are inside of a 10dBc power window. The remaining frequencies are at significantly
lower input powers (< —15 dBc), which is probably due to non-optimized input power levels
and non-optimum components involved. If this configuration was used in the experiment, this
would mean that the low-power frequencies might be difficult to detect, or at least have insuffi-
cient signal-to-noise ratios. However, it should be pointed out that these are first tests, and further
optimizations are ongoing in order to improve the resulting spectra.

In summary, frequency comb generation via two-tone input works, and a test system can be set
up comparably easily. However, there is significant work in the optimization of different frequency
inputs into the multiplier. It is likely that a lookup table has to be constructed with optimum input

power levels for each combination of frequencies foreseen to be used in the final system.

B. Laboratory Test of Three-tone Input

The method of three-tone input into the X6-multiplier has also been investigated in the labora-
tory. The DSB-mixer used was a Marki© MMIQ-0520L model. For double sideband generation,
the LO port and only one of the two in-phase and quadrature ports (with similar results) was
used. First results are shown in fig. 5. In this example, fio = 15.2 GHz. In (a), the intermedi-
ate frequency is fir = 4.0 GHz. The resulting frequencies in the W-band have comparable power
levels, which will give good signal-to-noise ratios once the system is deployed for operation on
AUG. The measurement setup was as in sec. IIT A, so real values are about 3 dBm higher. The
central frequency, 91.2 GHz, is somewhat lower than the other comb frequencies. This result is
obtained when the multiplier output is adjusted such that the 10dB power amplifier is in mild
saturation. Six frequencies are within 6 dB, which is a good result for a comb reflectometer with
variable center frequency and variable frequency separation. In fig. 5(b), the frequency difference
is fir = 6.0GHz. In this case, only four frequencies lie within 6 dB power and the frequency at
109.2 GHz is at a level that cannot be used for a Doppler backscattering experiment. Still, apart
from the frequency at 109.2 GHz, a comb spanning the whole W-band is generated, which is a

good confirmation of the results expected from sec. II B.
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FIG. 5: Test of three-tone input into a x6-multiplier with central frequency fio = 15.2GHz. (a) fir =
4.0 GHz: six frequencies are within a power range of 6 dB. (b) fir = 6.0 GHz: only four frequencies are
within a power range of 6 dB. Still, the comb spans the whole W-band. For both (a) and (b), the power has

been measured behind 15 cm of WR-10 waveguide, the through-port of a -10 dB coupler and an isolator.
C. Experimental Verification of Two-tone Input on an AUG Plasma

A system working in the V-band of frequencies (50 — 75 GHz) is used to test the reliable opera-
tion of two-tone input into the multiplier. Since for the present V-band system [15] a xX4-multiplier
is used, a comb with five frequencies is expected following the argument in sec. I A. For the
present test, two synthesizers were used to generate the x4-multiplier input at f; = 15.25 GHz and
f>» = 16.25 GHz. After the multiplier, a comb is expected with the frequencies 61, 62, 63, 64 and
65 GHz. These frequencies are sent to the plasma, and the backscattered wave is analyzed. Since
no dedicated system was available to detect a comb of frequencies, the LO frequency was stepped
in 1 GHz steps from 60.6 to 64.6 GHz, and then from 61.4 to 65.4 GHz. The two different patterns
should result in the same backscattered spectra, but with the frequency axis reversed.

A spectrogram of this setup is shown for a 100 ms time window of AUG discharge #36118,

which was in L-mode during this time window, in fig. 6(a). The LO frequency is stepped every
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FIG. 6: Test of two-tone input on a plasma in the ASDEX Upgrade tokamak. The spectrogram of a 100 ms
time sequence, where different probing frequencies are analyzed by stepping the local oscillator frequency

(b). For details, refer to the text.

10 ms, which results in the frequency pattern shown in fig. 6(b). There is a Doppler shift visible
for every probing frequency used. However, the strongest backscattered power is observed for the
central frequencies, i.e. 63 and 64 GHz. The backscattered intensity at 62 and 65 GHz is signifi-
cantly lower, and for 61 GHz, while visible, the backscattered power is very low. This is because
the central frequencies are stronger when using two-tone input than the ones corresponding to the
edges of the generated comb spectrum. This is also visible in fig. 2, where the peaks at 84 and
96 GHz are smaller than those at 88, 90 and 92 GHz. In the test with plasma, this effect is more
significant. However, it should be pointed out that the frequency comb in this test was generated
with two synthesizers without output power control. It is highly likely that the power distribution
amongst the different probing frequencies can be balanced much better than is the case in fig. 6(a).
Another observation is that the Doppler shift goes from positive to negative frequencies when the
intermediate frequency (IF) is changed from negative (—400 MHz) to positive (+400 MHz), which
is to be expected, and a satisfying confirmation of the working principle of the two-tone input

system.
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The spectra of the backscattered wave are presented in fig. 7 for the comb of five different
probing frequencies. The blue spectra have been obtained by using the negative IF, and the orange
spectra have been obtained using a positive IF, and have then been flipped. The spectra compare
very well. The power drop from the strongest backscattered power (—60 dB in fig. 7(d)) to the one
with lowest backscattered power (—80dB in fig. 7(a)) is about 20 dB. As mentioned before, this
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can likely be at least partly avoided by using adequate mulitplier input power levels in order to
obtain a frequency comb of comparable power.

This result shows that a comb generation via the two-tone input method is possible, even with-
out any optimizations in terms of x4-multiplier input power, adaptation of power levels in the
detection branch, or any filtering. Hence, the system is now being put forward, and it is expected

to be operational in summer 2020 for deployment on AUG.

IV. SUMMARY

The design of a new comb reflectometer system for the ASDEX Upgrade tokamak has been
presented. The system will work in the W-band of frequencies, and the comb will be generated
either by two-tone or by three-tone input into a X6-multiplier. The detection system is based on a
two-step downconversion, which will provide the intermediate frequencies to be fed into standard
[Q-detectors. First laboratory tests and tests on an AUG plasma have shown the reliability of the
concept.

The advantages of the presented concepts are that it can work at arbitrary frequencies and
arbitrary frequency separations. Only the frequency separation between any two neighboring fre-
quencies has to be the same. This will allow studies of the perpendicular velocity and its shear
at various radial positions in the plasma simultaneously, radial propagation of events or the radial

correlation measurement and its dynamic behavior.
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