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Abstract

A mm-wave notch filter with 105 GHz center frequency, more than 20 GHz passband coverage,
and 1 GHz rejection bandwidth has been constructed. The design is based on a fundamental
rectangular waveguide with cylindrical cavities coupled by narrow iris gaps, i.e. small elongated
holes of negligible thickness. We use numerical simulations to study the sensitivity of the notch
filter performance to changes in geometry and in material conductivity within a bandwidth of
+ 10 GHz. The constructed filter is tested successfully using a vector network analyzer monitoring
a total bandwidth of 20 GHz. The typical insertion loss in the passband is below 1.5 dB, and the

attenuation in the stopband is approximately 40 dB.



I. INTRODUCTION

In magnetic confinement devices, such as tokamaks or stellarators, mm-wave notch filters
are used to protect diagnostic instruments from gyrotron stray radiation. Typical mm-
wave diagnostics are electron cyclotron emission (ECE) spectroscopy, reflectometry, and
collective Thomson scattering (CTS) [1]. Gyrotrons produce high power mm-waves and are
used for electron cyclotron resonance heating (ECRH) and current drive (ECCD) [2, 3], for
mitigation of tearing modes [4], and as a probing radiation source in CTS experiments [5-7].
Notch filters can make mm-wave plasma diagnostics compatible to plasma experiments with

gyrotron operation.

The tokamak ASDEX Upgrade is equipped with dual frequency 1 MW gyrotrons |2,
3]. Operation at 140 GHz is used for ECRH and ECCD [2, 3|; operation at 105 GHz
is used for CTS experiments [5-7]. The velocity distribution function of fast ions [7-10]
and the ion temperature [11] have been measured on various magnetic confinement devices
using CTS. Important prerequisites for CTS measurement of the fuel ion ratio have been
demonstrated [12, 13], and it may also be possible to infer the ion rotation and the ion
densities [14].

The requirement for the notch filter rejection bandwidth depends on whether stray radia-
tion from a single gyrotron or from many gyrotrons has to be blocked. For a single gyrotron,
a rejection bandwidth of 130 to 200 MHz centered at the nominal gyrotron frequency is suf-
ficient to accommodate gyrotron chirp [5]. CTS experiments require only a single gyrotron.
The front-end CTS receiver has two notch filters in series which strongly attenuate the
gyrotron stray radiation. The rejection bandwidth has to be as narrow as possible since
otherwise valuable information about the distribution of bulk ions would be lost. Depend-
ing on scattering geometry and bulk ion temperature, the width of the measured bulk ion
CTS spectra can be as narrow as + a few hundred MHz. The CTS passband required for
the notch filter is + 5 GHz wide (ASDEX Upgrade), so as to measure fast deuterons with
energies up to 500 keV [5].

If many gyrotrons are used, typical for ECRH or ECCD, the notch filter rejection band-
width has to be wider due to slightly different center frequencies of the gyrotrons (from
500 MHz to 1 GHz [5, 15]). A notch filter with a relatively broad stopband has recently
been presented [15]. The ECE spectroscopy system at ASDEX Upgrade requires a notch
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filter with rejection depth of 60 dB and notch bandwidth of ~1 GHz since several gyrotrons
are used simultaneously [3]. Additionally, these notch filters should have a broad passband to
cover the ECE band, they should have a low, frequency independent insertion loss, and the
portion of reflected power should be low. The ECE spectroscopy system at ASDEX Upgrade
requires a passband of £9 GHz in order to cover the complete plasma ECE range [3].

Diagnostics using mm-waves can well be used in the strongly radiative environment of
future plasma confinement devices with fusion processes [16], and gyrotrons are also foreseen
for such devices. Several gyrotrons are foreseen to be installed on I[TER with frequencies
of 170 GHz for ECRH and ECCD [17, 18], of 120 GHz for machine start-up [19, 20] and
of 60 GHz for the CTS diagnostic [21-24]. ITER will most probably be equipped with
reflectometry diagnostic [25, 26] and ECE spectrometry [27, 28]. So notch filters will be
necessary for ITER. Several options of notch filters for ITER are available [29]. F-band
notch filters with notch frequencies up to 140 GHz and up to 100 dB rejection and passband
coverage of several GHz have been designed [15, 30-34]. Waveguide notch filters with a
center frequency below 100 GHz have also been presented [35]. Notch filters for higher
frequencies are more difficult to construct as the dimensions of the filter become so small
that machining becomes difficult [29]. However, one can use quasi-optical resonance notch
filters [36-38] or the absorption lines of molecules [29, 39].

This paper will present the design of a compact and sensitive F-band notch filter with
1 GHz rejection bandwidth and a possibility of tuning the center frequency +2%. We
measure the spectral response of the notch filter and compare it with numerical simulation.
Additionally, we assess the sensitivity to changes in physical parameters and in material

conductivity by S-parameter simulation.

II. IRIS COUPLED T-JUNCTION IN A CIRCULAR WAVEGUIDE

If a waveguide with uniform cross-section is terminated at both ends by metal planes
perpendicular to the axis of the guide and if the guide length is equal to a full number of
half wavelengths, \,/2 where )\, is defined as the distance between two equal phase planes
along the waveguide, electromagnetic fields can resonate in the guide. Such a waveguide can
be a cylindrical cavity and is used here to form a tunable notch filter. Requirements for the

notch filter are: relatively narrow 3 dB rejection bandwidth (BV;%<<1), center frequency
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fo~105 GHz, and passband of at least 18 GHz centered at fy. The 3 dB rejection bandwidth
BW3yp is defined here as a bandwidth between the two 3 dB points of the insertion loss. A
way to design such a notch filter [40] is to use a symmetrical right-angle T-type junction of
a rectangular and a circular guide coupled by a small elliptical aperture (iris) in a metallic
wall of negligible thickness as shown in fig. 1. A great benefit of an iris design is the simple
cavity adjustment with only a single tuning screw per cavity. The major axis of the elliptical
aperture forms the angle ¢ with respect to the vertical axis. The angle ¢ is restricted to 0°
to ensure good coupling to all the TE,,,; modes and among these the fundamental TE;;
mode in a cylindrical cavity. The subscript n refers to the number of circumferential (¢)
variations, m refers to the number of radial (p) variations, and [ refers to the full number
of half wavelengths along the z axis according to the cylindrical coordinate system (p, ¢, 2).
The fundamental mode has optimum passband coverage and relatively low loss compared
with higher order modes. If we choose ¢=90°, transverse magnetic (TM) modes will be
dominant inside the resonant cavity.

In the main guide the TE;y mode exists and is the fundamental mode for the rectan-
gular waveguide. From the previous discussion we know that an iris wall has no thickness,
but we choose an aperture in the metallic wall with 0.2 mm thickness because smaller
sizes cannot be realized. The finite iris thickness introduces only a slight translation in
frequency characteristics. The effect is small because 0.2 mm is much smaller than the
vacuum wavelength Ag=c/fy=2.86 mm. The cut-off wavelength \. determines the lowest
frequency in a waveguide. For the main guide A\.=2a=4.06 mm, where a=2.03 mm is the
broad side of the guide. A waveguide with circular cross-section has a cut-off wavelength
Aemm=mD/p,, where D=2 mm is the cavity diameter and p/,, is the m’th root of the
derivative of first order Bessel function J/,(p!,,)=0. For the TE;;; mode we find the cut-off
wavelength \.1;=27/1.841=3.41 mm, i.e. A. > )¢ as required. The desirable distance be-
tween two resonators is an odd number of quarter wavelengths, so the notches can be tuned

independently of each other:

A (1+2N) where )\g:#, (1)

9

and N={0,1,2...}. The wavelength for the main guide is A\;=4.0 mm and ideally N=0;

Al =

we get Al=1.0 mm. Setting N=0 will give us minimum insertion loss but the Al value
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will leave no space for the tuning screw thread. The simulations have shown that a slightly
higher value for Al (Al=1.3 mm) will have a negligible impact on the notch shape since
the resonance frequencies are not affected by the distance Al but only by the cavity length
d and by the diameter D. The constructed notch filter and the 3-D graphical sketch are

shown in fig. 2.

Figure 3 shows the four fundamental transverse electric (TE) modes appearing in a cylin-
drical cavity resonator: TEjy, TEsy;, TEqy;, and TE3y;. Each mode is plotted with the
first three resonating lengths d=I\,/2 where [={1,2,3}. Using eq. 1 and assuming cavity
modes TE;;; with A\.=3.41 mm we find that A\;=>5.2 mm where possible resonator lengths are
d={2.6,5.2,7.8...} mm. The distance between the curves along the vertical direction shows
the distribution of resonance frequencies when D/d is constant. The product of resonance
frequency and cavity diameter of our notch filter is f, D=21 [GHz-cm]| resulting in D /d~0.77
for the TE;;; mode. The calculated cavity length becomes d=2.6 mm. The chosen point
of resonance can vary £10 GHz without intercepting another resonance line which means
there are no other notches within this band. This is the main reason why we operate the

notch filter using the fundamental TE;;; mode.

III. EXPERIMENTAL AND NUMERICAL METHODS

The notch filter is measured using a broadband Anritsu millimeter wave vector network
analyzer (VNA) ME7808B with a calibrated bandwidth of 20 GHz. A pair of waveguide
tapers has been used to adapt the WR-8 notch filter ports to the WR-10 VNA ports. The
port 1 test power is approximately +2 dBm, and the output dynamic range is approximately

60 dB (for a sweep of 2 s) which is sufficient for us to localize the notches.

In the simulations we solve Maxwell’s equations and boundary conditions which describe
the electromagnetic field distribution inside a waveguide and resonator cavities. If we know
the fields existing in the structure, we can uniquely determine the scattering parameters.
CST Microwave Studio with a real time domain simulator based on the finite element method
is used to characterize the filters. For the simulation we assume air as medium where the
fields can exist; the notch filter body is chosen to be copper. The notch filter is excited using

waveguide ports at the ends of the main rectangular guide.



IV. MEASURED AND COMPUTED NOTCH FILTER PERFORMANCE

The center frequencies of the measured and the simulated notch filters, shown in figure 4,
coincide as expected. The measured notch filter has a much wider 3 dB rejection bandwidth,
approximately 1.8 GHz, compared with the simulated value of approximately 380 MHz. The

quality factor, or Q) factor, with Q~ BVIJZdB is then lower for the constructed filter by a factor

5 compared with the simulated filter. It is known that instabilities in the mechanics such as
loose tuning screws or tuning plates, low torque on assembly screws, etc., can have negative
impact on the Q factor due to cross coupling or leakage.

Fig. 5 (left) shows the spectral position of the modes in a 45 GHz bandwidth range. The
cutoff frequency is located around 73 GHz due to the rectangular waveguide dimensions
(WR-8). Below the cut-off no wave can propagate through the filter. The frequency resolu-
tion in fig. 5 (left) is not sufficient to resolve the spectral region centered about the notch at
105 GHz, and the notch depth cannot be obtained with this coarse resolution. We increase
the frequency resolution in fig. 5 (right) by a factor of 5 where the frequency step is much
smaller than the 3 dB bandwidth. In addition A, <<\, is hard to keep when simulating
strongly resonating structures (such as a filter) due to relatively long solving time. The mea-
surements have demonstrated that the notch depth is strongly dependent on the attachment
between the tuning screws and the filter body and can vary up to 10 dB when shifting the
center frequency by +2 %. The filter Q factor can be degraded, so mechanical stability of

the tuning screws will increase the notch depth with less variation during adjustment.

V. SENSITIVITY STUDY OF THE COMPUTED RESULTS

In this section we address the sensitivity of the computed results to changes in physical
and numerical parameters. We consider first how the results change when the mesh is refined.
Second, we consider how the results depend on the key geometry parameters. The sensitivity
to all parameters, physical and numerical, has a bearing on the accuracy of the comparison
between the computed and measured results. Figure 6 shows the notch frequency, the 3 dB
bandwidth, and the shape factor, BWyyqp/BW34p, as a function of lines per wavelength
where L /\g=20 corresponds to 1.4 million meshcells. The shape factor measures how efficient

the filter is in the rejection band. For instance if the 3 dB rejection bandwidth is 1 GHz and



the shape factor is 0.8, then we can be sure that a bandwidth of 800 MHz will reject at least
20 dB of the input signal centered around f;. The center frequency changes by few tens
of MHz if increasingly finer meshes are used, the 3dB bandwidth settles in the range from
340 to 370 MHz and the shape factor from 0.51 to 0.55. These ranges show how accurate
the parameters could be determined by the simulation, given the physical parameters were
set correctly. But the results are highly sensitive to the physical parameters, and so the
grid accuracy gives only an incomplete picture. We will now demonstrate the sensitivity of
the results to physical or geometrical parameters: the cavity length, the iris width, the iris
length, and lastly the material choice.

The new design for the F-band notch filter is found to differ from a previous design [15].
The center frequency is nearly eight times more sensitive to change in the cavity length
with the gradient of -11.32 GHz/mm as seen in the upper graph in fig. 7. Higher sensitivity
enhances the possibility to move the resonance frequencies up or down making the notch
filter more attractive for other experiments. The 3 dB rejection bandwidth is less sensitive
compared with the design in [15], and has a slope of -50 MHz/mm. The shape factor has
values in the range from 0.51 to 0.53, which are acceptable. The sensitivity analysis results
are reported in table II.

The six cavities have the same length in the simulations. The initial cavity lengths d typed
in the simulator environment are calculated by hand using theory described in section II.
The length between two cavities, Al, is calculated from the theory in section II and is not
optimized in the simulator. Any resonances that appear in the range 90 to 140 GHz are
due to cylindrical cavities only. The filter coupling geometry can help us to excite certain
modes better than others, but shifting in frequency or creating and destroying modes is not
possible by changing coupling geometry.

The iris width (see fig. 1) has relatively small impact on the slope of the center frequency
but high impact on the 3 dB bandwidth as seen from fig. 8. The shape factor gets even
better with the iris width but at the same time the 3 dB bandwidth gets larger. The key
values for the iris width are reported in table II.

The iris length is interesting since it shows non-linear dependence of the 3 dB bandwidth
as shown in fig. 9. The iris length must be kept at approximately 1.9 mm in order to keep
the rejection bandwidth narrow. For this iris length, the sensitivity of the 3 dB rejection

bandwidth with respect to changes of the iris length is small as can be seen from the curve
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gradient. Small imperfections in the machining have a small effect on the rejection width.
For the calculated points that are well distributed along a straight line the least squares
method is used to determine the slope.

If we choose to set the iris width to 0.2 mm, the 3 dB rejection bandwidth will, according
to the simulations, get 162 MHz broader. The 3 dB rejection bandwidth is less sensitive
to the iris width (3.98 GHz/mm) compared with the iris length (-6.13 GHz/mm) as shown
in table II. The iris length should not be short compared with the cavity diameter, since
otherwise the 3 dB rejection bandwidth will increase. The lowest rejection bandwidth is
achieved if the iris length is comparable to the cavity diameter.

The material choice is an important factor when trying to minimize conductor loss. The
insertion loss curve shifts down in level when the conductor loss increases causing broader
3 dB rejection bandwidth, which is not what we aim for. A clear difference of few dBs
among conductors appears at the passband shoulders as seen in fig. 10. The lower graphs
in fig. 10 have opposite slopes where the 3 dB bandwidth decreases while the shape factor
increases with conductivity of the filter body. This implies that the quality factor Q of
the resonators improves as expected from theory. This phenomenon is not observed for
geometrical parameters such as cavity length and iris width and length, meaning that there
is always a trade-off among geometrical parameters in order to achieve the optimum filter
characteristics.

Commonly either copper (0=5.96 - 107S/m) or silver-coating (¢=6.3 - 107 S/m) are used
as material for frequencies above 110 GHz. We use copper for construction of the filter body
and brass for the tuning screws. Brass is a harder metal than copper and thereby useful for

the mechanical parts that can wear out quickly, such as tuning screws.

VI. DISCUSSION AND CONCLUSIONS

A notch filter using T-junction iris coupling (fig. 1), 20 GHz passband coverage, and
1.8 GHz rejection bandwidth has been presented fulfilling the design requirements men-
tioned in the beginning of section II. The key filter parameters such as center frequency fo,
3 dB rejection bandwidth BW3,p, and shape factor were investigated by adjusting the filter
geometry slightly. The center frequency of the filter is found to be sensitive to the cavity

length, which is beneficial for the dynamic notch shifting across the spectrum.



The filter parameters are sensitive to small inaccuracies in the milling process or to cavity
tuning. From the simulation data compiled in table IT we see that the filter geometry have
impact on the filter parameters. How crucial these influences are depends on the filter
requirements. A notch filter design should have a low sensitivity to geometrical changes in
its center frequency, 3 dB bandwidth, and shape factor. It is clear from the simulations that
the iris width is the most critical parameter for the 3 dB rejection bandwidth and thereby
also the shape factor.

Changes in the cavity length turned out to be linear in center frequency fy, 3 dB rejection
bandwidth and shape factor. The notch frequency shift of -11.32 GHz per mm is a sensitive
response, but the dynamic range where to place the notch frequency is broad. Tuning the
notch filter few GHz up or down is not considered to be a problem in terms of the passband
coverage and 3 dB bandwidth. However, the notch depth can vary +10 dB due to the
mechanical imperfections.

A way to improve the notch filter design is to enlarge the cavity diameter D exciting a
third order TEg;; mode. This mode has the highest Q factor and thereby lowest conductor
loss because there is no axial current component, i.e. Hy=0. A disadvantage with the
TEpy; mode is a limited passband coverage compared with the fundamental TE;;; mode, i.e.
neighboring notches are much closer in frequency for higher order modes compared with the
fundamental. However, a practical advantage of trying higher order modes is that the ratio
D /pitch (of the tuning screw) becomes larger making adjustment mechanically more stable.

The temperature of the receiver box surroundings, where the notch filter is placed, is
expected to be in the range between 22 and 35 °C. By a measurement setup with a convection
heat source and a network analyzer it was found that the temperature drift at 25 °C is
approximately -2.6 MHz/°C. This drift is limited and will downshift the resonance frequency
of the notch filter by at most 33.8 MHz which is found acceptable. The most sensitive parts of
the CTS receiver is the electronics, so using a temperature controlled chamber will minimize

effects of temperature gradients.
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Notch cavity

Main waveguide
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FIG. 1. T-junction aperture coupling using iris and horizontal cavity scheme.
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Notch cavity

Tuning

Main waveguide Tuning screws

FIG. 2. Left: planar cut of the notch filter. Right: the constructed notch filter with tuning screws.

The adjustment screws are not depicted in the sketch.
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FIG. 3. TE mode chart for the first four modes using a cylindrical cavity resonator. The mode
characteristics become straight lines if one plots [f,D]? versus [D/d]?. The circle shows the point

of resonance in our design.
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Main waveguide|Resonator Cavity
Mode TEo11 TE1n
Vacuum A\g [mm] 2.86 2.86
Cut-off \; [mm] 4.06 3.41
Waveguide A, [mm] 4 5.2

TABLE I. Characteristic A values for the main rectangular waveguide and the cylindrical resonator

waveguide.
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FIG. 4. A wide band and a narrow frequency band with a zoom close to the notch. The two lines
on the right figure show 3 dB bandwidth, BW3,p with respect to carrier, for the simulated and

constructed notch filter.
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FIG. 5. S-parameter narrowband simulation showing 5 different cavity lengths.
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FIG. 7. Sensitivity of the center frequency fy, the 3 dB bandwidth, and the shape factor to changes

in the cavity length, see fig. 1. Symbols: simulations; line: least squares fit.
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FIG. 10. Center frequency (upper), 3 dB bandwidth (lower-left), and shape factor (lower-right)

are plotted versus conductivity corresponding to good conductors.



Center freq.|3 dB bandwidth|Shape factor

[GHz/mm] | [GHz/mm] [mm 1]
Cavity length| -11.32 -0.05 -0.16
Iris length -8.0 -6.13 -1.93
Iris width 3.3 3.98 0.84

TABLE II. Sensitivity analysis investigation: impact on key characterization parameters by varying
the design lengths (filter geometry). The bold numbers are slopes fitted using least squares method

while the others are determined by the largest absolute gradient in the simulation range.
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