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Abstract 
Sensitive millimeter wave diagnostics in magnetic confinement plasma fusion 

experiments need protection from gyrotron stray radiation in the plasma vessel. 

Modern Electron Cyclotron Resonance Heating (ECRH) systems take 
advantage of multi-frequency gyrotrons. This means that the frequency band of 

some millimeter-wave diagnostics contains more than one narrow-band 

gyrotron-frequency line, which needs to be effectively suppressed. A compact 

standard-waveguide notch filter based on coupled waveguide resonators with 
rectangular cross section is presented which can provide very high suppression 

of several gyrotron frequencies and has low insertion loss of the pass band. 
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1. Introduction 

Modern multi-frequency megawatt-class gyrotrons can operate at several 

frequencies in the millimeter-wave range [1,2,3,4]. These frequencies 

correspond to the various transmission maxima of their single-disk chemical-
vapor-deposition (CVD) diamond window. In recent years high-power 

gyrotrons became very attractive as sources for Electron Cyclotron Resonance 

Heating (ECRH) systems in thermonuclear fusion plasma experiments, since 

they allow for more flexibility with respect to the applied magnetic field in the 
magnetic confinement fusion devices [5]. Sensitive millimeter-wave diagnostic 

systems need protection against ECRH stray radiation [6]. When applying 

mult-frequency gyrotrons, more than one frequency must be suppressed. A 
specific problem concerning these filters is the frequency chirp of high-power 

gyrotrons due to cavity heating and expansion, specifically at the beginning of 

the pulse, which can range from tens to hundreds of MHz [7]. For ECRH 
systems applying many different gyrotrons, the notches need to be as wide as 

the specified accuracy provided by the gyrotron manufacturer, which is 

typically   ± 250 MHz. These requirements are hard to fulfil with the available 

filter technology. Tunable coupled-cavity filters are difficult to be tuned for 
more than one specific stop band. Multi-frequency filters like optical Fabry 

Perot resonance filters can provide various, but only very narrow notches [6]. 

In principle it is possible to switch from one single frequency notch filter to 
another one, depending on the applied gyrotron frequency. However, for 

application of two gyrotron frequencies, it is preferable to have a single filter 

providing two stop bands. Two-frequency notch filters for the Electron 

Cyclotron Emission (ECE) diagnostic systems both at the ASDEX Upgrade 
tokamak experiment at IPP Garching and the W7-X stellarator at IPP 

Greifswald were successfully realized applying advanced waveguide Bragg 

reflectors [9]. In the present paper a much simpler and compact approach based 
on standard-waveguide resonators with rectangular cross section [10,11,12] is 

presented. 

  



 

2. Filter Design 

The goal of the present notch filter design is to reject the two frequencies of the 

ASDEX Upgrade and W7-X ECRH systems, which are 105 and 140 GHz. The 

filter should have no additional stop bands over the full waveguide band (D-
band). This can be realized with in-waveguide resonators as described in [10], 

i.e. standard rectangular waveguides with symmetric steps in the width. In this 

case there is no coupling to TM modes and an incident fundamental waveguide 

TE1,0 fundamental mode only couples to TE2·m+1,0 providing a very limited 
mode spectrum. To calculate the step-type coupling a mode matching 

formalism [10] is applied, taking into account both propagating and evanescent 

modes. As an example, Fig. 1 shows the coupling of a symmetric step from 
fundamental waveguide with width a =1.651 mm (WR-06) to ar = 7.0 mm and 

with a constant height b = 0.826 mm. Due to symmetry, the incident TE10 mode 

only couples to TEm0 modes with odd m=3,5,7… . 
A resonant cavity at both 105 and 140 GHz can be created by a stepped 

waveguide where the length lr of the step corresponds to approximately half of 

the wavelength for the TE30 mode at 105 GHz and the TE50 mode at 140 GHz. 

The optimum dimensions of the waveguide cavity can be determined by 
calculating the power transmission at both frequencies as a function of both the 

width ar and the length lr of a single cavity. Fig. 2 shows the transmission 

minima at both frequencies. The point where both domains meet gives the 
correct dimension of the desired cavity. 

Fig. 3 shows the calculated frequency characteristic of the resonator with only 

two notches over the full D-Band. The modal amplitude distributions along the 

waveguide circuit at the 105 and 140 GHz resonances are plotted in Fig. 4. 
As can be seen from Fig. 4, there exist resonant mode mixtures with the 

dominant modes being TE30 at 105 GHz and TE50 at 140 GHz, but also 

evanescent TEm0 cutoff modes have to be taken into account in the generalized 
scattering matrix calculations. The resonant electric field distributions over the 

horizontal waveguide cross section at the two resonances are plotted in Fig. 5. 

  



 

 
 

Fig. 1 Geometry of the stepped waveguide width (top), frequency characteristic 

of reflected (middle) and transmitted modes (bottom). 
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Fig. 2 Calculated transmitted power as a function of width ar and length lr of 

the waveguide cavity. The red lines mark the domains where the transmitted 

power is below -23 dB. The arrow marks the point where the minima for both 
frequencies meet and therefore gives the correct dimensions of the desired 

cavity (ar = 6.72 mm, br = 0.826 mm, lr = 1.64 mm). 

 

 
Fig. 3 Calculated transmission of the TE10-mode of a single resonator with the 

dimensions ar = 6.72 mm, br = 0.826 mm, lr = 1.68 mm.  
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Fig. 4 Resonator geometry (top) and normalized modal amplitude distributions 

at the resonance frequencies 105 GHz (middle) and 140 GHz (bottom). 
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Fig. 5 Calculated electric field distribution at the resonance frequencies         
105 GHz (top) and 140 GHz (bottom). 



 

3. Multi-Cavity Filter 

The signal suppression of the two stop bands can be further increased by 

combining several cavities. Figure 6 shows the geometry of a filter with 5 

resonators, where each cavity has the same dimensions as the single cavity 
investigated in Section 2. Figure 7 presents a comparison of the frequency 

characteristics of filters with a different number of cavities. With 5 cavities, the 

theoretical notch depth at both resonant frequencies (105 and 140 GHz) is 

below -120 dB. 
 

 
Fig. 6 Two-frequency notch filter geometry with 5 cavities. 
 

 
Fig. 7 Comparison of the calculated transmission of the TE10-mode of a single 
(n = 1) up to a chain of n = 5 resonators with the dimensions ar = 6.72 mm, br = 

0.826 mm, lr = 1.68 mm. 
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4. Measurements 

A 5-cavity filter was fabricated in split-block technology and tested. The filter 

geometry has been cut out of a sheet metal plate with thickness 0.826 mm, 

corresponding to the height of a standard WR-06 waveguide. The plate has 
been sandwiched between two metallic blocks to form the filter geometry.    

Fig. 8 shows photos of the filter and its separate parts. The material is brass. 

First measurements with the assembled notch filter were performed in the 

frequency band 117.5-150 GHz using a GYCOM GGBWO-78/178 BWO as 
source and an ELMIKA D-band detector diode as receiver (Fig. 9). The first 

measurement revealed a higher insertion loss of about 10 dB compared to 

theory as well as a broadened and downshifted upper notch around 140 GHz 
(red curve). After polishing and reassembling of the filter parts, the insertion 

loss was reduced by 5 dB and the width of the stop band narrowed (green 

curve). To further reduce the surface losses and improve the contact between 
the center plate and both upper and lower block, all the parts were gold plated 

and assembled again. The measurement with the gold plated filter is given by 

the black curve, which is again closer to the theoretical values (blue curve). 

Since the dynamic range of these measurements was only about -40 dB, we 
performed additional measurements at IGVP Stuttgart using an ABmm 8-350 

Vector Network Analyzer (VNA) in the frequency range from 96 to 156 GHz 

and at KIT Karlsruhe using a PNA N5222B VNA from 135 to 170 GHz. These 
measurements are shown in Figure 10 together with the theoretical frequency 

characteristic. Both measurements are in excellent agreement and their 

frequency dependence compares well with the calculation. The dynamic range 

of the ABmm VNA is limited to about -60 dB around 140 GHz where its 
background noise dominates, while the dynamic range of the KIT-measurement 

was -80 dB. Half of the conductivity of ideal gold was assumed in the 

calculation to cope for surface roughness. However, the measured insertion loss 
is still somewhat higher than calculated (3-4 dB in the range 110-140 GHz and 

about 2 dB between 140 and 170 GHz). This is most probably due to non-

perfect contact between the two blocks and the center sheet over the common 
surface in this split block construction. Figures 11 and 12 give more details in 

the two rejection bands around 105 and 140 GHz. The frequency range of all 8 

ASDEX Upgrade gyrotrons, including their frequency chirps and drifts during 

the pulse, is indicated by the dashed lines. All gyrotron frequencies are within 
the stop bands. 



 

 
Fig. 8 Photos of 5-cavity filter. 

 

 

 
Fig. 9 Measured and calculated frequency characteristics of the two-frequency 

notch filter before and after specific surface treatments. 



 

 
Fig. 10 Measured and calculated frequency characteristics of the two-frequency 
notch filter. 

 

 
Fig. 11 Measured and calculated frequency characteristics of the two-frequency 

notch filter in the frequency band from 100 to 110 GHz. The dashed lines 

indicate the operating frequency range of the gyrotrons. 



 

 
Fig. 12 Measured and calculated frequency characteristics of the two-frequency 

notch filter in the frequency band 135 to 145 GHz. The dashed lines indicate 

the operating frequency range of the gyrotrons. 
 

Summary 

A compact rectangular waveguide two-frequency notch filter has been 

designed, fabricated and tested. The filter provides suppression of two narrow 

frequency intervals in the D-band. This could be realized by introducing 

symmetric steps in the width of a standard WR-06 waveguide. The measured 
notch depth is about -60 dB at 105 GHz and -80 dB at 140 GHz. No additional 

tuning was required. 
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