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Abstract 

The use of dielectric resonator filters is very common in the telecom-

munications industry for applications with demanding filtering re-

quirements. For high power applications in particular, TE01-mode die-

lectric resonators are often used because of its low losses and excel-

lent peak power handling capabilities. The essence of this work is to 

great extent focused around the fact that even a small amount of dis-

sipated power can give rise to a large temperature increase if the heat 

transfer is insufficient. A temperature increase due to self-heating 

translates into a degradation of filter performance. Understanding the 

mechanisms behind this degradation is vital in order to compensate 

for these effects. Computer simulations can successfully be used to 

characterise the electrical and thermal behaviour of these devices. 

However, if the filter in question is not properly tuned when running 

the analysis the results will bring little or no value. This work out-

lines an efficient filter design flow based on Port Tuning in order to 

overcome this tuning issue. By carefully studying both a single reso-

nator and a realistic filter example using CFD analysis the heat 

transfer mechanisms can be quantified and the dominant terms can 

be identified. Based on these results, a simplified model for the ther-

mal analysis can then be established. A coupled analysis including 

electromagnetic, thermal and structural analysis is then demonstrated 

that predicts the performance degradation of the filter response. It is 

also demonstrated how these effects can be compensated for.    
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Sammanfattning 

Inom telekomindustrin är dielektriska resonatorer vanligt förekom-

mande i filtertillämpningar med krävande prestanda. För 

högeffekttillampningar i synnerhet används ofta TE01-mod resonator-

er på grund av sina låga förluster och utmärkta effekttålighet. Kärnan 

i detta arbete kretsar kring det faktum att även små effektförluster 

kan leda till stora temperaturförandringar om värmetransporten är 

otillräcklig. En sådan temperaturökning på grund av 

egenuppvarmning yttrar sig i termer av en församring av filter-

prestandan. En förståelse för mekanismerna bakom denna 

prestandaförsamring är nödvandig for att lyckas kompensera bort 

dessa effekter. Datorsimuleringar kan framgångsrikt användas för att 

karraktärisera dessa komponenter såväl elektriskt som termiskt. Om 

filtret i fråga däremot inte är trimmat i simuleringen blir  värdet av 

analysen begränsat eller rent av obefintligt. I detta arbete presenteras 

en effektiv designmetodik baserat på Port Tuning som överbryggar 

denna trimproblematik. Genom att sedan noggrant studera en ensam 

resonator och ett mer realistiskt filterexempel med hjälp av CFD-

analys kan mekanismerna bakom värmeledningen kvantifieras och de 

dominerande termerna identifieras. Baserat på dessa resultat kan se-

dan en förenklad modell för den termiska analysen byggas. Det kan 

sedan visas hur en kopplad elektromagnetisk-, termisk- och struktur-

mekanisk analys kan användas fär att prediktera försämringarna av 

filter-responsen. Det visas också hur dessa effekter sedan kan kom-

penseras bort. 
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Abbreviations 

EM   Electromagnetic    

Q  Quality Factor 

VNA  Vector Network Analyser 

CFD  Computational Fluid Dynamics 

LC  Inductance-Capacitance 

NR  Newton-Raphson 

CAT  Computer Aided Tuning 

HFSS  High Frequency Structural Simulator 

MYJ  Matthei, Young and Jones 

FEM  Finite Element Method 

TE  Transverse Electric 

TM  Transverse Magnetic 

EH  Hybrid Electric 

HE  Hybrid Magnetic 

PMC  Perfect Magnetic Conductor 

PEC  Perfect Electric Conductor 

PM  Port Modes 
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1 Introduction 

1.1 Background 

In the telecommunications industry, filters using TE01-mode dielectric 

resonators are often used for its low losses and good peak power han-

dling capabilities. These features are closely related to the nature of 

the TE01 mode where the majority of its stored energy is contained 

within the dielectric material.  

 

Despite low dielectric losses, the heat generated will result in a 

temperature increase of the dielectric resonators in a filter structure. 

Due to temperature dependent material properties of the resonator 

structure, such as thermal expansion and temperature dependent 

permittivity, this temperature increase will give rise to a de-tuning of 

the resonators.  

 

Unless accounted for, this resonator de-tuning will have a negative 

impact on the filter performance. In order to come up with a clever 

scheme for the temperature compensation of these resonators, the 

temperature profile has to be known.  

 

In practise, it is rather difficult to accurately measure or estimate 

this temperature profile. Therefore, electromagnetic and thermal 

computer simulations offers a much better path forward in order to 

characterise the electrothermal behaviour of these structures. One of 

the key elements for succeeding with electrothermal co-simulation is 

that the filter is tuned in the EM (Electro-Magnetic) simulation. A 

filter that is not tuned to good match within the filter passband 

would reflect a great portion of the incident power rather than 

transmitting the power through.  

 

Filter-tuning is a field that many times have been described as art 

or black magic. Given a system of tightly coupled high Q (Quality 

factor) resonators it is, without any guidance, far from intuitive to 

figure out how to adjust the resonator frequency and resonator cou-

plings in order to form a filter passband. There are a huge number of 

tuning techniques that has been developed over the years with some-

what different approaches [1,2,3]. One thing to remember though is 

that many of these techniques are not ideal for computer simulations. 
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In practice, it’s not very time-consuming to turn a tuning screw little 

by little while monitoring the behaviour on the screen of the VNA 

(Vector Network Analyser). In the computer simulation environment, 

every turn of the same screw would require a full EM simulation of 

the system. A well adopted concept of mixing EM and circuit simula-

tions called port tuning [4] can be used effectively on this type of 

problem. The computationally expensive EM simulations are com-

bined with the less expensive circuit simulation.   

1.2 Problem definition 

 Suggest an efficient methodology for electrothermal analysis of 

TE01-mode dielectric resonator filters based on electromagnetic 

and thermal computer co-simulation. 

 

 How can the port tuning technique with resonator ports [4] be used 

together with TE01-mode dielectric resonators? 
 

 How can the results from a port-tuned filter be used in a thermal 

analysis? 
 

 Investigate the validity of the port tuning approach compared to an 

explicit tuning approach with respect to the thermal analysis. 
 

 Investigate the mechanisms of heat transfer for the resonator interior 

and suggest a simplified model for the thermal analysis. 

 

 

1.3 Method 

 Establish a suitable filter design flow concept based on coupling ma-

trix synthesis and port tuning. 
 

 Use a simple (cavity & puck) resonator setup for figuring out by 

mode identification and mode visualization how to define and size 

resonator ports for the TE01-mode.  
 

 Refine the resonator design with a disc for tuning. Study the behav-

iour of explicit tuning vs port tuning.  
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 Move on to thermal analysis of the single resonator setup. Use full 

CFD (Computational Fluid Dynamics) analysis in order to capture 

all heat transfer mechanisms. Study the behaviour of explicit tuning 

vs port tuning.  
 

 Create a filter example using the suggested design flow. Run thermal 

analysis (CFD). See if and how a simplified Steady State Thermal 

analysis can be made using a structural simulator. Study the behav-

iour of explicit tuning vs port tuning.  
 

 Test the complete methodology including temperature compensation 

on the filter example.  
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2 Narrow band Filter Design 

In modern telecommunications, narrow band bandpass filters of vari-

ous kinds are very common in many different applications. What is 

referred to as “narrow” can of course always be subject for question-

ing but in this context we will refer to filters with a relative band-

width less than a few percent. 

 

Another thing that the filters of our concern have in common is 

that their physical geometry is pretty much arbitrary. It’s the physi-

cal size available that sets the mechanical constraints for the design 

and not the other way around. Bottom line is that, given a certain 

resonator technology, it’s still extremely difficult to establish any 

closed formula for the filter synthesis. Therefore, it is common to 

start by synthesising a generic lumped element network representa-

tion of the filter. Following the network synthesis, various techniques 

can be applied in order to realise this network with a physical geome-

try.  

 

Due to the arbitrary nature of the physical geometry, the ap-

proach chosen here is based on the use of 3D EM computer simula-

tions.         

2.1 Filter Synthesis 

Traditional filter design, as seen in pretty much any textbook [5], 

start from building lowpass prototypes with LC (Inductance-

Capacitance) ladder networks. Normalized element (or g-values) val-

ues for different filter orders and for different filter polynomials (like 

Butterworth or Chebyshev) can be found in tables or calculated using 

closed formulas. By series of transformations, these lowpass networks 

can then be transformed into bandpass networks. Introducing ideal 

impedance or admittance inverters, these bandpass networks can fur-

ther be transformed into a more generalized network of coupled series 

or parallel resonators.   

2.1.1 Coupling matrix notation 

When describing the behaviour of these networks, it’s possible to do 

so in terms of resonator coupling coefficients, resonator frequency and 
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unloaded resonator Q-values. Using matrix notation we can define 

the coupling matrix in which we find the resonator frequency on the 

diagonal (self-coupling terms) and the resonator coupling on the off-

diagonal elements as shown in Figure 1. The true strength with this 

notation is that regardless of how the filter is chosen to be imple-

mented (combline, coax cavity resonator, dielectric resonator tech-

nology etc.) coupling, frequency and Q are parameters that are easy 

to measure in practise. 

 

 
 

Figure 1. Example of coupling matrix notation  

2.1.2 Coupling Matrix Synthesis 

It is not entirely obvious how to synthesise the entries of the coupling 

matrix. These values can potentially be obtained by direct optimisa-

tion, direct synthesis or a combination of the two. While direct opti-

misation is gaining more and more popularity, the direct coupling 

matrix synthesis has proven to be very powerful.  

 

The starting point of the coupling matrix synthesis is a filter transfer 

function based on generalized chebychev polynomials with arbitrarily 

placed transmission zeroes. In this stage, a suitable polynomial is tai-

lored to provide a response that will meet the desired filter mask. 
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Next, the task is to find a coupling matrix representation that will 

provide the exact same response. Based on the work by Cameron [6], 

it is described how to obtain the values of the coupling matrix for a 

given filter response. Commercial tools like for example CMS [7] have 

implemented this technique for synthesizing the coupling matrix.      

 

The strength of this technique is still the speed with which the 

coupling values can be determined. On the negative side are the nar-

row band limitations that have been made. For example, the coupling 

values are assumed to be constant across the operating frequency 

band of the filter. This is usually what will set the upper limit for the 

filter bandwidths that can be synthesized. It is therefore very likely 

that some kind of optimisation will be added in order to account for 

its limitations. 

 

As will be discussed in the following section about realisation, the 

coupling matrix synthesis can be seen as a preconditioner in the filter 

design flow.  

2.2 Realisation 

Even though the realisation is separated from the filter tuning in this 

text, they are strongly related. In practice, aperture windows are 

many times cut to get within coupling range and the final tuning is 

made by adjustments of the tuning elements. With computer EM 

simulations, these two stages usually become one.    

2.2.1 Coupling Extraction 

It is essential to be able to determine the coupling in between the 

resonators in a given geometry. Traditionally, this is done by study-

ing the frequency separation of two synchronously tuned resonators 

[8]. Using computer simulations this boils down to finding the odd 

and even resonant modes for a pair of resonators. By parameter stud-

ies of the aperture dimensions in between two resonators, it’s possible 

to build design curves that can be used when finding the physical 

dimensions for a desired coupling. However, for a large and complex 

geometry where the design curves cannot be re-used, a lot of explicit 

simulations will have to be performed in order to characterise all res-

onator couplings.    
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Another approach that is by far more efficient is based on the 

work by MYJ (Matthei, Young and Jones) [9]. If placing lumped 

ports inside the filter geometry, located at each resonator like in [4], 

it is possible to extract the coupling from the entries of the extracted 

Y-matrix. A detailed description of this technique is outlined in Ap-

pendix A. However, it has to be emphasized that, with this tech-

nique, it’s possible to extract all couplings (and resonator frequencies) 

from one single EM simulation. 

2.2.2 Coupling and Frequency Optimisation 

A simple NR (Newton-Raphson) approach can be adopted for 

finding the physical dimensions of the geometry for the desired cou-

pling values (and resonator frequencies). Since the coupling between 

two resonators located in one end of the physical structure have little 

or no effect on the coupling between resonators in the other end (or 

even between adjacent resonators), the coupling optimizations can be 

performed independent of each other.  

 

Given the expressions from the coupling extraction technique, 

what is needed for the NR optimization are partial derivatives of the 

coupling expressions with respect to physical parameters. As seen in 

Appendix B, these can be expressed in terms of the partial deriva-

tives of selected elements of the Y-matrix. In HFFS, these partial de-

rivatives can be calculated. 

2.3 Filter Tuning 

To begin with, it's important to distinguish between tuning of a 

"real" filter (actual hardware) and tuning of a "virtual" filter (3D 

EM simulation model) when discussing tuning methodology.  

 

Filter tuning in general is generally considered to be rather diffi-

cult and cumbersome. The frequency response of the reflection char-

acteristics in the filter passband is usually very sensitive to changes 

in resonant frequency, i.e. to changes of the corresponding tuning el-

ements. Systematic approaches of various kinds have been and con-

stantly are developed.   

 



 8 

Some of the more known methods were outlined by Dishal [1], 

Ness [2] and Dunsmore [3]. What these methods all have in common 

is that it’s based on a systematic approach where one resonator at a 

time is brought in and tuned. They are also best suited for filters 

without cross couplings. Still, they are all widely used in practise and 

many times together with a target response, taken either from an 

ideal (calculated) response of a response taken from a "golden" unit.  

 

Regardless, fine tuning is usually needed before reaching the de-

sired response. For computer simulations, the sequential nature of 

these methods makes them rather "expensive" in terms of computa-

tional efforts. 

 

A huge variety of techniques have been developed in the area of 

CAT (computer aided tuning). Common for many of these techniques 

are coupling parameter extractions together with non-linear optimiza-

tion techniques for finding out how to make adjustments of the tun-

ing elements. As stated by Meng [10], these optimizations are some-

times either very time consuming or very sensitive to initial align-

ment for convergence. 

 

 For computer simulations, there are other solutions to the tuning 

problem available. A methodology of combining 3D EM simulations 

with circuit simulations called Port Tuning has proven to be really 

powerful. In essence, this methodology benefit greatly from the “mod-

el accuracy” that comes from simulating the entire geometry in the 

3D EM simulation together with the speed of the circuit simulations.   

2.3.1 Port tuning 

The Port Tuning concept as we know it was first introduced by 

Swanson [4] and has proven to be very convenient to use for filter 

applications. Before performing the 3D EM simulation ports are 

placed at the location of every resonator in the filter.  

 

For a combline type filter the intuitive location for such resonator 

port would be between the top of the resonator pin and the tuning 

screw, in line with the electric field, as shown in Figure 2. 
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Figure 2. Example of resonator ports for coaxial-type resonators. 

 

Results from the 3D EM simulation are then brought in to the 

circuit simulator as an N-port s-parameter block or as in ANSYS 

HFSS (High Frequency Structural Simulator), by a dynamically 

linked model. 

 

The actual tuning of the filter is then performed by adding capac-

itors located at the nodes corresponding to the resonator ports. By 

changing the capacitor values, the frequency of the resonators chang-

es. A combination of tuning methods (usually based on optimisation) 

can be applied in order to reach the desired response. Here, in this 

environment, we no longer suffer from long simulation times due to 

large number of iterations as we would do in the EM simulations. 

 

In general, brute force optimisations are usually not very success-

ful when it comes to optimising filter responses. Although a given op-

timisation scheme might bring the passband response to within speci-

fication but the response might be far from the ideal equiripple che-

bychev response. Instead, using an ideal response curve as target in 

the passband is therefore quite common. 

 

Now, when the filter is tuned up in the circuit simulator there is 

always the question of how the capacitor values can be translated in-

to physical dimensions like the length of a tuning screw etc. Before 

addressing that question, it’s reasonable to ask the question if the ex-

act locations of the tuning screws are needed. Many times it’s suffi-

cient enough just to know that it is possible to tune the physical res-

onator within a certain frequency range.  
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There are however cases when it’s desired to have a filter perfectly 

tuned up in the EM simulator so let’s move on.  

 

The capacitor values are better seen as correction terms that indi-

cate the direction and the relative corrections needed to the physical 

parameters that are used for tuning. As a first step, one can make a 

clever guess of how the physical parameters have to be modified. 

Given these modifications, a new EM simulation is performed and the 

filter is again tuned up in the circuit simulator. Comparing the cor-

rection terms with the physical change made it is possible to use this 

information in selecting a new parameter variation to simulate in the 

EM simulator. This procedure is iterated until the correction terms 

are zeroed out.  

 

It’s possible to expand this concept to inter-resonator couplings by 

for instance adding a capacitor or ideal admittance inverter between 

the nodes corresponding to the resonator ports. Again, these correc-

tions are used to tune the filter to the desired response and these cor-

rections are to be zeroed out by adjusting the physical parameters. 

 

Instead of following the approach described above, it is possible to 

use a variant that is more tightly coupled to the MYJ coupling ex-

traction technique described earlier.  

2.4 Suggested Design Flow 

A combination of Port Tuning with Coupling Optimization is sug-

gested which will bring the realisation and filter tuning together into 

one procedure. This design flow is outlined in Figure 3.  

 

The ideal filter synthesis will be used as a pre-conditioner to this 

procedure and provide the initial targets in terms of couplings and 

frequencies. Next, the coupling optimization technique is used to find 

the physical parameters that will provide the targeted couplings and 

frequencies. Ideally, this would translate into a perfectly tuned filter. 

In reality, it usually doesn’t. Parasitic (unwanted) couplings in be-

tween resonators, frequency dependent couplings are just a few things 

that can put obstacles in the way for a perfectly tuned filter. 
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Figure 3. Flow-chart of suggested Filter Design Flow. 

 

By applying port tuning it is possible to compensate for these ef-

fects and bring the filter to the desired response. Instead of adopting 

the exact port tuning procedure as described in 2.3.1 the focus is 

turned to what these correction terms made to the filter parameters. 

Similar to the coupling extraction technique used in the EM simula-

tor it is possible to translate these corrections in terms of a new set of 

resonator frequencies and a new set of couplings. The targets are up-

dated and the coupling and frequency optimization is performed 

again given these new targets. This process is iterated until the re-

sponse matches the desired (synthesised) response. 

 

All in all, this design flow brings together the strengths of port tun-

ing with the efficiency of the coupling extraction and optimization 

technique. An example of the coupling optimisation approach is out-

lined in Appendix B.  
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3 Dielectric Resonators 

The use of dielectric resonators has become an attractive alterna-

tive for many modern filter applications. For space applications and 

in the telecommunications industry the use has become frequent. One 

of the most attractive features of the dielectric resonators is the abil-

ity to maintain low losses in a (relatively) small volume. The unload-

ed Q per volume is usually a metric of interest when looking into 

miniaturisation of filters.  

 

Multi-mode operation of the dielectric resonators is also a well ex-

plored area when it comes to maximise the filtering functionality in a 

limited volume. Potentially, a filter with dual-mode resonators can be 

realised in half the physical size compared to a filter with single-mode 

resonators. However, the benefit of this size reduction is many times 

eaten up by the need for additional clean-up-filtering due to a rich 

variety of higher order, spurious modes. The cost of only half the 

amount of dielectric resonators compared to additional, less expen-

sive, coax resonators for the clean-up filtering might still be worth 

the effort. Not to forget that the physical arrangements for tuning 

the couplings and frequencies in such structures are far from intuitive 

and add a lot of physical constraints. Still, there are applications 

where these multi-mode filters make the effort worth wile. 

 

The single mode dielectric resonator filters are many times used 

where not only good Q-values are sought after but also where high 

power capabilities are wanted. The TE01-mode dielectric resonator for 

example is a well-known choice for these applications since the elec-

tric field is predominantly contained within the dielectric material 

and not in the surrounding air in the cavity around it.  

 

In this context, it is the single mode dielectric resonators and the 

TE01-mode resonators in particular that will gain our attention. 

3.1.1 Resonant Modes 

The dielectric resonator structure of interest will in its simplest form 

consist of a dielectric resonator puck contained in a metal cavity like 

in Figure 4.  
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Figure 4. Simple dielectric resonator. Puck r=43 (diameter=20mm, 
height=10mm). Cavity (30x30x25mm)  

 

In order to find the natural resonant modes in such a cavity, there 

are a variety of methods available, both simple models and more rig-

orous approaches as described by Kajfez [11], Even though we will 

approach this structure using FEM (Finite Element Method) simula-

tion, it’s still useful to consider a simple model of a dielectrically 

loaded waveguide modes as a starting point for understanding the 

different modes and their behaviour. 

 

With the eigenmode solver in HFSS, the frequencies of the reso-

nant modes can be calculated. The frequencies of the first nine modes 

of the resonator in Figure 4 are listed in Table 1. Resonant frequency 

of the first nine modes for the dielectric resonator from figure 4. 

 
Mode Frequency (GHz) 

Mode 1 2.528 

Mode 2 3.060 

Mode 3 3.061 

Mode 4 3.217 

Mode 5 3.224 

Mode 6 3.491 

Mode 7 3.693 

Mode 8 3.707 

Mode 9 3.901 

 

Table 1. Resonant frequency of the first nine modes for the dielectric 
resonator from figure 4.   
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The next step would be to identify and classify these different 

modes. In particular, finding the TE01 mode is of course the most im-

portant task in this context.  

3.1.2 Mode Charts 

The classification of these modes can be divided into three different 

categories, TE (Transverse Electric), TM (Transverse Magnetic) and 

hybrid electromagnetic modes. The electric field of a TE-mode would 

only have components in the transverse plane and no field component 

in the direction of propagation. Following the same definition, the 

magnetic field of the TM-modes will only have transverse compo-

nents.  

 

Each mode can be numbered by three subscripts (m,n and p) as 

described in [12]. The number of azimuthal field variations is indicat-

ed by m, the number of radial field variations by n and the number 

of half-wave variations in z by p. In practice, the variations in the z-

direction are typically less than a wavelength and p is usually re-

placed by a factor . Any higher order variation will then get denoted 

+1, +2, etc. 

 

As for the hybrid modes, they can be further subdivided into EH 

(Hybrid Electric) and HE (Hybrid Magnetic) modes. However, there 

are no unified definition of exactly how to distinguish the EH from a 

HE mode. Snitzer [13] suggested using the magnitude of the ratio

zz EHP 0  to determine the nature of the hybrid mode in ques-

tion. A mode with a ratio greater that one would be classified as a 

HE and a value below one an EH mode.  

 

Although many have adopted the essence of Snitzers classification, 

there are still many other classifications to be found which can some-

times be a bit confusing. 

    

Following the discussion in [12] about TE-like and TM-like nature 

of the EH and HE modes, Figure 5 shows that the transverse electric 

field of the EH11-mode inside the dielectric puck is very similar to the 

transverse electric field of the TE11-mode in a cylindrical dielectric 

resonator with PMC (Perfect Magnetic Conductor) walls. 
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Figure 5. Electric fields inside dielectric puck when placed inside cav-
ity or with PMC boundary.   

 

This makes it somewhat easier to understand and identify the dif-

ferent hybrid modes. A starting point for the understanding  would 

be to analyse and get familiar with the TEmnp and TMmnp modes of 

the PMC wall resonator. 

   

Based on the simulation of the resonator in the example, it’s possible 

to create field plots similar to the mode charts in [12]. In Figure 6, 

the mode charts of the modes from Table 1 are shown.  
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Figure 6. Mode charts for the first nine modes for the dielectric reso-
nator from figure 4. 

3.2 TE01 Resonators 

The mode of particular interest is naturally the TE01 mode. In 

Figure 6 the orientation of the electric field inside the dielectric mate-

rial is shown. The electric field will also have its maxima inside the 

dielectric material and not in the surrounding cavity. 
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3.2.1 Spurious-free Range 

Given the simple resonator in Figure 4, it can be noted from Table 1 

that the first, higher order mode above the TE01 mode is no more 

than 500 MHz away in frequency. If attempting to build a filter out 

of this resonator, it would imply that a spurious response of some 

kind would be to expect at this frequency and above. The nature of 

this response would among many things be depending on how strong-

ly these modes are coupled to. So, without any insight in the practi-

cal filter implementation there might be ways to modify the resona-

tor shape in order to shift the higher order modes further away from 

the wanted mode. By introducing a hole in the dielectric resonator, 

as shown in Figure 7, it can be shown [14] that the higher order 

modes are shifted up in frequency while the TE01 remains fairly unaf-

fected.   

 

 
 

Figure 7. Modified dielectric resonator for spurious mode suppression. 

 

By considering the electric field of the TE01 mode inside the dielectric 

resonator it can be noted that there is a field minimum in the centre 

of the puck so it is rather intuitive to realize that cutting a hole in 

this region would have no or little impact on the resonator frequency. 

The resonant frequency of the different modes vs. the hole-diameter 

is plotted in Figure 8. 
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Figure 8. Resonant frequency vs. hole-diameter for the modified die-
lectric resonator. 

3.2.2 Unloaded Q  and Stored Energy 

Apart from the resonant frequency, another important parameter is 

the unloaded Q. By definition [5], the unloaded Q-value relates the 

ability to store energy and the resonator losses. A high Q-value indi-

cates that the stored energy is high, the losses are low or both. The 

stored energy is the sum of the time average magnetic and electric 

energy. At resonance, the time average magnetic and electric energy 

are equal. It essentially means that during one cycle, the energy is 

shifted between the magnetic and the electric field. The total energy 

stored is therefore equal to twice the time average electric energy or 

twice the time average magnetic energy.   

  

 
 

Figure 9. Integration volumes and integration surface for resonator Q 
calculation. 
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With the eigenmode solver in HFSS, the unloaded Q of each mode 

can be explicitly calculated. It can also be calculated from the stored 

energy and the resonator losses.  
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Given the simple setup above, we can calculate the stored energy 

from the electric field in the puck plus the energy stored in the elec-

tric field in the surrounding, air-filled cavity. We can then also relate 

the energy stored in the puck with the total energy stored. 
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In this case, the energy stored within the puck is 98% of the total en-

ergy stored. This is really one of the major advantages of this mode 

when it comes to power handling. The dielectric materials used for 

these resonator can handle a substantially larger electric field 

strength before subject to microwave breakdown compared to an air 

filled structure [15] [16]  

 

 

The power loss comes from either resistive losses in the cavity 

walls or from dielectric losses in the puck. In HFSS, it is possible to 

obtain the surface loss density as well as the volume loss density for 

any given surface or solid. This makes it easy enough to calculate the 

losses simply by integrating the loss density across the surface or vol-

ume of interest  
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The unloaded Q is then 
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3.2.3 Excitations and Pushed Excitations 

To begin with, when simulating a driven problem in HFSS, the 

choice stands between a driven modal or driven terminal solution 

type [17]. When using the resonator ports described in the following 

section it is the driven terminal representation that has to be used. In 

brief, this means that the s-parameters of a set of defined wave ports 

will be related to the different terminals of the ports rather than with 

respect to different modes of propagation. In order to visualize the 

fields, these terminals can be excited by assigning a terminal voltage. 

The choice is between assigning incident or total voltage to the ter-

minals. 

 

By defining an input voltage to port one for example, it means we 

define the voltage amplitude and phase of a wave propagating in the 

direction into the port.  

 

     
 

Figure 10. Incident voltage excitation. 

The waveports can be viewed as semi-infinite waveguides with the 

same material and cross-section as the surface on which the ports are 

defined. In the HFSS solution process, the natural modes of propaga-

tion for the port surfaces are explicitly solved. When exciting the 
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ports, it’s one or several of these modes that are excited. With a nod-

al representation, it’s instead one or several terminals that are excit-

ed. The waveports can also be viewed as perfect terminations since 

the ports are solved for the given modes of propagation.  

 

With this in mind, we can calculate the total voltages at the port 

nodes based on the incident voltage and the s-parameters. 

 

  
 

Figure 11. Total voltage excitation 
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If switching to total voltage formulation when exciting the ports and 

there assigning the same nodal voltages as calculated above, the field 

results would be identical to the incident voltage excitation that we 

started with. 

 

This is important when looking at a combined 3D EM and circuit 

simulation. Instead of explicitly defining the port excitation in HFSS, 

it is possible to run a circuit simulation with a dynamically linked 

representation of the 3D EM structure together with a voltage 

source. This source is assigned to one of the ports in the circuit simu-

lator with a given source voltage vs. the corresponding source and 

load resistance is set to the actual characteristic impedance of the 

waveports. A schematic of this setup is shown in Figure 12. 
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Figure 12. Excitation of a dynamically linked 3D EM structure in the 
circuit environment. 

 

The question is then how to relate the source voltage to the incident 

and total voltages. Starting with what we already concluded so far 
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Usually, we have that 

 

00201 ZZZ   

 

So, we end up with 
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      (3.8) 

 

From a circuit simulation, the results in terms of the magnitude 

and phase of the nodal voltages can then be pushed back into HFSS 

and used as terminal excitations. In this case, it would be the total 

voltage formulation that’s used in HFSS.  

 

In cases when using port tuning, this technique becomes very useful. 

It means that the fields of an EM-simulation can be scaled to repre-

sent the fields of a tuned filter.   
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3.2.4 Resonator Ports for TE01-mode 

One of the key elements in the port tuning technique, as discussed in 

2.3.1, is the use of resonator ports in the 3D EM simulation. From 

one single EM-simulation it’s possible to tune the filter virtually in 

the circuit simulator by placing capacitors at the nodes corresponding 

to the resonator ports as shown in the Figure 13. 

 

 
 

Figure 13. Port tuning in the circuit environment of a five resonator 
filter structure.  

In HFSS, the resonator ports are represented by lumped ports. A 

lumped port is defined on a 2D-sheet. The opposite edges of the sheet 

has to touch a conductor the electric field will be oriented across the 

port surface in between these conductors. The other two edges of the 

port face will be treated as perfect H boundaries. 

 

From the HFSS help [17], we have the following statement when it 

comes to placement and orientation of the lumped ports. 

 

“When a lumped port is used internal to a 3D problem, it makes 

sense to place the lumped port at a location where the field distribu-

tion would approximately be the same as the dominant mode of the 

port definition in the absence of the lumped port” 
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In this context, it would then make sense to create a port that is 

oriented in line with the electric field. From 3.1.2 it’s clear that the 

ideal port should be circular and placed somewhere inside the dielec-

tric puck. 

 

 
 

Figure 14. Illustration of the resonator port setup in HFSS for a 
TE01-mode dielectric resonator.  

 

Even if it’s easy enough to create a circular 2D-sheet object on 

which we can define the port, it’s still required that the two opposite 

sides of the port touch a conductor. Without these conductors, there 

nothing to reference the terminal to. The solution is to break the res-

onator ring and put in a tiny PEC (Perfect Electric Conductor) ob-

ject. This would ensure a common reference and it would provide an 

edge to define the port terminal on. An illustration of the port setup 

is shown in Figure 14. 

 

A port like this will be transparent to the TE01 mode in the sense 

that it will not distort the modes natural field pattern. Given the size 

of the small PEC reference, it is not likely to do so either. 

 

Having said that, the question arises what effect a port like this 

would have to other, higher order modes. Depending on the size and 

position inside the puck, it is likely that other modes can be tuned to 

interfere within the frequency band of interest. In addition, as per 

recommendations in the HFSS online help, the lumped ports shall 

preferably be kept small in comparison to the wavelength. 
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3.2.5 Port Location and Port Sizing 

In order to investigate the impact of the port location with respect 

higher order modes, i.e. to understand how these modes are de-tuned, 

the starting point would be to place the port close to the cavity floor 

as in Figure 15. Obviously, the port should in this position have no 

or little impact on any of the modes in question. In other words, the 

frequency and order of these modes should match the results from 

3.2.1.  

  

 
 

Figure 15. Port sizing and port location of a resonator port for the 
TE01-mode resonator. 

Since the resonator ports were added, it’s no longer possible to use 

the eigenmode solver in HFSS. Instead, coupling probes (inductive 

loops) has to be added (not explicitly shown) in order to excite the 

structure. 

 

If step by step moving the port from the cavity floor up to the centre 

of the puck and in that same process tracking the frequency of each 

resonant mode, the behaviour can be monitored.  

 

By looking at the fields at the location of each peak in the response, 

the modes could be identified. The plots in Figure 16 show the re-

sponse for the extreme port locations together with a summary of 

frequency vs port location. 
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Figure 16. Resonant frequency vs. port location for higher order reso-
nant modes.  
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It can be noted that the modes likely to interfere are the port 

modes where the port dimensions correspond to 1,2 or 3 times the 

wavelength. 

 

 
Figure 17. Resonant frequency vs. port size for the modes closest to 
the TE01-mode when the port is placed in the puck centre.  

 

From Figure 15 and Figure 16, it’s clear that the spurious free range 

is the distance between the closest port modes. By adjusting the di-

ameter or the location of the port, these port modes can be centred 

around the TE01 mode.   

3.3 Five-pole filter example with TE01 resonators  

Using the design flow established in 2.4, an example filter can be cre-

ated for demonstrating this technique. The intention is also to use 

this example later in the electrothermal simulations. 

3.3.1 Filter Synthesis 

The coupling matrix synthesis was performed using the CMS tool [7]. 

The response of a 10 MHz filter with 20 dB return loss at 2620 MHz 

and two transmission zeros was tailored. 
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Figure 18. Coupling matrix synthesis of the example filter using the 
CMS tool. 

 

In order to get the corresponding coupling matrix for the tailored re-

sponse, we have so select a topology that can support zeros placed on 

the desired side of the passband [18].  

For the two transmission zeros below the passband we can introduce 

cross-couplings between resonators 1-3 and 3-5.  

 

 
 

Figure 19. Topology of the example filter. 

The corresponding  coupling matrix  with coupling bandwidths (off-

diagonal) and resonator frequency (diagonal) is then 
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Figure 20. Coupling matrix of the example filter. 

Given this coupling matrix, we now have the task ahead to come up 

with a physical realisation that gives the desired coupling values and 

resonator frequencies.  

3.3.2 Realisation 

First of all, we need a resonator geometry to start with. A geometry 

like in Figure 21, similar to the one in 3.2.5 but with alumina sup-

ports added is a rather natural choice. 

 

    
 

Figure 21. Dielectric resonator geometry with puck, tuning disc and 
alumina supports. 

 

Next, we have to choose a physical layout. Given the topology we 

know that we need to make sure that resonator 1-3 and 3-5 can cou-

ple to each other in addition to the main line couplings.  

 

A zig-zag shaped layout for example would be suitable for this 

purpose. All the couplings from the coupling matrix can be realised in 

this layout. 
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Figure 22. Example filter geometry. 

 

The physical parameters to be used to get the correct coupling values 

and resonant frequencies would be the height of the apertures in be-

tween the resonators, the size of the incoupling loops and the gaps 

between the resonator pucks and the tuning discs. 

 

For the purpose of comparison the coupling and frequency optimisa-

tion will be separated although they can both be optimised simulta-

neously.  

 

Starting with the coupling optimisation we will then get a realisation 

with the correct couplings but without the resonators explicitly 

tuned. The tuning of the resonators is then done by port tuning in 

the circuit simulator. This model will be referred to as the coarse 

model. 

 

After the coupling optimisation is done, we then do the frequency op-

timisation. This filter model with explicitly tuned resonator will then 

be referred to as the strict model.   

 

3.3.3 Coupling and Frequency Optimisation 

Starting with the couplings, we run the optimisation routine until the 

coupling bandwidths converge within 0.2 MHz. The convergence of 

the individual parameters is shown in Table 2.  
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Table 2. Coupling convergence (MHz) from the coupling optimiza-
tion.  

From this table we see that all couplings have converged in seven it-

erations. This implies that there are seven explicit simulations re-

quired to do this.  

 
Figure 23. Coupling convergence (max). 

 

The total simulation time required for these iterations was 1h 50min. 

So, in less than two hour the design was set. 

 

Not to forget the frequency optimisation. Again, these were optimised 

after the coupling optimisation for a reason. Normally, all parameters 

are taken into account at the same time. 

 

Setting the convergence criteria for the resonator frequency to less 

than 0.2 MHz we see from Table 3 that we need another 5 iterations 

for the frequencies to converge as well 
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Table 3. Frequency convergence (MHz) from the added frequency op-
timisation. 

 

These iterations took 1h 40min to solve.  

 

 
Figure 24. Frequency convergence (max) 

 

So, even if the two optimisations were done sequentially, the total 

time for them both was 3h 30min. 

 

Regardless, it’s safe to say that this design approach has proven to be 

very efficient in terms of simulation time and number of explicit sim-

ulations needed. 

 

3.3.4 Filter Tuning 

The response of the strict model (solid) matches very well with the 

synthesised response (dotted) as seen in Figure 25.  
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Figure 25. Strict model s-parameter response compared to synthesis. 

 

The response of the coarse model (solid) before port tuning is shown 

with the synthesised response (dotted) in Figure 26.  

 

 
Figure 26. Coarse model s-parameter response compared to synthesis. 

 

It’s clear that the filter is off-centred and not very well matched but 

still, it’s possible to see the shape of a filter passband. 
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Tuning the filter with port tuning in the circuit environment is simp-

ly done by adding capacitors to the resonator ports and adjusting the 

capacitor values as shown in Figure 27.  

 

 
Figure 27. Port tuning setup in the circuit environment for the coarse 
model.  

 

In the circuit environment, every computation is not nearly as 

computationally expensive as for the EM-simulations. Several 

hundreds of iterations are suddenly not very time consuming. 

Consequently, more straightforward optimisation is therefore possible 

unless tuning the structure manually. One interesting technique for 

getting an equiripple passband is called match point tuning or 

equiripple optimisation. An example of this technique [19]. Before 

that kind of technique can be applied we need to center the filter to 

the desired passband. 
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Figure 28. Initial s-parameter response. mag(s11) 

At first, a simple pattern search optimisation can be applied trying to 

get mag(S11) below 0.2 (-14 dB). 

 

The basic idea behind the match point tuning is to set the optimisa-

tion goals mag(s11)=0 at the desired location of the match points.  

 
Figure 29. S-parameter response after initial optimisation.  

 

In this case we have a five-pole filter and hence we have five match 

points. First, we need to force the outer match points to the lowest 

and highest frequencies of the passband. So, we can simply run a 

gradient optimisation with mag(s11)=0 at these two frequencies. In 

this case the maximum number of iterations was limited so the 

match points did not exactly ended up at the desired frequencies but 

the filter passband got well centred.  
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Figure 30. S-parameter response after optimising outer match points. 

 

From this point we will note the location of each match-point and 

enter them as frequency points in the optimisation where 

mag(s11)=0.  

 

One by one, we will move the location of the match-point in a direc-

tion so that the “neighbouring peaks” reach the same level as seen in 

the illustration below. 

 

 
 

Figure 31. Illustration of the match point tuning. 

 

Basically, the match point will be updated in the optimisation goals 

and the problem is re-optimised. This procedure is repeated until 

both peaks are levelled. This might seem like a tedious process but it 

is on the other hand very straightforward. It’s also something that 

can easily be automized by scripts. 

 

When this is done, we move to the next match point. The same pro-

cedure is repeated and we move to the next and so on. After reaching 

the opposite side of the passband, the response is most likely not 

equiripple so then we go back to the first of the inner match points 

and we repeat the whole process again. 
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This is how it works in principle so let’s try this approach on this fil-

ter example. 

 

 

Figure 32. First iteration, 2’nd match point. 

 

Figure 33. First iteration, 3’rd match point. 

 

 

Figure 34. First iteration, 4’th match point.  

We could probably stop here since the filter passband is almost 

equiripple. However, I order to fully test the methodology, let’s run a 
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second iteration loop. Again, since we’re in the circuit environment, 

additional simulations are not very computationally expensive so we 

can “afford” to continue. 

 

 

Figure 35. Second iteration, 2’nd match point. 

 

 

Figure 36. Second iteration, 3’rd match point. 

 

 

Figure 37. Second iteration, 4’th match point.  



 39 

We can settle with this. In Figure 38 we can compare the port tuned 

response (solid) with the synthesised response (dotted). As expected 

we get a good correspondence. 

 

 
Figure 38. Coarse model s-parameter response after port tuning. 
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4 Temperature Stability 

In filter applications, the term temperature stability is related to the 

frequency shift in resonant frequency of each individual resonator due 

to an increase in temperature. This is usually observed in terms of a 

frequency drift of the scattering parameters. There are usually two 

basic types of temperature drift, uniform and non-uniform tempera-

ture drift. If the frequency shift of all resonators are equal, the result 

is a uniform shift  of the filter s-parameter response.   

 

 
Figure 39. Illustration of uniform frequency drift of a filter 

 

This type of frequency drift is usually rather simple to account 

for. Many times, it’s sufficient just add some frequency margins to 

the specification i.e. make the filter a little bit wider than the re-

quired passband. The uniform frequency drift is usually the result of 

an increased ambient temperature. 

 

In high-power transmit filters, there will occur self-heating of the 

resonators due to dissipated RF-power. The amount of power dissi-

pated will be depending on the transmitted power, resonator Q-

values, filter topology etc. Most important is that the power dissipa-

tion is not uniform across the resonators. As a result, the frequency 

drift of each resonator will not be uniform.  
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Figure 40. Illustration of non-uniform frequency drift of a filter 

 

A non-uniform de-tuning of the resonators will most definately 

have a negative impact on the filter return loss parameter, increasing 

the reflection losses thus preventing power from being transmitted.  

 

Solving the problem with non-uniform drift is usually not possible by 

simply adding frequency and amplitude margins to the spec. With 

tougher requirements on filter return loss the filter rejection will get 

worse. With less rejection, the filter bandwidth might have to be re-

duced or the order filter might have to be increased. This in turn will 

increase the transmission losses. All in all, there is a need for some 

kind of temperature compensation of the resonators.   

4.1 Temperature Coefficients 

The frequency stability of a resonator due to a change in temperature 

is often described by its temperature coefficient. 
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Any change in frequency will in turn be caused by thermal expansion 

of the filter parts and temperature dependent material properties. In 

terms of mechanical stability, the thermal expansion coefficient is 

similar 
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With dielectric resonators, in addition to the thermal expansion, the 

permittivity is temperature dependent [20]. The corresponding tem-

perature coefficient for the relative permittivity is  
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      (4.3) 

 

Dielectric resonator materials are often specified with respect to 

the frequency stability. Either this parameter is measured from a cus-

tom resonator setup or it comes from a generic setup as described in 

[20].  

 

4.2 Temperature Compensation 

If trying to account for the frequency drift due to an increased tem-

perature it’s equally important to understand the source for the heat-

ing as well as understanding how the mechanisms of the resonator 

frequency drift. 

 

The most obvious heat source would be from an increased ambient 

temperature. Let’s call that ambient heating. Another, important 

heat source to would be from internal heating of selected resonator 

parts. Let’s call that self-heating. Due to thermal expansion, it’s intu-

itive to understand that the resonator dimensions will change. 

 

The relation between dimensions, relative permittivity and resonant 

frequency of a dielectric resonator can be approximated by [21] 
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From this relation, it’s clear that the resonator frequency will shift 

down in frequency as a result of thermal expansion.  

 

In order to account for this frequency shift, selecting a dielectric 

material with a relative permittivity that is temperature dependent is 
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one solution. A material with a negative , indicates that the permit-

tivity goes down as the temperature increase, which in turn causes 

the resonant frequency to go up.   

In practise, the dielectric resonator is many times tuned by using a 

dielectric disc. If considering the case where the gap between puck 

and disc is growing larger, it can be viewed as the “effective” size of 

the resonator is getting smaller. As a result, the frequency will move 

up if using the same relation. 

 

Depending on how the disc and puck are physically arranged, the 

temperature dependence will be quite different. Two different ar-

rangements are shown in Figure 41. 

 

  
 

Figure 41. Illustration of “same” and “opposite” disc arrangement. 

If the disc and puck are mounted on supports from the same side 

of the cavity the gap between puck and disc will increase due to 

thermal expansion (unless the puck support and disc support have 

different thermal expansion). This would cause the frequency to move 

up and hence is to some extent compensating for the frequency drift. 

 

However, this compensation is very small since unless selecting 

support materials with very different thermal expansion.  

 

Instead, having puck and disc mounted from opposite sides of the 

cavity the gap is instead relying upon the thermal expansion of the 

cavity. As the cavity expands, so does the gap and hence the fre-

quency goes up. This compensation is significant and provides more 

degrees of freedom.  
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To summarize, there are two fundamental means for compensa-

tion, electrical (meaning changing electrical properties) and mechani-

cal. 

To account for ambient heating, a combination of mechanical and 

electrical compensation would most likely be the most effective way. 

Given the mechanical compensation from a certain physical arrange-

ment, a material with suitable  is selected.  

 

To account for self-heating, the mechanical compensation has lit-

tle or no effect if it is the puck and not the cavity that is getting 

heated up. Instead, it is down to the electrical compensation to do 

the work. 

 

 
 

Figure 42. Temperature drift and temperature compensation.  
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5 Electrothermal Analysis Overview 

First of all, what do we mean by electrothermal analysis?  The word 

electrothermal itself can be explained as “relating to heat derived 

from electricity” (www.oxforddictionaries.com). 

 

In this context, heat will be generated in the dielectric resonators 

as a result of power dissipation due to dielectric losses. More precise, 

we are interested in the mechanisms of heat transfer from the dielec-

tric resonator interior to the surrounding cavity walls. 

 

There are basically three different ways of transferring heat away 

from the dielectric resonator. By conduction, convection and by radi-

ation. The basic theory behind these means of heat transfer is taken 

from [22].   

5.1 Conducted Heat Transfer 

Due to interaction between particles in a medium, energy is trans-

ferred from the more energetic particles to the less energetic particles. 

Given a temperature gradient in the medium, a net transfer of energy 

will arise in the direction from the higher to the lower temperature. 

  

The amount of energy transferred per unit time and per unit area is 

referred to as the heat flux (Wm-2) and directly related to the tem-

perature gradient  

 

Tkqcond         (5.1) 

 

where k (Wm-1K-1) is the thermal conductivity. This relationship is 

known as Fourier’s law. Consequently, the heat rate (W) is  
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http://www.oxforddictionaries.com/definition/english/heat
http://www.oxforddictionaries.com/definition/english/derive
http://www.oxforddictionaries.com/definition/english/electricity
http://www.oxforddictionaries.com/
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Given steady state conditions and a constant thermal conductivity 

this reduces down to 
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Figure 43. Conducted heat transfer. 

 

In other words, heat transfer by conduction is only possible as 

long as there is a temperature difference. Intuitively, higher thermal 

conductivity leads to lower temperature difference for the same heat 

rate. 

 

In this context, conductive heat transfer it’s mainly related to the 

supporting structure of the dielectric resonator. While being a good 

insulator electrically, it also has to be a good conductor thermally. 

This is not always the case for many materials. 

   

5.2 Convection  

Heat transfer by convection can be divided into forced convection 

and natural convection. In this context, it’s the natural convection 

that is of interest since we’re looking at the interior of a closed cavi-

ty. The energy transfer by convection is due to fluid motion. Here, 

the fluid in question is air. A temperature difference in the fluid will 

cause density variations which in turn give rise to buoyancy forces.  
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The heat flux due to convection is governed by Newton’s law of cool-

ing.    

 

  TThq sconv       (5.4) 

 

Where h is the average heat transfer coefficient, Tso is the surface 

temperature and T∞ is the ambient temperature far away from the 

surface. It will strongly depend on the geometry as well as the nature 

of the fluid flow. To use the exact wording from [22], “Any study of 

convection ultimately reduces to a study of the means by which h 

may be determined”.      

5.3 Radiation 

Any body with a temperature above absolute zero will radiate heat in 

terms of radiated electromagnetic energy. The surface emissive power 

(Wm-2) from a perfect (blackbody) radiator is given by Stefan-

Boltzmann’s law 

 

4

sb TE              (5.5) 

 

Where σ (Wm
−2K

−4) is the Stefan-Boltzmann constant. The emissivi-

ty  is the ratio of the emitted power from a surface and the surface 

emissive power.  
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The emissivity is unity for a black body but close to zero (around 

0.02) for materials like aluminium foil and in the region around 0.9 

for the dielectric materials of interest.  
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6 Electrothermal Simulations 

As described in section 4.2, any type of temperature compensation 

is relying on the electrothermal analysis. Understanding the heat 

transfer mechanisms of the resonator interior is essential for the abil-

ity to build simplified yet efficient methods for the electrothermal de-

sign. 

 

An efficient filter design methodology based on the port tuning 

technique as suggested in 2.4 is a natural starting point for the elec-

trothermal simulations.  

 

In the following sections, there will be side-by-side comparisons 

between explicitly tuned and port-tuned resonators and filters.  

6.1 Simulation Overview 

The electrothermal analysis is divided into a number of steps. Below 

are an overview of the different steps and the aim of each part in the 

analysis. 

6.1.1 EM-simulation 

As a first step, run a series of EM-simulations using a simple TE01-

mode resonator. Use the HFSS fields calculator to calculate stored 

energy and dielectric losses. Compare the results between explicit 

tuning and port tuning of the resonator. The aim is to see how port 

tuning differs from explicit tuning in terms of the loss distribution.  

 

 
 

Figure 44. Single resonator EM-simulation overview   
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6.1.2 Thermal Simulation (Single Resonator) 

The second step is to couple EM-simulations to a series of thermal 

simulations. Again, a single resonator is used for the analysis. The 

aim is to get a better understanding of the dominant heat transfer 

mechanisms of this kind of structure, to get an idea of the tempera-

ture distribution and to calculate the heat transfer coefficients of se-

lected surfaces. Last but not least, the difference between explicit and 

port tuning in this context is also investigated.   

 

 
Figure 45. Single resonator Thermal (CFD) simulation overview 

6.1.3 Thermal Simulation (Filter) 

In the third step the same kind of thermal analysis as for the previ-

ous single resonator setup but on a realistic filter example. The aim is 

again to identify the dominant heat transfer mechanisms but also to 

see variation of the calculated heat transfer coefficients. Another aim 

is to see if it’s possible to set up a simplified thermal analysis using  

the calculated heat transfer coefficients as boundary conditions. A 

simplified thermal analysis with port tuning compared to a complete 

thermal analysis with explicit tuning is the most interesting compari-

son.  

 

 
Figure 46. Thermal filter simulation overview.  
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6.1.4 Structural Simulation and Deformation Feedback 

In this step, the idea is to “close the loop” in the analysis chain. Giv-

en the thermal analysis, a structural simulation can be carried out to 

calculate the deformations. These deformations are then coupled back 

to the initial EM-simulation. Applying these deformations on the ex-

isting mesh and re-solving the EM-simulation makes if possible calcu-

late the frequency drift. 

 

Starting with the single resonator example, the first aim is to see how 

a potential difference in the thermal analysis (from using explicit or 

port tuning) is affecting the temperature drift. 

 

 
Figure 47. Single resonator coupled EM-Thermal-Structural simula-
tion. 

 

The second aim would be to run the complete analysis on a realistic 

filter example using port tuning and a simplified thermal model. 

Since using the port tuning it’s also possible to calculate the individ-

ual frequency temperature coefficients for each resonator.  

 

Last but not least, select another resonator material with different 

material properties (f) based on the calculated temperature coeffi-

cients. Is full temperature compensation achieved?     

 

 
Figure 48. Complete filter simulation with port tuning and coupled 
EM-Thermal-Structural analysis. 
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6.2 EM-simulation (Resonator Tuning) 

A simple single resonator model, as shown in Figure 49, was used for 

the EM-simulations. The resonator was explicitly tuned across the 

tuning range by changing the gap between puck and disc from 0.5 to 

3.5 mm. (In practise, one would probably not let the disc and puck 

get as close as 0.5 mm but the aim here is to push the limits a bit)    

 

  
Figure 49. Single resonator 3D EM model and port tuned circuit 
model.   

 

For the port tuning, a tuning capacitor was placed at the node corre-

sponding to the resonator port.  

 

The gap was held at 2mm in the EM-simulation and the resonator 

was tuned by adjusting the capacitor value until reaching the same 

frequency as when explicitly tuning the resonator. After tuning, 

pushed excitations was used for scaling the EM field solution as de-

scribed in 3.2.3-3.2.4.  

 

The stored energy and the dielectric losses were calculated from 3.2.2 

with the addition of the energy stored in the tuning capacitor. 
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A summary of the simulations is found Table 4.  
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Table 4. Comparison between explicit- vs. port tuning of a single res-
onator with respect to resonator power loss. Pin=50 W. 

 

From the explicitly tuned simulations we conclude that for an input 

power of 50 W, the total loss in the resonator is about 5.5 W and the 

stored energy is about 12 J. When the gap is small (0.5 mm), the 

electric field will become stronger inside the disc and consequently, a 

greater portion of the energy will be stored there. The dielectric loss-

es in the disc should become greater as well. This can also be verified 

in the table above. 

 

When applying the port tuning, the energy and loss distribution be-

comes somewhat different although the frequency is the same as for 

the explicit tuning. Since the disc will remain in the same position 

(gap=2 mm) it would be fair to assume that the stored energy in the 

disc should remain the same and not change in a similar way as for 

the explicit tuning. Consequently, the same would be to expect from 

the losses in the disc.  

 

It is evident that the disc loss becomes under-estimated in the port 

tuning when tuned to the lower end of the tuning range and over-

estimated in the upper end of the tuning range.    
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The same simulations were repeated for input power of 100 W  

 

 
 

Table 5. Comparison between explicit- vs. port tuning of a single res-
onator with respect to resonator power loss. Pin=100W. 

 

As expected, the same behaviour was observed. Although the disc 

losses become under/overestimated in the port tuning compared to 

the explicit tuning it’s clear that the puck losses remain rather accu-

rate. The difference is in the range of ±1% across the tuning range 

compared to the explicit tuning.  

 

Still, the impact on the temperature distribution due to the difference 

in disc loss is to be investigated further. 

 

6.3 Thermal Simulation (Single Resonator) 

A simple single resonator model, shown in Figure 50, was used for 

the Thermal simulations. In addition to the model used for the EM-

simulations, dielectric supports for the disc and the puck was added.  
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Figure 50. Single resonator model with supports.   

6.3.1 Support Material Selection 

When selecting the material for the dielectric support, low permittivi-

ty and low losses are quite obvious in order to minimize the interac-

tion with the dielectric resonator. This, in turn, is making sure the 

unloaded Q is kept as high as possible.  

 

On the other hand, losses in the dielectric resonator will generate 

heat that has to be transferred away from the puck in one way or the 

other. Intuitively, it is easy to understand that the conducted heat 

will play a large role in the heat transfer. The physical size and the 

material selection of the puck support are therefore tightly linked to 

the heat transfer. Alumina and Rexolite are both materials that are 

commonly used for high frequency applications although Alumina is 

predominantly used as support for dielectric resonators. Some of the 

material properties (representative) for these two materials are sum-

marized in Table 6. 

  

Material 
Relative 

permittivity (r) 

(er) 

Dissipation 

factor (tan) 

Thermal 

conductivity1) 

Thermal 

Expansion2) () 

Alumina3) 9.2 0.008 26 7.2 

Rexolite4) 2.53 0.0002 0.17 70 

 
1) [W/m-1C-1]   

2) [ppm]    

3) ANSYS HFSS material library    

4) www.ensinger.co.uk 

 

Table 6. Material properties of Alumina vs. Rexolite. 

http://www.ensinger.co.uk/
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Given the material properties above it is evident that there’s a huge 

difference in thermal conductivity as well as thermal expansion.  

 

A very rough estimation based on 5.2.1 yields that for a 10 mm puck 

support with a 10 mm diameter, the temperature difference (between 

puck and cavity) per 1 W of heat transfer can be approximated by   

 

210

4



k

T        (6.3) 

 

For Alumina this would imply roughly 5°C temperature increase per 

watt. With a thermal conductivity a factor 1/100 less, Rexolite would 

reach >500°C per watt. In other words, Rexolite can be ruled out as a 

suitable material for high power applications. 

 

6.3.2 Mechanisms of Heat Transfer  

As outlined in 5.2 there are three different means for transferring 

heat away from the resonator. In particular, our interest is focused on 

the heat transfer from the dielectric resonator, the tuning element 

and the dielectric supports. First of all, we need to determine the 

amount of heat and where it’s generated.  

 

We know from 3.2.2 that the energy of the electric field is focused 

inside the dielectric puck. Looking at the field pattern of the electric 

field in Figure 51 however indicates that there is still substantial field 

strength inside the tuning element as well as in the support material.    
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Figure 51. Example of the electric field strength inside a TE01-mode 
dielectric resonator.  

 

Considering the material properties of the selected of the support ma-

terial (Alumina) it is very likely that the dielectric losses can be sig-

nificant. For Alumina, tan=0.08 which should be compared to the 

4300 material where tan≈2.9e-5 (1/35000). 

 
Looking at the volume loss density for the same resonator example ( 

Figure 52) it becomes evident that this is also the case 

 

 
 

Figure 52. Example of the corresponding volume loss density of the 
example resonator.  
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Using the HFSS fields calculator, as seen in 3.2.2, we can calculate 

the loss contribution from the individual parts by integrating the 

volume loss density across the dielectric volumes.   

 

 
 

Figure 53. Example of the corresponding power loss of the example 
resonator. 

As expected, the largest loss contribution comes from the dielectric 

resonator puck but it is also clear that the puck support also has a 

significant contribution.   

 

Given the generated heat, we now want to quantify the amount of 

heat transferred by conduction, convection and radiation 

 

 
Figure 54. Illustration of different heat transfer mechanisms 

 

Already from the simple estimations in 6.1.3 it is obvious how domi-

nant the conducted heat transfer is and how important role the 

thermal conductivity of the support material plays. 
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In order to quantify the heat transfer by convection we know from 

5.2.2 that the key is to find the heat transfer coefficient for the differ-

ent resonator surfaces. Knowing the value of the heat transfer coeffi-

cient, or the range in where to find this value is essential for an effi-

cient estimation of the resonator temperature. 

 

Without prior knowledge, one can only guess the value of the heat 

transfer coefficient and a full CFD analysis (computational fluid dy-

namics) of the resonator has to be performed in order to find out the 

internal airflow on which the convection mechanism relies.     

  

Given the same resonator example, the generated heat from the 

EM simulation (HFSS) were coupled to the CFD analysis (Fluent) 

through the ANSYS Workbench environment. 

 

   
Figure 55. Coupling between EM- and Thermal analysis in the AN-
SYS Workbench environment. 

 

This complete analysis gives an estimation of all three heat trans-

fer mechanisms. 

 

As for the analysis of the radiation terms there’s a need to know 

the emissivity of the materials. Here, it’s been difficult to get explicit 

material data for the different materials. However, it’s clear to begin 

with that the silver plated aluminium surface will have a very low 

emissivity in comparison to the dielectric material. A reasonably good 

estimation would be to place the emissivity of the cavity in the re-

gion of 0.02 and the dielectric materials in the region of 0.9. Already 

from this point it’s fair to assume that the radiation would not be 

dominant in terms of transferring heat from the dielectric material to 

the cavity. With such low emissivity, the radiated heat will almost 
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completely be reflected back. However, if the radiation seems to be-

come dominant in any way, there might be a reason for coming back 

to the emissivity properties. Starting with the internal airflow, with a 

power dissipation of around 5.5 W the maximum air velocity reaches 

approximately 5 cm/s. It’s along the vertical puck surface where the 

highest velocity is found. 

 

 
 

Figure 56. Airflow and temperature of the resonator interior from a 
thermal (CFD) analysis. 

 

A complete summary of the resonator surfaces, the transferred heat, 

temperature and corresponding heat transfer can be found in Table 7. 

 

Before looking at the results summary we have to index the different 

resonator surfaces and also indicate the reference direction for posi-

tive heat flux as seen in Figure 57. 
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Figure 57. Resonator surfaces 

 
 

Table 7. Heat transfer summary. Explicit tuning (gap=2 mm).  
P=1.9 W. 

In Table 7, surfaces with a net heat transfer rate greater than 1 W 

marked with a solid black circle, less than 0.05 W with a white circle. 
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The heat transfer coefficient was calculated for surfaces with a net 

heat transfer rate greater than 0.05 W.  

 

It is easy to identify conducted heat transfer as the dominant heat 

transfer mechanism. Out of the dissipated power of 1 W in the puck, 

0.7 W is transferred through the support to the surrounding cavity. 

 

Repeat the same simulation but increase the power level so that more 

heat is dissipated. 

 

 
 

Table 8. Heat transfer summary. Explicit tuning (gap=2 mm).  
P=3.8 W. 

From Table 8 it can be seen that, although a small contribution, 

there is heat transferred through the outer surface of the dielectric 

support (surface no.12). One would think that since there’s a signifi-

cant amount of heat generated in the puck support any heat trans-

ferred through its outer surface would be positive, i.e. away from the 

solid. Instead, the support is actually absorbing heat.   
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Table 9. Heat transfer summary. Explicit tuning (gap=2 mm).  
P=5.7 W. 

From Table 9 it can be seen that the heat transfer from puck to disc 

is significant (surfaces no.3 and no.10). This is also where the radia-

tion term becomes most visible. The net convection is 0.6 W.  
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Table 10. Heat transfer summary. Explicit tuning (gap=0.5 mm). 
P=5.6 W. 

The location of the disc has an impact on the puck-disc heat transfer 

(surfaces no.3 and no.10). Comparing the results from Table 9 and 

Table 10 it can be observed that the convection goes up while the 

radiation goes down as seen if. On the other hand, the temperature 

distribution is different since there’s more heat generated in the disc.  
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Table 11. Heat transfer summary. Explicit tuning (gap=3.5 mm). 
P=6.0 W. 

 
Table 12. Heat transfer summary. Port tuning (correspond to 
gap=0.5 mm). P=4.9 W. 
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Table 13. Heat transfer summary. Port tuning (correspond to 
gap=3.5 mm). P= 6.1 W. 

 

From this summary (Table 7 through  

Table 13) it’s no surprise that the conducted heat through surfac-

es number 14 and 15 are dominant. As expected, the cavity walls ab-

sorb very little of the radiated heat. It’s interesting to note that the 

radiation between puck and disc together with the convection makes 

a significant contribution (surfaces number 3 and 10). The majority 

of the radiated power from the puck gets absorbed by the disc and 

the supports, just like illustrated by (surfaces number 11 and 12).  
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6.3.3 Airflow and Temperature 

The airflow and temperature distribution for explicit tuning of the 

resonator are shown in Figure 58 through Figure 60. 

 

 
Figure 58. Airflow and temperature. Explicit tuning (gap=0.5 mm). 

 
Figure 59. Airflow and temperature. Explicit tuning (gap=2.0 mm). 

 
Figure 60. Airflow and temperature. Explicit tuning (gap=3.5 mm). 
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A comparison of an explicitly tuned model with a port tuned model 

are shown in Figure 61 and Figure 62. 

 

 
Figure 61. Temperature profile for Explicitly tuned (gap=0.5 mm) vs. 
Port tuned resonator. 

 
Figure 62. Temperature profile for Explicitly tuned (gap=3.5 mm) vs. 
Port tuned resonator. 

We know from 6.2 that the puck loss was almost within ±1% across 

the tuning range. A quick look at the temperature distribution inside 

the puck shows very good similarity between the explicitly tuned res-

onator and the port tuned resonator. 

 

We also know that the disc losses were getting under/overestimated 

in the port tuning compared to the explicit tuning. Looking at the 

temperature distribution inside the disc verifies that the temperature 

is different.  

A summary of the maximum temperature of the resonator parts for 

the explicitly tuned and port tuned models is found in Table 14. 
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Table 14. Comparison between explicit- vs. port tuning of a single 
resonator with respect to resonator temperature. 

 

The puck temperature is fairly consistent between the explicit and 

port tuned models. The variation is between +0.6 and -2.7% across 

the tuning range. 

 

A greater variation is seen for the disc temperature, between -28% 

and +20% across the tuning range. 
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6.4 Thermal Simulation (Filter) 

A five-resonator filter with two cross-couplings, simple yet realistic, 

was used for the filter simulations.  

 

 
Figure 63. Example filter. 

 

Two versions of the filter were made, the first version was explicitly 

tuned (strict model) in HFSS and the second version (coarse model) 

was not explicitly tuned in HFSS.  

 

The resonant frequency of the individual resonators in the coarse 

model was “gathered within the passband”. In other words, port tun-

ing was needed.  

 

However, the difference between the coarse model and the strict 

model with respect to the disc was not very large. At least not com-

pared to the single resonator simulations where the difference was 

half the tuning range. 

 

Therefore, a smaller discrepancy in terms of disc temperature be-

tween the explicit and the port tuned models should be expected. 
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6.4.1 Mechanisms of Heat Transfer  

The surfaces of the resonators were labelled in a similar manner as 

for the single resonator simulations.  

 
Figure 64. Resonator surfaces. 

 

A summary of the heat transfer for the individual surfaces (as shown 

in Figure 64) and for each resonator is found in Table 15. 
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Table 15. Heat transfer summary (surface by surface) of the example 
filter. Explicit tuning. 
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Figure 65. Temperature profile of the example filter. Explicit tuning. 
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6.4.2 Simplified Model 

If taking the average across the different resonators, we get a set of 

heat transfer coefficients (or convection coefficients) for the surfaces 

of greates importance. The idea is to use this simplified 

representation as boundary conditions in a Steady State Thermal 

(structural) simulation. 

 

 
Table 16. Average heat transfer coefficients for surfaces with largest 
convection heat transfer. 
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Figure 66. Surfaces with largest convection and radiation heat 
transfer. 

 

 
Figure 67. Simplified thermal analysis using structural analysis. Con-
vection and radiation terms included through boundary conditions.  

6.4.3 Temperature Profile 

A comparison between the Strict model (CFD and Explicit tuning), 

the Simplified Strict model (Average HTC’s and Explicit tuning) and 

the Simplified Coarse model (Average HTC’s and Port tuning) is 

found in Table 17. 
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Table 17. Comparison between Explicit(strict) tuning plus 
CFD(ANSYS Fluent) analysis, Explicit(strict) tuning plus Structur-
al(ANSYS Mechanical) analysis and Port tuning(coarse) plus Struc-
tural(ANSYS Mechanical) analysis.  

From this comparison it is clear that a simplified thermal model 

works very well provided that the heat transfer coefficients used are 

in the proper range.  

 

From an accuracy point of view it would of course always be best 

to perform a full CFD analysis but for a more complex geometry and 

for a filter with a higher number of resonators the simulation times 

would increase rapidly. Instead, it would be more reasonable to run 

the CFD analysis on a single resonator model as a “calibration” for 

the specific resonator geometry in question. Rather than looking for 

an average heat transfer coefficient of the selected surfaces it could 

instead be a certain range of values that would be more useful. 

 

The simplified model could then be analysed for the max and min 

values in that range. This would give a temperature range in which 

the resonator temperature is expected.   
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6.5 Structural Simulation (Deformation Feedback) 

Based on the temperature profile the resulting deformations can be 

calculated in a static structural simulation. As a result of these de-

formations, the electrical properties of the resonator will change. In 

order to capture these effects, the EM-simulation is repeated with re-

spect to these deformations. The nodes in the mesh created for the 

original EM-analysis are offset based on the calculated deformations. 

The temperatures from the thermal simulation are also included so 

that temperature dependent material properties are accounted for as 

well.     

6.5.1 Simplified Frequency Drift Analysis 

Before moving on to the fully coupled EM/Thermal/Structural/EM 

analysis it is worth looking at a simplified analysis of the frequency 

drift of a single resonator. Especially since it’s been identified that 

the temperature estimation of the disc for a port tuned resonator will 

be slightly inaccurate compared to an explicitly tuned resonator. Un-

derstanding how this inaccuracy will translate to the estimation of 

the frequency drift is very important.  

 

A simple, single resonator structure like the one in Figure 68 with a 

resonator port can be solved with HFSS as we have seen in 6.2.    

  
Figure 68. Parameterised resonator model. 

We know from Appendix A that the resonant frequency of the reso-

nator can be extracted by finding the frequency where the self 

suceptance is zero. 
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Figure 69. Self susceptance and resonator frequency. 

 

Given a set of nominal parameters, the structure can be simulated 

and the resonant frequency can be extracted. Now, if slightly chang-

ing these parameter values around it’s nominal values it can be ob-

served that the susceptance curve will get a slight offset. This offset 

in turn will offset the resonant frequency. For small changes around 

nominal, the susceptance slope will remain the same and can very 

easily be calculated. 

 

In addition, using the analytical derivatives feature in HFSS the par-

tial derivatives of the susceptance with respect to the design parame-

ters can be calculated from that same simulation. 

 

Using these partial derivatives, the suceptance curve can be tuned or 

modified directly by entering the parameter deviations. The resulting 

shift in resonant frequency can then be observed. 

 

 
 

Figure 70. SYZ-parameter tuning in HFSS using analytical deriva-
tives. 
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Taking this simplified analysis a step further, we can do the analysis 

by hand, given the partial derivatives and the susceptance slope.  

Given an offset of the susceptance curve as a result of a slight pa-

rameter offset we can estimate the shift of the resonant frequency by 
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In turn, this parameter deviation is the result of thermal expansion 

so from 4.1 we can include the temperature coefficient and the actual 

temperature.   
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Taking into account the effect of changing all (or a selection of) pa-

rameters we have that 
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As a first and very simple analysis we can calculate the frequency 

drift resulting from a case with the following temperature profile,  

Tcav= 22°C, Tdisc= 32°C and Tpuck= 78°C.  
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Just to be clear about the simplifications we do here. The thermal 

expansion of the dielectric supports has been neglected. Any expan-

sion of the supports would effectively narrow the gap between disc 

and puck and in turn lower the frequency. On the other hand, we 

have assumed that the temperature is constant within the dielectric 

puck. From 6.3.3 we can see that this is not the case in reality. 

The closer we get to the support, the lower the temperature gets. 

This is quite intuitive since it’s in this region we have the best possi-

ble means for cooling of the resonator puck.  

 

In other words, since the puck temperature is not constant, the fre-

quency drift from this simplified analysis is slightly over estimated. 

Neglecting the thermal expansion of the support, the frequency drift 

is slightly under estimated. Together they level each other out to 

some extent.  

 

The simplified analysis is summarised in Table 18.  

  

 
Table 18. Results from a simplified analysis of resonator temperature 
drift. 

 

For this case, an estimated temperature-drift of 200 kHz. In this con-

text it is perhaps not the actual temperature-drift itself that is the 

most interesting part but rather the contribution from the disc. The 

total contribution from the disc is only in the region of 2 kHz.  

 

Now, this would imply that even if the disc temperature is not accu-

rately estimated (as if using a port tuned resonator) the estimation of 

the frequency drift can still be accurately estimated. 
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This is best illustrated by considering a case with a certain tempera-

ture profile that results in a certain resonant frequency. Given this 

case we can then investigate what will happen if we raise the temper-

ature of the disc by another 10°C.   

 

The analysis is almost the same as for the case above but with only 

the additional temperature drift as a result of the increased disc tem-

perature. 

 
 

Table 19. Resonator temperature drift from a +10 degree disc tem-
perature offset. 

 

So, for this case the frequency would only drop by 2 kHz when rais-

ing the disc temperature by 10°C.  

 

This applied to the original example it would mean that if the delta 

disc temperature were 20°C instead of 10°C the frequency drift would 

be 218 kHz instead of 220 kHz. In other words only a 1% difference.  

6.5.2 Simulated Resonator Frequency Drift  

Taking the same case as in the simplified analysis but applying the 

full EM/Thermal/Structural/EM approach we have an analysis setup 

like the one shown in Figure 71. 
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Figure 71. Coupled EM/Thermal/Structural analysis in the  ANSYS 
Workbench environment. 

 

In this case, we no longer assume a uniform temperature across the 

puck and we do take into account the thermal expansion of the sup-

ports.  

 

 
Figure 72. Simulated resonator temperature drift. 

 

The measured temperature drift for this resonator is around 210 kHz 

which means that the simplified analysis of this resonator holds fairly 

well.  
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For a case where the disc temperature has an offset by 10°C we can 

also simulate the frequency drift. 

 

 

 
Figure 73. Simulated resonator temperature drift as a result of a 10 
degree disc temperature offset. 

 

In this case the frequency dropped by 10 kHz. A bit more than the 

estimated 2 kHz from the simplified analysis but still within 5% for a 

10 degree difference. 

 

It seems, the frequency drift is relatively insensitive to this 

amount of temperature difference. We could also se from a more real-

istic case like in 6.4.3 that the temperature difference would be ex-

pected to be smaller rather than greater. 

 

This would imply that, regardless of the under-/over-estimation of 

disc temperatures, the port tuning offers a good alternative to explic-

it tuning. In particular, when using the port tuning (with its resona-

tor ports) it is also possible to extract the resonant frequency of the 

individual resonators. This means that it’s possible to measure the 

temperature drift of the individual resonators.  
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6.5.3 Simulated Filter Frequency Drift 

Moving a step further, the same analysis approach as in the previous 

section is applied to a port tuned filter. 

 

 
Figure 74. Coupled EM/Thermal/Structural analysis using Port Tun-
ing in the  ANSYS Workbench environment. 

 

The same kind of simplified thermal model as described in 6.4.2 is 

used here and the individual resonator frequency drift (temperature 

coefficient) is calculated. The results are summarised in Table 20. 

 

 
 

Table 20. Individual resonator temperature coefficients. Simplified 
model, A=8.3, B=-30.8, C=13.5, D=10.3, E=11.8 

 

Now, the “ABCDE” values used in the simplified thermal model is of 

course only valid for a certain case. As changing power levels, tuning 

etc. it will not be as accurate.  

 

Therefore, the simplified thermal model should be used together with 

a range of values that is relevant for the specific resonator geometry 

across a given range of power dissipation etc.  
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A set of simulations with different values would instead give a tem-
perature range as well as a frequency drift range.   
 

 
 
Table 21. Individual resonator temperature coefficients. Simplified 
model, A=10, B=-35, C=15, D=15, E=15 

 

 
 

Table 22. Individual resonator temperature coefficients. Simplified 
model, A=5, B=-30, C=10, D=10, E=10 

 

It’s clear that the (frequency) temperature coefficient is around +2 

ppm for the given range of heat transfer coefficients. 

 

Now, the most interesting thing is most likely to see how this  fre-

quency drift manifest itself in terms of a distorted s-parameter re-

sponse. This would be quite natural since it explicitly tells us to what 

extent we might violate the filter mask..  
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Figure 75. Nominal s-parameter response at T=22°C 

Applying an input power of 200 W and an ambient temperature of 

60°C, the temperature drift of the filter passband becomes shifted, as 

seen in Figure 76. 

 

 
Figure 76. S-parameter response from simulated frequency drift. 

 

 
Perhaps not quite as dramatic as it could be (as if having the 

transmission zeros closer to the passband for example) but still a sig-

nificant temperature drift around 500 kHz. 

6.5.4 Temperature Compensation 

 

From the individual resonator measurements we had that the tem-

perature coefficient (or temperature drift) was around +2 ppm. 

 

If then selecting a different puck material, this time with a tempera-

ture coefficient of -2 ppm the resonator should potentially become 

more temperature stable. 

 

Running the analysis again shows, in Figure 77, that the filter re-

sponse remains stable so the temperature compensation of the reso-

nator worked as planned 
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Figure 77. Temperature compensation (diel f=-2 ppm), T=22°C, 
P=200 W 

 

For a more complex case where there’s a much greater difference in 

temperature drift between different resonators, different materials 

with different material properties can be selected in order to reach an 

ideal compensation for a given scenario. 

 

In reality, it might not only be the worst case scenario that has to be 

taken into account but rather a number of scenarios depending on 

number of carriers, power levels and location in the passband.  

 

Most likely, this analysis would have to be repeated for these cases 

and perhaps it’s the “average” temperature drift for which the com-

pensation is considered. 
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7 Discussion 

The suggested filter design flow in 2.4 was proven to be very effi-

cient in terms of realising the physical geometry with a limited num-

ber of explicit EM-simulations, just as shown in 3.3. The exact num-

ber of simulations needed will of course be depending on the nature 

of the tuning. If explicitly tuned, the optimisation loop is kept run-

ning until the individual resonator frequency has converged to a 

small residual. Practically, this would imply very delicate changes of 

the physical parameters involved in the resonator tuning. It usually 

has very little value to drive the tuning to this level from a practical 

point of view. Instead, a more practical approach is to make sure the 

positions of the tuning elements are such that each resonator fre-

quency is within the filter passband. Naturally, this would lead to a 

faster convergence of the optimisation loop and in turn also to less 

number of EM-simulations needed. The fine tuning would then be 

done by port-tuning in the circuit environment. From a filter design 

perspective, this is a very efficient approach. 

 

Much of the investigations have consequently been about the dif-

ferences between the explicit and the port-tuned approaches. Starting 

with the analysis of a single resonator, one of the findings early on 

was that energy and the losses in the tuning disc differed significantly 

between the two approaches. Naturally the stored energy in the en-

tire resonator (puck, disc & cavity) was very similar since tuned to 

the same frequency but the important difference is how the “external” 

capacitor is used for energy storage in the port tuned approach. In-

stead of moving the tuning disc explicitly, the frequency was adjusted 

by letting some of the electrical energy move over to the capacitor. 

It’s the energy stored in the puck that will see the effect of these ad-

justments and not the energy in the disc. If changing the frequency 

by physically adjusting the position of the tuning disc it can be 

viewed as changing the effective size of the dielectric resonator. The 

farther the disc is from the puck, the weaker the interaction with the 

electric field inside the puck. Consequently, energy and losses inside 

the disc will change when the resonator is tuned. This is a significant 

difference between the two approaches when it comes to the tuning 

disc but as for the puck the energy and losses did not suffer from the 

same discrepancy.        
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One of the most important investigations was to understand the 

heat transfer mechanisms of the resonator interior. It was no surprise 

that the conducted heat transfer would take the role as the most 

dominant mechanism but it became evident just how important the 

thermal conductivity of the dielectric support material is. In essence, 

there are very few dielectric materials with a thermal conductivity 

high enough to be considered for high power applications.  

 

With any kind of temperature gradient inside the resonator geom-

etry it was given that the air inside will not remain stationary. Still, 

it was surprisingly enough to find relatively great airflows. Given 

these airflows, it was possible to accurately account for the heat 

transfer through convection. 

 

The radiated heat transfer never turned out to be significant. Not 

so much because of relatively modest temperatures but instead be-

cause of the difference in emissivity between the aluminium cavity 

and the dielectric materials. Any radiated heat from the puck would 

simply be reflected by the cavity walls so the net contribution from 

puck to cavity would be insignificant. However, a small but not en-

tirely insignificant contribution could be observed between puck and 

disc and between puck and support. 

 

In terms of temperature and the different tuning approaches the 

same discrepancies as seen in terms of losses manifested itself as a 

difference in temperature. Nothing else would be to expect but the 

interesting thing is now how great this discrepancy would be. For the 

case with the disc close to the puck the difference was significant and 

in the region of 18°C but at the same time, the difference in puck  

temperature between the two approaches was only 0.5°C.  

 

However, the discrepancies seen in the single resonator example 

arise when comparing the nominal with the extreme positions of the 

tuners in the tuning range. It would reflect a case where some tuners 

are located in the min position and some in the max position. With 

the port tuning based on a simulation with all tuners in the nominal 

(mid) position the port tuning would effectively be done across half 

the tuning range. It is not very likely that such a case would exist. In 
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practise it would imply that the tuning range is too narrow and that 

the tuning sensitivity in terms of “megahertz per mm” is too low. 

 

In addition, it is very likely that the design would be intended for 

re-use in different frequency bands. Say that a design with 5 MHz 

bandwidth might be intended for use somewhere within an 80 MHz 

frequency band. The tuning range of the resonator would then most 

likely be greater than 80 MHz but the tuning of the individual reso-

nators would end up within 5 MHz. 

 

Realistically, it would be more likely to see a case with relatively 

moderate deviations from the nominal position of the tuners. Of 

course, some coupling elements could potentially de-tune certain res-

onators but for such cases where this would be significant, measures 

would be taken to centre the design in the tuning range.    

 

Using the filter example from 3.3 as a demonstrator of a more re-

alistic case we can see that the temperature discrepancies between a 

strict (explicit tuning) and coarse (port tuning) filter design becomes 

relatively modest. Although not directly comparable cases but from 

the indicated 18°C down to a little bit over 3°C.  

 

With this filter example, a simplified thermal representation was 

used. Only the dominant heat transfer mechanisms were taken into 

account and instead of a full fluid dynamics analysis, a steady state 

thermal analysis with a structural simulator was used with convec-

tion and radiation terms as boundary conditions. The accuracy of the 

simplified model lies in the accuracy of the values put into the 

boundary conditions. Naturally, these values will change with de-

pending on various parameters such as power dissipation, resonator 

tuning etc. From fluid dynamics analyses based on single resonator 

simulations and for a given resonator type it’s possible to map a 

range of values that would be valid to use. The simplified thermal 

models would therefore rather be used in a set of simulations, using 

different values for the boundary conditions selected from this range, 

aiming to map a probable temperature range for the individual reso-

nator parts.       
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Up to this point there has been a side by side comparison between 

explicitly tuned and port tuned resonators and filters. Since the prob-

lem definition so clearly identifies the port tuning as a preferred 

method to be used it is of course worrying to see relatively large dif-

ferences in the estimation of the disc temperature. However, it is as 

satisfying to see that the puck temperature is very accurately esti-

mated even when port tuning is used. 

 

Regardless, the validity of the use of port tuning in this context is 

still depending on how well the resonator frequency drift can be esti-

mated. Using the simplified approach in 6.5.1 brings a useful tool into 

play. With the partial derivatives of the self susceptance with respect 

to the resonator design parameters it is possible to identify which pa-

rameters that have the greatest impact on resonator frequency. By 

far, the puck dimensions and its relative permittivity are the most 

sensitive parameters. Even though the disc height is rather sensitive, 

the disc is still quite thin, the thermal expansion is quite low and so 

it will still not give any significant impact to the frequency drift. In 

fact, it turns out that the contribution to the frequency drift from the 

disc is very low.  

 

Together with the simulated frequency drift in 6.5.2 it seems that 

the difference in frequency drift between an explicitly tuned resonator 

and a port tuned resonator can be kept within 5% even if there is a 

10 degree difference in disc temperature. Again, for more realistic ex-

amples the temperature differences seen are typically less than the 

10°C stated here. 

 

This builds a strong enough case to move forward with the port 

tuning approach together with a simplified thermal model and apply 

this on a filter example. In 6.5.3 it is shown how the temperature co-

efficients (frequency drift) for each individual resonator can be ex-

tracted. The corresponding s-parameter response can also be ob-

tained. Although a long way to get to this point but the true value of 

this analysis shows when trying to apply some kind of temperature 

compensation. In fact, the extracted temperature coefficients tell ex-

actly what the ideal material properties should be for full tempera-

ture compensation.  
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Given a dielectric material with for example f=0 ppm (as stated 

by the vendor), the ideal material for the case in 6.5.3 would be with 

f=-2 ppm. As seen in 6.5.4 this would in fact perfectly compensate 

for the temperature drift. However, as power levels change and if the 

power is distributed across several carriers at different locations with-

in the passband, what the “ideal” compensation might be will be sub-

ject for discussion. The important thing however is the way each case 

can be analysed in order to find the ideal compromise.   

7.1 Future Work 

This work has predominantly been focusing on the filter design flow 

and the methodology for how to perform the electrothermal analysis 

in an efficient way. It has merely scratched the surface on how to use 

these techniques for temperature compensation. It would be interest-

ing to apply this kind of analysis on a far more complex filter exam-

ple than was used here. A filter with a higher number of resonators 

and more transmission zeros close to the passband together with car-

riers placed close to the passband edge would most likely reveal new 

design challenges.   
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8 Conclusions 

The aim has been to suggest an efficient methodology for electro-

thermal analysis of TE01-mode dielectric resonator filters based on 

electromagnetic and thermal computer co-simulation. 

 

It has been shown in 2.4 that by combining the port tuning tech-

nique with resonator ports together with explicit coupling extractions 

it is possible to build an efficient filter design flow. This design flow 

put in practise was demonstrated in 3.3.  

 

The key element for making this design flow applicable for filters 

with dielectric TE01-mode resonators was to find the way to imple-

ment the resonator ports. From 3.2.4 and the mode charts in 3.1.2 it 

was shown how to create and size these ports with respect to the 

TE01-mode as well as higher order modes.    

 

One major subject for discussion was how the designed filter was 

tuned in the EM-simulation, by explicit tuning or by port tuning. Ei-

ther way, the losses from the EM-simulation were coupled to the 

thermal simulation. It was shown in 3.2.3 how the results from the 

port tuning in the circuit environment could be used to scale the re-

sults in the EM-simulation. This was the key to enable the thermal 

simulation based on port tuning.  

 

By CFD analysis of the resonator interior it was possible to quan-

tify the heat transfer mechanisms (conduction convection and radia-

tion). It was then possible to build up a simplified thermal model 

(6.4.2) using Structural (Steady State Thermal) analysis where only 

the most dominant mechanisms were represented. Convection terms 

were represented by boundary conditions on selected surfaces and the 

range of valid convection coefficients were calculated from the CFD 

analysis.  

 

Although not explicitly defined in the problem definition, the defor-

mations arising from thermal expansion were analysed by a Static 

Structural analysis in 6.5. These deformations in turn were possible 

to couple back to the original EM-simulations. By applying these de-

formations to the simulations mesh the effects of these deformations 

were possible to investigate.  
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It was simply to appealing to include this step so that the loop could 

be closed. Losses generates heat, heat cause deformations and defor-

mations changes the electrical performance of the filter. 

 

At this stage the validity of the port tuning approach could finally be 

set. Early on, it was clear that the estimation of the resonator disc 

temperature was difficult to get with satisfying accuracy when using 

the port tuning. However, it was shown in 6.5.1 that the impact of 

this effect on the resonator frequency drift was limited.  

 

Given this fact, the port tuning approach together with the simplified 

thermal analysis could then be established as the most efficient com-

bination to use for the complete electrothermal analysis. 

 

From 6.5.3 and 6.5.4 it was finally demonstrated how this approach 

can be used for analysis and temperature compensation of the filter 

designed in 3.3. 
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Appendices 

Appendix A – Coupling Extraction using Resonator Ports 

Appendix B – Coupling Optimization 

Appendix C – Extraction of r(T) 
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Appendix A - Coupling Extraction using Resonator Ports 

 

This technique of extracting couplings and resonant frequencies of a 

filter structure using resonator ports can be labelled the MYJ (Mat-

thei Young Jones) method, referring to the authors of [9]. 

 

 
Figure 78. J-inverter prototype network. 

The coupling coefficients kij or coupling bandwidth Kij of the inter-

resonator couplings can be extracted by the aid of the Susceptance 

Slope Parameters, bij [9]. With resonator ports located at each reso-

nator, we can for each resonator pair consider the equivalent repre-

sentation of the Y-matrix [5]. 

 

 
Figure 79. Two-port network with J-inverter 
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From [9], the external Q can also be expressed in terms of the suscep-

tance slope and an ideal admittance inverter. 
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However, as the model suggest, the source and load are assumed to 

be purely resistive. This is in many not the case in practice. Still, it’s 

easy enough to just take this reactive portion of the load into ac-

count. 

 

 
 

Figure 80. Reactive load seen through admittance inverter. 
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Another interesting feature is the ability to extract the resonant fre-

quency of each individual resonator. The frequency where the Self 

Susceptance is zero is by definition the resonant frequency of the res-

onator in question. 

 
Figure 81. Self susceptance and resonator frequency. 

 

Similar to the extraction of the external Q, we need to account for 

any reactive portion of the source and load. This will effectively de-

tune any resonator coupled to the source or load. Again, this is easy 

enough to account for. 
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Combining the expressions for external Q and tuning  
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From [18] we can relate coupling bandwidth and external Q given the 

resonant frequency and ripple bandwidth. 
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In order to include the sign of the coupling (inductive or capacitive), 

one trick is to look at the sign of the mutual susceptance term. 
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Appendix B – Coupling Optimisation 

 

Given the expressions in Appendix A, that makes it possible to ex-

tract coupling bandwidths and resonant frequency for a given physi-

cal parameter variation, it’s still to determine the set of physical pa-

rameters that provide couplings and frequencies as outlined by the 

synthesis. 

 

In many structures and in many cases, adjusting the coupling be-

tween one pair of resonators has limited effect on the coupling be-

tween other resonator pairs. 

 

Although a much generalized statement, this implies that the op-

timization task can be simplified into a set of individual optimization 

tasks, independent of each other. Even if having stronger interaction 

between certain resonator pairs, as the individual optimizations start 

to converge, this effect can be negligible. 

 

A simple Newton-Raphson approach can be used on the form 
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Where pij denotes the physical parameter used to adjust the coupling 

Kij. It’s evident that in order to find an updated parameter value the 

partial derivative of the coupling with respect to its physical parame-

ter is needed in addition to the value of the coupling and the target 

coupling value. 

 

Starting with the expression for the internal couplings, the first 

term of the partial derivative with respect to the physical parameter 

ca be expressed as 
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We now have an expression based on coupling bandwidth, mutual 

susceptance and the partial derivative of the mutual susceptance with 

respect to the physical parameter. The key feature here is the fact 

that it’s possible to calculate the partial derivatives of the SYZ-

matrix data with respect to physical parameters. In other words, it’s 

possible to get all data needed for the next iteration in the optimiza-

tion based on one single HFSS simulation. 

 

For the internal couplings, the NR optimization would look like 
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Similar, for the external coupling 

 

  
























































iL

i

i

i

i

isyn

ij

n

ij

n

ij

n

ij

iLi

i

i

i

i

i

p

B

BG

BK

p

B

B

K
KKpp

p

B

BG

B

p

B

B
K

p

K

0

00

2

00

2

000

0

0

0

01

0

00

2

00

2

00

0

0

0

0

0

0 1


 (B.4) 

 

As for the tuning of the resonators, the self susceptance shall by defi-

nition be zero at the resonant frequency. So, if evaluating the expres-

sions at the frequency f0i according to the filter synthesis we have the 

following expression.  
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The expression for the resonators facing the external ports will then 

consequently be as follows 
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Now, this expression can be simplified if making use of the fact that 

adjusting the physical parameter used to tune the resonator frequen-

cy has usually little impact on the coupling and the port reactance 
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Even though making use of simplifications and generalizations, the 

impact on the number of additional iterations needed to reach con-

vergence is expected to be limited.   
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Appendix C – Estimation of r(T) 

 

For the ability to correctly simulate the behaviour of a dielectric res-

onator, it is essential to know its material properties as a function of 

temperature. As discussed in sec 4.2, selecting material depending on  

its temperature behaviour can be used for temperature compensation.   

 

It’s common for vendors of these dielectric materials to specify a 

range of different temperature coefficients f from which a selection 

can be made. By definition, a positive f will contribute to a positive 

shift of the resonant frequency and vice versa.  

 

In order to quantify this contribution it is rather the temperature 

coefficient of the relative permittivity  together with the thermal 

expansion  that’s needed. The thermal expansion is usually listed in 

the datasheets but the is usually not. Depending on the vendor, 

this data can sometimes be explicitly available, sometimes not. 

Therefore, one might have to extract this data given the information 

at hand. 

 

 The values of f  presented often come from measurements of a 

sample puck in a given geometry. Knowing this geometry, it’s possi-

ble to find the corresponding by simulations.  

 

 
Figure 82. Typical resonator setup for sample puck measurements.  
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Estimating r(T) from f   

 

Given the geometry for which the f was derived, it’s natural to start 

by setting up and simulating a parameterised model of this geometry 

in HFSS. The nominal behaviour of this structure is then simulated. 

For a given temperature increase T from nominal, it is possible to 

calculate the expected frequency shift f based on f.  
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By using analytical derivatives calculated in HFSS, it is possible to 

tune the SYZ-parameter response with respect to physical parame-

ters. This means that it’s possible to see the effects of small changes 

of the geometry. Given the thermal expansion coefficients of the ma-

terials it’s a rather simple task to calculate the resulting geometry 

changes. By entering these values in the tuning process, a frequency 

should be observed.  

 

Now, if the relative permittivity was also parameterised, it’s possible 

to tune this value until the frequency shift is exactly the same as cal-

culated. The value of  is then read. From this, er(T) can easily be 

calculated.     


