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The paper presents a versatile technique of the construction of multivariate models of inter-
resonator couplings. These models are based on results of electromagnetic simulations and
can be used for fast synthesis of coupled resonator filters with complex geometry (like comb-
line or dielectric resonators filters). To demonstrate the usefulness of the models, an example
of synthesis of filter in the ISM band is given and the results are compared with traditional
synthesis technique.

1. INTRODUCTION

The first stage of standard design procedure of coupled resonator filters consist of finding initial dimensions
of a physical structure whose response corresponds to the response of a prototype described by the
synthesized coupling matrix [1, 2]. In most cases this stage requires repetitive electromagnetic simulations
of a symmetrical two-resonator network and extraction of inter-resonator coupling coefficients, based on
the computation of odd and even mode resonant frequencies. Also a single-resonator network must be
analyzed to obtain needed coupling of source/load with first/last resonator. A detailed description of
whole procedure can be found in [3]. In many cases an engineer designs several filters made using the
same technology but with different specification (passband, return loss). Consequently the classical design
procedure is time consuming, especially if complex filters are investigated.

In our paper we propose the technique for fast filter design using multivariate models of elements of
coupling matrix. Inputs of those models are geometrical dimensions associated with a selected realization
technology. Models, once generated for particular technology, can be utilized in synthesis of coupled
resonator filters with complex geometry (e.g. comb-line or waveguide dielectric resonator filters) and
different specification (passband, return loss, order). By incorporating models, the amount of time
needed for filter design can be decreased from hours or days to a few seconds. Additionally there is
also possibility to test if the coupling coefficients required by filter’s specification can be realized in a
particular technology.

2. TECHNIQUE DETAILS

To obtain the coupling coefficients, instead of using the technique described in [3], we propose using
symmetric in-line three resonator circuit (third order filter). For a given set of dimensions it is easy to
extract the coupling matrix from the frequency response, for example using technique proposed in [10].
The extracted coupling matrix has the following form:




0 mS1 0 0 0
m1S ∆ω1 m12 0 0

0 m21 ∆ω2 m23 0
0 0 m32 ∆ω3 m3L

0 0 0 mL3 0




(1)



where mS1 (m3L) is coupling of the source (load) to the first (third) resonator and ∆ωi is the resonant
frequency of i-th resonator. The structure is assumed to be symmetric, so mS1 = m1S = mL3 = m3L,
m12 = m21 = m23 = m32 and ∆ω1 = ∆ω3. Beside inter-resonator couplings, extracted matrix gives
also information about resonant frequencies of resonators (diagonal elements of coupling matrix) and
couplings between source/load and first/last resonator (mS1 and mL3 elements).

Based on this data it is possible to construct mathematical models of the parameters required to
design a filter.

The models are created based on interpolation scheme involving the multivariate polynomials. Each
element mi,j of coupling matrix M is represented by a function fi,j(x1, x2, . . . , xN ), where x1, . . . , xN are
geometric parameters of the resonator structure. In general, the N-variate polynomial f(x1, x2, . . . , xN )
can be constructed as sum of selected elements of matrix [6]:

Row 1 : 1
Row 2 : x1 x2 . . . xN

Row 3 : x2
1 x1x2 . . . x1xN x2

2 x2x3 . . . x2
N

Row 4 : x3
1 x2

1x2 x2
1x3 . . . x2

1xN x3
2 x2

2x1 x2
2x3 . . . x3

N

. . .

multiplied by real coefficients ai. All monomials with sum of powers at each variable equal m − 1 are
listed in the m-th row. To compute the unknown coefficients ai an over-determined equation system is
defined and solved with an efficient generalized least squares method [4, 5, 7]. The procedure of model
generation is automated by an adaptive selection of support points and model order.

Support points are selected by an automated technique, where two different models are built on a
coarse multidimensional rectangular grid and the set of support points is supplemented with points located
at places of largest mismatch between the models. Successive support points deliver extra information
to the interpolation problem, decreasing the error of solution and improving the model’s fidelity [5, 8, 9].

In our case two models used in adaptive sampling are the models with various sets of monomials. Each
model has different maximum powers on distinct monomial variables. Such an approach, in connection
with adaptive sampling, allows one to adaptively increase the model order. The algorithm monitors the
error behavior during the adaptive sampling and if the stagnation of error (or error increase) is detected,
the model order is increased. The algorithm tests which variable is most significant, i.e. change of which
triggers the biggest reduction of the interpolation error.

3. APPLICATION EXAMPLE

To show the results of the modelling and applications of the proposed technique the 7-th variate models
of the coupling coefficient, external quality factor and resonator frequency were created for inductively
coupled combline resonators excited by a coaxial line with tapped electric probe. The structure used for
the coupling matrix extraction is shown in Fig. 1. The ranges of the model parameters were as follows:
the coupling window width w ∈ (0.4− 0.9), the diameter of a resonator post R ∈ (0.05− 0.2),the height
of a resonator post H ∈ (0.6−0.8), the coupling window thickness d ∈ (0.025−0.1),the electric probe tap
diameter e2 ∈ (0.1− 0.4), the electric probe tap length l2 ∈ (0.01− 0.05) and the length of the inner coax
wire to which the tap is mounted l1 ∈ (0.05− 0.15) (all dimensions are normalized to length of resonator

Fig. 1: Third order combline filter used to create 7-variate models of coupling matrix.



Element Max. error [%] Mean error [%]
m12 2.15 0.55
mS1 10.3194 3.286
∆ω1 0.573 0.117
∆ω2 0.580 0.117

Table 1: Accuracy of created models.
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Fig. 2: Combline 6-th order filter results: -.- classic synthesis, — technique proposed in this paper, - - final
optimization

wall). The total number of support points was 3378. It has to be noted, that the created model is
very complex due to high number of parameters. To estimate the accuracy of created models, the mean
and maximum error was computed over 1000 randomly distributed points in model parameter space.
Details on models accuracy are presented in Table 1. Computed models of elements m12,∆ω1 and ∆ω2

have accuracy which is enough in most cases. As for the mS1 element both models used in the adaptive
technique converged to function which slightly differs from the original data. It is a common problem
when using the adaptive sampling technique. The higher error the mS1 function influences mainly the
return loss level in the passband. This effect can be easily removed on stage of final tuning of the design.

Once the models are generated they can be used for fast synthesis of high order all-pole combline filters
with passband between 0.5% and 5%. In this case the filter synthesis is a simple optimization routine
to find the dimensions of resonators which assure the requested couplings and resonant frequencies. For
example consider the 6-th order filter for ISM band 2.40GHz-2.48GHz with return loss in passband 20dB.
Results of filter synthesis (with classic and proposed approach) and further optimization are depicted in
figure 2. Comparing to classical approach, the proposed synthesis gives very good starting point for final
optimization. It is the main advantage of the proposed technique of coupling coefficients extraction and
controlling of resonant frequencies of resonators. The high level of return loss is in our opinion caused
by relatively high error of element mS1 model. The total time of filter synthesis using models was two
seconds, which is extremely fast as for the combline structure.

4. CONCLUSIONS

A technique of multivariate models of inter-resonator couplings construction was presented in this paper.
Models are created in a form of multivariate polynomials with adaptive selection of support points and
order of model. Models, once created, can drastically speed up the filter design procedure.
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