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1. Introduction
Waffle-iron filters were originally developed as low-pass waveguide filters to suppress
the harmonic frequencies generated by the transmitter [1, 2]. Their well-known advantages
are both extended pass- and stop-band and low insertion loss over a pass-band. Besides,
waffle-iron filters attenuate all propagating waveguide modes whose frequency lies in the
stop-band of filter. From this viewpoint waffle-iron filters are very appropriate candidates for
some satellite communications applications. For example, in reflector antennas of earth stations operating in S, C, X, Ku frequency bands multiband feeders are used. Typically, diplexers included into multiband waveguide feeder are implemented on the base of low-pass waffle-iron filters.
The classical synthesis methods discussed in [1, 2] ensure very high standard in design of such waveguide components as waffle-iron filters. But principal feature of these synthesis techniques is low-frequency equivalent circuit approach. That’s why such techniques
can’t disclose and apply full potential of this kind of filters, for example, optimize insertion
loss in pass-band and attenuation in stop-band. Therefore, a point of growing interest is electromagnetic CAD of waffle-iron filters [3-5]. This paper presents a full wave approach to CAD
of waffle-iron filters including their analysis and numerical optimization.
2. Theory
A combined technique based on Generalized Scattering Matrix method/Galerkin’s
method has been employed for analysis of waffle-iron filters. It is assumed that waveguide
structure under consideration (Fig. 1) consists of arbitrary number of multi-ridged waveguide
sections and stepped transitions connecting filter with input and output waveguides. The solution is subdivided into following steps: (i) decomposition of filter into elementary basic
blocks, (ii) solving eigenvalue problem for multi-ridged waveguide sections, (iii) solving key
scattering problems for basic discontinuities, (iv) direct combination of all S-matrices and
evaluation of total S-matrix of filter.

Fig. 1. Waffle-iron filter.
Fig. 2. Key scattering problems
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Two discontinuities are considered as basic blocks of the structure: junction between
rectangular and multi-ridged waveguide of the same size (Fig. 2, a) and double-plane step
junction between two rectangular waveguides (Fig. 2, b).
The eigenvalue problem formulation for generalized multi-ridged waveguide is shown
in Fig. 3. As the scattering problems above are solved in terms of H- and E-modes, two independent eigenvalue problems for both H- and E-modes of multi-ridged waveguide have been
considered. We extended method proposed in [6] for ridged waveguide to most general case
of waveguide with arbitrary number of ridges. The eigenvalue problems are reduced to the
system of integral equations of the first kind for unknown electric field components on the
common interfaces of regular regions in Fig. 3, a ( z = t i , i = 1, 2, ..., M − 1) .

(b)

(a)

Fig. 3. Eigenvalue problem formulation: (a) cross section of generalized multi-ridged
waveguide; (b) cross section of waffle-iron filter.
For the solution of integral equation system the Galerkin’s method is utilized. Key
point of this approach is a special choice of basis functions [7]. The unknown tangential electric field components on common interfaces are expanded into series of Gegenbauer or Chebyshev polynomials with weight factor taking into account field asymptotic at the edges. Such
a choice of basis functions accelerates the convergence of the method. The algebraization of
the problems in accordance with Galerkin’s technique yields the final uniform system of linear
algebraic equations. The cutoff frequencies of H- and E-modes are calculated as the zeros of
the determinant of the matrix operator.
The key scattering problems for waffle-iron filters are shown in Fig. 2. The basic principle of the solution of both problems can be elucidated as follows. The electromagnetic
fields in regular waveguide regions are written as modal expansions in terms of H- and Emodes. The cross-section eigenfunctions of multi-ridged waveguide are expressed in accordance with transverse resonance method as in [8]. Using orthogonality of waveguide modes
we represent unknown amplitudes of scattered modes in terms of unknown tangential electric field on the aperture of discontinuity at z = 0. Enforcing the continuity of the tangential
magnetic field on the aperture and substituting relations for amplitudes of scattered waves
into corresponding equation yields integrodifferential equation for tangential electric field on
the aperture. Actually the obtained integrodifferntial equation is the same one derived from
equivalency principle for magnetic surface current density on the aperture.
For the algebraization of the key scattering problems under consideration Galerkin’s
method is employed. In case of double-plane step junction of rectangular waveguides (Fig. 2,
b) weighted Gegenbauer or Chebyshev polynomials accounting for edge condition are used
as in [9, 10] to improve the convergence of solution. By consideration of junction between
rectangular and multi-ridged waveguides (Fig. 2, a) the common aperture is subdivided into
rectangular subregions. The tangential electric field in subregions is approximated by expansions in terms of trigonometrical functions. After solving the final system of linear algebraic
equations the generalized scattering matrices of all discontinuities are calculated. The total
S-matrix of the filter is evaluated on the base of efficient combination procedure using only
one matrix inversion.
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3. Results
For verification of the presented theory the obtained results have been compared with
experimental and theoretical data of some references (e.g. [8]) and with own experimental
results. In all cases a good agreement is observed. For example, in Fig. 4 experimental and
theoretical responses of low-pass waffle iron filter with 5 multi-ridged sections are shown.
Some deviations of measured and calculated values of VSWR are due to fabrication tolerances. A measured insertion loss within stop-band of filter are greater than 34 dB.

Fig. 4. Scattering parameters of waffle-iron filter with 5 multi-ridged sections
(dimensions in mm).

Fig. 5. Scattering parameters of waffle-iron
filter with 6 multi-ridged sections. (Input
waveguide dimensions: 61×10 mm).
A number of waffle-iron filters for multiband feeders of reflector antennas operating in
S, C, X, Ku bands has been designed. The design specifications for low-pass waffle-iron filters are formulated as follows. Typically, the filter has pass-band and one or two stop-bands.
The key requirement is a low insertion loss within pass-band, therefore, VSWR of the filter
has to be minimized (VSWR < 1.05). Insertion loss within stop-band should be usually
greater than 30 dB. Generally, any response of the filter out of the pass-band and stop-bands
is acceptable. Some design examples are plotted in Fig. 5, 6. The blank rectangle corresponds to specified pass-band of the filter and the filled rectangle shows stop-band with required insertion loss. The calculated VSWR of the both filters within the operating pass-band
is about 1.01.
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4. Conclusions
Accurate field theory CAD of waffle-iron filters is presented. The full wave analysis is
based on combined Generalized Scattering Matrix Method/Galerkin’s Method. The presented
theory is in good agreement with the experimental and theoretical results of the references
and with own experimental results. A number of low-loss waffle-iron filters for multiband
feeders of reflector antennas has been designed.

Fig. 6. Scattering parameters of waffleiron filter with 4 multi-ridged sections.
(Input waveguide dimensions: 35×5
mm).
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