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1. Introduction

In the past years, waveguide filters by using periodic structures with periodicity in the
longitudinal direction of the waveguide, to attain a band-pass or band-stop frequency characteristic
have been introduced [1]. Frequency selective surfaces (FSSs) have also been used for their state of
being special to act as metallic-dielectric spatial filters in order to design dual-frequency waveguide
filters [2]. Recently, filter designing by placing FSSs transversally into the waveguide to achieve
more advantages including miniaturization, being lightweight and easy to be fabricated, have been
presented [3],[4]. Making multiple images of the FSS, the metallic walls of the waveguide cause the
FSS unit cell to be infinite. The fundamental mode of a rectangular waveguide can be considered as
two transverse electric uniform plane waves (in the longitudinal direction of the waveguide)
bouncing back and forth at oblique incidence between the waveguide smaller size side walls having

180° phase reversal with the propagation angle that depends on the frequency and can be expressed
as [4]:

0,, (Degree) =§[ /(Wj _[ij / (Wj} (1)

In this equation,c , a andf are the free-space velocity of light, the widest dimension of the
rectangular waveguide, and the operating frequency respectively. Therefore, if the FSS exhibits
stable resonance with respect to polarization and incidence angle of plane waves, the waveguide
filter characteristics will be more symmetric around the resonance frequency and more similar to
the frequency response of the analogous infinite FSS. When used as a band-pass filter in the
waveguide, a conventional FSS may pass some higher order resonance frequencies that is not
favorable. Furthermore the unit cell size in a conventional FSS is large for low frequency bands.
Lumped elements including inductors and capacitors at microwave and millimeter wave frequencies
are now available and can be used in high frequency band periodic structures such as frequency
selective surfaces [5] and artificial magnetic conductors. In this paper, lumped capacitors are used
in the FSS structure as an alternative approach to achieve all these features simultaneously. In order
to reduce the simulation time in the waveguide filter design procedure, first the unit cell size of the
analogous infinite FSS is analyzed to predict the FSS performance within the waveguide. Because
these structures are needed to be analyzed over a wide range of frequency band, fast time domain
methods are preferred rather than the frequency domain methods. Several time domain methods
have been presented for the analysis of periodic structures. Split-field update FDTD method [6] is
one of the most powerful methods used for the analysis of periodic structures at oblique incidence.
Here, lumped elements formulations are incorporated in this method formulation based on [7] and
the proposed structure is analyzed using this method. Finally a band-pass waveguide filter is
designed using the presented FSS structure.
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2. Method Formulation

The proposed method for including lumped elements in the split-field method is presented in
this section for 3D case. Here a parallel RLC in considered. When a parallel RLC is inserted into the
FDTD space lattice, the Maxwell's curl H equation becomes [7]:
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A periodic structure in y and z directions is considered and lumped elements are x, y or z-
directed that is defined by an index. Using (2),(3), the 3D transformed field equations with lumped
elements for P components are given by:
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The transformed field equations for O components do not change. By defining new variables,
the extra time derivatives on the right hand side can be eliminated. In [6] the fields in the directions
of the structure periodicities are split into two components. Here, UPML absorbing boundary
condition is used. For similar periodic boundary conditions for "a" portions of the fields in the
UPML region and non-UPML region, the field components in the direction of the structure

periodicities are split into three components as for the UPML region [8]. New variables must be
defined as follows:
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Substituting these variables into the systems (4-6) results in:
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P, and P, are updated similarly . Once "a" and "b" portions are updated, the new values of the x-

za

components are found using (7) and the remaining field components are found from (8), (9). The
stability factor condition does not change and is explained in [6].

3. Filter Design and Numerical Results

In order to design the waveguide filter, first the analogous infinite band-pas FSS used in the
waveguide filter is analyzed using split-field method to predict the waveguide filter performance.
The unit cell of the FSS structure designed at the 3.15 GHz with four 2mm x1mm ceramic chip

capacitors is shown in Fig.1 (a). All capacitors arelpf . A dielectric substrate with & = 2.5 and

h =1mm is used. The transmission coefficient of this structure for different incidence angles of
TE, plane wave with z-directed electric field component is illustrated in Fig.1 (b). As it shows, the

structure exhibits stable resonance in different incidence angles. The maximum shift in the
resonance frequency is less than 0.1%. There is no other resonance frequency up to 15 GHz.

The waveguide filter setup is shown in Fig.2 (a). The widest side of the waveguide size is
chosen so that the waveguide cut-off frequency is below the FSS resonance frequency. Therefore,
five FSS unit cells can be placed in the transverse plane of the rectangular waveguide. The
transmission coefficient of the waveguide filter from 1GHz to 14 GHz is shown in Fig.2 (b). As it
shows, the resonance occurs at 3.17 GHz and there is no other resonance frequency in this
frequency band. The frequency response of the waveguide filter at each frequency is similar to the
frequency response of the analogous infinite FSS exited by a plane wave with the corresponding
incidence angle obtained by (1) .If a conventional notch square ring FSS without lumped capacitors
is used for the design of a waveguide filter at this frequency, the size of the narrower waveguide
side increased about 80% in comparison with the waveguide shown in Fig.1 (a), because the FSS
unit cell size is increased about 80%, while the wider side size is the same as the waveguide shown
in Fig.1(a) because of the waveguide cut-off frequency considerations. Therefore, the waveguide
dimension in one direction is reduced considerably and undesirable higher order resonance
frequencies near the dominant resonance frequency are eliminated by using lumped capacitors in
the FSS structure. The filter bandwidth is less than 2%. Therefore, it is suitable for narrow band
applications.

4. Conclusion

A new band-pass FSS structure loaded with lumped capacitors suitable for the design of the
waveguide filters has been presented. By using lumped capacitors, the waveguide filter dimension is
reduced about 80% in one direction compared with the analogous waveguide filter without lumped
capacitors. Furthermore several undesirable higher order resonance frequencies near the dominant
resonance frequency are eliminated. The future work is designing wideband waveguide filters by
using multiple FSSs placed on the transverse plane of the rectangular waveguide.
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Figure 1: (a) The Geometry of notch square ring FSS loaded with lumped capacitors, (b)
Transmission coefficient for different incidence angles
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Figure 2 (a) Setup of the filter within the waveguide, (b) Transmission coefficient for the dominant
mode
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