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Abstract 

For several types of microwave filters for space 
application it is important to manufacture hard- 
ware without tuning elements. For this to be pos- 
sible, one needs a systematic procedure to codvert 
ideal elements, such as resonators and impedance 
inverters, into actual waveguide lengths and dis- 
continuities. The situation is further complicated 
by the fact that waveguide discontinuities excite 
higher order modes that interacting with each other 
can have very strong effects. In this paper we first 
outline the theory behind a very efficient computer 
code for the simulation of microwave filters based on 
thick inductive windows. Then we describe in detail 
a step-by-step procedure that, based on the code 
developed, allows for the rapid design of this class 
of microwave filters without any tuning elements. 
Two actual examples of design are also discussed 
and comparisons presented between measurements 
and simulations. 

I Introduction 
For several Communication-Satellite applications, it is of 
great importance to be able to  manufacture microwave fil- 
ters without any tuning elements. For this to be possi- 
ble one needs a systematic procedure to convert ideal com- 
ponents, such as admittance or impedance inverters and 
lengths of transmission line [l], into actual hardware di- 
mensions including all higher-order mode interactions. To 
this end, the equivalent network representation of waveg- 
uide discontinuities is a very useful tool. 

curacy of the models has been traditionally resolved with 
the introduction of tuning elements (usually screws) to be 
adjusted manually. 

Recently, internal research work at the European Space 
Research and Technology Centre (ESTEC) has led to  the 
development of a novel theoretical approach for the study 
of inductive steps in rectangular waveguide [3]. The theory 
developed is based on an integral equation formulation and 
gives as a result a multimode equivalent network represen- 
tation (impedance matrix description) of the discontinuity 
that can rigorously account for all higher-order mode in- 
teractions. The key feature of this formulation is that the 
generic element of the impedance matrix depends only on 
the relative geometry of the problem and is essentially in- 
dependent from frequency. This feature can be exploited 
very effectively to obtain computationally eficient codes. 

In this paper we outline the theoretical formulation and 
its use in the implementation of a computer code for the 
analysis of rectangular waveguide filters based on thick in- 
ductive windows. In addition, we also describe in detail how 
the code produced can be used to effectively design waveg- 
uide filters starting from a given set of specifications. Two 
practical examples are discussed indicating how the theory 
developed can indeed lead to significant time savings in the 
manufacturing of this type of waveguide filter. 

I1 Multimode Network Represen- 
tation 

The key element for the class of filters under investigation is 
the inductive step shown in Fig. 1. The excitation is chosen 
to  be the fundamental TEl,o mode of the input rectangular 
waveguide so that only TE,,, modes are excited in each 
waveguide. The details of the derivation of the multimode 
equivalent network representation for this discontinuity are 
reported in [3] and are not repeated here. The fundamental 
integral equation to be solved turns out to be 

Single-mode network representations have been derived 
for a large variety of structures [2], and have always been 
very popular with microwave engineers because they al- 
low to  represent a complex field problem in simple network 
form. The single-mode network representation is usually 
derived from an integral equation of known solution or from 
a variational expression. These network representations, 
however, are not accurate if there is significant higher-order 
mode interactions. The single-mode results have neverthe- 
less been used extensively in the past, and the lack of ac- 
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00 ma . where w is the fractional bandwidth of the filter and the 
coefficient g j  are tabulated in [l]. Following this formal- 
ism, the problem is reduced to finding the coupling-aperture 

resonator lengths corresponding to the design center fre- 
quency. The difficulty in obtaining the correct values is in 
that the various coupling apertures interact with each other 

= J: M,?(z’)2B -sin [,=, (5.) sin (zz’) i- 

&’(I) widths to obtain the proper values of Qe and kjj+l, and the 

where 
B = -3 

2 W P o  (2 )  trough the higher-order modes of the waveguide. 

and the expression for the multimode impedance coupling 
elements 2%) is 

(3) 
Where 6 and y are equal to 1 or 2 indicating the guide to 
the left or the one to the right of the step, respectively. The 
solution of the integral equation is not known in closed form 
so that a method-of-moment procedure is adopted [4]. 

The CAD package developed following the theory de- 
scribe( in the previous section can be used to generate de- 
sign curves to select the initial set of geometrical param- 
eters. The procedure is very simple. We first select the 
thickness of the windows (2” for instance) and an ap- 
propriate length of waveguide to give a A, J2 resonator at a 
frequency slightly higher that the design center frequency 
(10 % for instance). Then we perform a set of ”software” 
(soft) experiments on doubly-terminated single and double 
cavities to obtain curves similar to the ones in Figs. 3 and - 
4 for Qe,  kj,3+1 and the actual resonance frequency fm, re- 
spectively, versus the relative aperture width am/Xgm. Combining together a series of equivalent network repre- 

sentations of individual steps one can develop the complete 
multimode equivalent network representation of a multi- 
cavity filter, as shown in Fig. 2 for the simpler case of a 
single cavity. From this equivalent network representation 
one can easily derive a linear system of equation that, with 
one matrix inversion per frequency point, gives the overall 
electrical behavior of the structure. 

It is important to note that in order to obtain accurate 
results, a number of higher-order modes must be explicitly 
included in the computations performed. We have found 
that at least 6 modes in each waveguide region must be 
included to ensure the proper convergence. All results pre- 
sented in this paper have been obtained explicitly including 

The code developed following this approach is very ef- 
ficient computationally for two main reasons. The first is 
that the kernel of (1) is frequency independent so that all 
step discontinuities considered need only be characterized 
once for each given structure. The second is that the ex- 
pression for the coupling matrix element in (3) only depends 
on the relative step geometry. As a result of this last point, 
the integral equation (1) needs only be solved for a discrete 
set of relative step values (for instance 20) and all other in- 
termediate values can then be computed via a simple linear 
interpolation procedure without using the complete formu- 
lation. These unique features of the formulation result in a 
code implementation that is very efficient both in terms of 
speed and memory occupation. 

I11 Filter Synthesis 
The first step in the design of a microwave filter is the selec- 
tion of the proper transfer function and relative low-pass or 
band-pass equivalent network. For the case of Tchebyscheff 
filters one can use, for instance, the results given in [l] that 
relate the filter transfer function to proper resonance fre- 
quencies, values of external &-factor Qe and inter-resonator 
couplings kjj+l, using the following well-known expressions 

(4) 

10 modes in each waveguide region. 

The next step consists of the utilization of the curve for 
fm vs am/Xgm to obtain the curves in Fig. 5 representing 
the apparent waveguide-length increase Al, /Agm 

(6) 
A 1, x 
x,m 
- = 0.5(1 - 2) 

due to the loading introduced by the coupling apertures. 
The data for the curves in Fig. 3 and 4 are obtained by using 
the code developed, to perform the ”soft” experiments, and 
the well-known equations 

(7) f m  Qe = 2- 
Af3d~ 

where fm is the resonance frequency and Af3dB is the 3dB 
bandwidth of the single resonator. The parameter w, is 
given by 

(9) f z  - fl 
f m  

wm = - 
where fz  and fl are the upper and lower frequencies cor- 
responding to the resonant ”dips” in the magnitude of the 
5’1, parameter of an overcoupled pair of resonators, and fm 

is the center frequency of the pair of resonators. 
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The results presented have been obtained by actually 
computing only a discrete set of points (indicated by the 
stars). The smooth curves have then been obtained with 
polynomial interpolation, namely 

N 

y = anxn (10) 
7L=O 

The initial selection of the geometrical parameters can 
now proceed by first computing the length of waveguide Id  

that would give a resonator at the design frequency 
f d .  The second step is the use the following novel expression 

to obtain the apertures corresponding to the desired Qe and 
the kj,j+l values. In all equations presented, the subscript m 
indicates values from the design curves while the subscript 
d indicates the required design value. 

Finally the individual length of the resonators is ad- 
justed using the information from Fig. 5 and the expression 

A 1m 
A I d  = -A g d  

so that the design length l d , j  is given by 

h , 3  = - - A l d , j  - A l d , j + l  (13) 2 
where A1d-j and A l d , j + l  refer to the contributions of the two 
coupling apertures seen by each cavity. This process is re- 
peated until all needed apertures and resonator lengths are 
obtained thus completing the initial choice of the geomet- 
rical parameters. 

It is important to observe that, although the above ex- 
pressions have been derived empirically, they are neverthe- 
less extremely useful. In fact, their use results in a filter 
structure that can be optimized by an experienced engi- 
neer to meet the design goal with only a few manual "soft" 
tunings. All the design formulas presented are exact only 
if the design and measurement frequency coincide. As the 
distance between measurement and design increases, their 
accuracy decreases. They are, however, very useful1 in that 
they provide a very good starting point, as will be discussed 
in the next section. 

IV Application examples 
To fully appreciate the power of the CAD procedure, we 
describe in this section the design of two filters. Figure 6 
gives the physical dimensions of the filters as obtained from 
the design procedure described in the previous section. Also 
in Fig. 6 we give the final dimensions of the filters after 
manual "soft" tuning. It is important to note that the best 
results from this design procedure are obtained when the 
measurement frequency is higher than the design frequency 

by about 10%. In the two cases discussed, however, the 
design frequency is actually lower by about 15%. As we can 
see from Fig. 6, even in this case, the procedure outlined 
provides a good starting point from which the desired final 
result can be obtained with little effort. 

To verify the theory developed, both filters have been 
realized using spark erosion. In Figure 7 we present 
the simulated and computed electrical characteristics of the 
filters. As we can see, the agreement between measure and 
simulation is indeed very good. 

V Conclusion 
In this paper we outline the theory behind a CAD pack- 
age for the design of microwave filters based on thick in- 
ductive windows in rectangular waveguide. We describe a 
step-by-step procedure that, based on the use of code devel- 
oped, allows to select very accurately the initial geometry 
of the filter. Finally, we give two filter-design examples 
that demonstrate the effectiveness of the CAD procedure 
developed. 

The procedure described is in essence a true CAD tech- 
nique that can completely replace all of the hardware work 
and all of the manual tunings in the laboratory that are 
traditionally required for the manufacture of this class of 
waveguide filters thus resulting in a significant reduction in 
development time and cost. 
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Fig. 1 Top view of inductive step in rectangular waveg- 
uide. 
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Fig. 2 Multimode equivalent network representation of 
a single cavity. 

Inter-resonator coupling (x 001) Extemol Q 

Fig. 3 External quality factor Qe for a single doubly- 
terminated cavity and inter resonator coupling 
k l , ~  for a pair of resonators in doubly terminated 
configuration as a function of the relative aper- 

Fig. 4 Effective resonance frequency fm of single and 
coupled resonators as a function of the relative 
aperture am/Xgm for doubly-terminated config- 
uration. 

Inter-resonator coupling (x.001) 

Fig. 5 Apparent cavity-length increase Alm/Xgm due to 
the coupling-aperture loading. 

(from CAD procedure) and final dimensions (af- 
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Fig. 7 Simulated and measured performance, 
The smooth line represents the simulation. 
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