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Abstract — A fast integrated CAD procedure for
designing irises in Multi-Mode Coupled Cavity Filters is
presented. A reduced Generalized Scattering Matrix
(GSM), obtained by using Adaptive Frequency Sampling for
analysis, is combined with Aggressve Space Mapping for
optimization of coupling structures. The tednique
dramatically reduces the number of computational
eledromagnetic (CEM) analysis points needed for the
design of an iris, achieving areduction factor of up to50for
a design coupling 3modes accrossoneiris.

|. INTRODUCTION

Irises for multi-mode wupled cavity filters are
generaly designed in two ways. The first is based on
Bethe's gnall aperture theory where the wupling factor
between two microwave avities such as in figure 1 can
be expressed as[1],[2]:

_ Energy lost per cycle by coupling
2 DEnergy stored by degeneracy
H, OH, E,, OE, (1)

= pm + pe
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where p, and p. are the magnetic and dectric
polarisabilities of the aperture, Hy the tangential
magnetic field and Ey, the normal eectric field incident
on the aperture. This method is used extensively in
literature [3], [4], but is based on approximations that
cause inaccuraciesin complex structures.

The second method utilizes numerical methods to find
resonant frequencies of propagating modes inside a
coupled cavity structure. For each propagating mode, two
resonant frequencies are found from which the coupling
factor can be derived [5]:

— fh2 - fl2

e ?

The Mode-Matching technique is wel-suited to iris
coupling problems and is widely used in coupled cavity
filter design [6], [7]. The Generalized Scattering Matrix
representation of a symmetrical coupled cavity structure

is found and the resonant frequencies are determined by
finding the roots of:

G(f) = Det [St] (3)
where S isthe GSM of the structure, | is the unity matrix
and G is a complex-valued function of frequency.

Fig. 1. Typica coupled cavity structure.

Generally, the roots of (3) will yidd the 2n resonant
frequencies (where n is the number of propagating
modes) required to determine the coupling coefficients,
plus roots containing frequency of coupling information.
For a triple-mode cavity the imaginary part of (3) could
have as many as nine roots, most of which are very
closaly placed. While thisis a well-known method, little
information is given on how the roots of (3) are obtained,
or how different propagating modes are isolated to
determine specific coupling coefficients.

e This paper shows how areduced GSM can be used to
decrease the complexity of (3) and isolate specific modes
by reducing the number of roots. An equivalent network
theory representation is also used to expand this method
to the finding of coupling coefficients of cross-coupling,
and coupling between dissimilar cavities.

* Finding the roots of (3) for both the full and reduced
GSM cases involves many EM-evaluations which could
be very time-consuming. In this proposed procedure, the
number of EM-evaluationsis greatly reduced by applying
an Adaptive Sampling agorithm using Rationa
Interpolation [8] where (3) is approximated by a Thiele
continued fraction, the roots of which can be found by
any root finding algorithm.

» Efficiency of optimization procedures for coupling
iris structures is inversely proportional to the number of
EM-evaluations  performed. The Least-Squares
technique is well suited to such n-dimensional problems,
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but optimization of a single cupling factor typically
requires in excessof 30 coupling coefficient evaluations,
each requiring a large number of EM-evaluations. A fast
integrated CAD procedure is achieved by using
Aggressve Space Mapping to reduce the number of EM-
evaluations required for optimization.

Il. COUPLING COEFRCIENT

For the sake of clarity, this sdion will briefly discussthe
standard procedure by which the GSM is used to calculate
coupling coefficients in sedion A, followed by the
proposed improvementsin sedion B and C.

A. Resonant Freguencies of Iris Coupling Structures

Since (3) is a ommplex valued function, both the roots
of the red and the imaginary parts must be determined
andtheroats are:

Re{Det [S+I]} = 0andIm{Det [S+I]} =0 4
For a tripleemode oougding iris at 10GHz a typicd

resporse can be seenin figure 2.
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(a). Typica Det[S+l] of 10GHz triple-mode iris in
frequency band of interest.
(b). Det[S+H] of the same iris $howing cluster of roats.

Fig. 2.

In the region 99GHz to 10GHz both the red and the
imaginary parts have 6 zeros. Figure 2b clealy shows
the proximity of roots. EM-evaluations at alarge number
of frequency pants is required to find such roots

acarately. The key to the pasitions of roats is found by
examining the euivalent structure of 2 symmetricd
cavities as can be seen in figure 3. By pladng a Perfed
Eledric Conduwctor (PEC) at the symmetry plane A-A, a
resonant frequency f, that is close to the unperturbed
resonant frequency of a single cavity can be found[8].
Pladng a Perfed Magnetic Condwtor (PMC) at A-A
results in a ancther lower resonant frequency . These
are the two natural frequencies of resonance of the
structure for a particular propagating mode.  The
couging coefficient can be given from equation (2):
K _ fhz _ f|2 _ fez _ fmz
fhz + f|2 fez + fmz (5)
A-A

Fig. 3. Symmetrica Cavities

Since the triple-mode cvity is designed to be resonant
for 3 modes at a given frequency, thef,’swill be doseto
that frequency. For modes with small couging
coefficients, f will also be dose to f, , forming a duster
of roots surroundng the design frequency.

B. Finding and Identifying Resonant Frequencies

The number of EM-evaluations in finding the roats of
(3) can be gredly reduced by applying an Adaptive
Sampling algorithm [8]. EM-evaluations are required
only at suppat points determined by the Adaptive
Sampling algorithm while Rational Interpadation is used
to interpdate between suppat points. The output of such
an agorithm is in the form of a Thiele @ntinued
fradion, which can be mnwerted to a quaient of
poynomials (rational function). For the spedfic
complexity and frequency band o figure 2, (3) was
approximated with an estimated relative eror of 10"
using only 20 suppat points (EM-evaluations).

Rational functions are often used to approximate
scatering matrices because of their ability to model both
zeros and pdes. For the cae of (3), only the zeos are of
interest and ony the roats of the numerator poynomial,
which can be found with any root-finding algorithm,
must be determined.

Once dl the required roots have been found ancther
EM-evaluation at eat roat frequency can be used to
determine which propagating mode is at resonance
There shoud be 2 roats for eat propagating mode with
the roots correspondng to the natural resonant
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frequencies of equation (5). This method of isolating
resonant frequencies of the modes has only been used for
symmetrical cavities and is not valid for dissimilar
cavities. There is also no information regarding cross-
coupling between modes, which could be essential in a
multi-mode environment.

C. Reducing the Generalized Scattering Matrix

An equivalent structure of two coupled cavities is
given in figure 4, where each propagating mode on either
side of the iris is treated as an independent resonator.
Two modes are isolated by adding short circuits to their
ports and terminating the remaining modes in their
respective wave impedances. The reduced scattering
matrix for determining the coupling coefficient between
modes a and b then becomes:

503 SbC
O = 5ty s,0.0)F ©

a=:: Z;
3o

Z3 Z3

Z, GSM

Fig. 4. Isolation and Termination of Modes for Reduced
GSM

Using the reduced GSM in (3) and the Adaptive
Sampling algorithm with Rational Interpolation yields
figure 5 with only 7 EM-evaluations. It clearly showsthe
two natural resonance frequencies plus a third root of the
imaginary part.
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Fig.5. Det [S_. * |] of 10GHz triplemode iris in

frequency band of interest.

From network theory it is well known that resonance
occurs at zeros of the imaginary part of the input
impedance. For the equivalent network of figure 6a, a
plot of Im{Z } with frequency (figure 6b) shows the
exact three zeros of figure 5. The centre zero of figure
6b is known to correspond to the resonant frequency of
the synchronously tuned resonators, i.e

1

@ = s ™

The zeros of Im{Det [S_., * |1} can therefore be
used to determine the coupling coefficient and frequency
of coupling of al propagating modes efficiently. This
method includes cross-coupling and is not limited to
symmetrical cavity structures.
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Fig. 6. (8). Equivalent Network for coupled cavity structure.
(b) Im{ Zin} of equivalent network in (a).

The effect of the reduced GSM on the accuracy of the
roots when compared to the roots of the full GSM is
minimal. The roots used to determine the coupling
coefficient show no change, but a small shift in the
correct coupling frequency given by the full GSM,
amounting to =0.1% has been found.

1. OPTIMIZATION WITH AGGRESSIVE SPACE MAPPING

Optimization of microwave components is generally
very time consuming. Figure 7 shows atypical iris used
in triple-mode coupled cavity filters, along with some
design variables. Other variables include iris thickness
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and cavity length. Such n-dimensional optimizaion
problems are well-suited to the Least-Squares
optimization algorithm. For optimization d an irisfor a
spedfic oouping coefficient at a spedfic ocouping
frequency, more than 35 cdculations of the cuping
coefficient is required to oltain a maximum error of
0.01%. Together with an estimated 8 EM-evaluations
per couding coefficient, this amounts to rougHy 280
EM-evaluations.
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Fig. 7. Typicd Irisfor Triple-Mode Filter

Aggressve SpaceMapping has been used succesully
to increase the computational efficiency of EM-analysis
and ogimizaion [9]. The Space Mapping routine
utilizes two equivalent descriptions of a microwave
circuit. The ‘coarse’ model f (x ), with x__ the model
inpu parameters, is asumed to be smple, fast to
evaluate but lessacarate. The ‘fine model f_(x,,), in
this case the Mode-Matching EM-evaluation, is very
acarate, but computationally very intensve. The
routine strives to find a map between the ‘coarse’ model
and the ‘fine’ model while performing the buk of the
CPU intensive optimization onthe ‘coarse’ model.

A prerequisite for the success of the Space Mapping
routine is a goodmapping to the ‘coarse’ model. For this
applicaion it was foundthat an excdlent ‘coarse’ model
is suppied by Bethe's snall aperture theory, since the
design variables effed both the marse and the EM-model
in the same way.

Optimizétion in the marse model spaceis performed
by the Leeast-Squares algorithm, while the Adaptive
Sampling agorithm is used to determine the EM-
couping coefficients efficiently. With this method, the
same optimization example a abowe required orly 4
cdculations of EM-couding coefficients to oltain a
maximum error of 0.01%.

IV. CONCLUSION

An integrated CAD procedure for the dficient design
of irisesin multi-mode muped cavity filtersis presented.

A reduced GSM is own to deaease the complexity of
the standard procedure used to cdculate ouging
coefficients in a multi-mode environment. The number
of EM-evaluations required to determine the couging
coefficients is grealy reduced by applying an Adaptive
Sampling agorithm using Rational Interpolation.
Optimizetion time of iris design is further reduced by
using Aggressve Space Mapping.  The integrated
procedure presented is not restricted to symmetricd
cavities, but can be used to analyze and design for cross
cougingin dssmilar cavity structures.
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