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Abstract—The progress of numerical techniques now permit
us to analyze rigorously complex devices such as dual-mode
cavity multipole filters or planar passive elements for coplanar
monolithic microwave integrated circuits (MMIC's). In this pa-
per, we describe a rigorous design of dielectric resonator (DR)
filters applying the finite-element method (FEM). We first present
a dual mode coupling technique which replaces classical DR's,
coupling, and tuning screws, which are commonly used in dual-
mode filters, by slotted DR’s. Next, a new theoretical analysis
based on the contribution to the dual-mode filter response of the
first DR hybrid mode and of higher order modes is described.
This analysis can be applied to any type of microwave dual-
mode filter. It allows us to define a procedure which explains
the presence and controls the position of the two transmission
zeros in the filter responses. In this paper, this procedure has
been applied to improve filtering performances of a dual-mode
DR filter. Finally, a synthesis method is developed to rigorously
design for the first time, a four- and an eight-pole slotted DR
elliptic filters. The experimental results were obtained with no
tuning and the theoretical ones show good agreement.

Index Terms—CAD, dielectric resonator, filter, finite-element
method, rigorous design.

I. INTRODUCTION

ODAY, many types of passive microwave filters ar
developed. They can be divided into two principal ¢

this tuning, numerical techniques have been developed and
permit us to now rigorously analyze complex microwave
devices. Different authors [1]-[4] have recently published
the whole rigorous analysis of dual-mode cavity multipole
filters. Numerical modeling of planar passive elements, such
as coplanar ones for monolithic microwave integrated circuits
(MMIC's) [5], have also been presented.

We project here to develop rigorous design of DR filters.
Indeed, these filters and, in particular, dual-mode filters are
widely used in telecommunication systems because they offer
better performances, smaller size, and less weight than clas-
sical fundamental TE- or TM-mode filters [6], [7]. Moreover,
this configuration may simplify the achievement of elliptic
responses to increase the filter rejection slope. It is well known
that a cylindrical DR shielded in a cylindrical metallic cavity
presents on the first hybrid modéEM,;s two orthogonal
polarizations at the same frequency. Generally, the coupling
between the two polarizations is produced by adding a metallic
screw or any discontinuity in the DR environment, located in
45° angle with respect to each excitation probe direction. The
filter response can be adjusted by changing the penetration
in the DR enclosure of the coupling and tuning screws,

a(t%_)ut these systems are not rigorously taken into account by

actual theoretical methods. Thus, each experimental realization

egories. The planar ones can be composed of mlcrOStrrlgqmres long and delicate tuning, which may increase the cost

stripline, or coplanar resonators. They are used in a lar ) . S
frequency domain (100 MHz-30 GHz) to realize generallgledual mode DR filter production. Our objective is to develop
Y.

large band response filters, due to their low unloaded quali rigorous analysis to eliminate these tun!ngs. . .
(O.) factor. For the last few years, their losses can be This paper concerns a dual mode coupling technique which

compensated by active devices or superconducting technoloy .!aces cla_sswal dual-mode DR str,ucturgs (g, clas_swal
s, metallic screws) by slotted DR’s excited on the first

For special applications, their small dimensions and th . " . S :
excellent compatibility with an electronic surrounding are a ybr_ld mode _[8]' The device _under_con5|derat|0_n IS described
Fig. 1. Using the three-dimensional (3-D) finite-element

great interest. The second category, the voluminous filtel, hod (FEM f' h ho1 eff h
is composed of metallic cavities, waveguides, or dielectrfgetho ( ), we first present the notch-1 effect on the

resonators (DR's). These filters present a high unloaged COUPIing between the two resonant dual modes. This FEM
factor and a high-temperature stability which permit us t4gorous analysis permits us to explain the presence or the
achieve very narrow bandwidth in a large frequency domaﬁpsence of two transmission zeros in the filter response. Then,
(900 MHz-100 GHz). They are also required for power applft procedure _de_veloped to predict the freq_uency position_ of
cations, but their large dimensions and a delicate compatibilffjeSe transmission zeros allows us to obtain the symmetrical

s
with an electronic environment can be a disadvantage for so%"mOde filter responses. Finally, the out-of-band isolation
system development. for an asymmetrical and a symmetrical response is presented.

In most cases, during the first conception of planar or The second part of this paper presents the application of
voluminous complex filters, some differences appear betwet§ slotted DR coupling technique. Thus, a theoretical method
theoretical and experimental results which impose expeHsing the 3-D FEM is developed to analyze dual-mode filter

mental tuning to satisfy filtering objectives. To eliminatée€sponses. Two elliptic filters with four and eight poles are
rigorously designed. For the first one, dielectric and metallic
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losses are taken into account. Before the experimental realiza-
tions, the notches and coupling iris manufacturing tolerances
have been defined applying a sensitivity analysis.
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Fig. 1. Classical and slotted cylindrical DR.
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Fig. 2. Insertion—loss responses of a classical and a slotted DR.

Finally, the two elliptic filters have been built and tested
without tuning. Comparisons between theoretical and experi-
mental results show encouraging agreement.

Il. NUMERICAL ANALYSIS
Fig. 3. Electromagnetic-field lines.

The theoretical analysis is performed applying the free
or forced oscillations 3-D FEM between the access porgd the analysis gives the resonant frequency, field repartition
of the device. The FEM is well known to be useful folyf each eigenmode, and their unload@d factor.
solving Maxwell's equations. This method has already been
explained in several papers [9], [10] and our purpose is not [ll. SLOTTED DIELECTRIC RESONATOR
to describe it here. The mathematical formulation we solve is Using the forced oscillations’ 3-D FEM, we consider a clas-
identical to the commercial simulator HFSSVe can notice gjea| or 4 slotted cylindrical DR shielded in a metallic cavity,

that the device under consideration is meshed with triangles <ron in Fig. 1. TheS,, modulus parameter computed

[t\No—d|r|r|1,enS|ona_I (2-D)] or terz]trahgdroPsh(S-D). ;O solve tlhﬁ1 the access ports, proves that the microwave power is only
Maxwg S equat|on§ on each node o the mesh, we apply,a ,sitted between these ports by the slotted DR. Thus, we
vectorial E-formulation using mixed finite elements of Necjele&btain a bandpass response for this device (see Fig. 2), and

with second-order polynomials. Indeed, this formalism permiFseems that the classical coupling screw can be replaced by

us to avoid spurious responses [9], [11]. Moreover, using OHbtch 1
electromagnetic software, we can analyze complex voluminousA second study using the free oscillations 3-D FEM allows

or dplalmar de\gc;as. Thebmner_ m?ten_als m(;;st be homc:jgelne%sto define for a slotted DR the two orthogonal hybrid mode
an IF(TIE'H'I u Ca_?_h € tag'.sz rotplc tan .possess” |e|eciiré onant frequencief and f, for given notch-1 dimensions.

or metatiic losses. The studied structure 1s generally Closeffa 4y polarization electromagnetic-field lines obtained by
by perfect magnetic and electrical conditions or excited tﬂ’ee-running analysis are shown in Fig. 3. It appears that the

transmission lines or waveguides. Absorbing conditions af)‘(nblarization planes are defined by the notch location. For

introduced to analyze open devices. For the forced oscillatiognge of the modes, the field configuration [Fig. 3(a)] is not
problem imposing the frequency, we obtain the scatteri ' :

. i ifi h f th h its f i
matrix parameters between the physic access ports. For adified by the presence of the notch and its frequeficis

L . .constant as a function of the notch dimensions. The second
free oscillations one, these planes may also be short circuite huency f, depends on the notch dimensions. Indeed this

1HFSS, Hewlett-Packard Co., Santa Rosa, CA, 1994. notch disturbs the mode field lines [see Fig. 3(b) and (c)]
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Fig. 5. Dual-mode slotted-DR filter. geometrical and physical parameters
are given on figure 5
imposing quasi-magnetic-wall conditions on its faces. Thus,
this notch produces a frequency shift between the two resong'ﬁt :
frequencies; and f,. We can then consider the filter respons

as the sum of each polarization contribution.

Electric- or magnetic-wall conditions. Polarization 1 or 2.

ﬁ1e probes through an induced current on the metallic screw
for locations 3 and 7. However, with the slotted DR, there is no

Fig. 4 presents the unloade@, factor computed as a ) : i
function of the coupling coefficienk [12] between the two metallic part, so the FEM was used to find another explanation.
e have considered the device defined in Fig. 7. By imposing,

polarizations for a classical DR with a coupling screw [se\é’
Fig. 1(a)] and for a slotted one [see Fig. 1(b)]: respectively, electric- and magnetic-wall conditions on plane

P, we can evaluate each polarization contribution on the
K = fl /3 (1) device response. For each case, we present in Figs. 8 and
£+ 9 the insertion—loss characteristic and phase parameters. In
For coupling values higher than five 1) the distance Fig. 8, the first transmission peak at approximately 5.45 and
between the screw and the DR is inferior to 1.5 mm. Moreovés,48 GHz in the insertion—loss curves are the HRM,5-
to increase this coupling, this distance must decrease. Thengraemle resonance for each polarization. The second peak, at
is shown in [13], for these conditions, the metallic losses of ttapproximately 6.16 GHz, are the resonance of the first higher
device increase and th@, decreases. Using the slotted DRorder mode. This higher order mode, which depends on the
the @, factor seems to increase witi due to the decreaseDR and metallic cavity characteristics, is a hybrid mode with
of dielectric material. However, these 1agf, level variations one azimuthal variation. If we sum the insertion—loss curves
are not significant for filtering applications, so we can say théig. 8), taking into account the phases (Fig. 9), we obtain
a slotted DR advantage compared to the classical DR istt@ whole structure response (Fig. 6). Indeed, at the frequency
preserve th&), quasi-constant for these filtering applicationsf; equal to 5.4 GHz, thé5>; modulus of each polarization
We now analyze the device described in Fig. 5 where tlage equal to—10 dB, and the phase difference between
coupling notch can be placed in the different ports 1, 3, 5, atltese parameters is equal to 180 hus, their interference
7. Using the forced oscillations’ 3-D FEM between the accegsoduces a transmission zero. At the frequerigywe notice
planes, the reflection and the transmission responses of shansmission zero for the two insertion—loss characteristics
device are computed, as shown in Fig. 6. The same respon@ég. 8). It is due to the interference of ea&tEM;;5-mode
without transmission zeros are obtained for the locatiop®larization and the first higher order mode contributions,
n = 1; 5. The locations, = 3; 7 permit us to generate hightaking into account the phases. The same analysis applied for
reject|on slopes and then better filtering performances. Thige locationsn = 1; 5 explains the absence of transmission
phenomena, verified by measurements, has been observedévos in the filter response.
a classical DR with a coupling screw in these different planesFinally, as shown in Fig. 6, the response is asymmetrical.
[12], [14]. It has been allocated to a direct coupling betwedn this stage, the objective is to shiff and/or f, to produce
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a symmetrical dual-mode filter response. The electromag-
netic analysis proves that when modifying the metallic cavit
dimensions, the first hybrid higher order mode frequenc
position is not too dependent on the DREM;;s mode.
Thus, if we control the higher order mode position, wi
control the second transmission zero position as well. Fro
the asymmetrical response, and for a good balance betwg?re:@ o1
the external(@. notch and metallic cavity dimensions, a ) . . , .
symmetrical rcezsponse have been obtained,és shown in Fig. 1 These two elliptic dual-mode DR filters with four and eight

In this case, the metallic cavity diameter has been increased’f0°> have been chosen t(.) apply our sy_nthe3|s method. They
lower the first hybrid higher order mode resonant frequen gre composed of a metallic cavity, tW,O inpurfoutput coaxial
The new diameter is equal to 46 mm. However, the filteri obes, and two or four slotted DR’s coupled through a

ency, bandwidth, insertion losses, and rejection slope. These
jectives permit us to define the response shape, number of
ole, and coupling matrix which impose the exter@glfactor

. and the coupling coefficients between the resonators. Then,
(o} satisfy these electric characteristics, conceivers define a
rowave filter topology such as the DR’s, shown in Figs. 16

cg.
. e etallic crossing iris.

rforman n imiz ny modifications of th ; . . . .
performances can be optimized by any modifications of t eTo compute the dimensions of these devices which will sat-

DR environment, which modifies the difference between the the electric ch teristi . by the filteri biecti
HEM;;5 mode and the first hybrid higher order mode resona'r?tgy f'rstedicer:g ¢ tﬁ;a(;:”;;stg\éﬁna y rchlher:ggs];ntjeeg B’ eihe
frequencies. We show in Fig. 11 that our procedure al : velop g : PP P y

0
permits us to improve the out-of-band isolation presented

r;/eoretical scheme in Fig. 12.
the dual-mode filter response. Applying the free or forced oscillations’ 3-D FEM, we

compute the following.
1) The DR and metallic cavity dimensions required to

IV. DUAL-MODE DR HLTER-SYNTHESIS METHOD

In this stage, a synthesis method is developed to perform the?)
rigorous design of dual-mode DR filters without tuning. This
theoretical method is based on a rigorous analysis of the device
using the FEM and on the slotted DR coupling technique.

To realize a microwave filter, the designer must first define
some filtering objectives, such as the passband central fre-

obtain the central frequency.

The external@, factor Q). linked to the input/output
coupling coefficients between a coaxial probe and a
classical DR(). depends on the probe penetration depth
(Fig. 13). The dimensions of the device described in
Fig. 13 are defined by the first step. In this case, only one
polarization is excited at the frequengy. We consider
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filter rigorous FEM.3D . . i . . . .
analysis forced 1 dimensions required for the filter realization (see Fig. 14)
oscillations . . . .
and 2) the notch-2 dimensions introduced to tune the filter
Fig. 12. Rigorous synthesis method. response. This notch must compensate for the influence of the
probe on the resonant frequency of the excited polarization.
1(53&) - This frequency increases if notch 2 is located &t &0gle with
coaxial . the excitation axis (see Fig. 15), but if notch 2 is located in
probe this axis, the excited frequency is not disturbed. The interface

conditions on notch 2 applied to the electromagnetic fields
explain those phenomena.

Then, all the device dimensions are known, but approx-
imately due to the segmentation approach, which does not
consider the dependence between the different elements. Thus,
in the last step, the scattering parameters are established in
the access ports and some coupling iris or notch dimensions
must be optimized to satisfy the filtering objectives. During
Fig. 13. External@. factor. this optimization, filter responses are computed, taking into
account slight variations of those dimensions. This procedure
is not currently fully automatized.

1000

500! geomctrical and physical parameters
are given on figure |

++ : measurcments
— : FEM
.

3 4 d (mm)

0 i s
¥ I

[

the bandwidth(Af) at —3 dB, as the dielectric losses
are not taken into account. Thus, we defipe with the
following equation:

Q. = ﬁ_ ) V. THEORETICAL AND EXPERIMENTAL RESULTS
h i ffici bAf lassical DR’ A four- and an eight-pole elliptic dual-mode slotted-DR
3) The coupling coefficients between two classical DR’s Fifters are now designed using the synthesis method. For these

a fl..lnction of a rectang.ular Iris Fiimensions. ) filters, the external). is equal to 108. The central frequency
Following the above-mentioned points, the device resonggts 53 GHz and the bandwidth-8 dB) is 1%.

frequency is known. It can be modified to satisfy the required

one, and then we can define: 1) the coupling notch (notch- o

1) dimensions. With the first step, the metallic cavity anfi- Four-Pole Elliptic Filter

slotted DR dimensions are known. Thus, applying a free- The filter geometry is given in Fig. 16 and the coupling
running analysis, the coupling coefficieif is established coefficients matrix is presented in Table I. We notice that
as a function of the notch-1 dimensions. Then, fievalues notches 1a and 1b are at a°%hgle from each other to obtain

imposed by the coupling matrix permit us to define the notch- elliptic function.
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ELLiPTIC FOUR-POLE FILTER: COUPLING-COEFFICIENT MATRIX 0 (db < —
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2 78107 0 6.5 10° -2.4410° N O
3 0 6.55 107 0 78107 20 =
7 ~244 107 0 7810° 0 \ \\ /.
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Fig. 19. (a) Four-pole elliptic filter. Sensitivity analysi€£ = 1 mm;
1 = 0.93 — 0.01 mm). (b) Four-pole elliptic filter. Sensitivity analysis
(L1 =1 mm;{; = 0.93 4 0.01 mm).

2) for the supportg, = 2.1 — j4.2 - 107%;
3) for the metallic wallsy = 1.57 - 10 mho/m.
The mesh of the device is shown in Fig. 17. The four- To describe this filter, we use 9800 nodes and, for the forced

. : A . . running analysis, th mputing time i [ to 25 min for
pole filter theoretical response presented in Fig. 18 is obtaln(ré:q Ing analysis, the computing time is equal to 25 min fo

King i he dielectri h liic | _ e frequency on an HP735 workstation.
taking into account the dielectric and the metallic losses: An experimental structure without correction on dimen-

1) for the DR'sepr = 37 — j37 - tgé with tgé = sjons defined in the last step is built and tested without
fo (GHz)/40000; tuning. Comparisons between theoretical and experimental

Fig. 17. Four-pole filter mesh.
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T TABLE 1l
ELLIPTIC EIGHT-POLE FILTER: COUPLING-COEFFICIENT MATRIX

) ] Mij 1 2 3 4 5 6 7 8

diclectric 1 0 75100 0 |-4710°] o0 0 0 0

| support 2 [7510°] 0 |5610°] o0 0 0 0 0

3 0 5.6 10° 0 48107 0 0 0 0

|— notch Ta 4 |-4710°] o 4.8 10° 0 48107 0 0 0
[ notch 2a 5 0 0 0 |4810°] 0 [4810° 0 [-4710°

6 0 0 0 0 48107 0 5.6 107 0
7 0 0 0 0 0 56107 0 75107

8 0 0 0 0 [-4710°] o 7.510° 0

notch b ——

metallic the dimensions and manufacturing tolerances given in Fig. 16.
rectangular iris Our software permits us to define the electromagnetic-field
distributions during the forced oscillation computations. For
example, magnetic-field distributions in DR% £ 18.6 mm)

and in DR2 ¢ = 10.6 mm) are presented in Fig. 20.

S

notch lc

metallic
crossing iris

B. Eight-Pole Elliptic Filter

— notch 1d The device under consideration is shown in Fig. 21, and the
j\x value of the coupling coefficients are presented in Table II.

y M Our rigorous synthesis method permits us to design the first
eight-pole elliptic dual-mode slotted-DR filter. For this device,
the permittivities are equal to 37 for the DR’s and 2.1 for the

metallic cavity : dielectric resonator : - crossing iris : rectangular iris SUpportS. To describe the filter with the FEM, we consider one
H‘j;(l§'1134) ma =34 o ; o mm . ok P half of the device due to the geometrical symmetries (plane
-=>5L.Umm pr — 12,4 Mm . "I, mm . . mm .

€ =37 (1.00%6.90) mm P). Thus, the number of nodes is equal to 9700 and the forced

tuning notches coupling notches  coupling notches probe - DR distance : running anaIySIS needs a Compunng tln_]e equal to 40 _rnln for
(2a=2d): (la=1d): (Ib=1lc): 120 o one frequency on an HP735 workstation. The experimental
' results, obtained without tuning, are presented and compared

Fig. 21.  Eight-pole filter design. to the theoretical results in Fig. 22.

results show encouraging agreement (see Fig. 18). Bef@re conclusion

the experimental realization, the notches and coupling irisFor the two filters, the difference between the computed
manufacturing tolerances have been defined by applying.gyy4| frequency and measured one is less than 0.2%. This
sensitivity analysis. For example, curves in Fig. 19(a) ang,it is attributed to the experimental DR supports, which are
19(b) prove that the elliptic four-pole filter responses argigntly different in comparison to the theoretical ones. The
very sensitive to a diminution equal to 0.01 mm of the coutifference between the bandwidths is less than 5 MHz, and
pling notch dimensions. The whole device sensitivity analysise experimental passband return loss verifies the theoretical
shows that the best filtering performances are obtained fames.
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VI. CONCLUSION
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