DIELECTRIC RESONATOR FILTERS

Because microwave filtering is an important function re-
quired to keep a number of different systems in working
order, the specifications of a filter are varied. We can, how-
ever, try to classify some of them as presented in Table
1. The constrains are electrical, mechanical, thermal, and
commercial.

The objective in this article is to show the advantages of
the dielectric resonator (DR) technique to satisfy some of
these functions, along with its disadvantages, in compari-
son with some other well-known solutions.

DRs are suitable for bandpass filtering. DR filters are
classified as three-dimensional (3D) devices, in opposition
to two-dimensional (2D) planar ones.

The main advantages of 2D solutions are their relative
bycompact dimensions, their easier integration in circuit
or module environment, and their well-known design and
manufacturing procedures. They are, however, limited in
their applications to the processing of low power, sizable
relative bandwidth signal, in relation to the poor unloaded
quality factor of localized microwave elements or planar
resonators. Some solutions are proposed to restrict losses,
such as applying supraconductors or active-element tech-
niques, but they remain inadequate to replace 3D devices,
in particular for high-power requirements.

In the class of 3D devices, designers have first chosen
waveguides or metallic empty cavities to satisfy their very
narrow bandwidth filtering requirements. However, since
the mid-1980s, high-dielectric-constant materials, having
low loss tangent and good thermal stability, have become
available. The DR solution has been preferred for a number
of applications, in particular spatial ones. This technique
allows us to reduce significantly the cavities and waveg-
uide device sizes, for equivalent electrical and increased
thermal performances. Some average ratios can be given
for dual-mode resonators (DR compared with cavity):

1:4 in volume
1:2in mass

Moreover, the DR shape and the mode in which it is
excited can be chosen to give a response to particular re-
quirements, as we will see later in this article. A number
of DR shapes and filter topologies have, however, been pro-
posed. Our work here is limited to the presentation of the
most popular ones.

In this article, we present some characteristic param-
eters of DR filters, which are generally introduced during
the synthesis procedure. These definitions are helpful in
explaining the choices of filter designers, in particular the
DR shapes and arrangements in multipole devices.

In Section 1, the class of devices loaded by cylindrical
DRs is investigated. This is a common shape for the DR. It
can be excited on a symmetric mode (TEg,, or TMy,,) or on
a first hybrid mode (HEM;;). Different DR arrangements
in the filter are presented and discussed.

For particular applications in microwave filtering, we
can fit the DR shape or the DR mode. For high-power appli-
cations, it is important to put the high-dielectric-constant

material in contact with a metallic enclosure, to improve
the thermal dissipation. DRs of a quarter-cut cylinder, a
cylindrical rod, or a dielectric plate shielded in a metallic
cavity are investigated. Solutions are also given to opti-
mize the isolation of the filter response on the frequency
axis, or to apply DR to the millimeter wave filtering. These
particular applications are included in Section 2.

Approaches developed to design DR filters are discussed
in Section 4. A four-pole DR filter synthesis is proposed as
an example.

ELECTRICAL CHARACTERISTIC PARAMETERS OF A DR
FILTER

Applying conventional methods, the design of microwave
filters starts with the selection of an ideal transfer func-
tion that fulfills the electrical objectives of the specifica-
tions. The synthesis of this ideal transfer function leads to
an equivalent lumped-element circuit. This circuit is char-
acterized by a coupling matrix that depends on the lumped-
element values. A number of studies have been devoted to
this task (1, 2). Different circuit topologies can be chosen.
However, for the DR filters presented in this article, the
equivalent circuit is close to the one presented in Fig. 1
(canonical symmetric design). Nevertheless, if another so-
lution is chosen, the same characteristic parameters may
have to be computed.

From the circuit presented Fig. 1, we define the follow-
ing:

¢ The central frequency of the filter:
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¢ The unloaded quality factor of each resonator:
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® The input and output coupling coefficients. In the elec-
trical scheme, the coupling levels between the exci-
tation access (P; and Ps) and the first and last res-
onators (1 and n) are characterized, respectively, by
the ratios 1/n; and 1/n,. It is however generally pre-
ferred to define external quality factors @.; (1) at port
i,ie{l, 2}, by
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as the external loading resistance at port P;. Coupling
coefficients «; are also defined at port i by

_ Qo
Qei
® The coupling coefficient between resonators. The res-
onators are intercoupled, longitudinally and cross-
wise, in the general case. We define a coupling coef-
ficient Kj; between resonators i and j by
M,

Kij= =" (6)
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Table 1. Microwave Filter Specifications

Electrical Mechanical Thermal
Central frequency Mass and volume Temperature range of use
Passband width Vibration resistance Maximum dissipated power

Passband ripple Machining tolerances Sensitivity of electrical response

to temperature variations

Out-of-band selectivity and Manufacturing difficulties

Commercial

Components and materials costs
Machining cost

Design cost

Delay for design and realization
of filter

rejection
Response isolation
Insertion losses
SWR

Group delay
Power capabilities
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Figure 1. Equivalent circuit of a symmetric n-pole filter.

The crosswise coupling coefficients (except K, /2,/2-1)
may cancel to obtain conventional Butterworth or
Chebyshev responses. Some of them are different
from zero and can be negative for elliptic bandpass
function realizations, including transmission zeros in
the out-of-band part of the transmission response.

These parameters help the designer perform the third
synthesis step, the computation of the device dimensions.
The topology of the filter, in particular the DR arrange-
ment, is easily directly deduced from the equivalent-circuit
one, which, in fact, justifies this approach. In Section 3, we
explain how the dimensions of the filter are computed from
knowledge of the parameters fj, Mj;, and Q...

FILTERS COMPOSED OF CYLINDRICAL DRS

Cylindrical DRs are more often used to realize multipole
filters. We discuss this class of solutions here. The DR
is generally shielded in a metallic box, to avoid radia-
tion losses. It can then be excited on transverse electric

TE,, modes, transverse magnetic TMj,, modes, or hybrid
HEM,,,, modes. The natures of the transmission lines or
waveguides used to couple the filter, the nature of the DRs
arrangement in the device, and the nature of the electri-
cal, mechanical, and thermal characteristics of the filter
depend on the choice of the DR mode. Table 2 compares the
performance levels of the TEq;, TMy;, and HEM;; modes.
The dimensions are optimized to obtain a resonant fre-
quency equal to 4 GHz. We notice that the DR acting on
the TE(; mode is the less bulky one. Even if the electrical
performances are comparable, the TMy; mode is more ra-
diative in the cavity, which increases the metallic losses on
the enclosure. The HEM;; mode is in fact very interesting
for reduction of filter size. The filter performance of each
particular TE, TM, or hybrid mode is discussed below.

Monomode Filter

The DRs are excited on the symmetric TMy; or TEq; modes.
An n-pole “monomode” filter is then composed of n DRs. The
dimensions of each DR and of the metallic enclosure are
generally chosen to optimize, at the filter center frequency,
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Table 2. Comparison between TEq;, TMo;, HEM;1, and DR'%! Mode Performance Levels

fo (GHz) Qo
TEo; 4 8600 14
TMo1 4 7500 28
HEMq; 4 9600 19.3

Dgp (mm)

Hpgp (mm) D¢ (mm) H. (mm)
5.5 28 19.5
8.3 52 56
6 40 20
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Figure 3. DR lines excited on a TEy; mode through microstrip
lines.

the dielectric and metallic losses and the device sizes, as
well as to avoid spurious responses around the filter band-
pass.

Different topologies of the TEy; mode, have been re-
ported in the literature. The DRs can be placed side by
side on the same plane. To obtain good isolation on this
mode, the ratio between diameter and height of each DR is
generally chosen to be 2. Then the radial radiation of each
DR is small and the DRs can be coupled directly; a metallic
iris does not have to be placed systematically between the
DRs to limit the filter size.

Two examples of realization are presented in Figs. 2,3.
Different techniques can be employed to couple the fil-
ter. Propagative rectangular waveguides can be connected
to both ends of a waveguide section above cutoff, which
contains the DR. The TEy; mode of the DRs is excited if
their axis are positioned along the wide dimension of the
monomode waveguide (Fig. 2). The distances between the
first (and respectively last) DR and the junctions between
the waveguide sections enable us to tune the level of the
input (respectively output) coupling coefficient. This tech-
nique is suitable for high-power applications.

To improve the integration of the filter in its environ-
ment, we must couple the first and last DRs to microstrip
lines (Fig. 3). Nevertheless, the metallic losses of such a
structure increases, as the DR must be placed near the
metallic strip and ground plane to obtain the required cou-
pling levels. The evolution of the coupling coefficient as a
function of the distance between the line and the DR is
given in Ref. 3.

Dielectric resonators might also be coupled through
coaxial probes (4) or loops (5). Particular attention to the
positioning of the excitation systems around the DR enable
us to obtain a good isolation of the bandpass response on
the frequency axis.

From the devices shown in Figs. 2a and 2b (4-6), we
obtain narrow-bandpass Chebyshev or Butterworth re-

sponses. Stopband filters can also be realized easily using
these DR coupling techniques, coupling the DR to a prop-
agative waveguide or a transmission line (7).

Coupling the DRs side by side enables us to maintain
them easily, such as on a dielectric substrate, whose mate-
rial is chosen to improve the temperature stability of the
filter. Moreover, some tuning elements can be integrated
around the DRs; some metallic or dielectric screws are gen-
erally placed along the DRs axis to tune the filter resonant
frequency, as well as between the DRs to adjust the cou-
pling coefficients.

On the TEj;, TMy;, and TMy, modes, DRs have also
been mounted axially on a cylindrical dielectric rod. To ob-
tain an elliptic response on these symmetric modes, in the
same device we can combine axial and side-by-side mount-
ing configurations. A two-stage device is constructed. The
transversal coupling Mj; can then be achieved, as it has
been done for empty metallic cavities. A negative coupling
is obtained by setting some upper and lower cavity axis; the
resulting transmission zeros placed around the passband
response increase the filter selectivity (8).

Different techniques, including those mentioned previ-
ously, have been developed for the mounting of DRs in their
enclosure; for instance, the DRs can be glued on a dielectric
support. This technique may, however, be critical because
of the generation of parasitic gaps between the glued mate-
rials and the poor glue loss tangent. A mounting based on a
differential dilatation phenomenon between each DR and
it environment is more suitable for obtaining high electri-
cal performance. The capability of the filter to withstand
vibration is fundamental for space applications. Some test
measurements are given, for example, in Ref. 9.

Dual-Mode Filters

Dual-mode filters (10) are now widely used because they
offer equivalent electrical performance levels, smaller size,
and less mass than do classical fundamental TE or TM-
mode filters. A metallic screw, or another perturbation is
placed around the DR to break the rotational symmetry.
Then, on the first or second hybrid mode, the two polariza-
tions sections are imposed, and their frequencies differ in
relation to the perturbation dimension. Figure 4 presents
a two-pole dual-mode filter, composed of only one DR. Two
monomode DRs would be coupled to obtain the same elec-
trical response. The DR is excited through coaxial probes.
Two tuning screws are generally added in the excitation
probe axis to tune the central resonant frequency.

The coupling screw is placed at an angle of 45° from the
excitation axis. In this case, the symmetry of the structure
suffices to fix the direction of the two polarizations. The
electromagnetic environment of each mode differs; thus the
resonant frequencies f; and f» of the two polarizations dif-
fer. The power combining is constructive between f; and
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Figure 2. DRs excited on a TEy; mode through rectangular waveguides.
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Figure 4. Dual-mode DR excited by two coaxial probes.

f2 at the output access, which explains the bandpass re-
sponse obtained from this device. Some transmission ze-
ros are also observed, due to the combination of opposite
phases between the two polarizations, and between these
phases and a higher-order mode of the DR (11).

For n-pole elliptic realization, with n>2 and n as an
odd number, we need to couple parallel modes in adjacent
DRs (longitudinal coupling) and to avoid extra coupling
between orthogonal modes of different DRs. Three screws
are placed around each DR as shown in Fig. 4, and adja-
cent DRs are generally iris-coupled. Two orthogonal rect-
angular apertures machined in a metallic plate enable us
to impose the required coupling level between each set of
parallel polarizations. To obtain a negative sign on some
crosswise coupling coefficients, the different screws are not
positioned at the same angle with the excitations in the
different cavities. This technique is well known for metal-
lic cavity realizations (12). An example of four-pole topol-
ogy is presented in Fig. 5, where the DRs are coupled to
input—output coaxial probes.

The excitation can also take the form of rectangular
waveguides, coupled to the input—output cavities through
rectangular irises, for power applications. These irises are
then generally placed in a plane perpendicular to the DR
axis.

Adjacent DRs can also be coupled directly, rather than-
iris coupled (13). Then realizations of small coupling lev-
els may require large separation between adjacent DRs,
and may consequently require significant sizes. However,
the introduction of evanescent waveguide sections between
DRs enable us to reduce the device dimensions (14). The
drawbacks of this method are the filter spurious character-
istics and the dependent coupling level between the mode
sets of adjacent DRs. In the same way as monomode real-
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Figure 5. Example of four-pole dual-mode DR filter.
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izations, dual-mode DRs can be mounted in a planar re-
lationship to one another. Each DR is again enclosed in a
metallic cavity. The DR intercouplings are controlled inde-
pendently by a metallic iris that contains two rectangular
noncrossing apertures placed in an appropriate manner
(15). This solution is interesting for its flexibility in the
arrangement of the DR cavities.

More than two modes have also been coupled in the
same DR cavity, to conserve weight and size in compari-
son with the previous solutions. The two polarizations of
the HEM;; modes and the TM,; mode have been simul-
taneously excited in a planar DR-mounted cavity. Two of
these three-pole modules have been coupled through an
iris composed of two separate T-shaped apertures (16).

PARTICULAR APPLICATIONS OF DRS IN MICROWAVE
FILTERING

DR for High-Power Applications

The dual-mode devices we have presented above are inter-
esting for their high electrical performance levels and lim-
ited sizes. But even if the filter dissipated power is small,
the resulting thermal dissipation remains critical for cer-
tain applications, such as space applications, because the
thermal conductivity of most dielectric material is poor.

A solution consists of positioning the high permittivity
resonators in contact with the metallic enclosure, to im-
prove the thermal dissipation efficiency, and then to im-
prove the power-handling capability of the filter.

We can first take advantage of the electromagnetic field
symmetry of a cylindrical DR. It can be divided into two
or more parts, without modifying the resonant frequency
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Figure 6. Equivalent cylindrical (a) and quarter-cut (b) DRs ex-
cited on a TEg; mode (—— electric field lines).
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Figure 7. Five-pole elliptic filter using the split-DR technique.

and field repartition of some modes, if the physical metallic
walls are placed in planes in which electrical wall condi-
tions are naturally verified (17, 18). In this way a cylindri-
cal DR excited on a TEy; mode can be split, for example,
into four parts. If each of the cut planes are in contact with
a metallic wall (Fig. 6), all quarter-cut DRs will resonate
at the same frequency.

The improvement of the power-handling capability is
not the sole purpose of this technique. A number of cylin-
drical DR modes do not satisfy the electrical wall condition
in the planes where they are imposed on the quarter-cut
DR. They are then suppressed in the “image” DR. Hence
the out-of-band rejection performances of the filter is im-
proved, suppressing spurious responses.

This technique also provides very compact structures,
reducing the size not only of the DR but also of the metal-
lic enclosure. This is an important advantage, particularly
for 900-MHz—-3-GHz applications. Nevertheless, the metal-
lic losses on the metallic plane in contact with the DR in-
crease dramatically, resulting in a poor unloaded quality
factor @ of the DR. We can note, however, that the im-
age resonator might be preferred to coaxial dielectric field
resonators, considering the sizes and losses at the same
frequency. Figure 7 presents a possible arrangement of the
DRs to realize an elliptic five-pole function (17).
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Figure 9. High-permittivity dielectric plate resonator technique.

Different techniques have been proposed to increase the
unloaded quality factor of the split DR. TM dual-mode DRs
have been developed for use in the L and C frequency bands
for mobile communication applications. A cross is formed
as shown in Fig. 8, by two parallelepipedic DRs excited on a
TMj; mode (19). The tuning element required to couple the
two degenerated modes is not a metallic screw, but a per-
turbation directly machined near the center of the cross. An
unloaded quality factor equal to 9000 has been obtained at
1.9 GHz, for a dielectric loss tangent equal to 5 x 107> (20).
A high-permittivity dielectric plate has also been placed in
a metallic enclosure to provide a good compromise between
the unloaded quality factor level and the thermal dissipa-
tion capability (21). The corners of a thin parallelepipedic
plate have been cut to provide a good contact between the
resonator and a cylindrical metallic cavity (Fig. 9).

The dimensions are optimized to limit the metallic and
dielectric losses on the first TE mode that has degenerated.
It has been shown that the electrical performance of this
resonator is not far from that of the cylindrical dual-mode
one, and this solution is more suitable for power applica-
tions. Metallic screws are generally placed around the di-
electric plate to couple the first TE polarizations. Slots are
then machined in the plate, both to couple these polariza-
tions and to optimize the out-of-band rejection of the filter.
Superimposed cavities are coupled through metallic cross
irises. The topology of an eight-pole autocorrected quasiel-
liptic filter is presented in Fig. 10. The transmission and
reflection responses, along with the group delay of the filter,
are presented in Fig. 11.

Some other studies have been performed to optimize the
DR shape to increase the unloaded quality factor of the
resonators, in particular by choosing adequate forms of the
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Figure 10. Dielectric plate eight-pole connected elliptic filter.

DR dielectric support in contact with the metallic enclosure
(22).

Filter Configurations for Optimization of Out-of-Band
Rejection

Conventional DR filters have relative poor stopband re-
jection performance, due to the excitation of higher-order
mode resonances. A lowpass filter, placed at the output
of the bandpass DR filter, might solve this problem, but
the bulk and the electrical performance of the cascaded fil-
ter suffer from this solution. Different filter configurations
have, however, been proposed to increase the out-of-band
rejection.



We have already underlined that the quarter-cut DR, or
the TMy; DR, which are of interest for power applications,
are also efficient techniques for elimination of some of the
spurious responses.

Coupling structures have been designed to suppress the
excitation of some modes. A single-mode TEy; filter real-
ization is, for example, presented in Ref. 23. The diameter:
height ratio of the DR is generally chosen to optimize the
mode isolation. A hole can be machined in the cylindri-
cal DR, along its axis (24, 25), and the DR shape can be
matched (26) to increase this isolation. A more sophisti-
cated solution consists of mixing DRs excited on different
modes in a same filter. To obtain part of the ring DR iso-
lation, and part of the compactness of dual-mode devices,
TEo; ring DRs and a HEM;; dual-mode DR have been cou-
pled to realize six-pole elliptic filters, combining four DRs.
DRs can be mounted axially (27) or side by side (28) in their
metallic enclosures. As an example, the center frequency of
the realized filter is equal to 1.23 GHz; its passband is 20
MHz, and the out-of-band rejection is better than —40 dB
in the 1-1.9 GHz frequency band (27).

DR for High-Frequency Applications

When the frequency increases, the dimensions of cylindri-
cal DRs excited on the first TEq;, TMg;, and HEM;; modes
become too small. The limit of conventional DR applica-
tions can be set around 20 GHz. To solve the manufactur-
ing problem, spherical DRs have been proposed. But the
critical mechanical stability of the devices, along with the
spurious modes around the bandpass limits their applica-
tions.

We can, however, use cylindrical DRs on whispering
gallery modes (29). For important azimuthal variation
number, the DR can be used easily up to 100 GHz. More-
over, the field is very effectively stored in with the DR, and
the unloaded quality factor, which thus depends only on
the material loss tangent, is important. Examples of filter
realizations are given in Ref. (30).

THEORETICAL DESIGN OF MICROWAVE DR FILTERS

Introduction

DRs are used for the realization of narrowband filters up
to 0.01% relative bandwidth. The electrical responses of
such devices are then very sensitive to their geometric and
physical characteristics, and particular attention must be
paid to their design.

The purpose of the theoretical design can be not only
to optimize the filter performances but also to reduce the
cost of the product. If the design is not efficient, the time
required for the tuning can be important; different devices
are manufactured, and even in the phase when the dimen-
sions are known, an experimenter must spend time and
effort to tune each filter.

However, DR structures are difficult to analyze, because
their geometries are very complex. We have seen that the
filter topologies are diverse; DRs can be intercoupled or
coupled through a metallic iris; they may be excited by
coaxial probes, metallic waveguides, and microstrip lines;
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their shapes are not systematically cylindrical; and they
can be maintained in their metallic enclosures through
a wide variety of systems. Moreover, the structures are
very compact, and if we can define different segments in
its composition, strong couplings are generated between
the DRs through high-order modes. Thus the classical ap-
proach that is applied in the circuit software, namely, the
segmentation method, is not efficient here; we cannot char-
acterize each segment independently from the others, and
we cannot connect the different contributions to obtain the
device response.

Analytical-approach models were initially developed to
assist designers. These methods are described in Ref. 31.
Since the late 1980s, rigorous analyses have been per-
formed, first on some parts of the DR filter. Examples
include application of modal methods (32, 33), the finite-
element method (34), or the method of lines (35) to char-
acterize axisymmetric dielectric-loaded metallic cavities,
computing the resonant frequencies of these devices. Some
other studies have been performed on the design of three-
dimensional resonator, which is nonsymmetrical in struc-
ture. The resonant frequency of a DR shielded in a par-
allelepipedic enclosure has been computed applying the
modal method (36) and the finite-element method (37, 38).
From these computations we can easily deduce the cou-
pling coefficient between two DRs for symmetric struc-
tures. The coupling coefficient between a DR and a waveg-
uide or a transmission line has been computed by applying
the finite-element method (39, 40). Now, with the evolution
of computer capabilities, a number of research teams are
interested in the electromagnetic optimization of DR de-
vices applying numerical simulation. A number of articles
deal with the rigorous design of multipole filters. In this
section we will describe a solution for the rigorous design
of a multipole DR filter using the finite-element method
(40).

Method for Optimized Design of a DR Filter

The procedure generally applied to determine the geomet-
ric dimensions of a multipole filter is deduced from the
lumped-element synthesis presented in Section 1. To ex-
plain this approach, we have chosen here to design a dual-
mode four-pole DR filter because this design groups to-
gether some problems found in a large variety of DR filter
topologies. In the dual-mode DR presented in Section 1, the
metallic screws are replaced by slots directly machined in
the DR. The four-pole filter, shown in Fig. 12, consists of
a metallic cavity, two input/output coaxial probes, and two
slotted DRs coupled through metallic cross irises. Because
the experimental filter will not be tuned, the synthesis pro-
cedure has to be performed rigorously. To compute the filter
dimensions that satisfy given electrical characteristics, we
develop the approach presented in Fig. 13.

In the first stage, an equivalent lumped-element circuit
is synthesized from the ideal transfer function. The synthe-
sis leads to a coupling matrix that characterizes the ideal
equivalent circuit. This objective coupling matrix gives all
the information about the ideal electrical characteristic pa-
rameters of the filter.
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Applying the 3D finite-element method (40), we can then
compute the initial dimensions of the structure with re-
spect to the previous electrical parameters. An electromag-
netic synthesis allows us to determine the following:

1. The DR and metallic cavity dimensions required to
satisfy the center frequency f value.

2. The probe depth penetration, computed to obtain the
required input/output coupling coefficient levels.

3. The dimension of the cross iris to obtain the re-
quired coupling coefficient between the parallel po-
larizations of the two DRs. The theoretical synthesis
method is generally interrupted here for classical ap-
plications. Screws are then placed around the filter
to couple the polarizations and to account for the res-
onant frequencies of the filter. Then a set of irises are

manufactured, and each experimental device has to
be tuned. Choosing the slotted DR solution, we can
continue with the synthesis computations.

4. The coupling notch dimensions, which impose the
coupling coefficient between the two polarizations of
each DR.

5. The dimensions of a second notch, which are intro-
duced to compensate for the influence of the probes
and the iris on the resonant frequency of the excited
polarization.

Then, all the dimensions of the device presented in Fig.
12 are known, but only approximately because of the seg-
mentation approach applied in these initial steps, which
does not account for the indirect dependence between the
different elements.

In the third stage, an electromagnetic optimization loop
is performed applying the following procedure:

1. The 3D finite-element method is applied in order to
compute the scattering parameters between the ac-
cess ports of the whole structure.

2. The scattering parameters are approximated as ra-
tional functions in the frequency domain.

3. From the approximated rational functions, an equiv-
alent circuit, namely, a coupling matrix, of the simu-
lated filter is synthesized.

4. By comparing the extracted coupling matrix and the
ideal one, the filter dimensions are corrected accord-
ing to the dimension sensitivities from the electro-
magnetic synthesis.

The loop is performed as long as the electrical objective
is not attained.

This procedure is detailed in Refs. 40 and 41. The ideal
transfer function and the electromagnetic response at the
end of the optimization are compared in Fig. 14. We can
note the good convergence of the electromagnetic model
response with a return loss of >30 dB in the passband. In
Ref. 40, the filter is designed with a slightly different fil-
tering pattern. The electromagnetic response along with
the experimental results are presented in Fig. 15. The fil-
ter is realized and measured without tuning elements. The
difference between the computed and measured center fre-
quencies is less than 0.2%, and the difference between the
bandwidths is less than 5%. The theoretical and experi-
mental standing-wave ratios are in good agreement.

CONCLUSION

DRs are currently placed in a number of devices, especially
in microwave filters. The topologies of these filters are di-
verse, and they are a function of the system in which they
are placed. Their main applications are found in the treat-
ment of power signals and very narrow bandwidth filtering.

In this article, we have described different topologies
proposed in recent years (as of 2004). A number of research
teams are still working to increase the performance of DR
filters, and to widen their domain of applications. Some of
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Figure 15. Comparison of theoretical and measured results.
Figure 14. Comparison of ideal and electromagnetic results.
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