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Microwave Filters With Improved Spurious Performance
Based on Sandwiched Conductor Dielectric Resonators

Andrew R. Weily and Ananda S. Mohan

Abstract—Microwave filters based on a novel resonator comprised of a
sandwiched conductor dielectric resonator (SCDR) loaded in a cylindrical
cavity are analyzed in this paper. The SCDR is a compact resonator that ex-
hibits good spurious performance. Resonant frequencies of the lower order
modes are analyzed, and mode charts, unloaded, slot coupling, and screw
coupling graphs are presented. -parameters are computed using the fi-
nite-difference time-domain (FDTD) method for one- and four-pole SCDR
filters and compared with measured results. The measured spurious perfor-
mance for the four-pole elliptic function filter shows a large improvement
over conventional dielectric-resonator filters. The measured results agree
closely with predicted values obtained using the FDTD method.

Index Terms—Dielectric-resonator filter, FDTD analysis, mode chart,
sandwiched conductor dielectric resonator, spurious performance.

I. INTRODUCTION

Mobile communication systems require filters that have good
in-band performance in terms of loss and good out-of-band spurious
performance. Filters composed of dielectric resonators (DRs) give
excellent in-band performance, but have poor spurious characteristics
due to their crowded mode spectrum. The key issue in obtaining wide
spurious rejection performance from a filter is to optimally design
the resonator to give a well-spaced mode spectrum. Charts have been
presented by Kobayashi and Miura specifically for this purpose [1].
When using theTE01-mode DR, introducing a concentric hole can
markedly improve the spurious performance [1], [2]. Many other
techniques have also been presented over the years to further improve
the spurious performance of DR filters. Quarter-wavelength coaxial
TM01-mode DRs have been shown to have moderate insertion loss
and good spurious performance [3]. Mode suppressors have been
added to filters to suppress out-of-band spurious modes [4], and for
TE01-mode DR filters resonant evanescent-mode bandpass irises may
be used to filter out undesired modes [5]. Rectangular DRs excited in
theTM110-mode [6] and cylindricalTM01-mode DRs [7] have also
been shown to produce filters with good separation between spurious
passbands. Quarter-cutTE01-mode DRs reported in [8] are able to
suppressTM01 and hybrid modes with azimuthal variation index
n = 1, as well as having low insertion loss.

The concept of using different waveguide cavities to improve stop-
band rejection was introduced over 30 years ago [9]. This concept has
been applied to half-wave coaxial DRs [10], as well as hybrid domi-
nantTM01-mode dielectric rod resonators and regularTM01-mode
disk DRs [11] to produce filters with improved stopband performance.
Another successful technique that has been presented for air-filled
cylindrical cavities involves replacing the input cavities with lower
order mode resonators that possess good spurious-mode separation
[12]. This method achieves greater than 50-dB spurious suppression to
just over twice the filter center frequency. Encouraged by these results,
researchers began to design mixed-mode DR filters in both cylindrical
[13] and rectangular [14] enclosures, combiningTE01 andHE11 DR
modes to achieve good out-of-band performance. Another successful
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Fig. 1. (a) Configuration of an SCDR loaded in a cylindrical cavity.
(b) Configuration of an SCDR loaded in a rectangular cavity.

approach mixes completely different resonators such as combline
andTE01-mode DRs [15], [16] or conductor and dielectric loaded
resonators [17] to achieve extremely low-passband insertion losses
and excellent spurious-mode suppression. Other notable systems are
rectangular DR filters [18], partially metallized dielectric slugs [19],
conductor loaded DRs [20], modified combline filters that mix stepped
and uniform rods [21], dielectric combline filters [22], and conductor
loaded filters [23].

Several researchers have reported novel filter elements that provide
some improvement over conventional DR filters. Conductor loaded res-
onators were introduced to counter the spurious-free performance limi-
tations of DR microwave filters [23], but have limited scope for minia-
turization. In 1999, resonators composed of both dielectric and con-
ductor materials were reported, such as the partially metallized dielec-
tric cylinder [19] and the conductor-loaded DR [20]. These resonators
are generally compact, have moderately highQ (lower than DRs), but
offer limited improvements in spurious performance. Hence, with an
aim to improve spurious performance of microwave filters, a novel
compact resonator configuration is introduced in this paper, and its per-
formance is investigated via theoretical calculations and measurement.
The resonator, first proposed by the authors in 1998 [24], consists of
a cylindrical conductor sandwiched between two DRs and is denoted
as the sandwiched conductor dielectric resonator (SCDR). The SCDR
can be made very compact and has moderately highQ, but offers con-
siderable improvements in spurious performance.

In this paper, the new SCDR configuration is rigorously analyzed
using finite-difference time-domain (FDTD) analysis methods
[25]–[27]. To confirm the improved spurious rejection performance
of the SCDR, resonant frequencies of the lower order modes are
computed using both the FDTD method and HFSS and compared with
measured results. Mode charts are calculated for the SCDR loaded in
both cylindrical and rectangular cavities to clearly show the variation
of the mode separation obtained by changing various parameters of the
configuration. An unloadedQ chart and slot coupling graph are also
calculated to aid in the design of the SCDR filter. To further verify the
improved spurious performance, theS-parameters of a probe-coupled
one-pole SCDR filter are obtained using modal extraction and the
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TABLE I
DIMENSIONS, THEORETICAL RESONANT FREQUENCY, AND Q FOR TWO CONFIGURATIONS OFHE -MODE SCDR. REFER TOFIG. 1(a)

FOR PARAMETER DEFINITIONS. ALL DIMENSIONS ARE IN MILLIMETERS

TABLE II
COMPARISON OFMEASURED RESONANT FREQUENCIESWITH THOSE CALCULATED USING THE FDTD METHOD FOR THESCDR

CAVITY OF FIG. 1(a), WITH THE DIMENSIONS GIVEN FOR SCDR 1IN TABLE I

TABLE III
VOLUME AND CAVITY UNLOADED Q FOR CONDUCTORLOADED AND SCDR CAVITIES AT PCS FREQUENCIES

FDTD method and compared with measured results. Finally, a
four-pole HE11-mode elliptic-function SCDR filter prototype is
designed and built and its measured performance recorded. The
four-pole filter is simulated using the FDTD method and compared
with measured results over both wide and narrow bandwidths.

II. M ODE CHARTS, UNLOADED Q, AND SLOT COUPLING

The configurations of an SCDR loaded in a cylindrical and rectan-
gular cavity is shown in Fig. 1(a) and (b), respectively. The SCDR con-
sists of a conductor ring resonator of thicknesstc, inner radiusr1, and
outer radiusr2. The conducting ring is sandwiched between two di-
electric ring resonators of the same shape and size, each with thickness
td, relative permittivity"r , and the spacing of the SCDR from the floor
of the cavity ist. The dimensions of the enclosing cavity are radiusr3
and heightc for the cylindrical cavity anda; b; andc for the rectan-
gular cavity.

The dimensions, resonant frequency, and unloadedQ of two dif-
ferent SCDRs are presented in Table I. SCDR 2 is a much more com-
pact element than SCDR 1, requiring only about 19% of the volume
for a slightly lower resonant frequency. However, SCDR 1 is the el-
ement that will be used for filter design in the following section as
a proof of concept of the SCDR element since the ceramics required
were more readily available to the authors. Future research will focus
on the more compact SCDR 2. The measured unloadedQ for SCDR
1 is 4700, which is slightly lower than the predicted value of 5892.
For the SCDR prototype filter, the conducting resonator was made of
copper, the cavity was made of aluminum, and the SCDR was sup-
ported by three radial Teflon posts. Silver plating both the conducting
resonator and cavity would lead to a higher unloadedQ value. In order
to analyze the lower order modes of the structure, the FDTD method
for mode chart calculations presented in [25] has been used. To con-
firm the accuracy of the method, Table II compares measured results
obtained for the SCDR in a cylindrical cavity of Fig. 1(a) with com-
puted values obtained using FDTD and HFSS. The HFSS eigenmode
solution used 3247 tetrahedra. As can be seen from Table II, the agree-
ment between the measured data and those computed using the two
different numerical methods is quite good. In particular, the results ob-

Fig. 2. Mode chart for an SCDR loaded in a cylindrical cavity versus the
dielectric thicknesst .

tained using the FDTD method are very close to the measured values.
The relative mode spectrum, as a function of theHE11-mode reso-
nant frequency, is also given in Table II, showing good separation of
the higher order modes. Table III shows a comparison of the cavity
volume, unloadedQ andQu/volume for a conductor loaded resonator,
and the two types of SCDRs from Table I. The volume is divided by
two because dual-mode resonators are used. Table III shows that SCDR
2 gives significantly higherQu/volume when compared with the con-
ductor-loaded resonator.

Fig. 2 depicts a mode chart that illustrates the effects on resonant
frequency of increasing the dielectric thicknesstd of the SCDR. Both
calculated and measured values are shown. The important thing to note
from this figure is thatthe mode separation has not been markedly
effected by increasing the dielectric thickness of the resonator. Hence,
the resonator may be miniaturized without significantly degrading the
spurious performance.
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Fig. 3. SCDR tangential-field distribution plots for theHE mode atz =

50 mm. (a) Electric field. (b) Magnetic field.

Fig. 4. Mode chart of resonant frequency versus the radius of the SCDRr .

Fig. 3 shows the electric- and magnetic-field distribution plots for the
HE11-mode SCDR calculated using the FDTD method. Comparison
of these plots with those presented in [23] for the conductor-loaded
resonator show the field patterns to be very similar. Fig. 4 shows the
resonant frequencies versus the SCDR radiusr2 for an SCDR loaded in
a rectangular cavity. This diagram shows the strong dependence on the
radius of the SCDR for each mode, except theTM01 mode. In Fig. 5,
the resonant frequency variation for an SCDR of a fixed size versus the
height of the enclosing rectangular cavity is plotted. Fig. 6 shows the
mode chart for resonant frequency versus the SCDR inner radiusr1,
again for an SCDR loaded in a rectangular cavity. It is apparent from

Fig. 5. Mode chart for a SCDR versus the height of the enclosing cavityc.

Fig. 6. Mode chart for a SCDR versus the inner radiusr .

this diagram that there is a minimal effect on resonant frequency by
introducing a concentric hole in the SCDR that can be used for placing
a supporting dielectric structure of low permittivity in order to hold the
resonator firmly in place.

Fig. 7 shows the variation in the conductorQ, dielectricQ, and un-
loadedQ as a function of the enclosing cavity radius, calculated using
the technique described in [27]. It can be seen from this figure that the
conductorQ dominates the unloadedQ for the SCDR. Slot-coupling
coefficients for theHE11-mode SCDR loaded in a cylindrical cavity
have been calculated using the perfect electric conductor (PEC)/per-
fect magnetic conductor (PMC) wall technique and the FDTD method
[27]. Measured and calculated results are presented in Fig. 8 and are
quite close to one another. In order to couple orthogonally polarized
HE11 SCDR modes, 45� coupling screws are needed. Screw coupling
may be calculated using the technique of [28] and the following equa-
tion:

k =
f2
e
� f2

m

f2
e
+ f2

m

� 2
fe � fm

fe + fm
(1)

wherefe andfm correspond to resonant frequencies when PEC and
PMC walls are, respectively, placed at the structurally symmetric plane
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Fig. 7. Q , Q , andQ variation for theHE -mode SCDR dimensions of
Table I as a function of cavity radius to SCDR radius. Cavity enclosure is copper
with � = 5:80� 10 S/m and� = 0:9 with tan � = 5:8� 10 .

Fig. 8. Slot-coupling results for an SCDR with dimensions given in Table I.
Slot width is 2.4 mm and slot thickness is 1.6 mm.

of the resonator. Screw coupling results calculated using the FDTD
method are compared with measured values in Fig. 9.

Before building the four-pole filter, it is useful to examine the mode
spectrum across the frequency band of interest for a one-pole SCDR
filter. This takes into account the external coupling structures that will
be used and their excitation of the various higher order modes. Fig. 10
shows the configuration of the one-pole SCDR filter. The measured
wide-band mode spectrum, and that calculated using the FDTD method
and the unmatched ports modal extraction technique [26] are shown in
Figs. 11 and 12, respectively. The dimensions of the SCDR are given
in Table I, and subminiature A (SMA) probes were used to realize the
external coupling. The passband frequencies of the various modes cor-
respond well between the measured and calculated results, however,
there is some variation in the insertion-loss levels. As well as showing
the SCDR-mode separation to be very good, the plots confirm that the
TM01 mode is not excited by the external coupling structure.

Fig. 9. Screw coupling results for an SCDR with dimensions given in Table I.
Coupling screw diameter is 4 mm.

Fig. 10. Configuration of a one-pole SCDR filter used for mode spectrum
analysis.

Fig. 11. Measured wide-band performance of a one-pole SCDR filter.

III. FOUR-POLE SCDR FILTER

The configuration of the four-pole elliptic function SCDR filter is
shown in Fig. 13. The filter center frequency is 1.910 GHz with a
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Fig. 12. Calculated wide-band performance of a one-pole SCDR filter.

Fig. 13. Configuration of the elliptic functionHE -mode four-pole SCDR
filter.

16-MHz bandwidth. The normalized coupling matrix used for the filter
design is

[m] =

0 0:980 0 �0:110

0:980 0 0:788 0

0 0:788 0 0:980

�0:110 0 0:980 0

R1 =R4 = 1:254: (2)

The design frequency for the isolated SCDR was chosen as 1.977 GHz
to take into account the loading effects of the coupling probes, coupling
screws, and coupling posts. Coupling screwsk12 andk34 were adjusted
experimentally. Slot lengths fork23 andk14 were calculated from Fig. 8
to be 38.0 and 20.2 mm, respectively.

The theoretical response of the four-pole filter, calculated using the
coupling matrix of (2), is shown in Fig. 14. The measured narrow-band
performance of the SCDR filter is given in Fig. 15. Filter insertion loss
at the center frequency was 0.77 dB, with a return loss of greater than
10 dB over the passband, and 22 dB at the center frequency. The real-
ized unloadedQ of the filter was 3100 with the degradation caused by
the insertion of tuning and coupling screws and the brass cross-slotted
coupling plate between the two cavities.

Fig. 14. Theoretical response of the SCDR four-pole elliptic function filter.

Fig. 15. Measured narrow-band performance of the four-pole SCDR elliptic
function filter.

Fig. 16. Calculated and measured narrow-band performance of the four-pole
SCDR elliptic function filter.
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Fig. 17. Calculated and measured narrow-band performance of the four-pole
SCDR elliptic function filter.

Fig. 18. Measured wide-band spurious performance of the four-pole SCDR
elliptic-function filter.

Narrow- and wide-bandS-parameters have been computed for
the four-poleHE11 SCDR filter using the FDTD method, Mur’s
absorbing boundary condition (ABC), and unmatched port modal
S-parameter extraction [26], [27]. The FDTD mesh size was 143�
252 � 209, discretization of 0.5 mm, and 240 000 time steps were
required. The FDTD code was run on a 128-node CM5 computer and
required 691 MB of memory and 16.0 h of CPU time to compute.
Narrow-band insertion-loss and return-loss diagrams computed using
the FDTD method are compared with measured results in Figs. 16 and
17, respectively. The computedjS21j value shows good agreement
in the relative positions of the transmission zeros, the slope of the
filter skirt outside the passband, and the level of the elliptic function
sidelobes. However, the passband flatness is not correctly predicted,
leading to a significant discrepancy in the calculatedjS11j value. The
main reasons for the discrepancies could be attributed to the inherent
dispersion in the FDTD algorithm and the truncation of the time series
used in the calculations before the fields have stopped oscillating
completely.

The measured wide-band spurious performance of the SCDR filter is
shown in Fig. 18. The spurious suppression is greater than 38 dB from

Fig. 19. Wide-band spurious performance of the four-pole SCDR elliptic filter
calculated using the FDTD method.

the center frequency up to 4.054 GHz, or 2.12f0, which is a large im-
provement over conventional dual-mode DR filters. Both theHE21 and
TM01-mode passbands have been suppressed, with the dominant spu-
rious passband resulting from theHE12 mode. The wide-band spurious
performance calculated using the FDTD method is given in Fig. 19. The
locations of the spurious passbands have been accurately predicted;
however, their levels, particularly theHE21 mode, are not as accurate.
Overall, for such a complicated structure, the FDTD simulations com-
pare well with measured results, and provide valuable insights into the
SCDR filter performance. Using the design information, the filter was
readily constructed and tuned, and its prescribed performance was met
using the calculated dimensions.

IV. CONCLUSIONS

Filters based on a new resonant element, i.e., the SCDR, have been
introduced and their performance evaluated through FDTD simulation
and measurement. It is shown that the merits of the SCDR lies in im-
proved spurious rejection, and high unloadedQ per volume when com-
pact configurations are used. The added advantage of the SCDR con-
figuration is that spurious performance does not degrade with reduction
in size (see Fig. 2), thus lending itself well to miniaturization. Resonant
frequencies for the lower order modes were accurately predicted. Mode
charts, slot coupling, screw coupling, and unloadedQ graphs were also
presented.S-parameters were calculated for one- and four-pole SCDR
filters and compared with measured values. The four-pole filter mea-
sured spurious suppression was greater than 38 dB from the center fre-
quency of 1.910 GHz up to 4.054 GHz, or 2.12f0 with a passband
insertion loss of 0.77 dB. Narrow- and wide-bandS-parameters calcu-
lated for the four-pole filter using the FDTD method gave close agree-
ment with measured results. Issues related to the use of SCDR filters
for high-power applications will be investigated in the future.
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Microwave Transformers, Inductors, and Transmission
Lines Implemented in an Si/SiGe HBT Process

David C. Laney, Lawrence E. Larson, Paul Chan, John Malinowski,
David Harame, Seshu Subbanna, Rich Volant, and Michael Case

Abstract—Experimental results are presented on microwave inductors,
transformers, and transmission lines fabricated in an Si/SiGe heterojunc-
tion-bipolar-transistor process with standard metallization and a thick
polyimide dielectric. Microstrip transmission lines with characteristic
impedances from 44 to 73
, ’s from 10 to 14, and insertion losses
from 0.11 to 0.16 dB/mm at 10 GHz are presented. Conventional planar
inductors with inductances from 0.5 to 15 nH and with peak ’s up to
22 are presented. Lateral transformers with a maximum available gain
of better than 5 dB and a measured coupling coefficient( ) of 0.6 at
5.5 GHz and 0.4 up to 12.5 GHz are also discussed.

Index Terms—Inductors, integrated circuit fabrication, MMICs, trans-
formers, transmission lines.

I. INTRODUCTION

In this paper, we present the performance of microstrip transmis-
sion lines, standard square planar inductors, and bilayer planar trans-
formers produced with standard silicon very large scale integration
(VLSI) Al–Cu metallization and a thick polyimide dielectric. In this
process, the top metal (TM) layer is the standard back-end metalliza-
tion, and the metal layer above the top layer, the last metal (LM) layer,
is separated from the TM layer by 12�m of polyimide (Fig. 1).

II. SILICON-BASED TRANSMISSION-LINE, INDUCTOR, AND

TRANSFORMERDESIGN

The design of microstrip structures, inductors, and transformers
is well known in planar microwave-circuit technology. References
[1]–[5], [7], and [9]–[12] provide important background.
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