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Bandpass Filters Using Dual-Mode and Quad-Mode
MObius Resonators

Jeffrey M. PondMember, IEEEShaojun Liu, and Nathan Newman

Abstract—Compact bandpass filters are being developed using Mobius strip and an electric field flux line can be considered as
Mobius wire-loaded cavity resonators. Initial results on tuned fil-  the nonorientable surface.
ters indicate that excellent filter characteristics can be attained in Each of these Mébius resonator possesses two orthogonal

devices that are significantly smaller than traditional wire-loaded L .. .
cavity technologies. A novel quad-mode Mobius resonator is Modes and two intrinsic transmission zeros, as described pre-

presented which occupies the same volume as a dual-modeviously [1], [2]. This paper extends the previous work by fo-
Mdbius resonator. A four-pole bandpass filter is demonstrated cusing on Mobius resonators inserted into cavities to realize
using a single quad-mode Mdbius resonator. Precisely controlled handpass filters. Such a resonator can be referred to as a Mébius
dielectric loading of dual-mode Mdbius wire resonators has been ;e |saded cavity resonator even though the Mébius modes are
implemented to realize bandpass filters. Two-pole and four-pole . . . ey .

bandpass filters are demonstrated using one and two dual-mode determined primarily by the Mébius wire resonator rather than
dielectric-loaded Mdbius resonators, respectively. the cavity dimensions. With one of these resonators, it is pos-
sible to construct a compact two-pole two-zero bandpass filter
with elliptic-type response. Using a novel quad-mode Mobius
wire-loaded cavity resonator, a four-pole four-zero bandpass
filter is implemented.

|. INTRODUCTION Additionally, more compact bandpass filters are realized

ANDPASS filters can be realized from dual-mode Mobiuygsing dielectric loading. Since the Mébius modes involve
resonators with intrinsic transmission zeros. The Mobigounter flowing currents in the wires, the electric field is con-
resonator utilizes a geometrical deformation of a transmissiéntrated largely between the wires with little field interaction
line to obtain a four-fold reduction in volume [1], [2]. MébiusWith the cavity wall. Thus, by embedding the Mébius wire
resonators are the result of projecting a transmission line Oﬁﬁonators in a dieleCtriC, the circumference can, to first Order,
a Mdbius strip, which is the prototypical nonorientable surfacBe reduced by the square root of the relative dielectric constant.
Although traditionally referred to as one-sided surfaces, nonofience, the resonator volume is reduced by a factor equal to
entable surfaces are those for which the concept of left and rig€ relative dielectric constant. With this approach, dual-mode
are globally nonsensical [3]. dielectric-loaded Md&bius wire resonators are used singly and
The nonorientable nature of the surface results in an apparéhpairs to construct two-pole and four-pole bandpass filters.
periodic alternation between left and right as the center circfdthough implemented with a dielectric material with relative
of a Mébius strip is traversed. If a transmission line is projectéfielectric constant of 5.6, this approach can be extended to
onto a nonorientable surface with phasing required to sust&iigher dielectric constant materials.
the electromagnetic oscillation along the path length associated
with reversal of left and right, a resonant condition occurs with
a volume reduction of a factor of four over conventional wire- Il. DUAL-MODE AND QUAD-MODE MOBIUS
loaded designs [1], [2]. BANDPASS FILTERS
An alternative way of visualizing the dominant modes is to o )
consider that a transmission line projected onto a Mébius stripFOr €ase of both fabrication and development of tuning,
has a 180twist of the geometry of the transmission Iine,whicﬁ\ﬁ)Oblus wire resonators were designed with a fundamental
yields a phase reversal of the fields when the transmission-Ifigduency of approximately 600 MHz. Mobius structures with
ends are joined. The additional phase shift due to the twist yiefignéan diameter of 8.128 cm were formed from 0.141-in-di-
a resonance when the transmission-line circumference is eqtf&€ter copper wire. From a first principle calculation, where
to a half wavelength. When realized with a twin conductor tran§1® mean circumference corresponds to a half wavelength, this

mission line, the conductor can be visualized as the edge of ¥{g!ds @ fundamental frequency of 587 MHz. The cylindrical
aluminum cavity, into which the Mdbius wire resonators were

inserted, was designed with an internal diameter of 11.43 cm
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Fig. 3. Measured out-of-band response of the two-pole bandpass filter,
consisting of a dual-mode Md&bius resonator, when tuned for the narrower
bandwidth.

Fig. 1. Photograph of the dual-mode Md&bius wire resonator that was placed
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Fig. 2. Measured responses of the two-pole two-zero bandpass filteig. 4. Photograph of the quad-mode M&bius wire resonator that is placed in
consisting of a dual-mode Mobius resonator, when tuned for two differean 11.43-cm-diameter 3.175-cm-high cylindrical aluminum cavity.
bandwidths.

respect to the cavity wall [4]. Techniques to minimize the exci-

frequencies and the coupling between modes in order to adjtetion of these modes are being pursued.
the placement of the poles and zeros. A quad-mode resonator can be realized by interleaving two

A high degree of symmetry in the passband shape in Figidentical dual-mode Mobius wire resonators such that the two
around a 550-MHz center frequency is demonstrated. The salidbius strips intersect each other along their center circles. In
and dashed lines are the result of two different tunings of tlige terminology [3] of Lens Spaces, a dual-mode Mébius res-
passband. In the first, a goal of 10-dB return loss was chosenator is a substantial embedded surface in Lens Sgatg
In the second, 15-dB return loss was selected. In both cases,ahd two dual-mode Mobius resonators that intersect along their
center frequency is maintained and a desirable near-symmet&nter circles are substantial embedded surface in Lens Space
elliptic-type filter response is obtained. [4,2]. By definition [3], Lens Spacéd, 2] degenerates to Lens

The limitation in the present implementation is revealed whe3pace[2, 1].
examining the out-of-band response above the passband. As cdfig. 4 is a photograph of a quad-mode Mébius resonator con-
be seen in Fig. 3, capacitive coupling to the Mobius wire resisting of two interleaved dual-mode Mébius resonators of the
onator results in strong coupling to a mode at about twice thge shown in Fig. 1, where one resonator has been rotated
frequency of the fundamental Mdbius mode. However, at thédout its center by 180with respect to the other resonator. In
frequency, a Mobius mode does not exist. Instead, an anti-rasdual-mode Mébius resonator, the two dominant orthogonal
onance occurs as a result of the 180ist in combination with modes each have one electric field maximum, which occur at
the wavelength being approximately equal to the circumferen¢epposite” points on the circumference of the resonator from
The observed modes are a result of generalized even modes withh other. By interleaving two resonators such that the electric
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I ] tially improved. The passband is 15-MHz wide and is centered
201 ] at 528 MHz, which corresponds to a 2.8% passband. The re-

- 1 turn loss is greater than 17 dB and the minimum insertion loss
is 1.6 dB. The location of the four poles can be readily seen in

-40
& [S11].
o The location of the transmission zeros could not be indepen-
— 0 dently controlled to the degree desired. Specifically, although
£ there should be four transmission zeros, only three are readily
-80 apparent in Fig. 6. Two of the transmission zeros are colocated
at515 MHz, just below the passband. Attempts to separate these
100k 1 zeros resulted in degradation of the passband shape, indicating

. o that further refinementin the control and placement of the tuning
040 045 050 055 060 065 070 0.75 screws is required.
Frequency (GHz)

Ill. DIELECTRIC-LOADED MOBIUS BANDPASSFILTERS

Fig. 5. Response of the quad-mode M&bius resonator when loosely coupled. . . g -
9 P g Y COUPEE A number of dielectric Mébius resonator test structures were

initially fabricated [5] using alumina ceramics, in conjunction
1 with small diameter gold or platinum metal wire. A parallel loop
10 geometry was employed since it can be accurately fabricated
] and modeled. Alumina was chosen for initial testing because
of its excellent microwave performance, high thermal conduc-
tivity, and relatively large dielectric constant.
Although initial measurements using these resonators
1 without tuning screws showed promise, for ease of fabrication
140 during development, Macbwas used for the dielectric. Macor
is an easily machinable glass—ceramic dielectric with a relative
i L ] dielectric constant of 5.6 at 8.5 GHz. The dielec_tric loss tangent
-30F g B 160 has been reported as 7<110~2 at 8.5 GHz, which, although
E ] not nearly as low loss as alumina, is considered acceptable for
040 045 050 055  0.60 0.65 the present development work on these resonators.
Frequency (GHz) Dielectric-loaded Mobius wire resonators were fabricated
using Macor, in conjunction with 0.25-mm-diameter gold wire.
Fig. 6. Response of the four-pole bandpass filter, consisting of a singfte structures consisted of two parallel Au loops recessed into
quad-mode M0obius resonator, tuned for best passband response. . . .
0.38-mm-deep circular grooves in the Macor ceramic. The

) _ _ ) ] loops are 0.74 cm in diameter and are separated by a distance
fields between the wire pairs associated with each resonator /€y 31 cm. The Au wire was configured into the Mdbius

orthogonal, four modes will exist, two for each interleaved régeometry by connecting the loops through 0.4-mm-diameter
onator. o . via holes. The cylindrical resonators have an overall diameter
When the structure in Fig. 4 is inserted into the same cavigy 1 27 ¢m and a thickness of 0.38 cm. A 0.22-cm-diameter
and weakly coupled to the input and output ports, each of thgje was drilled through the cylindrical axis of the Macor
fou.r modes is clearly ewdept, as shownin Fig. 5. Thelsubstan_t,llgg‘omjuorS through which a metallic rod could be press fit.
splitting between modes is due to the differences in parasiticrig. 7 shows a cross-sectional representation of a Macor
couplings between the modes and the cavity walls, as well §$al-mode Mébius resonator in a cylindrical copper cavity.
inaccuracies in the machining and assembly of the structure. g dimensions shown in Fig. 7 are not to scale but help to
intrinsic transmission zeros are also evident in Fig. 5. _ illustrate the approach implemented. The metallic rod press-fit
Since the volume occupied by the quad-mode resonator is {igough the Macor resonator was placed axially in the cavity
same as that of the dual-mode resonator, an attempt was madgy® extended through the cavity end walls. The resultant axial
tune a quad-mode resonator with a set of tuning screws desigp&@tion facilitates the adjustment of the coupling between the
to tune a dual-mode structure. Not surprisingly, t'hIS attempt W&o orthogonal modes as well as the coupling to the input and
less than totally successful [S]. However, by adding some tuniggtput ports. The input and output leads are 0.085-in-diameter
screws to the bottom cover of the cyl|n_dr|cal cavity, a_mUQE’oaxiaI cable whose coupling to the resonators could be
better bandpass response could be obtained, as shown in Figdfiysted by sliding the cable into the cavity. Thin dielectric
Unlike previously reported results [5], no lumped-element c@pacers were used to preclude electrical contact between

pacitances were used to modify the mode coupling. All tuninge input and output antennas and the Mébius wire recessed
was accomplished with the metallic tuning screws. Input and

output port Couplings were controlled by ny|0n screws, which IMacor is a product of Corning, Inc., Corning, NY, and is available from
distrjbutors. Distributor websites ([Online]. Available: http://www.accu-

adjusted the gap between the input and output antennas giitd com/MACOR.htm and http:/fwww.technicalglass.co.uk/macordata. html)
the Mobius wire. The resultant filter performance is substapentain physical, mechanical, and electrical specifications.
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Fig. 8. The 1.0-6.0-GHz response of a “control” Macor cylinder without an
embedded Mdbius wire resonator.

tuning screw e e o I B e L R e

Fig. 7. top) Perspective drawing of the dielectric-loaded Mobius wire 200 ]
resonator showing the Macor puck and the embedded gold wire with the cross -
over accomplished with two viasbdtton) Edge view of a two-pole filter 40'_ ]

consisting of a dual-mode dielectric-loaded M&bius wire resonator in a copper
cavity.

into the Macor cylinder and the end-wall tuning screws. The
end-wall tuning screws were used to tune the input and outpul
port coupling as well as the location of the transmission zeros.
Unlike the filters demonstrated in the previous section, no
sidewall tuning screws were available with this cavity. The  -100
gray lines represent the path of the embedded Md&bius wire A A SN I S
including the “twist” which is accomplished by the two via 2.0 25 3.0 35 4.0 45 5.0
. . Frequency (GHz)

holes mentioned previously.

For convenience, the copper cavity in which the resonat,gég
was suspended was larger than required to accommodater
Macor-loaded Mdbius resonator. Since the relative dielectric
constant of Macor is 5.67, the Mobius loop diameter, assuming T ]
100% of the fields are confined to the Macor, would yield an ex- O, i PSS —
pected resonance at 2.71 GHz. To verify that there are no othe i iYaY
resonances in the range of interest, an identical Macor cylinder
minus the embedded Mobius wire resonator, was mounted ir _ _4of
the cavity in an identical fashion. Fig. 8 shows that there are no%
modes excited in the 1.0-6-0 GHz frequency range. — F

With the Macor-loaded M&bius wire resonator inserted into %) 20k
the copper cavity, as shown in Fig. 7, the weakly coupled :
response was measured and is shown in Fig. 9. The dual mode 2
and two transmission zeros are evident and are centered ¢ -30f
3.5 GHz. This is higher than the 2.71-GHz resonance that coulc
be expected if the fields were entirely contained in the Macor
dielectric. However, given the air gaps that could be expected
since the gold wire has been laid in a machined grove, and since
the wires are flush with the surface of the Macor, the resultamy. 10. Tuned two-pole two-zero bandpass filter response of the
effective relative dielectric constant of 3.4 is quite reasonablelielectric-loaded Mébius wire resonator filter shown in Fig. 7.

When the input and output port couplings are adjusted prop-
erly along with the end-plate tuning screws and the rotationglings have been increased. The passband is 135 MHz corre-
orientation,d, of the Macor-loaded Mdbius wire resonator, @ponding to approximately a 4% bandpass. The return loss is
reasonably symmetric elliptic-type bandpass filter response agneater than 19 dB and the minimum insertion loss in the pass-
be realized as shown in Fig. 10. The center frequency is shiftednd is 1.5 dB. Improvements in out-of-band isolation are still
slightly lower to 3.47 GHz as the input and output port coureeded and should be aided by improved input and output port

1S,/ (eB)
8

9. Weakly coupled response of the dielectric-loaded M0bius wire
€@hator shown in Fig. 7.
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copper 9, plastic position two transmission zeros both above and below the pass-
cavity 2 spacer band to present a more symmetric response.

IV. CONCLUSION

Mobius Two-pole and four-pole bandpass filters with elliptic-type re-

_ wire sponses have been demonstrated using Mdbius wire resonators.
alumina A symmetric 2.5% bandpass filter centered at 550 MHz with
spacer coax two poles and two transmission zeros has been developed using

out a tuned dual-mode Mobius resonator configuration. The min-

Macor®
puck

imum insertion loss was less than 1 dB and the return loss was
greater than 15 dB. A novel quad-mode resonator, consisting
of two interleaved dual-mode resonators, was introduced as a
means of realizing a more compact four-pole filter. An asym-
Fig. 11. Edge view of a four-pole filter consisting of two cascaded dual-moc@etric 2.8% four-pole bandpass filter centered at 528 MHz was
dielectric-loaded M&bius wire resonators in a copper cavity. tuned using this quad-mode resonator geometry. The minimum
insertion loss was 1.6 dB and the return loss was greater than
] 17 dB. Although the filter characteristics achieved represent
a substantial improvement over those achieved previously [5],
further improvement in filter tuning will be required to obtain
an ideal response.
The incorporation of dielectric loading of Mébius wire res-

9, tuning screw

) @ onators was successfully demonstrated. With this approach, a
= = very compact resonator volume can be achieved since the size
2 ; 1 ® reduction due to dielectric loading and the Mobius resonator
= -20F 1-40 e . . oy

i ] concept are synergistic. Dielectric-loaded dual-mode Mobius

- F,=384GHz J resonators are used singly and in cascade to realize two-pole

[ BW =320 MHz (~10%) ] _ - . . fatin

soF 1L =058 10 and four-pole bandpass filters, respectively, with elliptic-type

] responses. Excellent passband responses were obtained given
I the limited tuning available. A 4% two-pole two-zero bandpass
filter, centered at 3.47 GHz, was constructed with a single res-
onator and exhibited 1.5-dB minimum insertion loss and greater
Fig. 12. Tuned four-pole four-zero bandpass filter response of tﬁgar_' _19_dB return loss with a nearly Symmetr_lc passband. In
dielectric-loaded Mébius wire resonator filter shown in Fig. 11. addition, a 10% four-pole four-zero bandpass filter, centered at
3.34 GHz, was fabricated from two cascaded dual-mode res-
. . L . . onators. This filter possessed a minimum insertion loss of less
coupling which minimizes direct input port to output port COUg =1 1 dB and a return loss of greater than 20 dB.

pling. These encouragi indi [
, . . ging results indicate that this technology can
A four-pole bandpass filter was realized using two cascadsg used to develop compact high-performance filters. Future ef-

dual_-mode_ d|e|ectr|g-|oa_1ded M6p|us respnators. The Struc_t%?ts will focus on developing methods to suppress the excita-
fabncated_ is shown n F.'g' 111t IS a stra_lghtforward _?X.tens'.otﬂ)n of the higher order modes and improve tuning. Additionally,
ofthe design shown in Fig. 7. The dielectric-loaded Mdbius WiiBsses can be reduced in the dielectric-loaded structures by using

rgsonlatqltﬁ were no:plnag)lyn;t/jentlcal o tTe one de;c:lgbfgd g(gr er diameter embedded Mobius wire resonators and the use
viously. The separation between resonators was heid hixe lower loss dielectrics. Further significant reductions in size

!
th_e alumina spacer shown in the cross-s_e(_:tlonal dlagram._ C%Pé expected to be realized by incorporating state-of-the-art mi-
pling between the two resonators was limited to the relative

] . . crowave dielectric ceramics.
orientations of the two resonators, which could be rotated on

their axes independently. Otherwise, tuning was limited to the
endplate tuning screws and the insertion depth of the input and
output port coupling antennas into the copper cavity.

Within the tuning limitations discussed, the four-pole filter The authors would like to thank Dr. C. Rauscher, Naval Re-
was tuned for the best obtainable passband shape. The resulsgeafch Laboratory, Washington, DC, and Dr. D. C. Webb, Naval
these efforts are shown in Fig. 12. The 320-MHZ.0%) pass- Research Laboratory, Washington, DC, for their encouragement
band is centered at 3.4 GHz. The minimum passband insertenmd useful discussions on microwave filters. Prof. J. S. Carter,
loss is 0.85 dB while the return loss is greater than 20 dB. ADepartment of Mathematics, University of South Alabama, Mo-
though the poles are not ideally positioned within the passbatile, provided clarification on some aspects of topology. The
the overall passband shape is quite respectable. Within the litmtelage of R. Hershtig, K&L Microwave Inc., concerning the
itations imposed by the tuning available, it was impossible fwractical aspects of tuning filters is greatly appreciated.

RL>20dB

A

P U

|

1 TR RN [N OO T 0 0048 U T SN N N N1
2.0 2.5 3.0 3.5 4.0 4.5 5.0

Frequency (GHz)

ACKNOWLEDGMENT



2368

g b

REFERENCES

[1] J. M. Pond, “M&bius filters and resonators,” [REE MTT-S Int. Mi-
crowave Symp. Digvol. 3, June 2000, pp. 1653-1656.

[2] ——, “M6bius dual-mode resonators and bandpass filtéEEE Trans.
Microwave Theory Techvol. 48, pp. 2465-2471, Dec. 2000.

[3] J. S. Carter,How Surfaces Intersect in Space: An Introduction tc
Topology 2nd ed. Singapore: World Scientific, 1995.

[4] J. M. Pond, “Modes of a MObius resonatoElectron. Lett, vol. 37, no.
13, pp. 836-838, June 2001.

[5] J. M. Pond, S. Liu, and N. Newman, “Dual-mode and quad-modc
M©6bius bandpass filters,” itEEE MTT-S Int. Microwave Symp. Djg.
vol. 3, May 2000, pp. 1771-1774.

Jeffrey M. Pond (S'82—-M’'82) received the B.S. de-
gree in electrical engineering from Michigan State
University, East Lansing, in 1978, and the M.S. an¢
Ph.D. degrees in electrical engineering from The Uni
versity of Michigan at Ann Arbor, in 1979 and 1982,
respectively.

M

While at The University of Michigan at Ann Arbor, - =
he was a Graduate Research Assistant in the Radl-
ation Laboratory. In September 1982, he joined th€alifornia at Berkeley, Lawrence Berkeley Laboratory, Stanford University,
Electronics Science and Technology Division, Navahnd Conductus Inc. His research has focused on novel solid-state materials for
Research Laboratory, Washington, DC, where he is microwave, photonic, and high-speed applications. His current work involves

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 12, DECEMBER 2001

Shaojun Liu was born in Hunan, China. He received
the B.S degree in materials science and engineering
and the M.S degree in powder metallurgy from the
Central South University of Technology, Changsha,
China, in 1993 and 1996, respectively, and is cur-
rently working toward the Ph.D. degree in materials
science at Arizona State University, Tempe.

His research interests are the synthesis, growth,
and characterization of high-performance microwave
dielectrics.

Nathan Newmanwas born in Berkeley, CA. He re-
ceived the B.S. degree in biomedical/electrical engi-
neering from the University of Southern California,
Los Angeles, in 1981, and the M.S. and Ph.D. degrees
from Stanford University, Stanford, CA, in 1983 and
1987, respectively.

He is currently a Professor in the Chemical and
Materials Engineering Department, Arizona State
University, Tempe. He was an Associate Professor
at Northwestern University, Evanston, IL, and a
Member of the Technical Staff at the University of

member of the Microwave Technology Branch’s Solid-State Circuits Sectiosynthesis, characterization, and modeling of IlI-N semiconductors,@igti-
In addition to his interest in microwave filters, his research has included crycrowave dielectrics, superconductor SNS junctions ford@BHz digital logic

genic microwave measurements and electronics and microwave measurentegtisrojunction, metal/lll-V semiconductor interfaces, and nonstoichiometric
and applications of superconductors and ferroelectrics. transition—metal nitrides near the metal—insulator transition.



