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The Mobius Resonator And Filter
Background of the invention
Field of the Invention:
This invention pertains to the field of electromagnetic devices in the form of resonators
and frequency filters.

Description of Related Art:

A resonator is typically defined as a device that exhibits resonance at a particular
frequency, such as an acoustic resonator or cavity resonator. Electronic devices in the form of
resonators are often geometrical arrangements of conductors, dielectrics, magnetic materials,
etc., where an electromagnetic wave can exist at only discrete resonant frequencies. These
resonant frequencies are those frequencies at which Maxwell’s equaﬁons and the boundary
conditions and or field matching conditions imposed by the geometry of the structure can
simultaneously be satisfied. Examples of resonators using boundary conditions to establish
resonant frequencies are transmission lines, such as micro strip and rectangular waveguides,
where boundary conditions are placed a half-wavelength apart for the lowest reéonant frequency
along the transmission line. Alternativel_y, field matching conditions can be used to establish a
resonant condition using the transmission line, the microstrip ring resonator being a prime
example. The requirement that the electromagnetic fields be continuous imposes a resonant
condition by requiring that the circumference of the ring be an integer number of wavelengths.

The symmetry of a ring resonator results in two orthogonal degenerate modes of sin 6 and cos ©
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angulaf dependency . Resonators with degenerate modes are often not the best choice for a
simple resonator since any lack of perfect symmetry leads to a splitting 6f the degeneracy and
the result is two resonances with nearly the same frequency. However, this same property can be
quite useful when implementing filters, since n dual-mode resonators can be used to implement
a 2n-pole filter, whereas it would require 2n single-mode resonators to realize a 2n-pole filter.

Although there are many different resonator géometries including rectangular
waveguides, microstrips, and dielectrically loaded cavitiés, the physical size of any particular
resonator type is largely determined by the wavelength of the electromagnetic wave at the
resonant frequency. Common to these resonators is the fact that an electromagnetic wave must
experience a change in phase along the geometry of the structure. The phase change required
over the geometry is dependent on the boundary and or field matching conditions that must be
satisﬁed, but is most often one quarter, one half, or one wavelength long. Given a particular
uniform structure, the size is largely determined by the phase change that must be experienced in
order to satisfy the boundary and or field matching requirements.

The Mobius strip is a known concepf. Itis perhaps the most well know;1 surface that
falls within the study of topology. The Mobius strip has several interesting properties for a finite
ﬁee dimensional object: it has only one surface and only one edge. The deformation of the
rectangle that takes place in forming a Mobius strip is a rotation of the geometry through 180
degrees. At a particular frequency, f, if a section of transmission line a half wavelength long

were bent back on itself, resonance could not occur as the field would not match. Indeed, the




W

10

15

20

Setial Number: ‘ Patent Application
Applicant; Pond Navy Case Number; 79,815

resonant condition «l a frequency of 2f.
Objects and Bricf Summary of the. Invention

It is an object of this invention Lo reduce size and/or weight of a resonator.

Another object of the invention is to reducc length of a wave, i.e., wavelength, and still
obtain 2 resonant frequency.

Another pbject of the invention is to introduce at least one twist or Cross-over, via a
homoamorphic deformation, into a waveguiding structure and still comé up with a resonant
frequency.

These and other objects of this invention are attained by twisting a waveguiding structure
so that a wave traveling on the waveguiding structure, wherc the ends of the strip resonator arc
found, is continuyus and produces resonant frequency, the resonator having reduced size
and/ or weight,

Brief Description of the Drawings

Fig.1 shows a conceptual representation of a resonalor with sinusoidal and cosinusoidal

patterns of one wavelength of a signal on a transmission line.

Fig. 2 ig similar to Fig 1 where the wavclength is half-wavelength long ending at 180
degrees.

Fig. 3 is similar to Fig. I but shows the half-wavelength sinusoidal pattern twisted so
that when oppositc ends are joined, the wave is continuous.

Fig. 4 shows two resonators with resonance conditions, ‘lhe smaller resonator being

disposed within the larger one having a twist therein and being one-half smaller in circumference

3
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that when opposite ends are joined, the wave is continuous.

Fig. 4 shows two resonators with resonance conditions, the smaller resonator being
disposed within the larger one héving a twist therein and beiﬁg one-half smaller in
circumference than the larger resonator.

Fig. 5 is a comparison graph between a control resonator without a twist and one with a
twist in terms of variation in frequency versus energy intensity.

Fig. 6 is the top view of a planar resonator in circular form mounted on an electrically
nonconducting substrate.

Fig. 7 is the bottom view of the planar resonator of Fig. 6 on a strip in circular form
mounted on an electrically insulating substrate.

Fig. 8 is a side view of the planar resonator of Fig. 6 and 7 showing top and bottom metal
strip layers mounted on an electrically insulating substrate.

Fig. 9 is a twin lead resonator mounted on an insulating disk.

Fig. 10 is a twin lead resonator similar to that shown in Fig. 9 but with a twist or cross-
over mounted on an insulating disk. |

Fig. 11 is an illustration of a frequency filter composed of a transmission line and a
resonator.

Fig. 12 is a plot of Frequency vs. Energy for weakly coupled dual resonator filter shown
in Fig. 11.

Fig. 13 is a plot of Frequency vs. Energy for conventionally coupled dual mode band
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reject filter arrangement shown in Fig. 11.
Fig. 14 shows a 4 T helix made from an insulated wire.
Fig. 15 shows a circular 4 T Mobius resonator made from insulated wire wherein the

wire ends are soldered together.

Fig. 16 shows a circular 8 T Mobius resonator made from insulated wire wherein the
wire end are soldered together.

Detailed Description of fhe Invention

This invention pertains to an electromagnetic device and filter. The device is in the form
of a wave guiding structure in Lens Space that can be used as a resonator in filters which
function to provide frequency selectivity. Communication systems including cellular phones,
radar and electronic warfare equipment, typically use ﬁltérs which incorporate more than one

resonator.

The resonator of this invention is characterized by having a twist or a cross-over in the
surface structure of a resonator so that the surface structure provides a continuous
electromagnetic path to a wave, multiple waves, or a fraction of a wave. ‘

This invention will be described in connection with the conceptual representative of a
resonator as depicted in Figs. 1-4, embodiments of the novel resonator described in
connection with Eigs. 6—10,» a filter illustrated in Fig. 11, and plots in Figs. 5, 12, and 13.

Conceptual representation of a resonator in Fig. 1 shows surface structure 100

denominated horizontally in degrees and one wavelength sinusoidal wave 102 that starts at 0°
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at the top left portion of structure 100, proceeds sinusoidally down to 180° and then up to
360°at the top right portion of the structure 100. The horizontal axis, denoted in degrees, is
directly proportional to the physical length of a wave. Top left portion of structure | 100 at 0° is
denoted as A, bottom portion of structure 100 at 0°is denoted as B, top right portion structure
100 at 360° is denoted as A’ and bottom portion of structure 100 at 360° is denoted as B’. If the
length of the structure is smoothly bent around on itself such that A connectsto A’ and B
connects to B, then the sinusoidal wave pattern and its derivatives matches which is consistent
with resonance. Fig.1 is a graphical representation of a ring resonator.

Fig. 2 shows surface structure 200 denoﬁlinated in degrees along the horizontal axis and
a sinusoidal vx‘rave 202 that starts at 0°or the top left portion of structures 200 and proceeds
sinusoidally down to 180° where it terminates. Corners of structure 200 in Fig. 2 are denoted as
A, A’, Band B’, same as in Fig. 1. InFig. 2, length of structure is one half of a wavelength
long, starting at 0° and terminating at 180°. It is apparent that if the same procedure is followed
as with the Fig. 1 representation and bend the structure in of Fig. 2 back on itself such that A
connects to A” and B connects to B’, the sinusoidal pattern does not match ar;d the resonance
condition cannot occur at this frequency..

Fig. 3 shows surface structure 300 denominated in degrees along the horizontal axis and
a sinusoidal wave 302 that starts at 0°or the top left portion of structure 300 and proceeds
sinusoidally down to 180° where it terminates. po left corner of structure 300 at 0° is denoted

as A, bottom portion of structure 300 at 0° is denoted as B, top right portion of structure 300 at
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180°is denoted as B’, and bottom portion of structure 300 at 180° is denoted as A’ . Fig. 3 is the
same as Fig. 2 with the exception of a 180° twist imparted to structure 200 in Fig. 2 with the
result that the sinusoidal wave pattern is at the top right portion of structure 300. Thus when
structure 300 is bent on around itself, A will connect to A’ and B will connect to B’, thus
providing a continuous path for wave pattern 302 and its derivatives and meeting the resonance
condition. Same applies to multimode resonators.

Also shown in Figures 1, 2 and 3 are the cosinusoidal waves which are orthogonal to the
sinusoidal waves and for which an analogous argument applies. It is assumed that claims herein
include resonators operating as single mode resonators, i. e., sinusoidal wave or cosinusoidal

wave, and dual mode resonators which simultaneously use both sinusoidal and cosinusoidal

waves.

It should be understood that multiple twists or cross-overs can be provided in a resonator
and a resonance condition will be met if a continuous path is provided for the wave. .

As should be apparent from the disclosure and discussion in connection with Figs. 1-3,

" what is disclosed herein is a concept to induce a geometric distortion in a transmission line

resonator in a2 manner analogous to the d_eformation of a rectangle that differentiates a mobius
strip from a cylindrical loop. This results in resonators where the phase change needed for

resonance has contributions from the wavelength as well as the geometric deformation of the

resonator.

Fig. 4 is a graphical representation of the resonace conditions of the larger conventional
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resonator 400 without a twist surrounding the smaller novel resonator 402 with one twist. Evén
though both resonators 400 and 402 have the resonance frequency, there is a noticeable size
advantage in thé inner smaller and lighter resonator 402 . A resonator containing one twist will
be one-half in circumference and will have one-quarter the weight and volume compared to a
conventional like resonator without the twist.

Fig. 5 is a plot comparing frequency and field (energy) intensity (normalized IS, |) of a
c.ontrol resonator without a twist and a like novel resonator with a twist, the resonators having
the same diameter. Plot 500 is for the control resonator and plot 502 is for the novel twist
resonator. Of note is the fact that a downward spike in energy intensity for the novel twist
resonator 502 oceurs at a frequency of 1.5GHz whereas for the conventional resonator, it is at
3.5 GHz. Inan ideal situation, the spike for the conventional resonator 500 would be at 3.0Ghi,
or double that for the twist resonator. The double spike at 1.5Ghz for the twist resonator at pbint
504 indicates that it is dual mode. |

Figs. 6-8 show a planar resonator with a twist or cross-over. Fig. 6 is the top view of the
twist planar resonator which is composed of C-shaped strip 600 of an electn'caily conducting
metal, such as copper, mounted on insulating substrate 602 . In a specific embodiment, mean
diameter 604 is 3 cm and the strip 600 is of copper abqut 0.6 cm in thickness and 0.45 cm wide.
The substrate in the speciﬁc; embodiment is rectangular made of Teflon about 5 cm x 7.5 cm and
about 0.32 cm thick. The inner edge of strip 600 has contact 606 or B’ extending from the open

portion of the C-shaped strip 600 at about the 3 o’clock position (90° from vertical)and the
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outer edge has contact 608 or A also extending from the open portion of the C-shaped strip 600
at about the 3 o’clock position. Holes are provided through substrate 602 under contacts 606
and 608, as shown in Fig. 6.

Fig. 7 is the bottom view of the twist resonator of Figs. 6-8 which is composed of
C-shaped strip 700 of an electrically conducting metal, such as copper, mounted on the
underside of the same insulating substrate 702 in mirror image to the C-shaped strip 600.
Substrate 702 in Fig. 7 is the same one as substrate 602 1n Fig. 6.. Also, the C-shaped strip700 is
of the same material and has thé same dimensions as the strip 600 in Fig. 6 “The inner edge of

strip 700 has contact 706 or B extending from the open portion of the C-shaped strip 700 at

aboﬁt the 9 o’clock position (270° from verticalj‘ and the outer edge has contact 708 or A’ also
extending from the open portion of the C-shaped strip 700 at about the 9 o’clock position. By
connecting contacts A to A’ and B to B’ the twist is introduced into the resonator of Figs. 6-8.
The connection can be accomplished by inserting short wires through the openings in the Teflon
substrate and soldering the wires to the top and bottom conductor strips.

Fig. 8 is a side view of the assembled planar resonator described in connection with F igs.
6 and 7. Fig. 8 is a side view of the planar resonator taken for reference purposes from the left

side of Fig. 6 and shows C-shaped strip 600 as the top layer on substrate 602 with C-shaped strip

700 as the bottom layer disposed on the opposite side. The C-shaped strips 600 and 700 are

electrically connected to each other through the openings in the substrate, as already described,

providing a continuous path for a wave pattern along C-shaped strips 600 and 700 and presenting
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a resonance condition, if that is desired and designed into the resonator.

Figs. 9 and 10 illustrate another embodiment of a resonator. Fig. 9 illustrates a
conventional resonator without a twist and shows a disk 900 of an insulating material with a pair
of parallel and spaced grooves in its outer circumferential surface. First wire 902 is disposed in
one groove with its ends connected to themselves, i.e., end of the first wire or A is connected
to end 2 of the first wire or A’, to use designations of Figs. 1-3. Second wire 904 is disposed in
the other groove with its ends connected to themselves, i..e., end 1 of the second wire or B is
connected to end 2 of the second wire or B’, to use designations of Figs. 1.-3.

Fig. 10 illustrates a resonator with a twist or a resonator of this invention. In Fig. 10, like
Fig. 9, is illustrated a disk 1000 with a pair of parallel and spaced grooves in its outer
circumferential surface. First wire 1002 is disposed in one groove and second wire 1004 is
disposed in he other groove. Instead of being joined end-to-end, the two wires shown in Fig. 10
go through a juncture point 1006 where the twist is introduced. Juncture point 1006 is a section
on the outer circumferential surface where a portion of the disk is removed, including portions
of the two grooves, where the twist is introduced. The twist is introduced by jo;ning one end ot_’
the first wire to an end of the second and joining the other end of the first wire to the other end
of the second wire, or to use designations of Figs. 1-3, the connection is made by joining A to
A’ and BtoB’. The conneptions are made as by soldering the wire ends. The twist or cross-
over is visible in Fig. 10. Thus the two wire conductors are electrically connected to each other

and as far as DC current is concerned, a continuous path is provided over the two wires.

10
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Effectively it is like wrapping one wire around twice and solderihg the two ends together and yet
ensuring the wire conductors do no touch elsewhere.

In a specific example of the Fig.;s‘ 9 and 10 resonators, the disks were made of Lucite®
material the disks had diameters of 2.2 cm and were 0.8 cm thick, the wires were copper with

approximate diameter of 0.04 cm and were spaced 0.32 cm apart. The resonators were

identical except for the twist in the Fig. 10 resonator. The Fig. 5 plot is for Figs. 9 and 10
resonators and shows that frequency can be reduced by one-half if diameter of a resonator is
kept constant. If a resonator is reduced by one-halﬁ as illustrated in Fig. 4, the smaller twist

resonator can do everything that a larger one can.

Although the resonators illustrated herein are circular or in the form of a ring, it should

be understood that resonators can be in any other desired form. In fact, the resonators in use are

often rectangular.

As used herein, a twist, if it is a physical twist, as illustrated in connection with Fig4,is -
typically a twist of 180°, however, it is contemplated herein that a twist could be less or more
than 180°. The Criterion that governs is that the twist results in a continuous i:oath for a wave.
The twist, as used herein, need not be a physical twist, but a twist or cross-over such as
illustrated by the twist resonators illustrated in Figs. 6-8 and Fig. 10 where the twist is introduced

by cross-over connection which provides a continuous path for a wave pattern resulting in

- resonant condition at a particular frequency .

Fig. 11 illustrates a filter arrangement wherein transmission line 1100 is associated with

11
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a dual mode twist resonator 1102. The resonator 1102 is shown spaced from the transmission
line 1100 although the resonator can be in physical contact with the transmission line. When the
resonator is spaced from the transmission line, it is activated by the evanescent field that exists
around the transmission line. The closer the resonator is spaced from the transmission line, the
strohgér is the evanescent field aﬁd more energy is passed into the resonator than when the
resonator is spaced further from the transmission line.

When the resonator is weakly coupled to the transrﬁission line, typically meaning that the
spacing betweeﬁ the resonator and the transmission line is substantial, the plot of Frequency vs.
Energy, shown in Fig. 12, shows a small drop in energy at a particular frequency. However, in
a conventionally coupled filter where fche space between the resonator and the transmission line
is'less than in a weakly coupled filter, the plot of Frequency vs. Energy shown in Fig. 13 shows

a much greater reduction in energy of the particular frequency.

Figs. 14-16 pertain to another embodiment of the Mobius resonator. Fig. 14 shows a prior
art 4 T helix 1400 made ﬁ’om a single insulated wire with ends thereof unattached. Fig. 15
shows a 4 T-Mobius resonator 1500 made from a single insulated wire. Resonator 1500 has a
lower lbop 1502 which merges into upper loop 1504 and its ends are soldered together so that
the resonatér presents a continuous pafh. The loops in the resonator 1500 are of about the same
diameter. Fig. 16 illustrate§ 8 Tt Mobius resonator 1600 made from a single insulated wire

composed of four loops with the two ends of the wire joined together. The loops in the

12
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resonator 1600 are of about of the same diameter.

It should be understood that the invention claimed herein involves the resonant
interaction of electromagnetic energy with nonorientable surfaces and, as such, applies to all
portions of the electromagnetic spectrum, including , but not limited, electrical, radio,
microwave and optical signals.

The invention described herein, when used as a ﬁlter-, in addition to offering dual mode
resonances, contains two intrinsic transmission zeros. Transmission zeros are nulls in the
transmitted energy and facilitate the design of filters with sharper selectivity. Prior art in filter
design requires that additional resonators and/or couplings between resonators be employed to
realize transmission zeros. The filter implementation described herein yields transmission zeros
without additional circuitry. These transmission zeros are intrinsic to the operation of a filter
composed of a serieé connected Mobius resonators.

The elecﬁomagnetic device claimed herein is often packaged inside a conducting
container for the purpose of shielding the device from interacting with‘ other electromagnetic
deviées and fields in an uncontrolled fashion. The container is often designed to control the
interaction of the device (resonator) with other electromagnetic devices and fields. In the claims
directed to the electromagnetic filter, the controlled coupling to an external circuit is often
accomplished with a transqﬁssion line. |

While presently preferred embodiments have been shown of the novel resonator and

frequency filter, and of the several modifications discussed, persons skilled in this art will

13
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readily appreciate that various additional changes and modifications may be made without

departing from the spirit of the invention as defined and differentiated by the following claims.

14
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Abstract
An electromagnetic resonator and a frequency filter. The resonator is composed of an
electromagntic waveguiding structure which is twisted along its axis while being bent back and
the two ends connected smoothly to provide a smooth path to the electromagnetic wave, the
twist providing additional phase shift to facilitate a resonant condition in a smaller volume. The
filter includes one or more coupled resonators which are coupled in a controlled fashion to an

external circuit to realize a desired frequency selectivity.

18
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e 1
o

Figure 2 Photograph of the two graphical rep_resgr{tations of the resonance conditions described in Figure
la) and Figure Ic). The outer and inner strips correspond to the situations described in Figures 1a)
and 1c), respectively. Note that even though the resonance frequency would be the same there is a
noticeable size advantage in the inner strip with the twist.

EXPERIMENTAL VERIFICATION:

Proof-of-Principle (First Prototypé):

In order to test the concept, two simple resonators were constructed from wire and Lucite cylinders. The
Lucite cylinders were used primarily as a form for the wire conductors. A crude but effective test fixture was
constructed which allowed simple measurements of the resonators to be made in the fashion of a notch filter or

wavemeter. The test fixture is shown in Figure 3.

In the control resonator, two copper wires were wrapped circumferentially around the cylinder such that there
was about a quarter of an inch between the conductors. Using the A, A’, B, and B’ designations consistent
with those used in Figure la, End 1 of Wire 1 (A) is connected to End 2 of Wire 1 (A’) and End 1 of Wire 2
(B) is connected to End 2 of Wire 2 (B’). This resonator could be considered to be a ring resonator where
twin lead is the transmission line. Figure 4 shows this control resonator in the test fixture shown in Figure 3.
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— ]

The completed resonator circuit is shown in Fi&\ure,flo mounted in its’ test fixture. In order to improve the

coupling of the resonator to the through line on tbe/substrate, the through line width was widened with copper
tape. This increased capacitance between the résonator and the through line. The measured results are shown
in Figure 11. Note that both orthogonal fundamentsl modes are clearly visible in the plot of the transmission
curve as the two sharp notches. These /no'tches appedr at ~ | and 1.1 GHz which is exactly half the frequency
expected from an equivalent sized conventional ring resonator.

7+ 3:16 PM on 1/8/99

S

-bottem —

plementation-of the twist resonator. -Mean diameter-is-3-em.

Figure 10. Planar implementation of the Mobius twist resonator configured as a notch filter/wavemeter. Note
that compared to the mask the through line width has been widened using copper tape to increase
the coupling to the resonator. v
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Figure 4.

Figure 5. The test fixture with the Mobius resonator. The resonator consists of two conductors (Wire 1 and
Wire 2) which remain in parallel as they are wrapped for most of the circumference of the Lucite
disk. Unlike the control resonator, however, the conductors are connected to each other such thata
Mobius twist is introduced (End 1 of Wire 1 (A) is connected to End 2 of Wire 2 (A’) and End 1
of Wire 2 (B) is connected to End 2 of Wire 1 (B’)). The A, A’, B, and B’ designations are
consistent with those used in Figure lc. The twist (or cross-over) is visible on the side of the
‘Lucite disk toward the bottom of the photograph. Thus the two conductors are electrically
connected to each other and as far as DC continuity is concerned form one conductor. Effectively it
is like wrapping one wire around twice and soldering the two ends together and yet insuring the

A New Resonator Concept: The Mobius Resonator

The test fixture with the control fesonator.- The resonator consists of two parallel conductors (Wire
1 and Wire 2) wrapped around a chite:disk and connected to themselves (End 1 of Wire 1 (A) is
connected to End 2 of Wire 1 (A”) and End 1 of Wire 2 (B) is connected to End 2 of Wire 2 (B”)).
The A, A’, B, and B’ designations are consistent with those used in Figure la. Thus the two
conductors are electrically isolated from each other as far as DC continuity is concermed.

conductors do not touch elsewhere.
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