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(57) Abstract: In-line filters may include a tubular metallic housing defining a single inner cavity that extends along a longitudinal
axis and a plurality of resonators that are spaced apart along the longitudinal axis within the single inner cavity, each resonator having
a stalk. The stalks of first and second of the resonators that are adjacent each other are rotated to have different angular orientations.
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TUBULAR IN-LINE FILTERS THAT ARE SUITABLE FOR CELLULAR
APPLICATIONS AND RELATED METHODS

FIELD OF THE INVENTION
{8081} The present invention relates generally to communications systems and, more

particularly, to filters that are suitable for use in cellular communications systems.

BACKGROUND

{0682) Fiters are well known devices that selectively pass signals based on the
frequency of the signal. Various different types of filters are used in celivlar communications
sysiems. Moreover, as new generations of cellnlar communications services have been
introduced ~ typically without phasing out existing cellular communications services — both
the number and types of fiters that are used has expanded significantly. Filters may be used,
for example, to allow radio frequency ("RF") signals in different frequency bands to share
certain components of g cellular communications system and/or to separate RF data signals
from power and/or control signals. As the number of filters used in a typical celhular
communications system has proliferated, the need for smaller, lighter and/or less expensive
filters has increased.

{8663} Conventionally, metal resonant cavity filters have been used to fmplement
many of the filters used in cellular cornmunications systems. As shown in FIG. 14, inits
simplest form, a metal resonant cavity filter 16 may consist of a metallic bousing 12 that has
walls 14 formed therein that define a row of cavities 18-1 through 18-4. While the example
filter 18 iliustrated in FIG. 1A includes a total of four cavities 18, it will be appreciated that
any appropriate number of cavities 18 may be provided as necessary to provide a filter having
desired filtering characteristics. Note that herein when multiple of the same elements or
structures are provided, they may be referred to in some instances using two part reference
numerals, where the two parts are separated by a dash. Herein, such elements may be referred to
individually by their full reference numeral {e.g., cavity 18-2) and may be referred to coliectively

by the first pagt of the applicable reference numeral (e.g., the cavities 18).
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{00041 Sl referring to FIG, 1A, a coaxial resonating element oy "resonator” 20-1
through 28-4 may be provided in each of the respective cavities 18-1 through §8-4. The walls 14
may include openings or "windows™ 16 that sllow resonators 28 in adjacent ones of the cavities
18 to couple to each other glong a main coupling path that extends from an inpul 22 to an output
24 of the filter 18. These coupled resonances may form a filter having a pass-band response with
no transmission zeros and narcow (o moderate fractional bandwidth {e.g., a bandwidth of up to
10-20% of the center frequency of the pass-band, depending on the specific geometry and size of
the cavities and resonators),

[0065] When wider bandwidths are required it is possible to fovert the orlentation of
every other coaxial resonator 28, A filter 30 having this configuration is shown in FIG, 1B, In

‘

filter 30, the electric and magnetic componenis of the couplings between adjacent resonators 28
add in phase, and hence the total amount of coupling can be increased. As the bandwidth of a
filter is proportional to the total amount of coupling, the filter 38 of FIG, 1B may have increased
bandwidth as compared to filter 10 of FIG. 1A
{80661 The "response” of a {ilter refers 1o a plot of the energy that passes from a first
port {e.g., an tnput port) of the filter to a second port (e.g., an cutput port) of the filteras &
function of frequency. A filter response will typically include one or more pass-bands, which
are frequency ranges where the filter passes signals with relatively small amounts of
attenuation. A filter response also typically includes one or more stop-bands. A stop-band
refors o a frequency range where the filter will substantially not pass signals, usually because
the filter is designed 10 reflect backwards any signals that are incident on the filter in this
frequency range, In some applications, it is important that the filter response cxhibii a high
degree of "ocal selectivity,” meaning that the transition from a pass-band to an adjacent stop-
band occurs over a narrow frequency range. One technigue for enhancing local selectivity is
{0 add transmission zeros {n the flter response, A "transmission zero" refers 1o a portion of a
filter frequency response where the amount of signal that passes i8 very low. Transmission
weros are typically achieved in one of three ways: (1) by using cross-couplings, {23 by
designing resonant couplings or (3) by controlling the anti-resonances of the resonating elements.
{80671 Cross-coupling, which is the most common technigue used to increase local

selectivity in a resonant cavity filter, refers fo intentional coupling between the resonating
elements of non-adjacent cavities. Depending on the relative Tocation of the transmission zero
with respect to the pass-band, the sign of the required cross-coupling might vary., When cross-
couplings are used to create transmission zeros, the cavities are often arranged in some form of a

planar geid as opposed to the single row of cavities included in the filters 18 and 38 of FIGS. 1A-
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1B. Such a two-dimensional distribution of cavities facilitates coupling between nen-adjacent
cavities (i.e., cross~couplings). U.S. Patent No. 3,812,036 {"the "036 patent™), the contents of
which are incorporated herein by reference, discloses various resonant cavity filters that have
such two-dimensional cavity arrangements that inclade cross-coupling,

[B008] FIG. 2 of the present application is a top scetional view of & two dimensional
resonant cavity filter 40 that is disclosed in the '036 patent. As shown in FIG. 2, the filter 40
includes a total of six cavities 18-3 through 18-6 which each have a respective coaxial resonator
261 through 20-6 disposed therein, Coupling windows 16-~1 through $6-5 are provided that
enable "main" couplings between adjacent ones of the six coaxial resonators 26-1 through 20-6
{1.e., between cavities 18-1 and 18-2, between cavities 18-2 and B3, batween cavities 18-3 and
18-4, between cavities 18-4 and 18-85, and between cavities 18-8 and 18-6). In addition, the {filter
48 includes two bypass coupling windows 26-1, 26-2 that enable cross-coupling between two
pairs of non-adjacent resonators {namiely, between cavities 18-1 and 18-6 and between cavities
18-2 and 18-%). The main couplings between the five seguential pairs of resonators 28 and the
two cross-couplings between the two pairs of non-adjacent resonators 20 contribute to the overall
fransfer function of the filter 48,

10009 Cross couplings may also be achieved in an in-line (1.e., one dimensional)
resonant cavity filter design by including some form of distributed coupling elements to
implement the cross couplings. FIG. 3 illustrates a {ilter 50 that s implemented using this
approach. As shown in FIG. 3, the filter 50 is an in-line filter having foor cavities 18-1 through
18-4 that have respective coaxial resonators 281 through 28-4 mounted therein, Coupling
windows 16 are provided that enable "main” couplings between adjacent ones of the four coaxial
resonators 26. A distributed coupling element 88 in the form of a direct ohmic connection
between coaxial resonator 28-1 and coaxial resonator 28-4 is also provided. The direet ohmic
connection 66 may physically and electrically connect resonator 20-1 to resonator 20-4 without
physically or electrically connecting to any of the intervening resonators (namely resonators 20-2
or 28-3 in this example). The use of the distributed coupling element 68 may, however, have
various disadvantages including increased filter size, complexity and cost, susceptibility to
damage, increased Josses and/or reduced out-of-band attenuation.

[8018] In-line resonant cavity filters having cross couplings may also be realized
without use of a distributed coupling clement by providing some form of controlled mixed
coupling between adjacent resonators so that the spurious {eross) couplings between non-adjacent
resonators can be controlled to some extent, Such an approach is disclosed in U5, Provisional

Patent Application Serial No, 62/091,696, filed December 15, 2014 ("the '696 application™), the
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entire content of which is incorporated hereln by reference. FIG. 4 is 3 schematic cross-sectional
view of a fiiter 78 which is one of the filters disclosed in the 696 application.

{66811} Asshown in FIG, 4, the filter 70 includes a metallic housing 12 that bas a single
cavity I8 formed therein. A plurality of coaxial resonators 20 are arranged in a row within the
cavity 18, The top 72 and bottom 74 surfaces of the housing 12 form respective ground planes,
A plarality of tuning screws 76 are provided in the top and bottom surfaces 72, 74 of housing 12
that extend into the cavity 18. Filter 78 further includes four conductive connectors 84, cach of
which provides a physical {ohmic) connection between respective adjacent pairs of resonators 26,
The proximity of the resonators 20 and the absence of shielding walls may result in non-
neghgible couplings between both adjacent and non-adjacent resonators 20, The couplings will
include both capacitive couplings and inductive couplings. The ampunt of capacitive gnd
inductive coupling is a function of, among other things, the distance between the resonators 24,
The amount of capscitive coupling may also be controlied by adjusting the tength and or width of
the upper part of each resonator 20 to generate more or less capacitive coupling between different
resonators 28, Capacitive coupling between adjacent resonators 28 will result in negative
coupling values. Inductive coupling can be controlied by changing the distance betwesn the
resonators 20 and/or by adjusting the length of the lower part of each resonator 20 that conngets
tor the bottom surface 74 of the housing 12. The inductive coupling results in positive coupling
between both adjacent and non-adjacent resonators 28, Because the filter 78 is designed to have
non-negligible inductive coupling between non-adjacent resonators 20, cross-coupling may be
achieved in the filier 78 without employing diserete bypass connectors that ohimically connect
non-adjacent resonators 28, The sign of the main couplings may be positive or negative
depending upon the relative amounts of capacitive versus induetive coupling, while the signs of
the cross-couplings are always positive.

{88121 The second technique that may be used for generating transmission zeros is
the use of resonant couplings. Transmission zeros may oceur at frequencics where the capacitive
couplings cancel out the inductive couplings. Such resonant couplings are usually avoided in
ordinary pass-band filters deslgn, as it is typically desirable to have couplings with a constant
fntensity over the operational frequency range of the filter.

[6813] The third technique that may be used for generating {ransmission zeros is
controlling the anti~rcsonances of the resonating elemuents. Antisresonances are froguencies
where cavities of the filter reflect incoming power back to the source. This is the dual behavior
of the resonances, where the cavity transmits to the load all of the incoming power. To control
the anti-resonant (ogether with the resonant) frequencies, a cavity of the filter that has a certain

geometry is defined and then allowed to interact with the adjacent cavities only at one suitable
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location. Except for this interaction point, the cavity is electrically and mechantcally isolated by
means of metal walls from the adjacent cavity.
SUMMARY

{8014] Puorsuant to embodiments of the preseat invention, an in-line filter is provided
that includes a tubular metallic housing defining g single inner cavity that extends along a
longitudinal axis and a plarality of resonators that arve spaced apart along the longitudinal axis
within the single inner cavity, each resonator having a conductive stalk oriented transverse to
the longitudinal axis, The stalks of first and second of the resonators that are adjacent each
other are rotated to have different angular orientations about the longitudinal axis,

{0815} Insome embodiments, cach resonator includes a first capacitive loading
clement that extends from a first end portion of the stalk of the respective resonator. The first
capaciiive loading element may be a first arc-shaped arm. Bach resonator may comprise a
second arc-shaped arm that extends from a second end portion of the stalk that is opposite the
first end portion.

{0816] In some embodiments, the in-line filter may further include a transmission
line that extends between at least two of the resonators, where each of the at least two
resonators capacitively coupled to the transmission line,

(0171 In some cmbodiments, the in-line filter may further include an input
ronnector and an output connector that are coupled to the tubular metallic housing. The
transmission line may eleetrically connect the input conuector to the output connector,

[0818] Insome embodiments, the in-line filter may further include a tubular
dielectric frame within the tubular metailic housing. The transmission line may be on an
outer surface of the tubular dielectric frame.

6019] In some embodiments, cach respnator inchudes a fivst are~-shaped capacitive
loading element that extends from a first end portion of the stalk of the resonator, and
wherein the stalks of the resonators extend through the tubular dielectric frame and the first
arc-shaped capacitive loading elements are on the outer surface of the tubular diclectric
frame, with the transmission line positioned between each first are-shaped capacitive loading
glement and the tubglar dielectric frame. The in-line filter may further include a tuning
clement that is configured to bend the first are-shaped capacitive loading element of the first
vesorator ¢loser to the transmission line

(00201 In some embodiments, the tubular metallic housing is grounded, and each

resonator is electrically floating.
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{86211 In some embodiments, each resonator further includes a plurality of spacers
that space the first and second arc-shaped arms apart from an inner surface of the wubular
metallic housing.

{08221 In some embodiments, the resonators include at least a first resonator, &
second resonator that {s adjacent the first resonator, and a third resonator that is adjacent the
second resonator, wherein the stalks of the first and third resonators have substantially the
same angular orientation. In such embodiments, the stalk of the second resonator may be
rotated to have an angular orientation that is offset by approximately ninety degrees from the
angular orientations of the stalks of the first and third resonators.

{80231 Insome embodiments, the fubular metallic housing has a substantiaily
cireular cross-section.

[8624] In some embodiments, the filter comprises a bandstop filter. In other
embodiments, the filter comprises a bandpass filler, and the Slter does not include any
distributed coupling elements for coupling between non-adjacent resonators.

{0825] Pursuart to further embodiments of the present invention, a filter is provided

3

that includes an electrically grounded tubular metallic housing defining a single inner cavity,
a plurality of electrically floating resonators that are disposed 1n g spaced-apart arrangement
within the single tomer cavity, and a trausmission line that extends from an input 1o an output
of the filter, the transmission line capacitively coupled to at least some of the resonators,

{0026]  In some embodiments, each resonator includes a stalk and a first capacitive
foading element that extends from an end portion of the stalk.

18927) In some embodiments, each first capacitive loading element coroprises a first
arc-shaped arm.

{8028] In some embodiments, each resonator comprises a second arc-shaped armn
that extends from a second end portion of the stalk that is opposite the first end portion,

{86291 In some embodiments, the transmission line is capacitively coupled to the
first capacitive loading element of each of the resonators,

{8038] In some embodiments, the filter further includes an input coaxial connector
and an output coaxial connector that are coupled to the tubular metallic housing.

100311 In some embodiments, the transmission line electrically conneets an inner
conductor of the input connector o an inner conductor of the sutput connector.

{60321 1n some embodiments, the flter further includes a tubular dieleciric frame
within the tubular metallic housing, wherein the transmission ling is on an outer surface of the

tubular dielectric frame and where the stalk of each resonator extends through the tubular

G-
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dielectric frame and the first and second arc-shaped arms are on the ouvter surface of the
tubular dielectric frame, with the transmission line positioned between cach first arc-shaped
arm and the tubular diclectric frame

100331

1ga

In some embodiments, wherei

ch resonator further includes a plurality of
spacers that space the first and second arc-shaped avms apart from an inner surface of the
fubnlar metallic housing
{0034} In some embodiments, the resonators include at feast a first resonator, a

second resonator that is adjacent the fivst resonator and a third resonator that is adjacent the
second resonator, wherein the stalks of the first and secon
different angula

second resonators are rotated to have
r orientations
{80338] Insomeen

nhodiments, the first and third resonators have substantially the
same angular orientations

{8036]  In some embodiments, the tubular metallic housing has a substantially
circular cross-section,

10371 Pursuant

to still further embodiments of the present invention, a coaxial patch
cord is provided that includes (1) a coaxial ¢

able that has an inner conductor, an ontgy
nductor that circomferentially surrounds the inner condugtor, a dislectric space between the

inner conductor and the outer conductor and a jacket surrounding the outer conductor, (2) a

{irst coaxial connector on a first end of the coaxial cable, (3} a second coaxial connector and
{(#) an in-line filter coupled between the coaxial cable and the second coaxial connector,

{00381 In some ﬂmbadiﬁmﬁs, the in-line filter may include a tubular metailic
housing defining g single inner cavity that extends along & longituding! axis and a plurality of
resonators that are spaced apart along the longitudinal axis within the single inner cavity

Hach resonator may have a stalk, and the stalks of first and seccond of the resonators that are
adjacent

gach other are rotated to have different angular orientations.

{00391 In some embodiments, each resonator includes a first capacitive loading
element that extends from a first end portion of the stal

{0640] In some embodiments, cach first arm comprises a first arc-shaped arm, and
wherein each resonator further comprises a second arc-shaped

1 that extends from a
nd end portion of the stalk that is opposite the first end portion
18041} In some embodiments, the in-line filter may further include a transmission

line that extends between at least two of the resonators, cach of the at feast two resonators
capacitively coupled to the transmission line.

e
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08421 In some embodiments, the in-Hne fiter may further include a tuning element
that is configured to bend the first capacitive loading clement of a first of the resonators
closer 1o the transmission line.

{0643} In some embodiments, the in-line filter may further include a tubular
dielectric frame within the tubular metallic housing, wherein the transmission line is on an
outer surface of the tubular dielectric frame.

[8844] In some embodiments, the stalk of each resonator extends through the tubular
dielectrie frame and the capacitive loading elements are on the outer surface of the tubular
dieleciric frame, with the transmission Hine positioned between each capacitive loading
clement and the tubular dielectric frame,

{0451 In some embodiments, the tubular metallic housing ts grounded, and wherein
each resonator is clectrically floating,

188461 In some embodiments, the resonators include atleast a first resonator, a
second resonator that is adjacent the first resonator and a third resonator that is adjacent the
second resonator, wherein the stalks of the first and third resonators have substantially the
same angelar orlentations,

{3047]  In some embodiments, the tubular metallic housing has a substantially
cireular cross-section,

{0048] In some embodiments, the in-line filter comprises an electrically grounded
tubular metallic housing defining a single inner cavity, a plurality of electrically floating
resonators that are disposed in a spaced-apart arrangement within the single inner cavity, and

vansmission lne that extends from an input to an oatput of the filter, the transmission line
capacitively coupled to at least some of the resonators. In such embodiments, each resonator
may include a stalk and a first capacitive loading element. Each first capacitive loading
element may comprise a first arc-shaped arm that extends from a first end poriion of the stalk.
Hach resonator may comprise a second are-shaped arm that extends from a second end
portion of the stalk that is opposite the first end portion. The transmission line may be
capacitively coupled to the first arc-shaped arm of each of the resonators.

{08491 In some embodiments, the in-line filter may further inelnde a tubular
dielectric frame within the tubular metallic housing, where the transmission lne s on an
outer surface of the tubular diclectric frame and wherein the stalk of each resonator extends
through the tubular diclectric frame and the first and sccond arc~shaped arms are on the onter
surface of the tubnlar diclectric frame, with the transmission Hue positioned between each

first are-shaped arm and the tubular dielectric frame.

8.
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{80561 In some embodiments, each resonafor further includes a plurality of spacers
that space the first and second arc-shaped arms apart from an inner surface of the tubular
metailic housing.

{8051 In some embodiments, the resonators include at least a first resonator, &
second resongtor that is adjacent the first resonator and a third resonator that is adjacent the
second resonator, wherein the stalks of the first and sccond resonators have different angular
orientations, and the stalks of the first and third resonators have substantially the same
angular orientations.

BRIEF DESCRIPTION OF THE DRAWINGS

{8052} FIG. 1A i3 a schematic side sectional view of a conventional in-line resonant
cavity filter.

{80831 FIG. 1B is a schematic side sections! view of another conventional in-line
resonant cavity filter in which every other resonator is inverted.

{G054] FIG. 2 15 a schematic top sectionsl view of a conventional resonant cavity
filter that has cross-coupling between selected cavities,

{8055] FIG. 3 15 a schematic side sectional view of & conventional in-line resonant
cavity filter that has an external cross-coupling element.

{00561 FIG. 4 35 a schematic side sectional view of a conventional in-line resonant
cavity filter that has a {ilter response with transmission zeros.

(68571 FIG. 5 is a schematic block diagram of a resonant filter according to
embodiments of the present iInvention.

{0858] FIG. 6 is a schematic block diagram of a resonant filter according to Nurther
emboditnents of the present invention.

[005%9] FIG, 7 13 a schematic block diagram of a pateh cord that mncludes an
integrated filter according to embodiments of the present invention,

[8068] FIG. 8A is a perspective view of a filter according fo embodiments of the
present invention.

{0061} FIG. 8B is an exploded perspective view of the filter of FIG. 84,

[0062] FIG. 8C is a perspective view of a {ubular diclectric frame included in the
filter of FIG, 8A that has a microstrip transmission line formed thereon.

{0631 FIG. 8D is a perspective view of the tubular dielectric frame of FIG, 8C with
three resonators mounted therson,

{0064] FIG. 8E is a pergpective view of the tubular dielectric frame of FIG, 8C with

both the microstrip transmission lne and the resonators mounted thereon,

G
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HIB658] FIG. 8Y is a perspective view of ong of the resonators of FIG. 8D,

[00661 FIG. 8G is a perspective sectional view of the tubular dielectric frame of
FIgG, 8C.

{6067] FIG, 8H is a perspective view of the tubular dielectric frame of FIG, 8C
with the microstrip transmission line mounted thereon,

{80681 FIG. 81 is an enlarped perspective view of an end portion of the tubular
dielectric frame of FIG, 8C with the microstrip transmyission line mounted thereon.

{8069] FIG. 81 is a perspective view of the tubular metailic housing of the filter of
FiG, 84,

[6878] FIG. BK is g perspective sectional view of the tubular metallic housing of the
filter of I, BAL

(80711 FIG. 8A is a graph that shows the simulated frequency response and return
loss for a simple model of g filter having the design of the filter of FIGS, 8A-8K.

100721 FIG, 98 is a graph that shows the simulated frequency response and return
loss for a three-dimensional model of a filter having the design of the filter of FIGS. 8A-8KL

{00731 FIG. 1BA is a perspective view and an enlarged cross-sectional view of a
longitudinal segment of the filter of FIGS. BA-8K,

{0874] FIG. 10B is a graph illustrating the response of a single resonator of the filter
of FIGK, 8A-8K.

{8075] FIG. 10C is a graph illustrating the elfect of the gap between the resonator
arm and the transmission line on the coupling bandwidth and resonant frequency.

{0876] FIG. 11 is a graph that shows the simulated tunability the resonant frequency
of tubular filters having the resonator design of the filter of FIGS. 8A-8KL

{08771 FIG. 12 is a praph that shows the simulated amount of coupling between
adjacent resonators of the filter of FIGS. 8A-8K as a function of the relative rotation of the
central elements thereofl

[6078] FIG. 13 is a schematic, shadow perspective view of a bandpass filter
according to embodiments of the present invention.

{0079 FIG. 14A s a perspective view of a resonator according to further
embodiments of the present invention,

{00881 FIG, 148 iz atop view of the resonator of FIG, 14A

[B081] FIG. 18A is perspective view of a resonator according to still further

embodiments of the present invention mounted in a tubular filter body.
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{80821 FIG. 1588 is perspeciive view of a pair of the resonators of FIG, 15A
mounted in a tubular fiter body.

[6083] FIG, 16 is a perspective view of @ bandstop filter according to further
embodiments of the present invention.

{00841 FIG. 17A is a schematic diagram of a pateh cord according to embodiments
of the present invention.

{0085] FIG. 178 isa schematic, pariially cut away perspective view of a coaxial
cable segment of the patch cord of FIG, 17A.

{8686] FIG. 17C is a schematic diagram of a patch cord according to further
embodiments of the present invention.

{3687 FIG. 18 is o highly stmplified, schematic diagram of & conventional cellular
base station,

10088] FIGS. 19A-C are schematic block diagrams Hustrating how filters according
to embodiments of the present invention could be used in celiular base stations,

[8089] FIG. 28 is a perspective view of a modular filter according to embodiments
of the present invention.

{06090 FIGS. 21A-211 are schematic diagrams iHlustrating a variety of different
resonator designs that may be used in the modular filters according to embodiments of the
present invention.

[8091}] FIG. 22 is a schematic diagram that illustrates how resonators may be
designed to provide transmission zeros in the response of a bandpass modular filter according

to embodiments of the present mvention,

DETAILED DESCRIPTION

(80921 Pursvant to emboediments of the present invention, filters are provided that
include a plurality of resonators accommuodated inside a tubular metallic housing such as a
cylindrical, rectangular or other shaped metallic tube. In some embodiments, connectors may
be provided at either end of the tubular metallic housing to provide an in-line filter that may
be insevted along & cabling connection such as, for exarple, between a patch cord and a piece
of equipment such as & radio, antenna or the like. In other embodiments, the filter may be
incorporated into a patch cord, thereby eliminating the need for a stand-alone device and
simplifying installation. The resonators can be, for example, half-wavelength or quarter-
wavelength metallic resonators. The distances between the resonators and the angunlar

oriemtation of the stalks of the resonators may be varied {o provide different filter responses.
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A transmission line that extends from the input to the output of the filter may be provided in
some embodiments to realize bandstop {ilter responses or load-source coupling. In other
embodiments, the transmission Hae may be omitted (e.g., to provide a bandpass filier). A
wide variety of different types of filters may be formed using the techniques disclosed herein,
including bandpass filters {with or without transmission zeros), bandstop filters, diplexers,
duplexers, smart bias tees, dual mode resonators and the Like. The filters according to
embodiments of the present invention may be smaller and lighter weight than many
conventional filters that they would replace, and may also be significantly less expensive to
manufacture.

{0893 In some embodiments, the filter may have a tubular metallic housing that
defines a single cavity with a plurality of resonators disposed within the cavity. The metallic
housing may be grounded. The cavity may not include any inferior walls. Each resonator
may include a stalk which may comprise, for exampie, a central portion of the resonator. The
resonators may alse include at least one capacitive loading element in some embodiments,
The capacitive loading clement may comprise, for example, one or more arms that are
provided on one or both end portions of the stalk or a head that is provided on an end portion
of the statk. These arms may be configured fo capacitively couple with the tubnlar metallic
housing. The relative angular orientations of stalks of the respective resonators may be
arranged to achieve a desived conpling between the various resonators in order to achieve @
desired filter response. In particular, by changing the relative angular orientations of the
statks, the resonators may be electrically isolated from each other, to the extent desired,
without being mechanically isolated from each other, In some embodiments, the resonators
may generally extend along a longitudinal axis of the tubular metallic housing, and the
angular orientations of the stalks of the resonators may be atranged to couple or isolate
resonators from each other, Forexample, by rotating an orientation of a first resonator ninety
degrees with respect to an orientation of a second resonator, the two resonators may be
substantially de-coupled. The shapes of the resonators, the distances between the resonators
and the relative angular orientations of the resonators may be selected to achieve couplings
that provide a desired frequency response for the filter. In some embodiments, g tubular
digtectric frame may be provided within the tubular metallic housing, and the stalks of the
resonators may extend through the tubular dielectric frame and the arms of the resonators
may be between the tobular diclectric frame and the tubular metallic housing.

[0094] In some embodiments, the resonators may be held in place within the tubular

metallic housing by the spring force of the metallic arms. For example, the resonator arms
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may be spring loaded against the tubular metallic housing and dielectric spacers may be
provided that space the spring-loaded resonator arms away from the tubnlar metallic housing.
In some embodiments, the fubalar metallic housing may have a single internal cavity, and all
of the resonators may be contained within this single cavity, This may reduce the cost of the
filter, gs providing internal walls that divide the interior of the housing into multiple separate
cavitigs increases the complesity of the manufacturing process. Additionally, the relative
angular orientations of the resonators may differ. The angular orientations of the resonators
may be selected to effect the amount that each resonator couples with adjacent and non-
adjacent resonators,

{66951 In some embodiments, cables such as coaxial pateh cords may be provided
that have tubular filiers according to embodiments of the present invention integrated into the
patch cord. In many wireless applications, installers may impose a separate charge for each
item of equipment mounted on an antenna tower or other structure. In many cases, various
filters such as diplexers, smart bias tees, bandstop filters and the Iike may be implemented
separately from the aniennas in order to reduce the size and weight of the antenina. Mounting
these separate filters may thus result in additional charges, and local zoning ordinances may
also lintf the use of such additional components that are external to the radio and antenna.
By integrating the filters into the pateh cord connections between the radio and the antenna ~
cither as an inline flter or ag a filter that is part of the cable — external filters may be provided
that comply with the local zoning ordinances and which aveld extra mouvnting fees,

[0696] Embodiments of the present invention will now be described in greater detail
with reference to FIGS. 8-19C, in which example embodiments are depicted.

{00971 ¥FIG. § is a schematic block diagram of a resonant filter 108 according to

mbodiments of the present invention. As shown in FEG. §, the filter 160 includes a tobular
metallic housing 118 that defines a single inner cavity 120 that extends along a longitudinal
axis. A plorality of resonators 130 are spaced apart along the longitudinal axis within the
single inner cavity 128, Each resonator has a stalk 132, The stalks 32 of first and second of
the resonators 13§ that are adjacent each other are rotated {o have different angular
orientations. The relative angular orientations of the stalks 132 may be gelected to achieve
desired amounts of coupling between adjacent and non-adjacent ones of the resonators 134 in
order to achieve a desired response for the filier 106

10098] FIG. 6 is p schematic block diagram of a resonant filter 148 according to
further embodiments of the present invention. As shown in FIG. 6, the filter 144, like the

filter 108, includes a tubular metallic housing 118 that defines a single inner cavity 128 that
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extends along a longitudinal axis. The wbular metallic housing 118 may be connected to
electrical ground. A plurality of resonators 138 are spaced apart along the longitadinal axis
within the single inner cavity §26. In some embodiments, the resonators 138 are not
galvanically connected to the tubular metallic housing 118, although they may be in other
mbodiments. Each resonator 138 voay be clectrigally floating. A transmission line 158 is
provided that extends from an input 1o an cutput of the filter 143, The transmission hne 156
may be coupled to at least some of the resonators 138, In example embodiments, the
transraission line 188 may be capacitively coupled to the resonators 138, although other types
of coupling may be used in other embodiments (e.g., inductive coupling or even a galvanic
connection). The relative angular orientations of the stalks 132 may be selected to achieve
desired amounts of couphing between adjacent and non-adjacent ones of the resonators 136 in
order to achicve a desired response for the flter 144,

{80997 ¥FIG. 7 is a schematic perspective view of a paich cord 168 according to still
further embodiraents of the present invention, As shown in FIG. 7, the patch cord 168
inchudes first, second and third coaxial cable segments 176-3, 178-2, 176-3. Each coaxial
cable segment 178 may comprise a conventional coaxial cable segment. A coaxial connector
180 may be provide on one end of each coaxial cable segment 178, A filter 19¢ according to
embodiments of the present invention may be connecied to the other end of each coaxial
cable segment 170, In the depicted erabodiment, the filter 198 is a three port device, and
hence three coaxial cable segments 178 are included in the patch cord 168, The {ilter 196
may comprise, for example, a diplexer, a duplexer or a smart bias tee. In other embodiments,
the filter 199 may comprise an in-line filter having only two ports. In such embodiments, the
coaxial cable sepment 178-3 is omitted. In some embodiments, the filter 198 may be
provided immediately adjacent one of the connectors 188, which may aliow one of'the
coaxial cable segments 176 to be omitted,

[8100] FIGS. BA-8K lustrate a filter 208 according to embodiments of the present
invention. In particular, FIG. BA is a perspective view of the filter 200 and FIG. 8B isan
exploded perspective view of the filter 208, FIG. 8C is a perspective view of a wbular
dielectric frame included in the filter 200 that has a transmission line formed thereon. FiG.
8D is a perspective view of the tubular dielectric frame with three resonators monnted
thereon, and FIG. 8E is a perspective view of the tobular diclectric frame with both the
microstrip transmission line and the resonators mounted thereon. ¥IG. 8F s g perspective
view of one of the resonators. FIG, 8G is a perspective sectional view of the tubular

dielectric frame. FIG. 8H is another perspective view of a tubular diclectric frame of the
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filter 208, and FIG. BY is an enlarged perspective view of an end portion of the tubular
diclectric frame. Finally, FIGS, 8F and 8K are a perspective view and perspective sectional
view, respectively of the tubular metallic housing of the filter 268.

{0101} The filter 200 shown in FIGS, 8A-8XK is a bandstop filter. As known to those
of skill in the art, a bandstop filter is a filter that attenuates a specifie, and often relatively
narrow, freguency band. Bandstop filters are often used in wireless communications
applications in order to suppress an offending signal that may be present that would interfere
with the recetver. In other embodiments, the filiers may comprise bandpass filters that are

4

designed to only pass signals in a specific frequency band. These bandpass filters may or
may not be designed to have transmission zeros {Le., steep nulls that may be included to
provide a sharper frequency responsc at the band edges). An example embodiment ol a
bandpass filter is discussed below with reference to FIG. 130 In still other embodiments,
more complex fiiter structares may be timplemented such as dipiexers, duplexers, smart bias
tees, dual mode resonators and the like.

[0162] Asshown in FIG. 84, the filter 20¢ includes the tubular metallic housing 210
and a pair of connectory 228-1, 226-2 that are mounted on either end of the tubular metallic
housing 218, The filter 266 comprises an in-line filter that may be connected, for example,
between two patch cords, two picces of egquipment, or a patch cord and a piece of equipment.
The connectors 226 may comprise, for example, coaxial connectors such as 7/16 conneciors.
‘The tubular metallic bousing 210 may be formed of any suitable metal such as, for example,
sluminiur. In some embodiments, an ouler diameter of the tubular metallic housing 218
may be the same size or slightly larger than the diameter of the cable of g patch cord that is
connected to the filter 268. While the tubular metailic housing 218 15 cyvlindrical in shape
(having a circular transverse cross-section) in the depicted embodiment, it will be appreciated
that in other embodiments the tubular metsliic housing 216 may have square, rectangular, or
another arbitrary transverse cross-section. The tubular metallic housing 218 may include a
plurality of annular grooves 212 on the inner surface thereof, as is best shown in FIGS., 8B
and 8K. While not shown in the figures, a protective housing may optionally be provided
over the tubular metallic housing 210,

{61831 As shown in FIG. 8B, the filter 200 may further include a tobular diclectsic
frame 238, a transmission line 2440, and a plurality of resonators 256, The tubular dielectric
frame 230 and/or the transmission line 248 may be omitted in some embodiments, The
tubular diclectric frame 238 may be formed of an insulating material. Inan example,

embodiment, the tubular dielectric frame 238 may comprise an Ultem 1000 plastic tube
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having a dielectric constant of about 3 and a dielectric loss factor of about 0.005. The tubular
dizglectric frame 238 may be sized to it within the tubular metallic housing 218, While the
tubular metaliic housing 216 and the tubular diglectric frame 238 of filter 200 are iflustrated
as having a constant diameter, this need not be the case. it other embodiments, the diameter
of these clements and/or the shape of these elements may change along the longitndinal
length of the filter.

[8104] The transmission line 248 may be formed or otherwise placed o the tubular
dielectric frame 236, In the depicied embodiment, the transmission line 248 is on the outer
surface of the tubular dieleciric frame 238, In other embodiments, the transmission line 248
may be on or adjacent the inner surface of the tubular dielectric frame 238, The transmission
line 240 may be 8 microstrip transmission line 24§ in some embodiments. It will be
appreciated that any appropriate transmission line may be used as the fransniission line 248,
specifically including a metal transmission that is formed by depositing metal on the tubular
diclectric frame 2396,

IB165] Referring now to FIG. 8C, the transmission line 246 includes transmission
line segrents 242 and capacitive coupling sections 244. The eapacitive coupling sections
244 may be wider than the transmission line segments 242 in order to facilitate enhanced
coupling with the resonators 250, as will be explained in further detail herein. The
transmission line segments 242 may include at lzast one segment (e.g., segment 242-3) that s
not collinear with at least one of the other segments (e.g., segment 242-1). Eaclh end of the
transmission line 248 may be bent at an angle of, for exampie, about 90 degrees, as is shown
in FIGK. 8B, 8G and 81. Agcan best be scen in FIG. 8G, ecach end of the transmission line
248 may have a cut-out that facilitates mechanically and electrically conneeting each end of
the microstrip transmission line 248 to a central conductor of the respective connectors 220-1,
226-2 (e.g., by soldering).

{0106] The transmission Hine 248 may be capacitively coupled to the resonators 286,
This is contrast to the conventional filters discussed above (e.g., the filter 74 of FIG. 4) in
which a distributed galvanic coupling clement is provided.

18107] Referring now to FIGS. 8B, 8D and 8F, the resonators 280 may each
comprise a statk 252 that has first and sccond capacitive loading elements 234 comnected on
either end thereof, In the depicted embodiment, the stalk 252 may comprise a cylindrical rod
{i.c., a rod with a circular transverse cross-section). In other embodiments, the statk 252 may
have rectangular transverse cross-sections or transverse cross-sections having some other

arbitrary shape. The transverse cross-sections of the stalk 252 need not have the same
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dimensions, The stalks 282 may be longer than they are wide. The first and second
capacitive loading clements 284 may comprise respective thin strips of sheet metal that arve
each referred to herein as an "arm." A center of the first arm 254-1 is attached to a first end
of the stalk 252 and a center of the second srm 254-2 18 attached to a second end of the stalk
252, In some embodiments, the arms 254 may be bent to generally conform to the outer
diameter of the tubular dielectric frame 230 and/or to an inner diameter of the tubular
metailic housing 230, The arms 254 may have a wide variety of diffevent shapes. The arms
254 may have a relatively 131}‘;{: surface area to facilitate capacitive coupling with other
structures {¢.¢., the transmission line 248). Small insulating spacers 256 may be mounted to
extend both inwardly and outwardly from each arm 284, Lach spacer 256 may comprise &

hemispherical shaped plastic rivet having a stem extending therefrom. The sterns of the

o)

spacers 2586 may be mounted in and extend through respective openings in the arms 254,

{8108] The resonators that are included in the filter 288 may be quarter-wavelength
or half-wavelength resonators in some embodiments. In the depicted embodiment, three half-
wavelength resonators 258 are included. Herein, ¢ halt-wavelength resonator refersto a
resonator that has a stall with both ends thereof open. A desired resonant frequency may be
achieved with a half-wavelength resonator by providing a metal arm on one or both ends of
the stalk that provides capacitive loading. Resonators having s wide variety of different
shapes may be used in the filter 2060, Thus, it will be appreciated that the resonators 230 are
only provided as examples, Other example resongtors are discussed below with reference to
FIGS. 14A-148 and 154-15B.

(01891 As shown in FIGS, 8D and 8, the stalk 252 of each resonator 250 may
extend through the tubular dielectric frame 236, As shown best in FIGS, 8H and 184, holes

are provided in the tubular dielectric frame 238 that the stalks 252 extend through. These

holes may not provide mechanical support to the resonators 258. The arms 254 of each
resonator 250 may be on the exterior of the diclectric frame 230, As shown best in FIG. 8,
the tubular dielectric frame 238 may have cantilevered spring fingers 234 on the ends thereof
that are used to mount the tubular dielectric frame 238 in a desired position within the tubular
netaliic housing 216, The resonators 2588 are maintained in their proper position by the
spring force of the arms 254 having the diclectric spacers 256 thercon. In the depicted
entbodiment, the resonator arras 284 may be curved anms having a radins slightly larger than
the inner diameter of the tubular metallic housing 218 so that the arms 254 are spring-biased
outwardly toward the tubular metallic housing 218, The dielectric spacers 256 may maintain

separation between the arms 254 and the tubular metallic housing 2. The resonator arms
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234 may couple very strongly with the tubular metallic housing 238, and thus the primary
coupling between adjacent and non-adjacent resonators 286 may be inductive coupling
between the resonator stalks 232, In other embodiments, the arms 284 could be spring biased
toward the tubular dielectrie frame 238, The arms 234 of the resonators 258 exiend over the
capacitive coupling sections 244 of the microstrip transmission line 248, As noted above, the
stems of the dieleciric spacer 256 may separate each capacitive coupling section 244 from the
arm 254 that extends thereover.

{01161 Asshown in FIG. 8B, the tubular diclectric frame 230 with the transmission
fine 248 and resonators 256 mounted thereon is mounted within the iuterior of the tubular
metallic housing 218, The spacers 256 may ensure that the resonators 258 are not in direct

e
3
i

contact with the tubular metallic housing 238 and/or the transmission line 246, The tubular
metallic housing 218 may be connected to a ground conductor of each of the connectors 224-
1, 226.2 and may serve as a ground plane for the filter 200, As the resonators 236 do not
contact the tubular metallic housing 216 they may be floating. As shown best in Fifs, 8K,
annular grooves 212 may be formed in the interior surface of the outer metallic tube 218,
The hemispherical spacers 286 may be received within these grooves 212 to facilitate
ensuring that the resonators 286 do not contaet the tubular metailic housing 216, In other
embodiments, the spacers 256 may be omitted and other elements or mechanisms may be
used to keep the resonators 258 out of direct electrical contact with the tubular metailic
housing 218 and the transmission Hne 248, For example, a dielectric coating may be sprayed
on the inside of the tubular metallic housing 218 in other embodiments.

[6111] Referring to FYG. 81, the stalks 282 of adjacent ones of the resonators 258
may be rotated with respect to each other so that they have different angular orfentations
within the tubular metallic housing 216, In an example embodiment, the stalk 252 of the
middle resonator 288-2 may be rotated about 90 degrees with respect to the statks 282 of the
resonators 258-1, 250-3 that are on cither end of the {ilter 288. This rotation to an orthogenal
ortentation may reduce or minimize mutual coupling between adjacent resonators 230
without the need for cavities that separate adiacent resonators 256,

131121 As discussed above, in the filter 200 there will be both inductive and
capacitive coupling between each pair of adiacent resonators 2884, For adjacent resonators
250, the sign (polarity) of the capacitive coupling will be opposite the sign (polarity) of the
inductive coupling. As such, the inductive and capacitive coupling can compensate each
other to some degree. Additionally, since no intervening walls are provided between the

resonators 238, more substantial cross-coupling may occur between non-adjacent resonators
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258. Thus, there may be non-neghigible cross-coupling {e.g., inductive coupling) between the
non-adjacent resonators 230-1 and 280-3. The amount of capacitive coupling and the amount
of inductive coupling together define the amount of coupling between a pair of resonators
{whether adjacent or non-adjacent}.

{8113] The mutual coupling between adiacent or non-adjacent resonators 258 may
be increased or reduced by the relative orientation of the stalks 252 of the resonators 256,
This allows g filter designer to readily adjust the amount of coupling between both adjacent
and non-adjacent resonators 288 in order to achieve a desired frequency response. Thus, the
filter 208 may be designed to have frequency responses similar to that of conventional malti-
cavity resonant cavity filters using a tubular metallic hou‘sing that only has g single cavity.
The use of a single cavity may reduce the size, complexity and cost of the filter.

{0114} In order to achieve a desired frequency response in a {ilter having, for
example, three resonators, i may be necessary to control the coupling between (1) the first
resonator and the second resonator, (2) the second resonator and the third resonator and (3)
the first resonator and the third resonator. In conventional in-line filters, the coupling
between the first and third resonators is very weak and there is often Httle that can be done to
effect this coupling. The filters according to embodiments of the present invention provide
an exira degree of freedom as much stronger, and controllable, coupling may be achieved
between the first and third resonators

{0115] The filter 208 way be a bandstop filter that has a passband from 906.8 MHz
1o 960 Mitz and a stop-band between 880-890 MMz, Rejection in the stop~band may be &
minimum of 40 dB with a typical minimum rejection of 42 dB. Such a {ilter may be used to
remove an interfering signal that might otherwise be present. The filter 280 may have a
fength (excluding the connectors 228) of about 125 nmym and a dlameter of about 35 mm. Itis
anticipated that the filter 200 may weigh less than 0.5 kg,

[0116] FIG. %A is a graph {llusirating the simulated frequency response (curve 268)
and retorn loss {curve 262) for & simple model of the filter 208, As shown in FI1G. 84, the
frequency response for filter 280 exhibits a deep null in the vicinity of 880-890 MHz, having
a minimum atfenuation of at least 42 dB in this frequency range. The response of filter 208
recovers quickly, and the attenuation is less than 0.5 dB at frequencies above 905 MHz,
Thus, the filter 200 may be used to remove an interfering signal that is very close fo the pass
band (15 MMz away), The measured Qu factor for the resonators 250 is between about 1500

and 1800, with a value of 1600 being typical. The higher the Qu value for a resonator the
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lower the expected insertion loss. The Qu factors for the resonators 258 approach the Qu
values expected with a standard air-filled coaxial resonator.

{01171 The return loss refers to the power incident on a port of filter 260 that is
reflected back due to a discontinuity or impedance mismatch, As shown by curve 262 in
FIG. 24, almost all of the power in the 880-890 MHz range is reflected back, while the
return {oss is loss than -20 dB throughout the pass-band of the filier 268,

{0118] KIG. 9B is g graph illustrating the simulated frequency response (curve 264)
and return foss {curve 266) of a three-dimensional electromagnetic model of the filter 288,
As shown in FIG. 98, the frequency response and retorn loss are similar to the frequency
response and return loss shown in FIG. 9A. Rejection in the stop band exceeds for filter 206
exhibitz a deep null in the vicinity of 880-890 MHz, having a minimum attenuation of at least
43 dB in this frequency range. Cuorve 264 shows that in the pass-band the attenuation is less
than 0.4 dB.

[0119] FEGS. 18A-10C and 11 iHustrate the tonability of the filter 20¢ to operate at
different resonant frequencies as well as the effect that tuning the filter 280 hag on the
coupling bandwidth of the filter 288, In particular, FIG. 1BA s a perspective view and an
enlarged cross-sectional view of a longiindinal scpment of the filter 266 (with the metallic
housing 218 removed) that show how the arms 254 of the resonators 258 may be bent
inwardly o tune the filter 200. FIG. 10B is a graph illustraling the response of a single
resonator 250 of the filter 208, FYE. 16C is a graph illustrating the effect of the gap between
the arm 254 of the resonator 250 and the transmission line 240 on the coupling bandwidth
and resonant frequency, Finally, FIG. 11 is a graph that shows the sinndated tunability of the
resonant frequency for a filier that is similar to the filter 200 as a function of the amount of
movement of the resonator arms 254

[8128] Referring fivst to FIG. 104, 1t can be seen in the cross-sectional view that the
arm 254 of the resonator 250 extends over both the transmission line segment 242 and the
capacitive coupling section 244 of the transmission line 240. An optional spacer 256 may be
provided that spaces the anm 254 apart from the underlying transmission line segment 242.
The top portion of the spacer 286 may be used to space the arm 254 apart from the inner
surface of the tubular metallic housing 219, as discussed above The spacers 356 may also
space the resonator arms 254 apart from the transmission line 248, In some embodiments,
the arm 254 may directly contact the transmission line 248, Typically, the amount of
coupling between the transmission Hine 240 and the resonator 284 should be within a certain

range that is sufficient to provide proper filter operation without exceeding the power
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handling requirements of the filter. The transmission line 248 may include the capacitive
coupling section 244 in some embodiments in order to achieve a desired minimum level of
coupling while also keeping a reasonable amount of separation between the transmission Hne
240 and the resonators 256, In an example embodiment, the arm 254 may be nominally
spaced apart from the tubular diclectric frame 238 by 1 mm and may be nominally spaced
apart from the transmission Hpe segment 242 and capacitive coupling section 244 by 0.8 mm.
The lower portion of the spacer 286 may space the arm 254 apart from the tubular dielectric
frame 238 and the transmission line 246 by these nominal distances.

{0121} Referring to FIG, 8B, plastic tuning screws 214 may be provided that extend
through threaded apertures in the tubular metallic housing 218, Three example tuning screws
214 are depicted In FIG, 88, but it will be appreciated from the following discussion that
four tuning screws 214 may be provided for each resonator 250, FHachoarm 284 has first and
second end portions, and tuning screw 214 may be positioned above a respective end portion
of an arm 284, The arrow labelled 234' in FIG, 18A illustrates an example location fora
tuning screw 214 that is configured {0 operate on a first end portion of a first arm 254 of a
resonator 28¢. The tuning screw 214 may be used to push the end portion of the resonator
arm 254 inwardly closer to the underlying capacitive coupling segment 244 of the
{ransmission line 240 to increase the amount of capacitive coupling between the resonator
arm 254 and the transmission line 248,

101221 FIGS. 168, H0C and 11 illustrate the impact of moving the resonator arm
254 closer to the fransmission line 248 on both the resonant frequency and the coupling
bandwidth of the filter 260, In particelar, FIG. 108 shows the frequency response {curve
278) and return loss {curve 272) of one of the resonators 258 coupled to the transmission line
246, The coupling bandwidth may be defined as the bandwidth of the frequency response at ~
16 dB. FIG. 168 is {or the case where the resonator arma 254 are all in their nominal
positions. As shown, in this position, the coupling bandwidih is about 6.5 MHz, FIG, 18C 15
a graph showing the -10.dB coupling bandwidth and the resonant frequency of the filter 269
as a function of the minimum distance between the resonator arms 284 and the underiying
transmission lines 248. A minimuom distance (gap) of 0.2 mm was assumed to ensure that the
arms 254 do not physically contact the transmission Hne 248, As shown in FIG. 18C the
coupling bandwidth varies from about 6-20 MHz depending upon the size of the gap. The

resonant frequency varies from between about 842 Mz to about 870 MHz over this tuning

range.
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101231 FIG, 11 iHustrates the simulated change in the resonant frequency as a
function of the amount that the end portions of the resonator grms 254 of one of the
resonators 258 are displaced. In this simulation, the filter was modelled as having a tubular
metailic housing having a diameter of 29 mm and & fength of 30 mm with a transmission Hue
248 and a single resonator 250 mounted thereon. The nominal spacing of the resonator 258
from the trapsmission line 240 was 1 mm, which resulied in a resonant frequency of 951
MHz, Bach resonator 234 has two arms, and each arm has two end portions. Thus, a totsl of

<

four arm end portions may be displaced inwardly. The more that each arm 254 is displaced,
and the greater the nwnber of arm end portions that are displaced, the greater the range to
which the resonant frequency of the filter 208 may be tuned.

{01241 As shown by curve 288 in FIG. 11, by displacing one end portion of the
resonator arm 284 inwardly the resonant freguency of the filter 200 can be increased. If the
arm is displaced 1.0 mm (note that in filter 208 the resonator arms 2584 are separated from the
tubular dielectric frame 238 by 1.0 mum), the resonant frequency changes by nearly 4%
{which for a resonant frequency of 951 MHz, is a change of almost 40 MHz), The amount of

change may be increased by displacing more than one end portion of the arms 284 inwardly.
When both end portions of one of the resonator arms 254 are displaced inwardly, the
maximum change in the resonant frequency increases to about 7%. The resonant frequency
may be adjusted even further by displacing the end portions on both arms 254 of resonator
250 inwardly. When all four end portions are displaced, the resonant frequency may be taned
by about 16%, or over 150 MHz. FIG. 11 also illustrates the amount of funing that may be
achieved when the end portions of the resonator arms 284 are displaced less than the full 1.0
mm. I the embodiment of FIGS, 8A-8K, the transmission line 248 extends undet one of the
end portions of one of the arms 234 of each resonator 256, Thus, one end portion of one arm
234 may be used to tune the coupling between each resonator 258 and the transmission line
248 and the remaining three arms 254 may be used to tune the resonant frequency.

[0125] As noted shove, in some embodiments half-wavelength resonators 258 may
be used in the filter 208. It will be appreciated that other types of resonators may be used in
other embodiments. For example, quarter-wavelength resonators may be used in other
embodiments. When quarter-wavelength resongtors are used, one end of the resonator may
be electrically connected to the puter metallic housing.

{0126] When half-wavelength resonators 258 are used, both ends of the resonator
258 may be clectrically floating. The resonators 250 may be formed of metal or may include

metal. The resonators 250 may be made very comnpact by designing the resonators 288 to

oy
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have strong capacitive loading at one or both ends. This may be accomplished, for example,
by destgning the arms 254 to have a large surface area.

{0127} The resongtors 250 may held in place in the tubular metallic housing 218
using, for example, small plastic serews. In some embodiments, the arms 254 may be formed
of a resilient metal and the spring effect of the resilient metal arms 254 may be used to hold
the resonators 258 in their desired positions.

{0128} The angular orientation of each resonator 234 may be defined by the
orientation of the statk 2582 thereof, The mutual angle defined between the stalks 252 of two

1

resonators 280 may be defined as the angle between their orientations. A wide range of
coupling values may be achieved by varying the distance and the muiual angle between two
resonators. This is shown graphically in FEG, 12, which 15 a gragh of the simulated amount
of coupling between adjacent resonators 280 as a function of the relative rotation of the stalks
252 thereof and the spacing {in millimetres) between resonators 258, Notably, as shown in
FIG. 12, at a mutual angle of 90 degrees, the coupling between adjacent resonators 258 i
zero. As shown in FIG. 12, by varying the distance between resonators and the angolar
orientations of the resonators 256 a wide variety of different coupling values may be
achieved, As such, a filter designer can readily design filfers having a wide variety of desired
frequency responses.

[0129] While the transmission line 240 is shown as being formed on the outside of
the tubular dielectric frame 230 in the figures, it will be appreciated that in other
cmbodiments, the transmission line 248 may be formed on the {nner surface of the tubular
dielectric frame 236, In such embodiments, the tubudlar diclectric frame 230 may comprise
the dielectric between the arms 254 of the resonators and the capacitive coupling sections 244
of the fransmission line 2490.

[3136] While the in-line filter 200 is a bandstop filter, pursuant to further
embodiments of the present invention in-line bandpass filters may be provided. The
bandpass filters may or may not be designed to include transmission zeros. FIG. 13 152
schematic, shadow perspective view of a bandpass filter 388 according to embodiments of the
p}*esem invention. As can be seen, the bandpass fiiter 380, may be similar to the bandstop

Ffiiter 286, but the transmission line 240 that is included in filter 268 may be omitted in filter
366, Inthe bandpass filter 304, the distances between adjacent resonators 258 and the
otientation angles of the resonators 256 may be sclected to have constant, non-resonant
couplings between resonators 256, While not shown in FIG. 13, the center conductor of an

input connector may be galvanically connected to the stalk 282 of the first resonator 2503
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and the center conductor of an output connector may be galvanically connected to the stalk
252 of the first resonator 258-3, The filter 368 can achieve these non-resonant couplings
without the need for any additional distributed coupling elements, which may allow the {ilter
380 to be smaller and simpler to manufacture than conventional bandpass filters. The
bandpass filter 300 may have a narrow to moderate bandwidth, While FIG. 13 illustrates a
bandpass filter 380 that is implemented using halfowavelength resonators 288, it will be
appreciated that in other embodiments quarter-wavelength resonators may be used instead. It
will glso be appreciated that the separation between the resonators 250 and the orientation

angles of the respective resonators 256 may be selected to include trangraission zeros in the
filter response in some embodiments.

{0131] FIGS. 14A-148 are a perspective view and a top view, respectively, of a
resonator 436 according to further exabodiments of the present invention, The resonator 456
could be used, for example, in place of the resonators 238 in the filter 268 or the filer 386

101321 As shown in FIGS, 14A-14B, the resonator 458 has a stalk 452 and a pair of
arms 454, In some embodiments, the resonator 458 may comprise a unttary, monolithic
member that may be punched or cut from a piece of sheet metal and formed into the shape
shown in FIGS, 14A-148. In some embodiments, the resonator 438 may be formed of a
resilient metal such as, for example, bervilinm-copper or phosphor-bronze.

{0133} The stalk 452 may comprise a straight, relatively thin member. The stalk 482
may have a rectangular shape in some embodiments and may have first and second opposed
end portions. Fach arm 454 may extend from g respective end portion of the stalk 452, Each
arm 484 may have an are shape. In some embodiments, the arc defined by each arm 454 may
have a substantially constant rading, The resonator 458 may be a half~wavelength resonator,
and may be electrically floating when used in filters according to embodiments of the present
invention. As noted above, three of the resonators 458 could be used in place of the three
resonators 230 to form in-line filters.

[8134] As discussed above, filters according to embodiments of the present
invention may also be implemented using quarter-wavelength resonators, FI1G. 18A s
schematic perspective view of a quarter-wavelength resonator $56¢ according to further
embodiments of the present invention mounted in a tubular wetailic housing 510, ¥IG. 15B
is schematic perspective view of three of the resonators 358 mounted in the tubular filter

metallic housing 516,
{01351 As shown in FIGS, 15A-158, cach resonator 550 may include 2 stalk 552

and a capacitive loading element 554, The size of the capacitive loading element 334 may be
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proportional to a desired resonant frequeney for the filter that the resonators 858 are used in.
At higher frequencies, smaller heads 554 may be used or the head 554 may be omitted
altogether, Unlike the resonators 358 and 430 discussed above, which are floating, the sialk
582 of the resonators S50 may he physically and clectrically connected to the tubular metallic
housing 818, The capacitive loading element 584 may be spaced apart from the tubular
metallic housing 518, The capacitive loading slement 554 may be capacitively coupled to &
transmission line of the filter in some embodiments. The quarter-wavelength resonators 556
may be more compagt than the half~wavelength resonators discussed above, and hence may
tacilitate reducing the overall size of the filter.

[6136] FIG. 16 1s a perspective view of g filter 688 according to further
embodiments of the present invention. The filter 608 is g bandstop filter and is somewhat
similar to the bandstop filter 200 that is described gbove. Accordingly, the deseription that
follows will focus primarily on the differences between the filters 608 and 268,

{1137] Asshown in FIG. 18, the filter 668 includes a wubular metallic frame 218 and
a plurality of resonators 258. The filter 608 includes a helical transmission line 648 that is
disposed inside the tubular metallic housing 288, In the filter 686, the tubular dielectric
frame 230 that is included in filter 280 may be omitted. The helical transmission Hne $48

may define a cylinder that has a diameter that 15 approximately the same as the dismeter of
the circle defined by the arms 254 of the resonators 258, The helical transmission line 640
includes connecting segments 642 and capacitive coupling scgments 644 that pass underneath
arms 254 of the respective resonators 256, While not shown in FIG. 16, the helical
transmission line 646 may include spacers that are similar or identical to the spacers 256
inchuded 1n the resonators 258 in order Lo ensure that the transmission Hine 648 does not
contact the tubular metallic housing 218,

{138] As discussed above with reference to FI1G. 7, in some embodiments of the
present invention, the filters discussed herein may be integrated into a patch cord such as a
coaxial patch cord. FIGS. 17A-178 illustrate various agpects of a patch cord 780 that
includes an in-ling filter according to embodiments of the present invention integrated
therein. As shown in FIG, 174, the patch cord 788 includes first and second coaxial cable
segments 718-1 718-2. FIG, 178 s a schematic perspeetive view, partially cut-away view of
one of the coaxial cable segments 718 that tlustrates the components thereof in greater detail,
As shown in FIG. 178, each coaxial cable segment 716 may have an inner conductor 712
that is surrounded by a diclectric spacer 714, A tape (not shown) may be bonded to the

outside surface of the dielectric spacer 714, An outer conductor in the form of, for examyple,
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a metaliic electrical shield 716 surrounds the inner conductor 712, dielectric spacer 734 and
any tape. The elecirical shield 716 serves as an outer conductor of the coaxial cable 718,
Finally, a eable jacket 718 surrounds the clectrical shield 716 to complete the coaxial cable
716,

{0139} Referring again to FIG. 174, a first coaxial connector 726-3 may be
provided on one end coaxial cable sepment 718-1 and an inline filter 738 according to
embodiments of the present invention may be connected to the other end of coaxial cable
segment 7181, Likcwise, a second coaxial connector 726-2 may be provided on one end
coaxial cable segment 718-2 and the inline filer 738 may be connected to the other end of
coaxial cable segment 7THI2. The filter 73¢ may comprise, for example, a bandstop filier, a
bandpass {ilter or the like. 1f the filier includes a transmission line {e.g., transmission Hue
248 of filter 200), one end of the transmission line may be connecied to the inner conductor
712 of coaxial cable segment 718-1 and the other end of the transmission hne may be
connected to the inner conductor 712 of coaxial cable segment 718-2. The electrical shield
716 of each coaxial cable segment 718 may be electrically connected to the tubular metallic
housing {e.g., tubular metallic housing 218 of filter 288) of the filier 736,

{03148]  As shown in FIG. 17, in some embodiments the cable segment 716-2 may
be omitted and the filter 730 may be coupled directly to coaxial connector 724-2 to provide a
patch cord 7087,

{0141} 'The filters according to embodiments of the present invention ave suitable for
use in cellular communications systems. In some embodiments, the fillers may be used to

implement various of the filters that are included in a cellular base station.

{01421 FIG. 18 is a highly simplified, schematic diagram: that ilustrates a
conventional cellular base station 818, As shown in FEG. 18, the cellular base station §10
includes an amenna tower 838 that has several antennas 832 mounted thereon, A plurality of
baschand units 822 (only one is shown in FIG, 18) arc located at the bottom of the tower 838
and may be in communication with a backhaul communications system 828 A plurality of
remate radio heads 824 are mounted on the antenna tower 830 proximate the respective
antennas 832, Typteally, two or three remote radio heads 824 may be provided per antenna
832, although only three remote radio heads 824 are shown in FIG. 18 to simplify the
drawing, Fiber optic cables 834 connect each bascband unit 822 to a respective one of the
remote radio heads 824, Coaxial patch cords 836 are used to connect the remote radio heads
824 to the antennas 832,

{6143}  The antennas 832 are often configured to support multiple types of cellular

e
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service. For example, 2 common configuration is for an antenna 832 to have a first lineay
array of radiating elements that supports a cellular service that transmiis in a first (e.g., low)
frequency band and a second linear array of radiating elements that supports a cellular service
that transmits in a second (e.g., high) frequency band, Moreover, in some cases, one or both
of the first or second linear arrays of radiating elements may be used to support two different
types of service.

0144} FIG, 19A-19C are schematic block diagrams that iustrate several types of
filters that may be included on the antenna tower 838 of the cellular base station §18& of FIG.
18. As noted above, base station antenna 832 may support several different types of celiuvlar
service, As shown in FIG. 194, the base station antenna 832 has three linear arrays 858-1,
830-2, 830-3 of radiating elements 852, Linear array 836-1 15 an array of so-called "low-
band" radiating elements that are designed o transmit and receive signals tn lower frequency
bands while linear arrays 886-2, 850-3 are arrays of so-called "high-band" radiating elements
that are designed to transimit and receive signals in higher frequency bands. Three remote
radio heads 824-1, 824-2, B24-3 are used to transmit and receive signals through the antenna
832. The first remote radio head 824-1 transmits and receives signals in a first frequency
band via the low-band array 836-1 of radiating elements 852, the second remote radio head
§24-2 transmits and receives signals in a second frequency band via the low-band array 8§30-1
of radiating elements 852, and the third remote radio head 824-3 transmits and receives
signals in e third frequency band via the high-band arrays 858-2, 858-3 of radiating elements
832, A diplexer 868 is provided that connects the first remote radio head 824-1 and the
second remote radio head §24-2 to the low-band array 856~1 of radiating elements 882,

{81458] A "diplexer” refers to a weil-known type of three~port filter assembly that is
nsed {0 connect first and second devices (here remote radio heads 824-~1, 824-2) that operate
in respective first and second, non-overlapping frequency bands to a common device (here
linear array 850-1). The diplexcr 868 isolates the RF transmission paths to the first and
second remote radio heads 824-1, 824-2 from each other while allowing both RF
transmission paths access to the radiating elements 882 of linear array 850-1. The diplexer
860 may be implemented as a pair of bandpass filters that are electrically connected to each
other at a "common” port. Each bandpass filier may be designed to pass signals ina
respective one of the first and second frequency bands and to not pass signals in the other of
{he respective frequency bands. The diplexer 868 may be implemented as a pair of bandpass
{ilters according to embodiments of the present invention that share a common port.

10146] Inaddition to diplexers, various other filters are routinely used in cellular
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applications. For example, duplexers are used on most if not all cellular base station antennas
to allow the transmit and receive port of each radio (e.g., remote radio head 824) {o share the
same radiating clements. A duplexer is g three-port filter that is similar to a diplexer, except
that the transmit and receive frequency ranges are typically located closer together than the
frequency bands for two different cellular services, and hence duplexers typically are more
expensive, higher performance devices that can provide high amounts of isolation between
closely separated frequency bands. Typically, duplexers are provided within the antennas
832, although thev need not be. As shown in FIG, 198, the filters according to embodiments
of the present invention may be used to implement duplexers 878 for cellular base stations.

10147} Another type of flter used in cellular base stations 18 a smart-bias tee. Smart
bias tees are most typically used in base stations where the radios are located at the bottom of
the antenna fower and the RF signals from the radios are carried to the anlennas over an RP
trunk cable. As shown in FI1G. 19C, a trunk cable 880 may be used to carry both the RF
signals and fow frequency control signals and/or DC power signals up an antenna tower to an
antenna 832, The runk cable 890 may be connected to a smart bias tee 888, The smart bias
tee B8E may inchude filters that separate the DC power and low frequency control signals
from the RF signals. A first output of the smart bias tee 888 provides the DT power and low
frequency control signals to a controV/power port on the antenna 832, and a second output of
the smart bias tee 888 provides the RF signals to an RF port of the antenna 832,

{0148] Pursvant to still further embodiments of the present invention, the above-
described filters may be implemented as modular filters that can be fabricated froma
plurality of building block units. For exampie, instead of having a one piece tubular metallic
housing that includes a plurality of vesonators therein, the filter may instead be formed from a
plurality of resonator rings, where cach resonator ring may include a resonator and a portion
of the tubular metallic housing. The resonator rings may be connected to each other using
threaded coupling rings. Input and oulput connector plates may also be provided that may
likewise be connected to the resonator rings using /0 coupling rings. The filter may be
fabricated by connecting ("stacking”) the desired number and types of resonator rings and
connector plates,

[6149] FIG. 2015 a perspective view of one such modular filter $80, FIG. 26 also
iHlusirates example implementations of the basic building blocks of the filter 988, As shown
1t FYG. 20, the flter 900 is formed from a plurality of resonator rings 918, coupling rings
428, connector plates 938 and VO coupling rings 946, Hach resonator ving 918 may include a

metallic ring 912 that has a resonator 916 installed in the imertor thereof. The metallic ring
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912 may be externally threaded with two sets of threads 814, The resonator 916 may be
identical to any of the resonators according to embodiments of the present invention that are
discussed herein, and may be attached in the same manner that the above-deseribed
resonators are attached to (or otherwise mounted within} the above-discussed one-piece
tubular metallic housings according to embodiments of the present invention, Additional
example resonaiors that may be implemented in the resonator rings 996 are discussed below
with reference to FIGS, 21A-21D.

{6150] The coupling rings 926 may be metallic rings having internal threads 822, It
will be appreciated that the threads 914, 922 on the resonator rings 918 and the coupling rings
928 may be reversed in other embodiments, with the resonator rings 916 having internal
threads and the coupling rings 920 having external threads, or the resonator rings 918 and the
coupling rings 928 cach having one internal thread and one external thread, Tt will also be
appreciated that resonator rings 918 and/or coupling rings 928 may be provided that have
different longitudinal lengths so as to allow a modular mechanism to change the distance
between adjacent resonators 916 when fabricating a modular filter according to embodiments
of the present invention from basic building block units such as the building block units
Hlusirated in FIG. 20. It will also be appreciated that some resonator rings 910 may not have
aresonator 916 therein and may provide another way of modifying the spacing between
adjacent resonators 916,

(81511 A connector plaie 938 may be mounted on either end of the modular filter
960. The connector plate 930 may include & connector 932 for coupling fo an external
iransmission line such as a cable having & mating conncctor thereon (not shown). The
connector plate 938 may further include a coupling loop 334, With respect to the input to the
modular filter 988 (c.g., the connector 932 on the left hand side of FIG. 28), the coupling
loop 934 acts as an input coupling toep that transfers electromagnetic energy (.., an RF
signal) that is input at connector 932 to an adjacent resonator $16 within modular filter 9686,
With respect to the output of to the modular filter 906 {e.g., the connector #32 on the right
hand side of FIG. 28), the coupling loop 934 acts as an output coupling loop that transfers
electromagneiic energy from a resonator 916 adjacent the output of the filter 980 to the
output connector 932, The coupling loops 934 provide a convenient way for tuning the
amount of energy coupled from resonators 916 that are adjacent and that are not adjacent to
the coupling loop 934 simply by rotation of the orientation of the coupling loop 934 in order
to tune the response of the filter 900, It will be appreciated that the coupling loops 934 are

simiply one example embodiment of a mechanism for coupling an R signal between the
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input/output connectors 832 and the internal components of the filter 808, The coupling
between the connectors 932 and the resonators 816 may be capacitive, inductive and/or
galvanic.

{0152] The /O coupling rings %48 may be metallic rings that are similar to the
coupling rings 920, except that (a) the VO coupling rings #48¢ may only have one set of
internal threads 942 as opposed to two sets and (b) the VO coupling ring 948 further includes
a lip 944 that holds the connector plate 930 in place. It will be appreciated that the threads
914, 942 on the resonator rings $18 and the YO coupling rings 940 may be reversed in other
embodiments, with the resonator rings 8318 having internal threads and the O coupling rings
940 having external threads.

{31531 The modular filter 946 is a bandpass fler and henee tt does not have a
transmission line. In other embodiments, modular filters such as, for example, band stop
filters, may be provided that include a fransmission line. The fransmission line may be
implemented in a manner similar to that described above with respect to non-modular
embodiments of the present invention. For example, in the embodiment of FIGS. 8A-8K
above, a transmission line 248 is provided that s mounted on a tubular dielectric frame 230,
The modular filter 988 of FIG, 20 may be modified so that cach resonator ving 91¢ includes a
transmission line segruent {not shown) that is mounted on 8 tobular dielectric frame that is
mounted within the interior of the resonator ring 9318, internal to the arms of the resonators
916. The transmission line may be capacitively coupled to the arms of the resonator 816,
Each transmission line segment may be capacitively coupled to a transmission line segment
in an adjacent resonator ring 818 to form a transmission Hue through the filter to prvide, for
example, a band stop modular filter,

[0154] FIGS. 21A-21D illustrate a variety of different resonators that may be used
in the resonator rings 910 according to embodiments of the present invention. As shown in
FIGS. 21A-211, the vartous resonators may have the same diameter so thal resonator rings
918 including the various different types of resonators may be mixed and matched to provide
filiers having a wide variety of different responses at different frequencies. For example,
FIG. 21 A shows two different implementations for M2 Hoating resonators 950, 852, each of
which have been discussed above. In FIG. 20, the resonators rings %18 have resonators 916
that have the design of resonator 850 of FIG. 28, but it will be appreciated that resonators
952 could alternatively be used, or any other appropriate for A2 floating resonator,

[0188] FIG. 218 illustrates cross-sections of two A2 "interdigital” resonators 964,

$78 that may be used in other embodiments to implement the resonators #16. The interdigital
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resonators 964, $78 are coaxial resonators that have overlapping surfaces to provide large
amounts of coupling. As shown in FIG. 218, the &2 nterdigital resonator 968 is disposed
within the ring 912 of 8 resonator ring 918, The resonator 868 includes a pair of inner
conductors 862 and an outer conductor 964 that are separated by an annular insulating spacer
966. The inner conductors 962 are separated from each other by another spacer 868, One
cnd of each inner conductor 962 is connected to the resonator ring 912, while the outer
conductor 964 is spaced apart from the resonator ring 912 by the enlarped ends of the spacer
966, The A2 interdigital resonator 976 is similar {0 resonator 966, except that the resonator
976 inclodes g pair of annular outer conduetors 874 and a single inner conductor 972, A
spacer ¥76 separates the outer conductors 874 from the inner condastor 972, A pair of
spacers 978 space the taner conductor 972 apart from the resonator ring 812, One end of
each outer conductor #74 is connected to the resonator ring 912, while the inner conductor
¥72 does not galvanically connect to the resonator ring 912, Note that in each A/2 interdigital
resonator 968, 970 one of the conductors (inner or outer) is connected {o the resonator ring
912 at each end while the other conductor is isolated from the resonator ring 912,

{8186] FIG. 21C illustrates s 3/4 interdigital resonator 988 that may be used in other
erabodiments. In particudar, FIG. 21C includes a cross-sectional view of the interdigital
resonator 980 as well as a perspective view of a resonator ring 910 that includes the 34
interdigital resonator 988, The interdigital resonator 988 is also a coaxial resonator. As
shown in FIG. 21C, the M4 Interdigital resonator 988 is disposed within the ring 912 of a
resonator ring 910, The resonator 986 includes an inner conductor 482 and an outer
conductor 984 that are separated by an annular insulating spacer 986, The inner conductor
982 may be connected to the top portion of the resonator ving 912, while the cuter conductor
584 may be connected to the bottom side of the resonator ring 912,

{0187} FIG, 21D illustrates a 2/4 mushroom type resonator 998 that may be used in
still other embodiments. As shown in FYG. 2113, the resonator 996 includes a stalk 992 that
is galvanically connected to the resonator ring #12 and a pair of arms 984 extending from one
end of the stalk 992 that are capacitively coupied to the resongtor ring 9312,

{B158] Thus, FIGS. 214-210 show that a wide variety of different resonators may
be used in the modular filters according to embodiments of the present invention. It will also
be appreciated that these resonators may similarly be used in the non~modular embodimenis
of the present invention. Different resonator types may be mixed in the same filter in some
embodiments to provide a more flexible filter response.

[3159] FIG, 22 s a schematic diagram that illustrates how sets of three resonators

'
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may be designed to provide transmission zeros in the response of a bandpass moduolar filter
according to embodiments of the present invention. In particular, a first cwrve 1880 in FIG,
22 shows how three resonators oriented in a first “topology scheme” may be used fo provide a
transmission zero below the passband of the filter, and a second curve 1018 in FIG. 22 shows
how three resonators oriented in a secoud topelogy scheme may be used to provide a
transnission zero above the passband of the filter. The position of the transmission zeros in
the filter response graph of FIG, 22 may be controlled ‘by the mutual distance between
resonators, with the closer the resonators the close the transmission zero to the passband. In
FIG, 22, the mwow&@mcmmwmwmmwhwwmmﬂmﬁﬁmd&wwmﬁm
included in each resonator ring when viewed from above,

{0168] The filters according o embodiments of the present invention may provide a
mumber of advantages over conventional filler assemblics. As discussed above, the filters
may be smaller and lighter than conventional filters. This may be a significant advantage
with respect to tower mounted equipment, as it is typieally desirable to reduce or minimize
both the weight (because of tower load requirements) and size (because of wind loading and
local zoning ordinances) of tower mounted equipment. The filters may also be easier and
cheaper to manufacture than conventional filters,

{81611 Additionally, as noted above, the filters according to embodiments of the
present invention may be inteprated into cables (e.g., coaxial cables) or implemented as in~
line components that effectively comprise an extension on the end of a cable. ln these
embodiments the diameter (or other cross-section) of the tubular filter may be on the order of

the diameter of the cable In some cases. For example, for a 1 GHz filter the diameter of the
tubular filter may be slightly larger than the diameter of the cable. By way of example, a
filter with a passband somewhere in the 700-1000 MHz frequency range might have a
diameter on the order of | inch or a little more. A 2 GHz filter may have a diameter that is
about the same as the diameter of the cable. Filters that operate at higher frequencies may
have diameters that are smaller than the diameter of the cable. When implemented as an in-
line filter, the filter may simply be mounted on a connector of the antenna or the radio so that
the connection between the antenna and the radio comprises the combination of one cable and
the filter. In such embodiments, the filter may have a male connector on one end and a
female connector on the other end to facilitate this connection. In embodiments where the
filter is integrated into the cable, the cable may have the same type of conmector on each end

thereof.
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{0162} In many wireless applications, installers may impose a separate charge for
cach item of equipment mounted on an antenna tower or other structure. The tubular filters
according to embodiments of the present invention may be integrated into, or hang in-line
from, cabling comnections. As such, the filters may be implemented patside of the antenna
without requiring separate mounting and without resulting in additional bulky and/or
unsightly equipment boxes being mounted separate from the amtennas on the tower,

10163 While embodiments of the present tnvention have primarily been described
above with reference to filters for cellular communications systems, it will be appreciated that
the filters according to embodiments of the present invention may be used in a wide range of
RF communications systems and that the invention is not limited n any way to cellular
applications. Likewise, it will be appreciated that the filters also have application for
commuunications systems other than RF communications systems. As an example, the filters
disclosed herein may also be designed for use in nuicrowave communications systems,

{6164] The present invention has been described above with reference to the
accompanying drawings, in which certain embodiments of the invention are shown, This
mvention may, however, be embodied in many different forms and shoulfd not be construed
as Hmited to the embodiments set forth herein; rather, these embodiments are provided so that
this disclosure will be thorough and complete, and will fully convey the scope of the
jnvention to those skilled in the art.

{8165] Unless otherwise defined, all technical and scientific terms used herein have
the same meaning as commonly understood by one of erdinary skill in the art to which this
mnvention belongs, The terminology used in the description of the invention herein is for the
purpose of deseribing particular embodiments only and is not intended to be Hmiting of the
invention. As used in the description of the invention and the appended claims, the singular
forms "a", "an" and "the” are intended to include the plural forms as well, unless the context
clearly indicates otherwise. [t will also be understood that when an element {(e.g., a device,
circuit, ete.) is referred {o as being "connected” or "coupled” to another element, it can be
directly connected or coupled to the other eloement or intervening elements may be present.
In contrast, when an element is referred to as being "directly connected” or “directly coupled”
to gnother clement, there are no intervening elements present.

{8166] In the drawings and specification, there have been disclosed typical
embodiments of the invention and, although specific terms are employed, they are used in a
generie and deseriptive sense only and not for purposes of Hmitation, the scope of the

invention being set forth in the following claims.
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THAT WHICH IS CLAIMED IS:

1. An in-line filter, comprising:

a tubular metallic housing defining a single inner cavity that extends along a
longitudinal axis; and

a plurality of resonators that are spaced apart along the longitudingl axis within the
single inner cavity, each resonator having a conductive stalk oriented transverse o the
longitudinal axis,

wherein the stalks of first and second of the resonators that are adjacent each other are

rotated to have different anpuiar orientations about the longitudinal axis.

2, The in-line filter of Claim 1, wherein each resonator inchudes a first capacitive

foading element that extends from a first end portion of the stalk of the respective resonator.

3. The in-line filter of Claim 2, wherein the first capacitive loading element

comptises a first arc-shaped armu.

4, The in-line filter of Clabm 3, wherein cach resonator comprises a seeond arc-
shaped arm that extends from a second end portion of the stalk that is opposite the first end

portion.

5. The in-line filter of any of Claims 1-4, further comprising a fransmission line
that extends between at least two of the resonators, each of the at least two resonators

capacitively coupled fo the transmission Hne.

6. The in-line filter of Claim 5, further comprising an input connector and an

output connector that are coupled to the tubular metailic housing.

7. The in-line filier of Claim 6, wherein the transmission line electrically

connects the input connector to the output connector.

8. The in-line filter of Claim 1, further comprising a tubular dielectric frame
within the tubular metallic housing and a transmission line that extends between at least two
of the resonators, cach of the at least two resonators capacitively coupled io the transmission

{ine, wherein the transmission line is on an outer surface of the tubular dielectric frame.

o

9, The in-Hine filter of Claim 8, wherein each resonator ineludes a §irst arc-
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shaped capacitive loading element that extends from a first end portion of the stalk of the
resonator, and wherein the stalks of the resonators extend through the tubular dielectric frame
and the first arc-shaped capacitive loading elements are on the outer surface of the tubular
dielectric frame, with the transmission line positioned between each first arc-shaped

capacitive loading element and the tubular dielectric frame.

10, The in-line filter of Claim 9, further comprising a tuning element that is
confipured to bend the first arc-shaped capacitive loading element of the first resonator closer

5

1o the transmission line.

11, The in-line filter of any of Claims 1-10, wherein the tubular metallic housing

is gronnded, and wherein cach resonator is electrically floating.

12. The in-line filter of Claim 4, wherein gach resonator further includes a
plurality of spacers that space the first and second arc-shaped arms apart from an inner

surface of the tebular metatlic housing.

13, The in-line filter of any of Claims 12, wherein the resonators include at least a
first resonator, a second resonator that is adjacent the first resonator, and a third resonator that
is adjacent the second resonator, wherein the stalks of the first and third resonators have

substantially the same angular orientation,

i4, The in-line filter of Claim 13, wherein the statk of the second resonator is
rotated to have an angular orientation that is offsct by approximately ninety degrees from the

angular orientations of the stalks of the first and third resonators,

15, Thein-line filter of any of Claims 1-13, wherein the tubular metallic honsing

has a substantially cirealar cross-section.
16,  The in-hae filter of Claim 5, whercin the filter comprises a bandstop filter.

17.  The in-line filter of any of Claims 15, wherein the filter comprises a bandpass
filter, and the filter does not include any distributed coupling elements for coupling between

non-adjacent resonators.

18, A filter comprising

an electrically grounded tubular metallic housing defining a single inner cavity;
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a pluratity of elecirically floating resonators that are disposed in a spaced-apan
arrangement within the single inney cavity; and
a transmission line that extends from an input to an cutput of the filier, the

transmission line capacitively coupled to at least some of the resonators,

19, The filter of Claim 18, wherein each resonator includes a stalk and a first

capacitive loading element that extends from an end portion of the stalk.

28, The filter of Claim 19, whereln each first capaciiive loading element

comprises a first arc-shaped arm.

21, The filter of Claim 20, wherein gach resonator comprises a second arc-shaped

arm that extends from a second end portion of the stalk that is opposite the first end portion.

22, The §ilter of Claim 19, wherein the transmission line is capacitively coupled

to the first capacitive loading element of each of the resonators.

23, The filter of any of Claims 18-22, further comprising an input coaxial

onnector and an output coaxial connector that are coupled to the tubular metallic housing.

24, The filter of Claim 23, wherein the transmission line electrically connects an

inner conductor of the input connector to an inner conductor of the output connector.

25, The filter of Claim 21, further comprising a tubular diglectric frame within the
tubular metallic housing, wherein the transmission line is on an outer surface of the tubular
diclectrie frame and wherein the stalk of each resonator extends through the tuhalar diclectrie
frame and the first and seccond arc-shaped arms gre on the outer surface of the tubular
dielectric frame, with the transmission line positioped between each first arc-shaped arm and

the tnbular dislectric frame.

26, The filter of Claim 21, wherein each resonator further includes a plurality of
spacers that space the first and second arc-shaped arms apart from an inner surface of the

tubular metaliic housing.

27, The filter of Claim 19, wherein the resonators inclode at least a first resonator,
a second resonator that is adjacent the first resonatoer and a third resonator that is adjacent the

second resonator, wherein the stalks of the first and second resongtors are rotated to have



WO 2018/017337 PCT/US2017/041012
different angular orientations.

28, The filter of Claim 27, whereln the first and third resonators have substantially

the same anguiar orientations.

28, The filter of any of Claims 18-28, wherein the tubular metaliic housing has a

substantially circular erogs-section.

30, A coaxial patch cord, comprising:

a coaxial cable that includes;
an inner conduetor;
an outer conductor that eircumferentially surrounds the inmer conductor;
a dielectric space between the inner conductor and the outer conductor;
a jacket surrounding the outer conductor;

g first coaxial connector on a fivst end of the coaxial cable;

a second coaxial connector;

an in-line filter coupled between the coaxial cable and the second coaxial connector.

31. The coaxial patch cord of Claim 30, wherein the in-line filter comprise

a tubular metallic housing defining a single inner cavity that extends along a
longitudinal axis; and

a plorality of resonators that are spaced apart along the longitudinal axis within the
single inner cavity, each resonator having a stalk,

wherein the stalks of first and second of the resonators that are adjacent each other are

rotated to have different angular orfentations.

32, The coaxial patch cord of Claim 31, wherein each resonator includes a first

capacitive loading element that extends from a first end portion of the stalk.

33, The coaxial patch cord of Claim 32, wherein each first arm comprises a {irst
arc~-shaped arm, and wherein each resonator further comprises a second arc-shaped arm that

extends from a second end portion of the stalk that is opposite the first end portion.

34, The coaxial patch cord of Clatm 32, the in-line filter further includes a
transmission lne that extends between at {east two of the resonators, each of the at least two

resonators capacitively coupled to the transmission line,
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L

3. The coaxial patch cord of Claim 34, the in-line filter further includes a tuning
element that is configored to bend the first capacitive loading element of a first of the

resonatars closer to the transmission line,

36.  Thecoaxial paich cord of Claim 34, the in-line filter further includes a tubular
diclectric frame within the tubular metallic housing, wherein the transmission ling is on an

outer surface of the wbular diclectrie frame.

37, The coaxial patch cord of Claim 36, wherein the stalk of each resonator
extends thwug.h the tobular dislectric frame and the {ivst capacitive loading elements are on
the outer surface of the tubnlar dielectric frame, with the transmission line positioned

between each first capacitive loading element and the tubular dielectric frame.

38. The coaxial patch cord of any of Claims 31-37, wherein the tubular metallic
3 ¥

housing is grounded, and wherein each resonator is electrically floating.

39, The coaxial patch cord of any of Claims 31-37, wherein the resonators include
at least a first resonator, a sceond resonator that is adjacent the first resonator and a third
resonator that is adjacent the second resonator, wherein the stalks of the first and third

resonators have substantially the same angular orientations.

40.  The coaxial patch cord of any of Clairos 31-37, wherein the tubslar metaliic

housing has a subsiantially circular cross-section,

41, The coaxial patch cord of Claim 30, wherein the in-line filter comprises:

an electrically grounded tubular metaliic housing defining a single inner cavity;

a plurality of electrically {loating resonators that are disposed in a spaced-apart
arrangement within the single inner cavity; and

& transmission line that extends from an input to an output of the filter, the

transmission line capacitively coupled to at least some of the resonators,

42, The coaxial patch cord of Claim 41, wherein cach resonator includes g stalk

and a first capacitive loading element.

43, The coaxial patch cord of Claim 42, wherein each first capacitive loading

clement comprises a {irst arg-shaped arm that extends from a first end portion of the stalk:

238
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44.  The coaxial patch cord of Claim 43, wherein each resonator comprises a
second arc-shaped arm that extends from a second end portion of the stalk that is opposite the

first end portion.

45, The coaxial patch cord of Claim 44, wherein the transmission ling is

capaciiively coupled to the first arc-shaped arm of each of the resonators.

46, The coaxial patch cord of Claim 45, the in-Hne filter fiether includes a tebular
dielectric frame within the tubular metallic bousing, wherein the ransmission line is on an
outer surface of the tubular dieleetric frame and wherein the stalk of each resonator extends
through the tubular dielectric frame and the first and second are-shaped arms are on the outer
surface of the tubular diclectric frame, with the transmission line positioned between each

fivst arc-shaped arm and the tubular dielectric frame.

47.  The coaxial patch cord of Claim 44, wherein each resonator further includes a
plurality of spacers that space the first and second arc-shaped arms apart from an inner

surface of the tubular metallic housing.

48.  The coaxial patch cord of Claim 41, wherein the resonators include at least a
first resonator, a second resonator that is adjacent the first resonator and a third resonator that
is adjacent the second resonator, wherein the stalks of the first and second resonators have
different angular orientations, and the stalks of the firsf and third resonators have

substantially the same anpular orientations,

49, An in-line filter, comprising:

a tubnlar metaliic housing defining a single inner cavity that extends along a
longitudinal axis;

a plurality of longitudinally spaced-apart resonators arranged within the single inner
cavity, each resonator including a stalk and at least one arm extending from an end portion of
the stalk;

wherein adjacent ones of the resonators have stalks that have respective angular
orieniations that exceed a first value while at least some of the non-adjacent ones of the

resonators have stalks that have angular orientations that are less than the first value,

50, Anin-line filter, comprising:

a first resonator ring and a second resonator ning that are connected together by a
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coupling ring, the first and second resonator rings including respective first and second

resonators.,

51, The in-line filter of Claim 50, further comprising a first connector plate on a

first end of the in-line filier and a seccond connector plate on 8 second end of the in-line filter,

1y

2, The in-line filter of Claim 1, wherein the first connector plate 15 connected 1o
the first resonator ring by a first VO coupling ring and the second connector plate is

commected to the second resonator ving by a second VO coupling ring.

53, The in-line fiter of Claim 52, wherein a fivst end of the VO coupling ring
includes threads and a second end of the /O coupling ring that is opposite the first end

includes an internally extending Hp.

54,  The in-Hne filter of Claim 50, wherein the coupling ring is threadably

connected o the first resonator ring and is threadably connected to the second resonator ring.

55, The in-line Sher of Claim 50, wherein the coupling ring comprises a first
coupling ring, the in-fine filter further comprising g third resonator ring and a second
coupling ring, wherein the second coupling ring connects the second resonator ving to the

third resonator ring.

38, The in-line filter of Claim 50, wherein each of the first and second resonator

rings inciudes a respective transmission line segment.

57.  The in-line filter of Claim 56, wherein the transmission Hne segment of the

first resonator ring is c-apacitivsiy coupled to the transmission line segment of the second

resonator ring.

58.  The in-line filter of Claim 50, wherein the first and second resonator rings and
the coupling ving define an inner cavity that extends along a longitudinal axis and the first
and second resonators are spaced apart along the longitudinal axis within the inner cavity,
each resonator having a conductive stalk oriented transverse to the longitudinal axis, wherein
the stalks of first and second of the resonators that are adjacent each other are rotated to have

different angular orlentations about the longitudinal axis.

N
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