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DESCRIPTION
TUNABLE FILTER SYSTEMS, DEVICES, AND METHODS

PRIORITY CLAIM
The present application claims the benefit of U.S. Provisional Patent
Application Serial No. 61/793,089, filed March 15, 2013, and U.S.
Provisional Patent Application Serial No. 61/859,621, filed July 29, 2013, the
disclosures of which are incorporated herein by reference in their entirety.

TECHNICAL FIELD
The subject matter disclosed herein relates generally to
electromagnetic tunable filters and methods for the fabrication thereof. More
particularly, the subject matter disclosed herein relates to systems, devices,
and methods for tunable filters that are configured to support multiple
frequency bands, such as within the field of cellular radio communication.

BACKGROUND

In modern handheld devices for cellular communication systems (e.g.
3GPP), there is a desire to support multiple frequency bands (e.g. 3GPP
LTE bands 7, 1, 2, 3, 8, 5, and 13). Due to limitations in technology and size
constraints, the support of multiple frequency bands has traditionally been
achieved using arrays of fixed frequency filters or duplex filters (e.g.,
dielectric coaxial resonator filters, SAW, BAW, FBAR) that are switched
between using semiconductor switches. As used herein, the term “filter”
should be understood as describing any hardware that generates a
frequency selective frequency response and can discriminate between
receive and transmit frequency response (e.g., greater than about 8 dB).
The use of such fixed frequency filters introduces a number of limitations,
however, in the design requirements of the system. For example, for each
band of operation, a new set of hardware will have to be introduced. These
additional hardware requirements result in the addition of filters and switches
when expanding band support, with each band filter occupying additional
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space in the system, and each throw of the multiplex switch adding loss to
the switch for each band filter.

In contrast, with recent technological development with respect to the
size and performance devices of electrically tunable single resonance and
multiresonance filters (e.g., RF MEMS, semiconductor-switched capacitor
arrays, BST), tunable filtering systems can be used to support multiple
frequency bands in a single system. Tunable systems exhibit their own
problems, though. Most notably, with respect to tunable single resonance
filters, the performance has not been satisfactory for some cellular systems
due to the loss of the tuning resonator and the associated tradeoff between
pass-band and stop-band attenuation. Conversely, tunable multiresonance
filters have also been reported to have problems in that they have not been
small enough, they have not had the power handling capability, or they were
too complex or unrepeatable for proper integration in hand-held cellular
equipment. As a result, the problem with tunable systems is to make it cost
effective and small while at the same time meeting system requirements
(e.9., 3GPP standards).

Furthermore, in addition to problems with the kinds of filter elements
used to support of multiple frequency bands, there have also been problems
with the interaction of transmitter and receiver elements in frequency division
duplexing systems, with transmitter and receiver elements operating
simultaneously at one or varying frequency separation. Specifically, for such
frequency division duplexing, a problem known as duplex seli-interference
arises from the high power of the transmitter challenging the linearity of the
receiver that can be setup with high gain to deal with comparatively low
power reception levels.

One way to deal with these problems can be to create a spatial
separation of receiver and transmitter antennas (i.e., systems where
transmitter and receiver have separate antennas so some duplex isolation is
created between the antennas), but such a configuration is not preferable in
all systems, particularly in systems where the receiver and transmitter

antennas cannot be physically spaced apart by significant distances.
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Locating the transmitter and receiver antennas in close proximity
introduces further equipment requirements and/or other considerations,
though. For instance, for co-location of transmitter and receiver (i.e., any
frequency division duplex system where the transmitter and receiver are
within a certain proximity such that there can be a radiated, board, or circuit-
born leakage path therebetween), a filter is required in the receive path that
primarily rejects the transmit frequency to avoid overstearing or suppress
intermodulation products in the receiver. For example, noich filtering at
transmitter frequency in the receiver chain can be used. Similarly, a filter is
required in the transmit branch that primarily rejects the transmitter noise at
the receive frequency. Likewise, for co-use of the same antenna for
transmitter and receiver (i.e., any system where receiver and transmitter use
the same antenna element for creating a radiation), a duplex filter can be
used.

In addition to providing isolation between transmission and reception
signals, another issue in frequency-domain duplexing for cellular
applications (e.g., LTE band application) is with bands that switch from
having the reception frequency higher than the transmission frequency to
having the reception frequency below the transmission frequency. For
example, the majority of 3GPP standard LTE frequency-domain duplexing
bands 1 to 25 have reception frequency above transmission frequency (i.e.,
positive duplex spacing), but bands 13,14, 20 and 24 have the reverse order
(i.e., negative duplex spacing) so that the reception frequency is below the
transmission frequency. Configuring a system to allow for operation using
both kinds of band spacing can further require yet additional filters and
switches.

Still another issue with the location of filters in present day’s phones is
that filters have had a design constraint on component height of less than
1mm so it could be placed together with RF transceiver integrated circuitry,
digital processing integrated circuitry, and multimedia processing integrated
circuitry.

In view of all of these problems and design considerations, it would be
desirable for systems, devices, and related methods to incorporate tunable
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filters that can tune over a wide frequency range and at the same time
minimize pass band attenuation and maximize stop band attenuation.
Furthermore, it would also be desirable for such filters to change the
characteristics of the filter to accommodate negative duplex spacing instead
of switching between different filter hardware.

SUMMARY

In accordance with this disclosure, systems, devices, and methods for
tunable filters that are configured to support multiple frequency bands, such
as within the field of cellular radio communication, are provided. In one
aspect, a tunable filter can include a first resonator and a second resonator
configured to block signals within one or more frequency ranges, and one or
more coupling element connected to both the first resonator and the second
resonator, the one or more coupling element being configured to provide low
insertion loss within a pass band.

In another aspect, a method for adjusting a tunable filter can include
connecting one or more coupling element between a first resonator and a
second resonator, wherein one or more of first resonator, the second
resonator, or the one or more coupling element is electrically tunable. The
method can further include selectively adjusting a tuning setting of the first
resonator and the second resonator to block signals within one or more
frequency ranges and selectively adjusting a tuning setting of the one or
more coupling element to provide low insertion loss within a pass band.

Although an aspect of the subject maiter disclosed herein have been
stated hereinabove, and which are achieved in whole or in part by the
presently disclosed subject matter, other aspects will become evident as the
description proceeds when taken in connection with the accompanying
drawings as best described hereinbelow.

BRIEF DESCRIPTION OF THE DRAWINGS
The features and advantages of the present subject matter will be
more readily understood from the following detailed description, which
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should be read in conjunction with the accompanying drawings that are
given merely by way of explanatory and non-limiting example, and in which:

Figures 1 through 8 each illustrate electrical schematics of
configurations of a tunable filter according to embodiments of the presently
disclosed subject matter;

Figures 9 through 15 each illustrate graphs of frequency responses of
a tunable filter according to embodiments of the presently disclosed subject
matter at a variety of tuning states;

Figure 16 is a graph of inductor Q vs. inductor diameter of a tunable
filter according to an embodiment of the presently disclosed subject matter;

Figure 17 is a graph of attenuation vs. inductor coil diameter of a
tunable filter according to an embodiment of the presently disclosed subject
matter;

Figure 18 is a smartphone floor plan according to an embodiment of
the presently disclosed subject matter;

Figure 19 illustrates schematic representations of antenna duplex
systems incorporating tunable filters according to embodiments of the
presently disclosed subject matter;

Figure 20 illustrates a schematic representation of an antenna
configuration incorporating a tunable filter according to an embodiment of
the presently disclosed subject matter;

Figure 21 illustrates a schematic representation of examples of
various base stations and communication links for use with a tunable filter
according to an embodiment of the presently disclosed subject matter; and

Figure 22 illustrates a schematic representation of an antenna duplex
system incorporating tunable filters according to an embodiment of the
presently disclosed subject matter.

DETAILED DESCRIPTION
The present subject matter provides systems, devices, and related
methods that use tunable filters that can tune over a wide frequency range
and at the same time minimize pass band attenuation and maximize stop

band attenuation. Such filter systems, devices, and methods can bring down
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the size of a tunable solution, make it more cost efficient, and at the same
time solve the issue of removing unwanted interference (e.g., from a
transmitter in the wireless communication terminal). As used herein the term
filter should be understood widely as any hardware that generates a
frequency selective frequency response and can discriminate between
receive and transmit frequency response (e.g., greater than about 8 dB).

Specifically, in one aspect, the present subject matter provides
tunable filter systems, devices, and methods in which multiple resonators
can be used to block signals within one or more frequency ranges.
Referring to Figure 1 for example, one configuration for a tunable filter,
generally designated 100, can include a first resonator, generally designated
110, and a second resonator, generally designated 120, connected between
a first port P1 and a second port P2. In particular, in the configuration shown
in Figure 1, first resonator 110 includes a first capacitive element 112
connected between first port P1 and a ground, and second resonator 120
includes a second capacitive element 122 and a second inductive element
124 (i.e., a two-terminal conductive element characterized by its ability to
store magnetic field energy by having a (varying) current running between its
terminals) connected in a series arrangement between second port P2 and a
ground.

The capacitive elements (e.g., first capacitive element 112 and
second capacitive element 122) can be electrically tunable capacitors.
Specifically, for example, the capacitive elements of the resonators can be
variable capacitors implemented using any of a variety of technologies (e.g.,
ferroelectric, paraelectric, MEMS, and/or solid-state technologies) such that
a variable and/or switchable capacitance (e.g., between about 0.7 and 1.1
pF) is achieved by varying an electric or magnetic field. Regardless of the
particular implementation of the capacitive elements, one terminal of the
variable capacitor (e.g., a high parasitic side) can be connected to the
terminal of the resonator that is connected to signal ground. In this
configuration, tunable filter 100 can provide a notch filter with low Q tunable
components that has adequate performance for cellular and wireless
systems. (See, e.g., Figures 2A, 3, and 4A) Alternatively, one terminal of the
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capacitor of each of the resonators can be connected to the terminal of the
resonator that is connected to the signal path (i.e., in communication with
one of first port P1 or second port P2). (See, e.g., Figures 2B and 4B) In this
configuration, an internal/direct connection can be provided in the capacitor
technology substrate, although this arrangement can make the resonators
more susceptible to a parasitic load from the capacitor parasitics.

The advantages of the configuration of tunable filter 100 can be
extended to include both a number of resonators (i.e., two or more)
discussed above as well as a number of coupling elements to combine the
advantages of a coupled resonator band reject filter comprising inductive
and capacitive elements. As illustrated in Figures 2A through 4B, for
example, tunable filter 100 can again comprise first resonator 110 and
second resonator 120. In particular, in each of these configurations, first
resonator 110 can include a series connection of one or more capacitive
element 112, which can be configured to couple an electric field, and one or
more inductive element 114, which can have a fixed inductance (e.g., about
44 nH), and which can be configured to resonate with capacitive element
112. Similarly, second resonator 120 can include a series connection of one
or more capacitive element 122 and one or more inductive element 124.

In addition to these components, however, in the configuration shown
in Figures 2A through 4B, tunable filter 100 can further comprise one or
more coupling element 130, which can provide low insertion loss (e.g., less
than about 5-7 dB) within a pass band. Coupling element 130 can be
provided in any of a variety of configurations, but with each case comprising
at least an impedance element with two terminals that is connected by a
conductive material to a signal node of both of first resonator 110 and
second resonator 120 so as to create coupling between the resonators.
Specifically, for example, with coupling element 130 in connection between
first resonator 110 and second resonator 120, a total pass band loss in
tunable filter 100 can be less than about 5-7 dB at the desired duplex
frequency (e.g., for a filter in a receive signal path, a pass band loss of less
than about 5-7 dB at the receive frequency). In addition, coupling element
130 can provide simultaneous conjugate impedance maiching to the
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impedance at first resonator 110 and at second resonator 120. Specifically,
by programming the impedance of coupling element 130, the frequency at
which the simultaneous conjugate match occurs can be altered, which can
thereby alter the frequency of the passband.

By changing the form of coupling element 130, the response of
tunable filter 100 can be adjusted as desired. Specifically, in some
embodiments, for example, the impedance element of coupling element 130
includes a capacitive element. In particular, the impedance element of
coupling element 130 can include a variable capacitor, with changes in the
capacitance (e.g., between about 0.7 and 2.8 pF) being achieved by varying
an electric or magnetic field (e.g. a MEMS capacitor). In contrast, in some
embodiments, the impedance element of coupling element 130 includes an
inductive element (i.e., characterized by its ability to store magnetic field
energy by having a (varying) current running between its terminals). In some
embodiments, the inductive element of coupling element 130 can have a
fixed inductance (e.g., about 20 nH). Alternatively or in addition, in some
embodiments, coupling element 130 can be a variable impedance element
configured for changing the coupling impedance by varying an electric or
magnetic field.

In the particular configuration shown in Figure 2A, for example,
coupling element 130 comprises a first coupling capacitive element 132
connected between first port P1 and second port P2. As shown in Figure 2B,
a coupling inductive element 134 can be provided in series with first coupling
capacitive element 132 between first port P1 and second port P2. In this
arrangement, a combined impedance response of the series connected
inductive and capacitive elements can in majority be equal to the impedance
response known from a series LC circuit and as such can have a low
impedance at resonance. Alternatively, the configuration shown in Figure 3
further comprises a second coupling capacitive element 133 connected in
parallel with first coupling capacitive element 132. In yet further alternative
arrangements, the configuration shown in Figures 4A and 4B include
coupling inductive element 134 connected in parallel with first coupling
capacitive element 132. In such a configuration, coupling element 130 can
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be have an impedance function in majority equivalent to a parallel LC circuit
having high impedance at resonance. In addition, first coupling capacitive
element 132 can be a variable capacitor (e.g. a MEMS variable capacitor),
where the inductance of coupling inductive element 134 can be effectively
tuned by adjusting the capacitance of first coupling capacitive element 132.

In any of these exemplary configurations, the filter notch or reject
band frequencies can be controlled by tuning one or both of first capacitive
element 112 or second capacitive element 122. Further, the pass band
characteristics can be determined by the configuration of inductive elements
and capacitive elements in coupling element 130, with these characteristics
being programmable by tuning the value of first coupling capacitive element
132. In configurations in which coupling element 130 includes both inductive
and capacitive elements (See, e.g., Figures 2B, 4A, and 4B), the combined
impedance of those elements can be selectively either primarily inductive or
primarily capacitive at the desired bands of operation (i.e., RX and TX
frequency). In this regard, the inductance value and tuning range of
capacitance of coupling element 130 can be configured such that the
combined impedance can selectively be turned either inductive (e.g.,
C=Cmin) or capacitive (e.g., C=Cnax) at the signal pass band. Stated
otherwise, in some embodiments, 1/wCni, can be greater than r - wL, and
1/(wCmax) Can be less than 1/r - wL, where w is the signal pass band
frequency, L is the inductance value, Cunax is the maximum tunable
capacitance, Cmin is the minimum tunable capacitance, and r is a constant
larger than 1 (e.g., 1.33).

Furthermore, the impedance elements can be capable of making a
variable frequency response between the input (i.e., first port P1) and the
output (i.e., second port P2). In this way, the pass band and matching can
be moved relative to the notch frequency. In fact, in some embodiments, the
pass band can be moved to either side of the notch, thereby allowing both
positive and negative frequency duplex spacings. In any tuning state,
however, tunable filter 100 can still be configured to minimize a total pass
band loss (e.g., total loss of less than about 5-7 dB) and maximize a reject
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band attenuation (e.g., attenuation of more than about 15-18 dB) at
corresponding duplex frequencies.

In a series of alternative configurations shown in Figures 5 through 8,
tunable filter 100 can again comprise a first resonator 110 in communication
with a first port P1, a second resonator 120 in communication with a second
port, and one or more coupling element in communication with both of first
resonator 110 and second resonator 120. In contrast with the previous
configurations discussed above, however, tunable filter 100 according to the
embodiments shown in Figures 5 through 8 can be configured such that first
resonator 110 and second resonator 120 are connected in a series
arrangement between first port P1 and second port P2, and one or more
coupling element 130 is connected to a node between the series connection
of first resonator 110 and second resonator 120.

In this general arrangement, first resonator 110 can provide maximum
isolation at the notch frequency between first port P1 and a third terminal T3.
Similarly, second resonator 120 can provide maximum isolation at the notch
frequency between a fourth terminal T4 and second port P2. In some
embodiments, for example, the reject band attenuation can be more than
about 15-18 dB. Between third terminal T3 and fourth terminal T4, coupling
element 130 serves as a variable impedance network to optimize total power
transfer between first port P1 and second port P2 at the desired pass band
frequency (e.g., pass band loss of less than about 5-7 dB). The frequency of
the resonators and of the coupling element can be varied by controlling and
electric or magnetic field (e.g., as in MEMS devices, semiconductor switched
impedance networks, or field modulated dielectrics (BST)).

Regarding the particular arrangements of elements in these
configurations, each of Figures 6 through 8 illustrate configurations of
tunable filter 100 in which first resonator 110 includes a first capacitive
element 112 and a first inductive element 114 connected in parallel with
each other between first port P1 and third terminal T3. Similarly, second
resonator 120 includes a second capacitive element 122 and a second
inductive element 124 connected in parallel with each other between fourth
terminal T4 and second port P2. The particular configurations shown in
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Figures 6 through 8 differ, however, in the particular arrangement of coupling
element 130. In particular, for example, coupling element 130 in the
configuration illustrated in Figure 6 includes a single coupling capacitive
element 132 (e.g., a tunable capacitor) that is connected between a signal
node of both of first resonator 110 and second resonator 120 (i.e., in
communication with both of third terminal T3 and fourth terminal T4) and a
ground. In the configuration illustrated in Figure 7, coupling element 130
includes a coupling capacitive element 132 (e.g., a tunable capacitor) and a
coupling inductive element 134 connected in parallel with one another
between the signal node and ground. In Figure 8, coupling element 130 is
illustrated as including a single coupling inductive element 134 connected
between the signal node and ground.

Regardless of the particular configuration of tunable filter 100, one or
more of first resonator 110, second resonator 120, and/or coupling element
130 can be electrically tunable (e.g., by using variable or switchable
capacitors). In this way, tunable filter 100 can provide a variable frequency
distance between pass- and reject-bands while still having a small size
compared to conventional filter configurations for use in cellular and wireless
handheld components. Furthermore, the inclusion of coupling element 130
allows tunable filter 100 to provide a notch filter with tunable capacitors,
even in configurations where the tunable capacitors exhibit high levels of
parasitic capacitance to the signal ground. Furthermore, in some
embodiments, the tunable reject band characteristics and tunable pass band
characteristics enable tunable filter 100 to be programmed such that
minimum pass band insertion loss can be either at the higher-frequency-side
of the reject band or at the low-frequency-side of the reject band.

This functionality makes tunable filter 100 well suited for use in a
wireless communication system, such as in a cellular communication
system. In particular, tunable filter 100 can be used in the mobile terminal of
a cellular communication system, such as in the transmission path or in the
reception path of a mobile terminal having separate antennas and branches

for reception and transmission. When used in a wireless communication
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system, tunable filter 100 can be tuned for operation in any of a variety of
frequency bands.

In particular, for example, Figure 9 shows a frequency response of
tunable filter 100 when used in 3GPP LTE band number 3 (curve including
measurements m8, m9, m10, and m11), band number 2 (curve including
measurements m4, m5, m12, and m13), band number 1 (curve including
measurements m1, m2, m6, and m7), and band number 7 (curve including
measurements m13, m14, m15, and m16). Figure 10 illustrates examples of
frequency responses of tunable filter 100 when operating as a tunable
receive (RX) filter for positive duplex spacing in 3GPP LTE band number 12
(curve including measurements m3, m4, m5, and m12), band number 5
(curve including measurements m1, m2, m6, and m7), and band number 8
(curve including measurements mi13, m14, mi15, and mi16). Figure 11
illustrates examples of frequency responses of tunable filter 100 when
operating as a tunable RX filter for negative duplex spacing. Figure 12
illustrates examples of frequency responses of tunable filter 100 when
operating as a tunable RX filter for both positive duplex spacing in 3GPP
LTE band number 5 (curve including measurements m1, m2, m6, and m7),
band number 8 (curve including measurements m13, m14, m15, and m16),
and band number 12 (curve including measurements m3, m4, m5, and
m12), and negative duplex spacing in 3GPP LTE band number 13 (curve
including measurements m8, m9, m10, and m11).

Tunable reject band characteristics can be monitored as a change of
notch frequency in the S21 transmission characteristics. Likewise, tunable
pass band characteristics can be seen in the S21 transmission, but the pass
band is more significantly monitorable with respect to a moving notch or
notches (i.e., reject band) in the S11 reflection characteristics. Both curves
are illustrated in Figure 13, which shows examples of pass band tuning for
fixed notch frequency setting (S21 transmission at top and S11 reflection at
bottom). It is noted that the pass band tuning is most noticeable in its
reflection response. In this regard, Figures 14 and 15 illustrate example
embodiments of pass band tuning for a fixed notch frequency setting. In
particular, Figure 14 illustrates S21 transmission, and Figure 15 illustrates
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S11 reflection. With respect to these exemplary frequency responses, it is
noted that tuning the value of a capacitance in coupling element 130 (e.g.,
capacitance value of first capacitance element 132 discussed above with
respect to the embodiments illustrated in Figures 2A-4B, 6, and 7) can move
the pass band and matching frequency from a higher frequency to a lower
frequency (e.g., from right to left in Figures 14-15) as the capacitance
increases, which can move the pass band from one side of the transmission
notch to the other side of the transmission notch.

Regarding the implementation of the individual elements of tunable
filter 100, the capacitive elements (in either resonator and/or in the coupling
element) can comprise variable capacitors as discussed above. Such
variable capacitor can be controlled by varying and electric field or current.
In some embodiments, the variable capacitors are produced using
semiconductor technology like CMOS, SOI (Silicon On Insulator), PHEMT,
micro-electro-mechanical systems (MEMS) technology, or tunable ceramics
(e.g., BST). In this regard, adjusting the capacitance of such variable
capacitors can be achieved using electro mechanical actuation (e.g. MEMS),
or electric field actuation (e.g., pin diodes, tunable dielectrics like BST).
Alternatively, the capacitances can be adjusted wusing electrical
semiconductor switches connected to an array of capacitances. In such an
arrangement, the electrical semiconductor switches can be based on voltage
field switching (e.g., PHEMT, JFET, CMOS) or current switching (e.g.,
bipolar transistors like GaAs HBT). In some embodiments, the variable
capacitances can be programmable either using serial bus (e.g., SPI, RFFE,
12C) or programmable registers that control the capacitance value of the
variable capacitor through semiconductor devices (e.g., transistors, gates,
ADC’s). In such programmable configurations, the variable capacitances can
be programmable to an integer number of discrete capacitance settings. For
example, the variable capacitances can be programmable according to a
binary weighting scheme, or they can be programmable according to a
linearly weighting scheme.

The inductive elements (in either resonator and/or in the coupling

element) can be implemented with loops (i.e., turns) of conductive material
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in a way that the loops share the same magnetic field like with wound helical
inductors, wound squared helical inductors, planar inductors, multilayer
planar inductors (e.g., thin or thick film inductors), or vertical inductors in
planar technologies. In some embodiments, for example, the inductive
elements can have an outer conductor turns diameter or effective conductor
winding aperture (e.g., x, y) that is larger than about 0.7 mm. Alternatively,
the inductive elements can be implemented using a number of turns of a
single piece of wound wire of conductive material (e.g., copper, aluminum,
gold, silver). In a further alternative, the inductive elementis can be
implemented using loops of bond wire by the use of wire bond technology
(e.g., to form a helix-like structure). In some embodiments, the inductive
elements can be implemented as a ladder inductor using mechanically
shaped, etched, printed, or laser direct structuring (LDS) structures. With
particular reference to inductive elements used in the resonators, the
inductive elements can be implemented using a section of dielectric (e.g.,
ceramic) coax (e.g., squared or circular). In other embodiments, the
inductive elements can be SMD/SMT components that are manufactured for
use with SMD/SMT soldering processes.

Regardless of the particular form of the inductive elements, first
resonator 110 and second resonator 120 can be configured such that
magnetic coupling between the inductive elements of each is reduced.
Specifically, for example, the inductive elements of each resonator can be
separated as far as possible from each other. Alternatively or in addition, the
inductive elements can be placed at an angle close to 90 degrees (i.e.,
between about 45 deg and 135 deg) so as make the magnetic field of the
two inductive elements as orthogonal as possible to further reduce the
magnetic coupling between the resonators.

Furthermore, in some embodiments, a first conductor connecting from
first resonator 110 to a first terminal of coupling element 130 can be
arranged such that it is substantially perpendicular to a second conductor
connecting from second resonator 120 to a second terminal of coupling
element 130 to minimize coupling between input and output. In addition, in

some embodiments, a third conductor connecting from first port P1 to the
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first terminal of coupling element 130 can be substantially perpendicular to a
fourth conductor connecting from second port P2 to the second terminal of
coupling element 130 so as to minimize coupling between the input and
output. Further regarding the arrangement of these elements, the shared
path of the first and third conductors (and the shared path of second and
fourth conductors) can have an impedance due to its electrical length that it
is less than the impedance of a coupling capacitive element 132 at the
frequencies of operation (i.e., at signal and reject frequencies). This ensures
a low pass band loss (e.g., less than about 5-7 dB) and a corresponding
high reject band isolation (e.g., attenuation of more than about 15-18 dB).
Further regarding the implementation of tunable filter 100, it can be
implemented into a module or onto a printed circuit board or printed wire
board. For example, tunable filter 100 can be implemented using module
technology characterized by having a common carrier (e.g., a wafer as used
for planar circuit semiconductors, such as a silicon wafer; a wafer as used
for processing MEMS devices; or a “strip” that is commonly used for
packaging and modules, where this strip can be manufactured using
package laminate processing, Printed Circuit Board (PCB) technology, or
build up board processing) in which components of multiple modules are
integrated or mounted and interconnected. The modules can be singulated
by dividing the common carrier (e.g., using SAW or routing) into individual
modules, while prior to the singulation the modules can be over molded or
by other means enclosed to either shield or create a regular top surface. In
some embodiments, such a circuit can use connections of solder balls,
solder paste, and/or wire bonding. In some embodiments, the capacitive
elements (e.g., first capacitive element 112, second capacitive element 122,
first coupling capacitive element 132, second coupling capacitive element
133) can all be constructed in a single fabrication flow. For example, the
capacitive elements can all reside on a common substrate (e.g., a
semiconductor die). Similarly, in some embodiments, the inductive elements
and capacitive elements can be assembled and connected in a module or
other hybrid assembly. In addition, connection points can be provided to
which external inductors can be connected to complete the tunable filter
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frequency characteristics. In some embodiments, the inductive elements and
capacitive elements can be mounted on the same side of a given circuit
laminate, or the inductive elements and capacitive elements can be mounted
on opposite sides of the circuit laminate. In a further alternative, the inductive
elements can be mounted on an edge of the circuit laminate (e.g., for edge
mounting). In any arrangement, the circuit laminate can be further soldered
to a system printed circuit board that connects multiple modules (e.g., PA,
filters, transceivers, power supplies), and such a system printed circuit board
can be part of a cellular phone or modem.

Regarding the particular physical configuration of tunable filter 100
within a cellular phone, for example, one or more of tunable filter 100 can be
incorporated in a phone such that a greater relative height of tunable filter
100 (e.g., higher than 1mm) can be allowed, thereby allowing resonator
components in tunable filter 100 to be likewise higher. This additional
clearance can be desirable at frequencies below 1 GHz to achieve a high
enough Q for tunable filters. Accordingly, the implementation of tunable filter
100 can provide a combined solution that makes it acceptable to place
tunable filter 100 in a location on the phone board that allows higher building
height (e.g., having a height that exceed about 1.0 mm), therefore allowing
the use of higher-diameter inductors to increase inductor Q and thereby
make tunable frequency filter characteristics acceptable to system
requirements.

In this regard, in some embodiments, tunable filter 100 can be placed
on a printed circuit board in a compartment of a phone having a
compartment higher than 1mm, which can allow tunable filter 100 to have a
height of 1 mm or more. Alternatively or in addition, tunable filter 100 can be
located on a PCB in a compartment of the phone not having vertical overlap
with the region in which that the display is located. Furthermore, tunable
filter 100 can be located on a PCB in a compartment of the phone not having
vertical overlap with the region in which the battery is located. Some benefits
of configuring a system to allow for such increased resonator size are shown
in Figures 16 and 17, in which a comparison of inductor Q vs. inductor

diameter (Figure 16) and a resulting improvement of notch improvement vs.
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inductor diameter (Figure 17) are shown using commercial inductors. An
exemplary smartphone floor plan showing combined tunable filter/antenna
modules, an RF transceiver TRX, a digital signal processor/micro controller
unit DSP/MCU, and a multimedia controller MMC is illustrated in Figure 18.
In particular, in the embodiment shown in Figure 18, a first receive tunable
filter 100a-1, a second receive tunable filter 100a-2, and a transmit tunable
filter 100b are arranged around the periphery of the system in locations
where there is improved vertical clearance to allow for the use of larger
resonators.

Regardless of the particular configuration, tunable filter 100 can be
implemented in a wireless communication system, such as in a cellular
communication system, to make a wireless frequency division duplex system
that adapts filter responses to a selected radio communication requirement.
As discussed above, conventional solutions require that the system switch
between multiple filters (i.e., in a matched system e.g. 50 ohm) to allow for
adjustments in the frequency ranges that are passed or blocked. In contrast,
Figure 19 illustrates two antenna duplex systems into which embodiments of
tunable filter 100 can be implemented to serve multiple frequency bands
without requiring multiple filters. In configuration (a), for example, a first
tunable filter 100a and a second tunable filter 100b can be provided in
communication with each of a reception antenna Rx ANT and a transmission
antenna Tx ANT, respectively. Depending on the desired operating
frequencies of both transmission and reception, the first and second tunable
filters 100a and 100b can be tuned to provide minimum pass band
attenuation and maximum stop band attenuation for the respective
antennas. Alternatively, configuration (b) in Figure 19 illustrates an
embodiment in which a first tunable filter 100a and a second tunable filter
100b are implemented with a multiband antenna. Adjustments to the tuning
state of first and second tunable filters 100a and 100b can again adjust the
operating frequencies for both the reception and transmission, respecitively,
and they can further adapt their filter characteristics to both positive and
negative receive-to-transmit duplex spacings. This configuration thus allows
the resonators of first and second tunable filters 100a and 100b to be reused
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for both negative and positive duplex spacings. In this regard, first and
second tunable filters 100a and 100b can be configured for tuning the signal
path frequency response between one or more inputs and outputs.

In any configuration, rather than switching between multiple filters,
tunable filter 100 can tune over a wide frequency range by changing the
characteristics of the filter. Specifically, for example, tunable filter 100 can
change reactive impedances within the filter circuit instead of switching at
non-reactive impedances exterior to the filter circuit. For example, in a
general configuration illustrated in Figure 20, for example, an antenna ANT
is connected to a signal transfer block STB, tunable filter 100, and a signal
processing chain SPC and is configured for communicating with a remote
wireless communication wunit. For example, the remote wireless
communication unit can be a base station (e.g., a cellular base station). For
here we will use the terminology “base station” for any transponding unit
using a fixed location antenna (i.e., a base) to serve one or more users or
devices within an area. For instance, as shown in Figure 20, the remote
wireless communication unit can be a 3GPP base transceiver station BTS,
although other units (e.g., NB and eNB) can be considered base stations
according to this terminology. Figure 21 illustrates examples of various base
stations (e.g., BTS, NB, eNB) and communication links for 3GPP standards.

In this arrangement, antenna ANT provides electromagnetic coupling
of a transmission or receive signal towards a remote wireless
communication unit either through direct coupling (e.g., self-radiating
antenna) or through coupling to another metallic surface (e.g., terminal
ground chassis). In some configurations, antenna ANT can contain one or
more signal path input/output and one or more connection points for load
tuning. Furthermore, in some configurations, antenna ANT can itself contain
a matching circuit that optionally can be tunable.

Signal transfer block STB provides signal connections between the
antenna ANT and tunable filter 100. In this configuration, signal transfer
block can include one or more of a fixed frequency filter (e.g., harmonic
filter), an amplifier configured for amplifying levels between input and
outputs, an electromagnetic coupling path (inductive or capacitive), a circuit
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for maximizing signal bandwidth, a conductive connection between inputs
and outputs (e.g., short or transmission line type), or a combination thereof.
Signal processing chain SPC is one or both of the input to the signal path to
a unit that either further process the receive signal or the output to the signal
path that process the transmission signal. In this regard, the unit that
process the receive signal can include one or more of a low noise amplifier
(LNA), a frequency selection down conversion mixer, a variable gain
amplifier (VGA), a system of signal selection filtering, an ADC system and a
digital processing system (e.g., DSP). The unit that process the transmission
signal can include one or more of a digital processing system, an oscillator,
a modulator, and one or more amplifier stages. In this arrangement, the
system can be configured to communicate a modulated signal according to a
wireless standard in accordance with a standardization body (e.g., 3GPP).

In some embodiments, for example, configurations for tunable filter
100 can selectively allow signals to be passed at either side of the reject
band. In other words, tunable filter 100 can be tuned to have a reject band at
either a transmit or receive frequency, and tunable filter 100 can be
programmed to operate in either a first mode of operation in which the
primary pass band at either the receive or transmit frequency is above the
reject band frequency or a second mode of operation in which the primary
pass band is below the receive or transmit frequency (i.e., reversible duplex
order). Furthermore, in addition to being reversible with respect to the reject
band, the pass band can be tunable to more than one frequency on one or
more side of the reject band (i.e., tunable duplex spacing). Similarly, the
reject band can likewise be tunable in frequency. In any configuration, as
indicated above, the variation of the impedance required to change the
impedance and/or frequency characteristics can be achieved by applying a
pseudo static electric or magnetic field.

Using an exemplary configuration shown in Figure 22, a wireless
system can include first tunable filter 100a and a first controller 150a
incorporated into a receive signal path, which can further include one or
more of an LNA, a frequency selection quadrature down conversion mixer, a

VGA, a system of signal selection filtering, an ADC system, and a digital
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processing system (e.g., DSP). In addition, first controller 150a can be
connected in a signal link to an antenna, where the antenna receives signal
from a base station and the output of first tunable filter 100a transfers the
now filtered signal to a receive branch of the wireless device (e.g., LNA
input). Likewise, a second tunable filter 100b and a second controller 150b
can be incorporated into a transmit signal path. In addition, second tunable
filter 100b can receive a signal from the transmit branch of a wireless device
(e.g., from a power amplifier (PA) pre-driver), and by means of a signal
transfer path (e.g., a PA) can transfer the transmit signal to the antenna
element that further transfers the signal to a base station.

One or both of first tunable filter 100a and/or second tunable filter
100b can be configured to provide a tunable reject band and a tunable pass
band relative to the respective reject band. In this regard, one or both of first
controller and second controller 150a and 150b can comprise a digital
control interface (e.g., a SPI, 12C or an RFFE interface), which can include a
latch register and decoding and connection circuit capable of reading latch
register information and apply this information to change the impedance of
the variable elements in first tunable filter 100a or second tunable filter 100b,
respectively. In some embodiments, one or both of first tunable filter 100a
and/or second tunable filter 100b can respond (e.g., based on UE downlink
protocol stack information) to commands giving by a wireless base station
controller. In this way, the respective one of first tunable filter 100a or
second tunable filter 100b can set up the frequency response according the
band assigned for receive or transmit.

Alternatively, the respective one of first tunable filter 100a or second
tunable filter 100b can set up the frequency response according to the
physical frequency channel assigned for receive or transmit. In such a case,
in situations where there is no downlink protocol link or broad cast
information decoded (e.g., such that the circuit goes into a process of
establishing a scan of power over frequency), first controller 150a and/or
second controller 150b is configured to set up the frequency response of the
respective one of first tunable filter 100a and/or second tunable filter 100b
according to the channel, frequency, or frequency band being scanned for
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power (e.g. searching for high power broadcast channels). This information
about channel or frequency can be taken either from the layered UE protocol
stack (e.g., 3GPP channel numbers) or from somewhere in the processing
chain that do translation of channel number to PLL setting. In this way, the
respective one of first controller 150a or second controller 150b can set up
the frequency response of the corresponding circuit or subcircuit according
to the physical frequency channel assigned for receive or transmit,
respectively.

Both of first controller and second controller 150a and 150b can
receive control inputs from a master control unit 200 to control the
communication protocols to and from the base station BTS. A multimedia
controller or applications processor 210 can be provided in communication
with master control unit 200 to control the user operating system (e.g., with a
graphical interface), user applications, or the like. In some embodiments,
the DSP, master control unit 200, and multimedia controller or applications
processor 210 can have shared hardware and processor(s).

Regardless of the particular configurations of the connected
equipment, tunable filter 100 can provide frequency-selective filtering
response between its input and output terminals (e.g., first port P1 and
second port P2 in the embodiments discussed above) according to the
setting of a control unit provided in communication with tunable filter 100.
Specifically, tunable filter 100 can be configured to provide tunable band
reject characteristics and a programming mode allowing the primary reject
frequency or frequencies to be moved (e.g., movable notch for suppressing
duplex self-interferer). For example, tunable filter 100 can provide a tunable
pass band characteristics and programming mode allowing the pass band
frequency to be moved relative to the reject band frequency, and/or it can
provide a tunable pass band characteristics allowing the primary pass band
in one case to be above the primary reject band frequency and another
mode allowing the primary pass band in this mode to be below the primary
reject band frequency.

In this regard, a method for operating a tunable filter to support
multiple frequency bands is provided. Referring to the system configuration
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shown in Figure 22, for example, the method can be run by master control
unit 200. The method can involve, while searching for signal power, looking
up a scan frequency. The reject band of first tunable filter 100a can be tuned
away from a PLL scan frequency, and first tunable filter 100a can further be
programmed to align the pass band with the PLL scan frequency. A scan
can be performed at the scan frequency, and a next scan frequency can be
looked up. The pass- and reject-band settings can be reset again if the loss
measured in first tunable filter 100a is too high at the scan frequency (or
even as a default). Otherwise, the pass- and reject-band settings can be
maintained for the next scan.

Once downlink BTS info is established the method can involve
looking up the receive band frequency, tuning the reject band of first tunable
filter 100a away from the receive band frequency (or alternatively to the
transmit band frequency), and programming the pass band of first tunable
filter 100a to align with the receive frequency.

If the system is being operated in a frequency-domain duplex mode,
the method can involve receiving channel and band information from base
station BTS. Master control unit 200 can calculate (or look up) the sign of
the duplex spacing (i.e., positive or negative spacing) and set the rejection
band of first tunable filter 100a to the transmit frequency (e.g., as close to
the receive frequency as the insertion loss allows).  If the duplex spacing
iS negative (e.g., operating in bands 13, 14, 20, 24), the pass band of first
tunable filter 100a can be set to be below the transmit frequency. Otherwise,
the pass band of first tunable filter 100a can be set to be above the transmit
frequency. In either case, these filter settings can be sent to first controller
150a.

Similarly, the reject band of second tunable filter 100b can be set to
the receive frequency (e.g., as close to the receive frequency as the
insertion loss allows). If the duplex spacing is negative (e.g., operating in
bands 13, 14, 20, 24), the pass band of second tunable filter 100b can be
set to be above the receive frequency. Otherwise, the pass band of the
second tunable filter 100b can be set to be below the receive frequency. In
either case, these filter settings can be sent to second controller 150b.
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The method described above is provided for a system in which both
first tunable filter 100a (e.g., RX) and second tunable filter 100b (e.g., TX)
are used. Other embodiments of a system incorporating one or more of
tunable filter 100 in which only a receive signal filter or only a transmit signal
filter implemented as those skilled in the art may recognize.

The present subject matter can be embodied in other forms without
departure from the spirit and essential characteristics thereof. The
embodiments described therefore are to be considered in all respects as
illustrative and not restrictive. Although the present subject matter has been
described in terms of certain preferred embodiments, other embodiments
that are apparent to those of ordinary skill in the art are also within the scope
of the present subject matter.
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CLAIMS

What is claimed is:
1. A tunabile filter comprising:

a first resonator and a second resonator configured to block signals
within one or more frequency ranges; and

one or more coupling element connected to both the first resonator
and the second resonator, the one or more coupling element being
configured to provide low insertion loss within a pass band.

2. The tunable filter of claim 1, wherein the one or more coupling
element is connected between a first port and a second port;

wherein the first resonator is connected between the first port and a
ground; and

wherein the second resonator is connected between the second port
and the ground.

3. The tunable filter of claim 1, wherein the first resonator and the
second resonator are connected together in a series arrangement between a
first port and a second port; and

wherein the one or more coupling element is connected to a node
between the series connection of the first resonator and the second

resonator and to a ground.

4. The tunable filter of claim 1, wherein the one or more coupling

element comprises one or more capacitors.

5. The tunable filter of claim 4, wherein the one or more coupling

element comprises one or more inductors.

6. The tunable filter of claim 5, wherein the one or more capacitors and

the one or more inductors are connected in a series arrangement.
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7. The tunable filter of claim 5, wherein the one or more capacitors and

the one or more inductors are connected in a parallel arrangement.

8. The tunable filter of claim 1, wherein one or more of the first
resonator, the second resonator, or the one or more coupling element is

electrically tunable.

9. The tunable filter of claim 8, wherein the one or more of the first
resonator, the second resonator, or the one or more coupling element
comprises a variable or switchable capacitor.

10. The tunable filter of claim 9, wherein the variable or switchable
capacitor comprises one or more of a ferroelectric, paraelectric, MEMS, or
solid-state capacitor.

11. The tunable filter of claim 1, wherein one or both of the first resonator

or the second resonator comprises an inductor and a capacitor.

12.  The tunable filter of claim 11, wherein the inductor and the capacitor

are connected in a parallel arrangement.

13.  The tunable filter of claim 1, wherein one or more of conductor traces
or inductors of the first resonator and the second resonator are arranged in
substantially orthogonal positions.

14.  The tunable filter of claim 1, wherein the first resonator, the second
resonator, and the one or more coupling element are configured such that
loss in the pass band is less than 5 dB and blocking isolation in the first
resonator and the second resonator is greater than 15 dB.

15. A method for adjusting a tunable filter, the method comprising:
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connecting one or more coupling element between a first resonator
and a second resonator, wherein one or more of first resonator, the second
resonator, or the one or more coupling element is electrically tunable;

selectively adjusting a tuning setting of one or more of the first
resonator or the second resonator to block signals within one or more
frequency ranges; and

selectively adjusting a tuning setting of the one or more coupling

element to provide low insertion loss within a pass band.

16.  The method of claim 15, wherein selectively adjusting a tuning setting
of one or more of the first resonator or the second resonator to block signals
within one or more frequency ranges comprises selectively adjusting a
tuning setting of one or more of the first resonator or the second resonator to
provide blocking isolation in the first resonator and the second resonator
greater than 15 dB.

17.  The method of claim 15, wherein selectively adjusting a tuning setting
of one or more of the first resonator or the second resonator comprises
varying an electric field or current to the first resonator or the second

resonator.

18.  The method of claim 15, wherein selectively adjusting a tuning setting
of the one or more coupling element to provide low insertion loss within a
pass band comprises selectively adjusting a tuning setting of the one or
more coupling element to provide loss in the pass band is less than 5 dB.

19.  The method of claim 15, wherein selectively adjusting a tuning setting
of the one or more coupling element to provide low insertion loss within a
pass band comprises selectively adjusting a tuning setting of the one or
more coupling element to provide a simultaneous conjugate maich to a first
impedance at the first resonator and to a second impedance at the second

resonator.
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20. The method of claim 15, wherein selectively adjusting a tuning setting
of one or more coupling element comprises varying an electric field or

current to the one or more coupling element.



WO 2014/145662 PCT/US2014/030466

118

J1D

00 FiG. | ]
N 132 |30
| :‘[—7/
| |
|
PI - —'—l—‘f"-““f—— -— P
uAv/fﬂ“ I | ]
l | *‘
| [ |
\\o’/{ | ! 120
P 7k
//7 | : /—:\m_
e e = — -~ =

FIG. 2A



PCT/US2014/030466

WO 2014/145662

2/18

td

pé! @9l



PCT/US2014/030466

WO 2014/145662

3/18

v 914
A T 7
| ] _ |
0zl .J| “ | | ol
N I G —
_ _ _ _
Id
i I

s

|
I
1
|
!

— -




WO 2014/145662 PCT/US2014/030466

4/18

122

Pl ] | | '
e R e
1R | [ | | —/\}\/IZZ
| | | ,
| T ,| . |
no _—1 T : : . 170
I S |

| -
||4v/'b } | 1124
I
|

FIG. 4B



WO 2014/145662 PCT/US2014/030466

5/18

\00
"

1D \'D0 | 2.0

FIG. 5
{06
|26
\{ A 14 ‘2
14 A
/ __\JYY\_._
T T
o— Fommmwes O
i T AT
| |
- / : ;Z—!E\ A
1%0 /_;;_ 157



WO 2014/145662 PCT/US2014/030466

6/18

W0 \ y IZL(\ / )20
o N

i 3 T P2
O— ~O—1—OH —O
L AT
134 " /ﬁl\/’\lgz

/—’
%0
FIG./




PCT/US2014/030466

WO 2014/145662

718

6 Il
7H9 ‘DIY4

A

087 SLTOLTSIT 09T SST0ST ShT 0yT SECOET STTOLT SLC 01T 02007 %61 061 S8°L 081 SLLOL1 59109 -

S

I

e

| — P

—
o
e?

T T T T
=
R

o

T T 1 T
LA
Eh

(LZ)SdSaw dsiap

T T T T
o
h

—

-Gl

— |l



PCT/US2014/030466

WO 2014/145662

8/18

00l 8

6

60 8_.@ Mx_; cm.c _Vm.c {

Ol 94

IH9 DI

80

80 8/0

[0

90

90

90

Nﬁ_z 09

—— e — e —

SAPPUP JER R

e —

-0t

(L7)SdSaW dS)ap



PCT/US2014/030466

9/18

WO 2014/145662

ZH9 DI
~,~ QE cc.__ wm.o_ cm.c. gd_ Nm.c_ 060 _ ww.o_ cm.o_ vm.c_ Nw.o_ cm.o_ mN.c_ cm.c_ 74} . NN.c_ ﬁ.c. med_ cc.c_ vc.o_ No.c. ofwm-
i A N
o |

{1'7)5ds'q1 ds)ap



PCT/US2014/030466

WO 2014/145662

10/18

00l

86

0 9%

0 60 760 060 880 980 80 ¢80 080 8.0 9/0 v0 ¢[0 0[0

[ I

IRNENE

890 990 90

90 090

]
¢

Y ENUU

A NPT

0

(1'7)SdSaW dsiap



PCT/US2014/030466

WO 2014/145662

1118

001 560 060 S80 080 SO 0£0

1 1 1 1

N N S S U Y N I |

€1

719 02

I | I |

L1 11

1 1 1 1

90 09

0 550 050

| 1 11

O\

22X

N I T T N A S

1+ 11 1 1 1 1

| |

1 11 1 | |

0F-

0¢-

0¢-

0l-

09-

0v-

Y

///

/
W{

0¢-

gp (W0LL09) NOTDIT43¥ ‘(dOL) NOISSIWSNYYL Q¥VMY0

({L'1s)ep

(kAN



WO 2014/145662 PCT/US2014/030466

12/18

1.00
’ \\ / 0.95
(\ \)\\
0.85
W
-c* \ ~
5 L L BV
= T 2 s
5 / 070 = X
-
N
\ v 7< 0.55
\
LI FT 1T T T T T T 1771 T 1T .ﬁ 1T TT 0'50
((nshep
1.00
0.95
0.90
e \ 0.85
S J 0.80
% \\ \ 0.75 % <5
= [\ g n
= S —aa 0.65
0.60
L T T T 1 T 1T T T T 1 T T 7 L L 050

((LT)s)gp



PCT/US2014/030466

WO 2014/145662

13/18

L1 9
Wr=0) o M= UV
[Ww] ¥313WvIa 1100
¢ 4 € /A |
c 1 1 1 :
—. ]
= 0]
Mm 1 -
Wx.v | j
=5
_.mu..\u_no | \O\
gy
g \
6 -
01

§313WYIA 110 "SA NOTLVANALLY

[8P] (XL) NOTLVALINILLY

o
-0

=

9( 9H

((ZHWOO0.£) TVID¥IWW0) D) ¥IMOd —
SS4H

(ZHWOOL) TVINIWW0I D ©

[WwW]YODNANT ¥3LIWVIC
€ /A l 0

\o\c 05

< 001

< 0§l
g0 XSLEBL = 0 =

40DV4 ALTYND

0s¢
$ILIWVIQ SNS¥IA D



PCT/US2014/030466

WO 2014/145662

14/18

A00Q1

8l 9 NOL93Y KLY } W gy ‘
Al A
ETPO0 N 2 INY XY .
\ =
3
=
=
S
=
\, MW
MW Jisa | |
1000l — L INV X4 |
NOI9TY AVTdSIC o
- Wz |



PCT/US2014/030466

WO 2014/145662

15/18

(q)

6194
(0)

v 0Ql / \

YNNIINY
1T4VNNL NON

ANVAILINW
9001

_! _
NOIDIY

I \ Y1 0L
Y1 0L
E— NOLLYAr3Y 8PSz~
¥d WO e qoqt  WATHTIGNNL
N\

~

NOLLYIOSI 8psz< ~ INV XL



PCT/US2014/030466

WO 2014/145662

16/18

ot

0 M

s

slg




WO 2014/145662

EPS
PACKET
SWITCHED
EPC

UMTS

GPRS
PACKET
SWITCHED

C(IRCUIT
SWITCHED

GSM

CORE

CONTROLLER

CONTROLLER

1718

OFDMA

PCT/US2014/030466

E-UTRAN

[P ]
assasss =
002 0000

=

NB
v
UTRAN

fI6. 21

BTS

T
GERAN

_ GSM




PCT/US2014/030466

WO 2014/145662

18/18

(Z I

012

Y

J01VINAOW v 3001

= q0¢l

v

Y

©0g)

vQot

s

S1g

AN




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings

