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MULTI-STANDARD RADIO SWITCHABLE MULTIPLEXER

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Application No.
62/380,820 filed August 29, 2016 and entitled “MULTI-STANDARD RADIO
SWITCHABLE MULTIPLEXER," which is expressly incorporated by reference

herein in its entirety for all purposes.

BACKGROUND
Field

[0002] The present disclosure generally relates to front-end modules for

wireless communication applications.

Description of Related Art

[0003] Wireless communication devices typically include components in
a front-end module that are configured to filter and/or amplify received radio-
frequency (RF) signals. The RF signals can be cellular signals, wireless local area
network (WLAN) signals, GPS signals, BLUETOOTH® signals, or the like. The
front-end module can be configured to direct these signals to appropriate filters,

amplifiers, and/or downstream modules for processing.

SUMMARY

[0004] According to a number of implementations, the present disclosure
relates to a reconfigurable multiplexer that includes a switching network including
multi-path operability and connectability to a signal port. The reconfigurable
multiplexer also includes a first filter implemented between the switching network
and a first bi-directional port that is associated with a first radio access network and
a second filter implemented between the switching network and a second bi-
directional port that is associated with a second radio access network. The
reconfigurable multiplexer also includes a controller implemented to control the
switching network to provide a respective signal path between the signal port and
each of either or both of the first bi-directional port and the second bi-directional

port.



[0005] In some embodiments, the first filter is configured to pass a first
cellular frequency band that corresponds to the first radio access network. In
further embodiments, the second filter is configured to pass a wireless local area
network frequency band that corresponds to the second radio access network. In
yet further embodiments, the reconfigurable multiplexer further includes a third filter
implemented between the switching network and a third bi-directional port that is
associated with a third radio access network. In yet further embodiments, the third
filter is configured to pass a second cellular frequency band that corresponds to
the third radio access network, the wireless local area network frequency band
being between the first cellular frequency band and the second cellular frequency
band. In yet further embodiments, the switching network is configured to couple
any combination of the first filter, the second filter, and the third filter to the signal
port simultaneously. In further embodiments, the controller controls the switching
network to provide a respective signal path between the signal port and any one
or more of the first bi-directional port, the second bi-directional port, and the third
bi-directional port.

[0006] According to a number of implementations, the present disclosure
relates to a front end architecture that includes a reconfigurable multiplexer
including a switching network having multi-path operability and connectability to a
signal port and a filter assembly implemented between the switching network and
a plurality of bi-directional ports each associated with a plurality of radio access
networks. The front end architecture also includes an amplifier assembly coupled
to the filter assembly, the amplifier assembly configured to amplify signals received
from the filter assembly. The front end architecture also includes a controller
implemented to control the switching network to provide respective signal paths
between the signal port and any permutation of one or more of the plurality of bi-
directional ports.

[0007] In some embodiments, the filter assembly includes at least one
filter configured to pass signals within a wireless local area network frequency
band. In some embodiments, at least one signal path from the filter assembly to
one of the plurality of bi-directional ports does not pass through the amplifier
assembly. In further embodiments, the at least one signal path corresponds to a
radio access network associated with a wireless local area network frequency

band. In further embodiments, the front end architecture further includes a
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duplexer configured to receive signals that pass through the at least one filter of
the filter assembly. In further embodiments, the controller is further configured to
control the duplexer.

[0008] In some embodiments, the filter assembly includes a first plurality
of filters, each of the first plurality of filters being configured to pass signals within
a respective cellular frequency band; and a second plurality of filters, each of the
second plurality of filters being configured to pass signals within a respective
wireless local area network frequency band. In further embodiments, the front end
architecture also includes a duplexer associated with each of the second plurality
of filters.

[0009] According to a number of implementations, the present disclosure
relates to a wireless device that includes a diversity antenna and a triplexer
configured to receive signals from the diversity antenna and to provide signals in a
first frequency range along a first path and to provide signals in a second frequency
range along a second path. The wireless device also includes a first reconfigurable
multiplexer coupled to the first path from the triplexer at a first signal port, the first
reconfigurable multiplexer including a first switching network and a first filter
assembly implemented between the first switching network and a first plurality of
bi-directional ports associated with a first plurality of radio access networks. The
wireless device also includes a first amplifier assembly coupled to the first filter
assembly, the first amplifier assembly configured to amplify signals received from
the first filter assembly. The wireless device also includes a second reconfigurable
multiplexer coupled to the second path from the triplexer at a second signal port,
the second reconfigurable multiplexer including a second switching network and a
second filter assembly implemented between the second switching network and a
second plurality of bi-directional ports associated with a second plurality of radio
access networks. The wireless device also includes a second amplifier assembly
coupled to the second filter assembly, the second amplifier assembly configured
to amplify signals received from the second filter assembly. The wireless device
also includes a controller implemented to control the first switching network to
provide respective signal paths between the first signal port and any permutation
of one or more of the first plurality of bi-directional ports and to control the second

switching network to provide respective signal paths between the second signal
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port and any permutation of one or more of the second plurality of bi-directional
ports.

[0010] In some embodiments, the second plurality of radio access
networks includes at least one radio access network corresponding to a wireless
local area network frequency band. In some embodiments, the triplexer is further
configured to receive signals from the diversity antenna and to provide signals in a
third frequency range along a third path. In further embodiments, the second
multiplexer is coupled to the third path from the triplexer at a third signal port, the
second reconfigurable multiplexer including a third switching network that receives
signals from the third signal port and directs them to a third plurality of bi-directional
ports associated with a third plurality of radio access networks. In yet further
embodiments, the third plurality of radio access networks includes at least one
radio access network corresponding to a wireless local area network frequency
band.

[0011] According to a number of implementations, the present disclosure
relates to a diversity receiver module that includes a packaging substrate
configured to receive a plurality of components and a reconfigurable multiplexer
implemented on the packaging substrate, the reconfigurable multiplexer including
a switching network including multi-path operability and connectability to a signal
port, a first filter implemented between the switching network and a first bi-
directional port that is associated with a first radio access network, and a second
filter implemented between the switching network and a second bi-directional port
that is associated with a second radio access network. The diversity receiver
module also includes a controller implemented on the packaging substrate, the
controller configured to control the switching network to provide a respective signal
path between the signal port and each of either or both of the first bi-directional
port and the second bi-directional port.

[0012] In some embodiments, the second radio access network
corresponds to a wireless local area network frequency band.

[0013] According to a number of implementations, the present disclosure
relates to a wireless device that includes a primary antenna and a diversity antenna
spaced apart from the primary antenna, the diversity antenna configured to receive
wireless signals corresponding to a plurality of radio access networks. The

wireless device also includes a diversity receiver module in communication with
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the diversity antenna, the diversity receiver module including a packaging substrate
configured to receive a plurality of components, the diversity receiver module
further including a reconfigurable multiplexer implemented on the packaging
substrate, the reconfigurable multiplexer including a switching network including
multi-path operability and connectability to a signal port, a first filter implemented
between the switching network and a first bi-directional port that is associated with
a first radio access network of the plurality of radio access networks, and a second
filter implemented between the switching network and a second bi-directional port
that is associated with a second radio access network of the plurality of radio
access networks. The wireless device also includes a controller configured to
control the switching network to provide a respective signal path between the signal
port and each of either or both of the first bi-directional port and the second bi-
directional port.

[0014] In some embodiments, the second radio access network
corresponds to a wireless local area network frequency band.

[0015] For purposes of summarizing the disclosure, certain aspects,
advantages and novel features have been described herein. It is to be understood
that not necessarily all such advantages may be achieved in accordance with any
particular embodiment. Thus, the disclosed embodiments may be carried out in a
manner that achieves or optimizes one advantage or group of advantages as
taught herein without necessarily achieving other advantages as may be taught or

suggested herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 illustrates a wireless device having a primary antenna and
a diversity antenna.

[0017] FIG. 2 illustrates a diversity receiver (DRx) configuration including
a DRx front-end module (FEM).

[0018] FIG. 3 illustrates an example of a reconfigurable multiplexer that
can be implemented in a front end configuration.

[0019] FIG. 4 illustrates an example of another reconfigurable
multiplexer that can be implemented in a front end configuration.

[0020] FIG. Sillustrates another example of a front end configuration that

includes a plurality of filters coupled to a switching network in a multiplexer.
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[0021] FIG. 6 illustrates a front end configuration that supports multiple
cellular frequency bands and bi-directional communication for WLAN signals.

[0022] FIG. 7 illustrates a front end configuration that supports multiple
cellular frequency bands and bi-directional communication for multiple WLAN
signal bands.

[0023] FIG. 8 illustrates a front end configuration that includes
multiplexers that respectively support low-band (LB) cellular signals and mid-
band/high-band (MB-HB) cellular signals with WLAN 2.4 GHz signals.

[0024] FIG. 9 illustrates a front end module configured to support LB,
MB-HB, and UHB cellular signals as well as multiple WLAN signal frequency
bands.

[0025] FIG. 10 illustrates a front end configuration configured for bi-
directional communication for cellular frequency bands.

[0026] FIG. 11 illustrates a front end configuration that expands on the
front end configuration of FIG. 9 to support additional communication standards,
such as LTE-LAA (License Assisted Access) that uses unlicensed spectrum to
increase data throughput.

[0027] FIG. 12 illustrates a comparison of different filter and multiplexer
architectures.

[0028] FIG. 13 illustrates that in some embodiments, some or all of the
diversity receiver configurations can be implemented, wholly or partially, in a
module.

[0029] FIG. 14 illustrates that in some embodiments, some or all of the
diversity receiver configurations can be implemented, wholly or partially, in an
architecture.

[0030] FIG. 15 illustrates an example wireless device having one or more

advantageous features described herein.

DETAILED DESCRIPTION OF SOME EMBODIMENTS
[0031] The headings provided herein, if any, are for convenience only
and do not necessarily affect the scope or meaning of the claimed invention.
[0032] Described herein are systems, devices, and methods for a multi-
standard radio switchable multiplexer that is configured to process a plurality of

different radio access networks in the same module. For example, front end
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modules are disclosed that can concurrently process wireless local area network
(WLAN) signals and cellular signals. This allows a single front end module to
support concurrent operation of WLAN signals and cellular signals. This can be
done using the switching networks described herein. In general, the described
systems and methods can be configured to concurrently operate different radio
systems (e.g., cellular, BLUETOOTH, WLAN, GPS, etc.) without the use of
cascaded filters. This improves performance by reducing, for example, insertion

losses resulting from the use of cascaded filters.

Introduction

[0033] FIG. 1 shows a wireless device 100 having a primary antenna 130
and a diversity antenna 140. The wireless device includes an RF module 114 and
a transceiver 112 that may be controlled by a controller 120. The transceiver 112
is configured to convert between analog signals (e.g., radio-frequency (RF)
signals) and digital data signals. To that end, the transceiver 112 may include a
digital-to-analog converter, an analog-to-digital converter, a local oscillator for
modulating or demodulating a baseband analog signal to or from a carrier
frequency, a baseband processor that converts between digital samples and data
bits (e.g., voice or other types of data), or other components.

[0034] The RF module 114 is coupled between the primary antenna 130
and the transceiver 112. Because the RF module 114 may be physically close to
the primary antenna 130 to reduce attenuation due to cable loss, the RF module
114 may be referred to as front-end module (FEM). The RF module 114 may
perform processing on an analog signal received from the primary antenna 130 for
the transceiver 112 or received from transceiver 112 for transmission via the
primary antenna 130. To that end, the RF module 114 may include filters, power
amplifiers, band select switches, matching circuits, and other components.

[0035] When a signal is transmitted to the wireless device, the signal
may be received at both the primary antenna 130 and the diversity antenna 140.
The primary antenna 130 and diversity antenna 140 may be physically spaced
apart such that the signal at the primary antenna 130 and diversity antenna 140 is
received with different characteristics. For example, in one embodiment, the
primary antenna 130 and diversity antenna 140 may receive the signal with

different attenuation, noise, frequency response, or phase shift. The transceiver
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112 may use both of the signals with different characteristics to determine data bits
corresponding to the signal. In some implementations, the transceiver 112 selects
from between the primary antenna 130 and the diversity antenna 140 based on the
characteristics, such as selecting the antenna with the highest signal-to-noise ratio.
In some implementations, the transceiver 112 combines the signals from the
primary antenna 130 and the diversity antenna 140 to increase the signal-to-noise
ratio of the combined signal. In some implementations, the transceiver 112
processes the signals to perform multiple-input/multiple-output (MiMo)
communication.

[0036] In some embodiments, the diversity antenna 140 is configured to
receive signals within cellular frequency bands and wireless local area network
(WLAN) frequency bands. In such embodiments, the wireless device 100 can
include a multiplexer 142 coupled to the diversity antenna 140 that is configured to
separate the diversity signal into different frequency ranges. For example, the
multiplexer can be configured to include a low pass filter that passes a frequency
range that includes low band cellular frequencies, a bandpass filter that passes a
frequency range that includes low band WLAN signals and mid-band and high-
band cellular signals, and a high pass filter that passes a frequency range that
includes high-band WLAN signals. This example is merely for illustrative purpose.
As another example, the multiplexer 142 can have a variety of different
configurations such as a diplexer that provides the functionality of a high pass filter
and a low pass filter. Additional example configurations are provided herein with
different figures. It is to be understood, however, that the various configurations of
the multiplexer 142 could be used with any suitable embodiment disclosed herein.
In certain implementations, the multiplexer 142 comprises a multi-layer ceramic
device, such as a low-temperature co-fired ceramic (LTCC).

[0037] Because the diversity antenna 140 is physically spaced apart
from the primary antenna 130, the diversity antenna 140 is coupled to the
transceiver 112 by a transmission line 135, such as a cable or a printed circuit
board (PCB) trace. In some implementations, the transmission line 135 is lossy
and attenuates the signal received at the diversity antenna 140 before it reaches
the transceiver 112. Thus, in some implementations, gain is applied to the signal
received at the diversity antenna 140. The gain (and other analog processing,

such as filtering) may be applied by the diversity receiver module 150. Because

-8-



such a diversity receiver module 150 may be located physically close to the
diversity antenna 140, it may be referred to a diversity receiver front-end module,
examples of which are described in greater detail herein.

[0038] FIG. 2 shows a diversity receiver (DRx) configuration 200
including a DRx front-end module (FEM) 150. The DRx configuration 200 includes
a diversity antenna 140 that is configured to receive a diversity signal and provide
the diversity signal to the DRx FEM 150 through a diplexer 242. The diplexer 242
can be configured to pass first signals having a frequency above a first threshold
along a first path to the DRx FEM 150 and to pass second signals having a
frequency below a second threshold along a second path to the DRx FEM 150. In
some embodiments, the first threshold is greater than or equal to the second
threshold. The first signals can include cellular signals (e.g., mid- and/or high-band
cellular frequencies) mixed with WLAN signals and the second signals can include
cellular signals (e.g., low-band cellular frequencies). In some embodiments, the
first signals include cellular signals (e.g., mid- and/or high-band cellular
frequencies) with or without WLAN signals and the second signals include cellular
signals (e.g., low-band cellular frequencies).

[0039] The DRx FEM 150 is configured to perform processing on the
diversity signals received from the diplexer 242. For example, the DRx FEM 150
may be configured to filter the diversity signals to one or more active frequency
bands that can include cellular and/or WLAN frequency bands. The controller 120
can be configured to control the DRx FEM 150 to selectively direct signals to
targeted filters to accomplish the filtering. As another example, the DRx FEM 150
may be configured to amplify one or more of the filtered signals. To that end, the
DRx FEM 150 may include filters, low-noise amplifiers, band select switches,
matching circuits, and other components. The controller 120 can be configured to
interact with components in the DRx FEM 150 to intelligently select paths for the
diversity signals through the DRx FEM 150.

[0040] The DRx FEM 150 transmits at least a portion of the processed
diversity signals via a transmission line 135 to the transceiver 112. The transceiver
112 may be controlled by the controller 120. In some implementations, the
controller 120 may be implemented within the transceiver 112,

[0041] The DRx FEM 150 may transmit at least a portion of the

processed diversity signals to a wireless local area network (WLAN) module 260.
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If the diversity signal from the diversity antenna 140 includes WLAN signals, the
controller 120 can control the DRx FEM 150 to direct such signals to the WLAN
module 260.

[0042] The controller 120 can be configured to control the DRx FEM 150
to selectively direct signals to suitable signal paths. For example, the controller
120 and the DRx FEM 150 direct cellular signals through the transmission line 135
to the transceiver 112 and direct WLAN signals from the DRx FEM 150 to the
WLAN module 260. Thus, the DRx configuration 200 can be configured to receive
and process signals corresponding to cellular communication and WLAN
communication. The controller 120 can be configured to intelligently direct signals
through the DRx FEM 150 so that the received signal from the diversity antenna
140 is directed through appropriate filters and other components to reduce, for

example, insertion losses.

Examples of Products and Architectures

[0043] In some wireless devices, it may be desirable to have
simultaneous operation between different radio systems. For example, it may be
desirable to have simultaneous operation between WLAN signals and cellular
signals, BLUETOOTH® signals and cellular signals, GPS signals and cellular
signals, etc. A possible configuration to enable this simultaneous operation
includes a front end module for each radio system that is attached to an antenna
to transmit and/or receive the targeted signals. However, as the number of radio
systems increases, so does the number of antennas required to achieve this
desirable simultaneous operation in such a configuration. This, for example, may
make it challenging for the industrial design of a portable device where small size
is of considerable importance. Another possible configuration to achieve the
desired simultaneous operation includes using a particular multiplexer (e.g., an
extractor) prior to any front end modules that is configured to extract and send
targeted signals to corresponding front end modules for processing. However,
such a component may undesirably add size and may undesirably increase
insertion losses.

[0044] Accordingly, to solve these and other problems, the disclosed
systems and methods integrate the multiplexing functionality into the front end

module. The disclosed multi-standard, radio-switchable multiplexers support a
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shared radio antenna while reducing cost, size, and insertion loss relative to other
existing configurations (e.g., extractors). For example, for a diversity cellular
module sharing an antenna with a WLAN module, a WLAN filter can be integrated
into the multiplexer in the diversity receive module. This can reduce path losses.
Furthermore, the multiplexer can be switchable so that in single mode operation
(e.g., a single radio access network), the loss is reduced and is comparable to a
system or module configured solely for single radio support. Thus, the disclosed
multiplexers and front end configurations are configured to integrate and merge the
multiplexing functionality into the front end component (e.g., a DRx module, MiMo
module, etc.) and to make the multiplexer switchable to reduce or optimize loss in
various modes of operation (e.g., single, dual, etc. modes of operation).

[0045] FIG. 3 illustrates an example of a reconfigurable multiplexer 311
that can be implemented in a front end configuration 310, such as a front end
module, diversity receiver module, and/or multiple input multiple output (MiMo)
module, examples of some of which are described herein. The front end
configuration 310 may be implemented in a module with multiple paths
corresponding to multiple frequency bands and/or different communication
protocols. The front end configuration 310 includes a diversity antenna 140
configured to receive a diversity signal. In some implementations, the diversity
signal may be a single-band signal including data modulated onto a single
frequency band. In some implementations, the diversity signal may be a multi-
band signal (also referred to as an inter-band carrier aggregation signal) including
data modulated onto multiple frequency bands and/or data modulated onto multiple
frequency bands using different communication protocols.

[0046] The multiplexer 311 has an input 316 that receives the diversity
signal from the diversity antenna 140 and a first output 317a that provides a
processed diversity signal to another component, such as a transceiver described
herein, and a second output 317b that provides a second processed signal to
another component, such as a transceiver or a WLAN module as described herein.
In some embodiments, the second processed signal is a WLAN signal that is sent
to a WLAN module (not shown). In some implementations, the diversity signal
passes through a diplexer, triplexer, or other multiplexer prior to being received at
the input 316. The input 316 feeds into an input of a switching network 315. The

switching network 315 includes a plurality of multiplexer outputs, individual outputs
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corresponding to a respective frequency band. The first output 317a and/or the
second output may be transmitted to a second multiplexer (not shown) for
combining the signals.

[0047] The frequency bands may be cellular frequency bands, such as
UMTS (Universal Mobile Telecommunications System) frequency bands. For
example, a first frequency band may be UMTS downlink or “Rx” Band 2, between
1930 megahertz (MHZ) and 1990 MHz, and a second frequency band may be
UMTS downlink or “Rx” Band 5, between 869 MHz and 894 MHz. Other downlink
frequency bands may be used, such as those described below in Table 1 or other
non-UMTS frequency bands. The frequency bands may also include wireless local
area network (WLAN) frequency bands, such as frequency bands that support
IEEE 820.11 wireless communication standards. For example, a first WLAN
frequency band may be the 2.4GHz ISM band (industrial, scientific, and medical)
that may be between 2.4 GHz and 2.4835 GHz and a second WLAN frequency
band may be the 5GHz ISM band that may be between 5.15 GHz and 5.825 GHz.
Other WLAN frequency bands may be used as well.

[0048] The front end configuration 310 includes a controller 320 that
selectively activates one or more of the plurality of paths through the switching
network 315. The controller 320 can intelligently activate selected paths based at
least in part on a band selection signal received from another component in the
front end configuration 310 or another component in a wireless device.

[0049] As noted herein, in some implementations, the diversity signal is
a single-band signal. Thus, in some implementations, the switching network 315
is a single-pole / multiple-throw (SPMT) switch that routes the diversity signal to
one of the plurality of paths corresponding to the frequency band of the single-band
signal based on a signal received from the controller 320. The controller 320 may
generate the signal based on a band select signal received from another
component in the front end configuration 310 or from another component of a
wireless device. In some instances, the single-band, diversity signal is a WLAN
signal and the controller 320 is configured to route the signal from the multiplexer
311 to the second output 317b.

[0050] As noted herein, in some implementations, the diversity signal is
a multi-band signal. Thus, in some implementations, the switching network 315 is

a signal splitter that routes the diversity signal to two or more of the plurality of
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paths corresponding to the two or more frequency bands of the multi-band signal
based on a splitter control signal received from the controller 320. The function of
the signal splitter may be implemented as a SPMT switch, a diplexer filter, or some
combination of these. The controller 320 may generate the splitter control signal
based on a band select signal received by the controller 320 from another
component or controller in the system.

[00561] Thus, in some implementations, the controller 320 is configured
to selectively activate one or more of the plurality of paths based on a band select
signal received by the controller 320. In some implementations, the controller 320
is configured to selectively activate one or more of the plurality of paths by
transmitting a splitter control signal to a signal splitter such as the switching
network 315.

[0052] The multiplexer 311 includes a plurality of bandpass filters 313a,
313b. Each bandpass filter 313a, 313b is disposed along a corresponding one of
the plurality of paths and configured to filter a signal received at the bandpass filter
to the respective frequency band of the one of the plurality of paths. In some
implementations, the bandpass filters 313a, 313b are further configured to filter a
signal received at the bandpass filter to a downlink frequency sub-band of the
respective frequency band of the one of the plurality of paths.

[0063] The reconfigurable multiplexer 311 includes a switching network
315 configured for multi-path operability and connectability to a signal port 316.
The multiplexer 311 can be configured to provide reconfigurable network selection
using the switching network 315. For example, the multiplexer 311 can be
configured to select one or more radio access networks for processing by closing
and/or opening selected switches or otherwise forming selected paths through the
switching network 315 and directing signals to designated filters associated with a
desired or targeted radio access network. The intelligence for selecting the
enabled paths through the multiplexer 311 can be provided by a controller 320.

[0064] The reconfigurable multiplexer 311 includes a first filter 313a
implemented between the switching network 315 and a first bi-directional port 317a
that is associated with a first radio access network. The reconfigurable multiplexer
311 also includes a second filter 313b implemented between the switching network
315 and a second bi-directional port 317b that is associated with a second radio

access network. The filters 313a, 313b can be any suitable filter, such as the filters
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described in greater detail elsewhere herein. In some implementations, the filter
313a is configured to filter signals corresponding to the first radio access network,
where the first radio access network corresponds to a first frequency band
corresponding to a cellular or WLAN communication standard. Similarly, in some
implementations, the filter 313b is configured to filter signals corresponding to the
second radio access network, where the second radio access network corresponds
to a second frequency band corresponding to a cellular or WLAN communication
standard.

[0065] The controller 320 can be implemented to control the switching
network 315 to provide a respective signal path between the signal port 316 and
each of either or both of the first bi-directional port 317a and the second bi-
directional port 317b.

[0066] The controller 320 can receive an indication of desired signals
(e.g., radio access networks) or an indication of expected signals (e.g., radio
access networks) and enable corresponding paths through the switching network
315 to the filters 313a, 313b. The switching network 315 can be implemented as
a signal splitter, a diplexer, a combination of switches, or the like, as described in
greater detail elsewhere herein. The controller 320 is configured to switch the
paths through the switching network 315 so that the signals received at the signal
port 316 from the diversity antenna 140 are selectively passed through either one
or both of the filters 313a, 313b to select out signals from the first radio access
network, the second radio access network, or both the first and second radio
access networks. Accordingly, the controller 320 intelligently controls the switching
network 315 for reconfigurable network selection using the multiplexer 311.

[0057] In some implementations, the multiplexer 311 is a reconfigurable
multiplexer controllable by the controller 320. For example, in some
implementations, the controller 320 is configured to selectively and intelligently
activate one or more paths within the multiplexer 311 to route the diversity signal
to corresponding one or more outputs. The multiplexer 311, for example, can
include a switching network that can selectively provide one or more simultaneous
paths through the switching network to respect outputs of the multiplexer 311. The
controller 320 is configured to selectively activate one or more of the plurality of
paths based at least in part on information regarding the content of the diversity

signal (e.g., the frequency bands present in the diversity signal).
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[0068] As noted herein, the input 316 receives a diversity signal from the
diversity antenna 140 and the first bi-directional port 317a provides a processed
diversity signal to a transceiver (e.g., via a transmission line). In some
embodiments, the input 316 receives a diversity signal from the diversity antenna
140 and the second bi-directional port 317b provides a processed diversity signal
to a WLAN module.

[0059] FIG. 4 illustrates an example of another reconfigurable
multiplexer 411 that can be implemented in a front end configuration 410, such as
a front end module, diversity receiver module, and/or multiple input multiple output
(MiMo) module, examples of some of which are described herein. The multiplexer
411 is similar to the multiplexer 311 described herein with reference to FIG. 3,
except that the multiplexer 411 includes a filter assembly 413 and an amplifier
assembly 414. As illustrated, the multiplexer 411 receives a signal at a signal port
416 and provides up to 3 signals at output ports 417a-417c. It is to be understood,
however, that the multiplexer 411 can provide any suitable number of output
signals at 2 or more output ports. The number of signal paths and output ports
illustrated in FIG. 4 is for illustrative purposes only. The concepts described herein
with respect to the multiplexer 411 can be extended to any desirable number of
signal paths and output ports.

[0060] The multiplexer 411 can be configured to provide reconfigurable
network selection using the switching network 415. For example, the multiplexer
411 can be configured to select one or more radio access networks for processing
by forming selected paths through the switching network 415 and directing signals
to designated filters and/or amplifiers associated with a desired or targeted radio
access network. The intelligence for selecting the enabled paths through the
multiplexer 411 can be provided by a controller 620, similar to the controller 520
described herein with reference to FIG. 5.

[0061] Thefilter assembly 413 provides filtering for the respective signals
provided by the switching network 415. The filter assembly 413 includes at least
one filter per signal path through the filter assembly 413. The filters in the filter
assembly 413 can be similar to the filters 313a, 313b described herein with
reference to FIG. 3. Afilter for an individual signal path through the filter assembly
413 can be designed to a pass a frequency band associated with a particular radio

access network. The radio access networks can correspond to cellular frequency
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bands, examples of which are described in Table 1 herein, and/or WLAN frequency
bands.

[0062] The amplifier assembly 414 provides amplification for signals that
pass through the assembly. In some embodiments, the amplifier assembly 414
provides amplification for a subset of the signal paths through the multiplexer 411.
For example, a signal path can pass from the filter assembly 413 to the output port
417c without passing through the amplifier assembly 414. This signal path can
then be coupled to a dedicated module configured to process and/or amplify the
signals from the output port 417c, such as a WLAN module configured to process
WLAN signals. In some embodiments, the signals that pass through both the filter
assembly 413 and the amplifier assembly 414 are cellular signals and the signals
that pass through the filter assembly 413 and not the amplifier assembly 414 are
WLAN signals. In some embodiments, WLAN signals pass through the filter
assembly 413 and the amplifier assembly 414.

[0063] The amplifier assembly 414 can include one or more amplifiers
disposed along a corresponding one of the plurality of paths through the
multiplexer, with the amplifiers being configured to amplify a signal received at the
amplifier assembly 414. In some embodiments, the filter assembly 413 includes a
bandpass filter that is configured to filter a signal corresponding to a WLAN signal
and pass that signal to third output 417¢, without passing through the amplifier
assembly 414. For example, a corresponding amplifier for the WLAN signal may
be included in a WLAN module (not shown) and not included in the amplifier
assembly 414. In some implementations, the filter assembly 413 includes a
plurality of bandpass filters associated with particular radio access networks.

[0064] In some implementations, the amplifier assembly 414 includes
narrowband amplifiers configured to amplify a signal within the respective
frequency band of the path in which the amplifier is disposed. In some
implementations, the amplifier assembly 414 is controllable by the controller 420.
For example, in some implementations, each of the amplifiers in the amplifier
assembly 414 includes an enable/disable input and is enabled (or disabled) based
on an amplifier enable signal received and the enable/disable input. The amplifier
enable signal may be transmitted by the controller 420. Thus, in some
implementations, the controller 420 is configured to selectively activate one or

more of the plurality of paths by transmitting an amplifier enable signal to one or
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more of the amplifiers in the amplifier assembly 414 respectively disposed along
one or more of the plurality of paths. In such implementations, rather than being
controlled by the controller 420, the multiplexer 411 may include a signal splitter
that routes the diversity signal to each of the plurality of paths. However, in
implementations in which the controller 420 controls the multiplexer 411, the
controller 420 may also enable (or disable) particular amplifiers in the amplifier
assembly 414, e.g., to save battery.

[0065] In some implementations, the amplifier assembly 414 includes
variable-gain amplifiers (VGAs). Thus, in these implementations, the front end
configuration 410 includes a plurality of variable-gain amplifiers (VGAs), each one
of the VGAs disposed along a corresponding one of the plurality of paths and
configured to amplify a signal received at the VGA with a gain controlled by an
amplifier control signal received from the controller 420.

[0066] The gain of a VGA may be bypassable, step-variable,
continuously-variable. In some implementations, at least one of the VGAs includes
a fixed-gain amplifier and a bypass switch controllable by the amplifier control
signal. The bypass switch may (in a first position) close a line between an input of
the fixed-gain amplifier to an output of fixed-gain amplifier, allowing a signal to
bypass the fixed-gain amplifier. The bypass switch may (in a second position)
open the line between the input and the output, passing a signal through the fixed-
gain amplifier. In some implementations, when the bypass switch is in the first
position, the fixed-gain amplifier is disabled or otherwise reconfigured to
accommodate the bypass mode.

[0067] In some implementations, at least one of the VGAs includes a
step-variable gain amplifier configured to amplify the signal received at the VGA
with a gain of one of plurality of configured amounts indicated by the amplifier
control signal. In some implementations, at least one of the VGAs includes a
continuously-variable gain amplifier configured to amplify a signal received at the
VGA with a gain proportional to the amplifier control signal.

[0068] In some implementations, the amplifier assembly 414 includes
variable-current amplifiers (VCAs). The current drawn by a VCA may be
bypassable, step-variable, continuously-variable. In some implementations, at
least one of the VCAs includes a fixed-current amplifier and a bypass switch

controllable by the amplifier control signal. The bypass switch may (in a first
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position) close a line between an input of the fixed-current ampilifier to an output of
fixed-current amplifier, allowing a signal to bypass the fixed-current amplifier. The
bypass switch may (in a second position) open the line between the input and the
output, passing a signal through the fixed-current amplifier. In some
implementations, when the bypass switch is in the first position, the fixed-current
amplifier is disabled or otherwise reconfigured to accommodate the bypass mode.

[0069] In some implementations, at least one of the VCAs includes a
step-variable current amplifier configured to amplify the signal received at the VCA
by drawing a current of one of plurality of configured amounts indicated by the
amplifier control signal. In some implementations, at least one of the VCAs
includes a continuously-variable current amplifier configured to amplify a signal
received at the VCA by drawing a current proportional to the amplifier control
signal.

[0070] In some implementations, the amplifier assembly 414 includes
fixed-gain, fixed-current amplifiers. In some implementations, the amplifier
assembly 414 includes fixed-gain, variable-current amplifiers. In some
implementations, the amplifier assembly 414 includes variable-gain, fixed-current
amplifiers. In some implementations, the amplifier assembly 414 includes variable-
gain, variable-current amplifiers.

[0071] In some implementations, the controller 420 generates the
amplifier control signal(s) based on a quality of service metric of an input signal
received at the input. In some implementations, the controller 420 generates the
amplifier control signal(s) based on a signal received from a communications
controller, which may, in turn, be based on a quality of service (QoS) metric of the
received signal. The QoS metric of the received signal may be based, at least in
part, on the diversity signal received on the diversity antenna 140 (e.g., an input
signal received at the input). The QoS metric of the received signal may be further
based on a signal received on a primary antenna. In some implementations, the
controller 420 generates the amplifier control signal(s) based on a QoS metric of
the diversity signal without receiving a signal from the communications controller.

[0072] In some implementations, the QoS metric includes a signal
strength. As another example, the QoS metric may include a bit error rate, a data

throughput, a transmission delay, or any other QoS metric.
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[0073] In some implementations, the controller 420 controls the gain
(and/or current) of the amplifiers in the amplifier assembly 414. In some
implementations, the controller 420 controls the gain of other components of the
wireless device, such as amplifiers in the front-end module (FEM), based on an
amplifier control signal.

[0074] The front end configuration 410 is configured to receive signals
from the diversity antenna 140 that may include a combination of cellular and
WLAN signals (or a combination of cellular and BLUETOOTH®, a combination of
cellular and GPS, etc.). The front end configuration 410 can provide one or more
advantages over other configurations that extract WLAN signals, or other signals,
prior to passing the extracted signals to respective modules (e.g., front end
modules, MiMo modules, WLAN modules, etc.). For example, as described in
greater detail with respect to FIG. 12, the front end configuration 410 can be
configured to reduce insertion losses by reducing the number of filters used to
extract cellular frequencies and/or using particular filters that reduce signal losses
for cellular frequencies. The font end configuration 410 can provide these reduced
insertion losses through the use of intelligent selection of signals that are filtered
for WLAN frequencies, cellular frequencies, or a combination of WLAN and cellular
frequencies, the intelligent selection being accomplished using the switching
network 415 and the controller 420.

[0075] In some embodiments, the output ports 417a-417c are bi-
directional signal ports, configured to transmit and receive radio access network
signals. In such embodiments, the amplifier assembly 414 can include amplifiers
configured to amplify signals for transmission as well as amplifiers configured to
amplify received signals. Furthermore, in such embodiments, the filter assembly
413 can include duplexers configured to filter received signals and signals to be
transmitted by the antenna 140.

[0076] Although not illustrated, it is to be understood that 2 or more of
the output ports 417a-417c can be passed to a second multiplexer for signal
combination. In some embodiments, one or more of the output ports 417a-417¢
can be passed to another module without being combined with the other signals
from other output ports. It is also to be understood that the front end configuration

410 can include additional components that are not included in the illustrations,
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such as components for impedance matching, phase matching, additional filtering,
amplification, switching, etc.

[0077] FIG. 5illustrates another example of a front end configuration 510
that includes a plurality of filters 513a-513d coupled to the switching network 515
in a multiplexer 511. The front end configuration 510 also includes a plurality of
amplifiers 514a-514c coupled to a subset of the filtered paths from the filters 513a-
513c. The switching network 515 is illustrated as a plurality of single pole, single
throw switches that can be independently operated. The controller 520 is
configured to selectively operate the switches in the switching network 515 to
intelligently select desired or targeted paths through the switching network 515 for
further filtering with an associated filter 513a-513d and possibly amplification with
an associated amplifier 514a-514c.

[0078] The front end configuration 510 can be configured to select one
or more of a plurality of cellular signals that can be output at output ports 517a-
517¢ in combination with a WLAN signal that can be selected and output at output
port 517d. Asillustrated, it is to be understood that the number of filters, associated
amplifiers, and associated output ports can be expanded to cover any suitable
number of cellular networks. For example, the front end configuration 510 can
include N+1 switchable paths where each of N paths passes through a particular
filter associated with a cellular frequency band and a corresponding amplifier, and
the remaining path passes through a filter associated with WLAN signals (e.g., a
WLAN 2.4 GHz signal).

[0079] FIG. 6 illustrates a front end configuration 710 that supports
multiple cellular frequency bands and bi-directional communication for WLAN
signals. The front end configuration 710 includes a multiplexer 711 that is similar
to the multiplexers 411, 511 respectively described with reference to FIGS. 4 and
5. The front end configuration 710 includes a switching network 715, filters 713a-
713d, and amplifiers 714a-714c similar to the switching network 515, filters 513a-
513d, and amplifiers 514a-514c described in greater detail herein with reference
to FIG. 5. The front end configuration 710 further includes a duplexer 719 (e.g., a
switch) that provides for bi-directional communication of WLAN signals. The front
end configuration 710 includes a controller 720 that is configured to selectively
control the switching network 715 and the duplexer 719. The front end

configuration 710 also includes an amplifier 714d configured to amplify received
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WLAN signals (e.g., a low-noise amplifier or LNA) and an amplifier 718 configured
to amplify WLAN signals for transmission (e.g., a power amplifier or PA). The
WLAN signals for transmission can be received at WLAN transmit port 717e and
passed to signal port 716 for transmission using antenna 140. Accordingly, the
front end configuration 710 can be configured to multiplex multiple cellular signals,
extract received WLAN signals, and process WLAN signals for transmission. In
some embodiments, the front end configuration 710 is configured to support
simultaneous processing of multiple mid-band and/or high-band cellular frequency
bands in conjunction with filtering WLAN 2.4 GHz signals.

[0080] FIG. 7 illustrates a front end configuration 810 that supports
multiple cellular frequency bands and bi-directional communication for multiple
WLAN signal bands. Similar to the front end configuration 710 described with
reference to FIG. 6, the front end configuration 810 includes a plurality of signal
paths for cellular signals, the paths configured to pass through a switching network
815, filters 813a-813c, and amplifiers 814a-814c. Expanding on the front end
configuration 710 described with reference to FIG. 6, the front end configuration
810 supports bi-directional communication for two WLAN signal frequency bands
(e.g., WLAN 2.4 GHz signals and WLAN 5 GHz signals). The front end
configuration 810 includes two duplexers 819a, 819b that support bi-directional
communication for WLAN signals. The front end configuration 810 selectively
provides a path from the switching network 815, through filters 813d, 813e and
amplifiers 814d, 814e to output ports 817d, 817f for received WLAN signals. The
front end configuration 810 selectively provides a path from WLAN transmit ports
817e, 8179 through amplifiers 818a, 818b, filters 813d, 813e, and switching
network 815 to signal port 816 for transmission with antenna 140. The front end
configuration 810 includes a controller 820 that is configured to selectively control
the switching network 815 and the duplexers 819a, 819b. Accordingly, the front
end configuration 810 can be configured to multiplex multiple cellular signals,
extract received WLAN signals from multiple WLAN frequency bands, and process
WLAN signals for transmission from multiple WLAN frequency bands. In some
embodiments, the front end configuration 810 is configured to support
simultaneous processing of multiple mid-band and/or high-band cellular frequency
bands in conjunction with filtering WLAN 2.4 GHz and 5 GHz signals.
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[0081] FIG. 8 illustrates a front end configuration 910 that includes
multiplexers 911a, 911b that respectively support low-band (LB) cellular signals
and mid-band/high-band (MB-HB) cellular signals with WLAN 2.4 GHz signals.
Prior to sending signals to the multiplexers 911a, 911b, signals from the antenna
140 pass through a triplexer 142, as described herein with reference to FIG. 1. The
triplexer 142 can include a low-pass filter that passes low-band cellular frequencies
to the multiplexer 911a. The ftriplexer 142 can include a band-pass filter that
passes mid-band and high-band cellular signals as well as WLAN signals to the
multiplexer 911b. The ftriplexer 142 can include a high-pass filter that passes
ultrahigh-band cellular signals and/or higher frequency WLAN signals to another
multiplexer or module (not shown). Although not shown for the sake of clarity in
the figure, it is to be understood that the front end configuration 910 includes a
controller configured to selectively control switching networks 915a, 915b.

[0082] The front end configuration 910 includes the multiplexer 911a for
low-band cellular signals, the multiplexer 911a similar to the multiplexer 311
described herein in greater detail with reference to FIG. 3. The front end
configuration 910 includes the multiplexer 911b for mid-band and high-band
cellular signals as well as WLAN signals (e.g., WLAN 2.4 GHz signals), the
multiplexer 911b similar to the multiplexer 511 described herein in greater detall
with reference to FIG. 5. In some embodiments, the multiplexer 911a is configured
to support cellular frequency bands that are less than a threshold frequency
defined by the triplexer 142. In certain implementations, the multiplexer 911a does
not include a path for WLAN signals. In some embodiments, the multiplexer 911b
is configured to support cellular frequency bands that are within a range of
frequencies defined by the triplexer 142. In certain implementations, the
multiplexer 911b includes a plurality of paths, each path corresponding to a cellular
frequency band, and a single path corresponding to a WLAN frequency band (e.g.,
WLAN 2.4 GHz), the WLAN frequency band falling within the range of frequencies
covered by the plurality of cellular frequency bands.

[0083] The front end configuration 910 can be configured to integrate a
WLAN signal path into a front end module to select out WLAN signals for further
processing in a dedicated module. This is in contrast to using the triplexer 142 or
other multiplexer to select out WLAN signals for processing in a dedicated module.

Accordingly, the front end configuration 910 can be configured to replace a bulky
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WLAN/cell multiplexer with a simple diplexer or triplexer (e.g., a LC diplexer or LC
triplexer) while maintaining simultaneous WLAN/cell operation. This can
significantly reduce cell insertion loss.

[0084] The front end configuration 910 can be configured to support a
system with 2x2 MiMo sharing that supports LB and MB-HB cellular frequencies
and WLAN 2.4G frequencies. The front end configuration 910 can be repeated for
each of a plurality of antennas. For example, the front end configuration 910 can
be repeated to support a system having 4x4 MiMo sharing that supports LB and
MB-HB cellular frequencies and WLAN 2.4G frequencies.

[0085] FIG. 9 illustrates a front end module 1010 configured to support
LB, MB-HB, and UHB cellular signals as well as multiple WLAN signal frequency
bands (e.g., WLAN 2.4 GHz and WLAN 5 GHz). The front end configuration 1010
includes a multiplexer 1011a for LB cellular signals that is similar to the multiplexer
911a described herein with reference to FIG. 8. The front end configuration 1010
includes a second multiplexer 1011b that is configured to support MB-HB cellular
signals, UHB cellular signals, and WLAN signals having a frequency range that is
near or within the MB-HB cellular frequency range and higher frequency WLAN
signals having a frequency range that is near or within the UHB cellular frequency
range. Asin FIG. 8, it is to be understood that a controller is present that controls
the switching networks 1015a-1015c.

[0086] The second multiplexer includes a first switching network 1015b
and a second switching network 1015¢c. The first switching network 1015b is
configured to selectively route signals that fall within the MB-HB cellular frequency
range, including WLAN signals. Similarly, the second switching network 1015c¢ is
configured to selectively route signals that fall within the UHB cellular frequency
range, including WLAN signals. The first and second switching networks 1015b,
1015¢ route cellular signals through filters 1013d-1013g and corresponding
amplifiers 1014d-1014g to output ports 1017d-1017g. Similarly, the first and
second switching networks 1015b, 1015¢c route WLAN signals through filters
1013h, 1013i to output ports 1017h-1017i.

[0087] The triplexer 142 filters LB cellular signals from the antenna 140,
the LB cellular signals being directed to the switching network 1015a in the
multiplexer 1011a. The triplexer 142 filters MB-HB cellular signals and WLAN

signals within the MB-HB cellular frequency range, these filtered signals being
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directed to the first switching network 1015b in the second multiplexer 1011b. The
triplexer 142 filters UHB cellular signals and WLAN signals above the MB-HB
cellular frequency range, these filtered signals being directed to the second
switching network 1015c¢ in the second multiplexer 1011b. The first switching
network 1015b, under control of a controller, routes cellular signals through
corresponding filters 1013d-1013f and amplifiers 1014d-1014f. The first switching
network 1015b, under control of a controller, routes WLAN signals through a
corresponding filter 1013h. Similarly, the second switching network 1015c¢, under
control of a controller, routes cellular signals through a corresponding filter 1013g
and amplifier 1014g. The second switching network 1015c¢, under control of a
controller, routes WLAN signals through a corresponding filter 1013i. Accordingly,
the front end configuration 1010 can be configured to support cellular frequencies
across a wide range of cellular frequency bands as well as WLAN signals falling
within any of these cellular frequency bands. Insertion losses can be reduced due
at least in part to the combination of filters and the triplexer 142 that intelligently
and selectively filters cellular signals and WLAN signals within the front end
configuration 1010.

[0088] The front end configuration 1010 can be configured to support a
system with 2x2 MiMo sharing and cell/WLAN 2.4G/5G signals. By repeating the
illustrated configuration two times, for example, a system with 4x4 MiMo sharing
and cell/WLAN 2.4G/5G signals can be supported.

[0089] FIG. 10 illustrates a front end configuration 1110 configured for
bi-directional communication for cellular frequency bands. As described herein,
the antenna 130 receives signals that are split into three frequency bands by a
triplexer 132. Similarly, signals from three different signal bands are combined by
the triplexer 132 for transmission with the antenna 130. LB cellular signals are
routed through a first multiplexer 1111a having a switching network 1115a and a
duplexer for each path through the first multiplexer 1111a. For example, the first
multiplexer 1111a is illustrated with two paths and two duplexers 1113a, 1113b. It
is to be understood, however, that additional paths can be provided with the
multiplexer 1111a. For each cellular frequency band or radio access network, a
receive amplifier 1114a, 1114b is provided to amplify received signals and a

transmit amplifier 1118a, 1118b is provided to amplify signals for transmission.
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[0090] MB-HB cellular signals are routed through a second multiplexer
1111b having a first switching network 1115b and a duplexer for each path
associated with a cellular frequency band. For example, the second multiplexer
1111b is illustrated with two paths and two duplexers 1113c, 1113d coupled to the
first switching network 1115b. It is to be understood, however, that additional paths
can be provided with the second multiplexer 1111b. For each cellular frequency
band or radio access network, a receive amplifier 1114c, 1114d is provided to
amplify received signals and a transmit amplifier 1118c, 1118d is provided to
amplify signals for transmission.

[0091] UHB cellular signals are routed through the second multiplexer
1111b having a second switching network 1115c¢ and a filter 1113e associated with
a cellular frequency band. The UHB cellular signal is routed through a duplexer
1119 (e.g., a switch) that routes received signals and signals for transmission
through the filter 1113e and the second switching network 1115c. For the cellular
frequency band or radio access network, a receive amplifier 1114e is provided to
amplify received signals and a transmit amplifier 1118e is provided to amplify
signals for transmission.

[0092] WLAN signals provided at the second signal port 1116b from the
triplexer 132 are routed through the first switching network 1115b and through a
first WLAN filter 1113f. Similarly, WLAN signals provide at the third signal port
1116c¢ from the triplexer are routed through the second switching network 1115¢c
and through a second WLAN filter 1113g. In some embodiments, the WLAN
signals at the second signal port 1116b correspond to WLAN 2.4 GHz signals and
the WLAN signals at the third signal port 1116¢ correspond to WLAN 5 GHz
signals.

[0093] The front end configuration 1110 can be implemented in a front
end module to transmit and receive cellular and WLAN signals. The front end
configuration 1110 can be repeated twice and combined with two copies of the
front end configuration 1010 described herein with reference to FIG. 10 to form a
system with cell and WLAN 4x4 MiMo sharing that supports cellular and WLAN
2.4G/5G signals. The front end configuration 1110 can support primary paths in a
wireless device, for example, while the front end configuration 1010 can support

diversity paths in the wireless device.
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[0094] FIG. 11 illustrates a front end configuration 1210 that expands on
the front end configuration 1010 described herein with reference to FIG. 9 to
support additional communication standards, such as LTE-LAA (License Assisted
Access) that uses unlicensed spectrum to increase data throughput. The front end
configuration 1210 is similar to the front end configuration 1010, additionally
including a plurality of switches 1219a-1219c¢ to selectively direct signals in the
WLAN 5G frequency band to a WLAN module or to direct the signals through an
amplifier 12141 which can then be processed as a cellular signal at output port
12171 or be passed to a WLAN module at port 1217]. In some embodiments,
signals that pass through the filter 1213i are passed to a WLAN module at port
1217) without passing through the amplifier 1214i. The signal routed through the
amplifier 1214i and out through port 12171 can be used to provide LTE-LAA
capabilities. The filter 1213i can be configured as a filter for WLAN 5G signals.

[00956] FIG. 12 illustrates a comparison of different filter and multiplexer
architectures. The plots provide simulated data corresponding to the three different
architectures to illustrate improvements in insertion losses associated with
incorporating WLAN and cellular filters into a multiplexer after an external
multiplexer. Examples of front end configurations that incorporate WLAN and
cellular filters into a multiplexer after an external multiplexer are provided herein.
In some embodiments, performance is improved by removing cascaded filters. In
some embodiments, the disclosed architectures enable concurrent operation of
WLAN and cellular through the use of multiplexers with switching networks as
described herein.

[0096] A first example architecture 1300a (with data plotted and
identified with the label “A” in the plots) includes an antenna 140, a diplexer 13053,
a cellular filter 1310, and a WLAN filter 1315. In some embodiments, the diplexer
1305a can be a low temperature co-fired ceramic (LTCC) filter. This general
architecture corresponds to the example front end configurations described herein
with reference to FIGS. 3-11. Although not illustrated, it is to be understood that a
switching network can be implemented between the diplexer 1305a and the filters
1310, 1315.

[0097] A second example architecture 1300b (with data plotted and
identified with the label “B” in the plots) includes an antenna 140, a multiplexer

1305b, and a cellular filter 1310. This general architecture corresponds to
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configurations that extract cellular and WLAN signals at the multiplexer 1305b for
routing directly to dedicated modules (e.g., diversity modules, MiMo modules,
WLAN modules, etc.).

[0098] A third example architecture 1300c (with data plotted and
identified with the label “C” in the plots) includes an antenna 140, a first diplexer
1305¢, a second diplexer 1307, and a cellular filter 1310. This general architecture
corresponds to configurations that first divide signals into high and low frequencies,
followed by an extractor that extracts WLAN signals from cellular signals.

[0099] The three plots correspond to insertion losses as a function of
frequency for three example cellular frequency bands: B25, B66, and B41. The
cellular filter 1310 thus corresponds, respectively, to the B25 cellular band in the
plot on the left, to the B66 cellular band in the plot in the middle, and to the B41
cellular band in the plot on the right. In each plot, the first configuration 1300a is
demonstrated to reduce insertion losses relative to the other two architectures
1300b, 1300c. Accordingly, by incorporating cellular and WLAN filters into a
reconfigurable multiplexer, as described herein, insertion losses can be reduced
relative to architectures that use diplexers, triplexers, multiplexers, and/or
cascaded filters to extract WLAN signals prior to filtering the signals for desired or
targeted cellular frequency bands. Due at least in part to the first architecture
1300a intelligently filtering received signals to extract WLAN signals when
appropriate, insertion losses can be reduced. Similarly, insertion losses can be
reduced due at least in part to the losses introduced by the diplexer 1305a in the
first example architecture 1300a being less than the losses introduced by the
multiplexer 1305b in the second example architecture 1300b and the combination
of the first diplexer 1305¢ and the second diplexer 1307 in the third example
architecture 1300c.  Accordingly, the first architecture 1300a can improve
multiplexing cellular and WLAN signals by using switches in parallel to direct
signals into dedicated filters for particular radio access networks. This can, for
example, reduce insertion losses that arise from cascading multiple filters such as
cascading a notch filter and a dedicated filter for a particular radio access network.

[0100] As described herein, the front end configurations can be
configured to route a WLAN signal through a front end module (e.g., a DRx module)
and perform at least one filtering operation. These architectures may be

particularly beneficial when cellular signals and WLAN signals are close together.
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When these signals are close to one another, losses may increase due at least in
part to the use of cascading of filters or to the use of notch filters on cellular signals
to remove or extract WLAN signals. The described front end configurations may
also enable the removal of filters in other modules, such as a WLAN module,
through the incorporation of dedicated filters into the front end configuration. In
some implementations, the use of dedicated filters in a reconfigurable multiplexer,
as described herein, can provide performance similar to a system with a dedicated
antenna for each radio access network or for each communication protocol (e.g.,
cellular, WLAN, BLUETOOTH®, GPS, etc.).

Examples of Modules, Architectures, and Devices

[0101] FIG. 13 shows that in some embodiments, some or all of the
diversity receiver configurations, including some or all of the diversity receiver
configurations having combinations of features (e.g., FIGS. 3-11), can be
implemented, wholly or partially, in a module. Such a module can be, for example,
a front-end module (FEM). Such a module can be, for example, a diversity receiver
(DRx) FEM. Such a module can be, for example, a multi-input, multi-output (MiMo)
module.

[0102] In the example of FIG. 13, a module 1450 can include a
packaging substrate 1402, and a number of components can be mounted on such
a packaging substrate 1402. For example, a controller 1420 (which may include a
front-end power management integrated circuit [FE-PIMC]), an amplifier assembly
1406 having one or more features as described herein (e.g., power amplifiers, low
noise amplifiers, etc.), a multiplexing assembly 1410 that includes a reconfigurable
multiplexer 1411, and a filter bank 1408 (which may include one or more bandpass
fiters) can be mounted and/or implemented on and/or within the packaging
substrate 1402. In some embodiments, the filter bank 1408 is implemented as part
of the multiplexing assembly 1410. Other components, such as a number of SMT
devices 1405, can also be mounted on the packaging substrate 1402. Although
all of the various components are depicted as being laid out on the packaging
substrate 1402, it will be understood that some component(s) can be implemented
over other component(s).

[0103] FIG. 14 shows that in some embodiments, some or all of the

diversity receiver configurations, including some or all of the diversity receiver
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configurations having combinations of features (e.g., FIGS. 3-11), can be
implemented, wholly or partially, in an architecture. Such an architecture may
include one or more modules, and can be configured to provide front-end
functionality such as diversity receiver (DRx) front-end functionality.

[0104] In the example of FIG. 14, an architecture 1550 can include a
controller 1520 (which may include a front-end power management integrated
circuit [FE-PIMC]), an amplifier assembly 1506 having one or more features as
described herein (e.g., power amplifiers, low noise amplifiers, etc.), a multiplexing
assembly 1510 having a reconfigurable multiplexer 1511, and a filter bank 1508
(which may include one or more bandpass filters). In some embodiments, the filter
bank 1508 is implemented as part of the multiplexing assembly 1510. Other
components, such as a number of SMT devices 1505, can also be implemented in
the architecture 1550.

[0105] In some implementations, a device and/or a circuit having one or
more features described herein can be included in an RF electronic device such
as a wireless device. Such a device and/or a circuit can be implemented directly
in the wireless device, in a modular form as described herein, or in some
combination thereof. In some embodiments, such a wireless device can include,
for example, a cellular phone, a smart-phone, a hand-held wireless device with or
without phone functionality, a wireless tablet, etc.

[0106] FIG. 15 depicts an example wireless device 1600 having one or
more advantageous features described herein. In the context of one or more
modules having one or more features as described herein, such modules can be
generally depicted by a dashed box 1610 (which can be implemented as, for
example, a front-end module), a diversity receiver (DRx) module 1650 (which can
be implemented as, for example, a front-end module), and a wireless local area
network (WLAN) module 1660.

[0107] Power amplifiers (PAs) 1620 can receive their respective RF
signals from a transceiver 1612 that can be configured and operated to generate
RF signals to be amplified and transmitted, and to process received signals. The
transceiver 1612 is shown to interact with a baseband sub-system 1609 that is
configured to provide conversion between data and/or voice signals suitable for a
user and RF signals suitable for the transceiver 1612. The transceiver 1612 can

also be in communication with a power management component 1606 that is
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configured to manage power for the operation of the wireless device 1600. Such
power management can also control operations of the baseband sub-system 1609
and the modules 1610, 1650, and 1660.

[0108] The baseband sub-system 1609 is shown to be connected to a
user interface 1602 to facilitate various input and output of voice and/or data
provided to and received from the user. The baseband sub-system 1609 can also
be connected to a memory 1604 that is configured to store data and/or instructions
to facilitate the operation of the wireless device, and/or to provide storage of
information for the user.

[0109] Inthe example wireless device 1600, outputs of the PAs 1620 are
shown to be matched (via respective match circuits 1622) and routed to their
respective duplexers 1624. Such amplified and filtered signals can be routed to a
primary antenna 1630 through a switching network 1615 for transmission. In some
embodiments, the duplexers 1624 can allow transmit and receive operations to be
performed simultaneously using a common antenna (e.g., primary antenna 1630).
Received signals can be routed to "Rx" paths that can include, for example, a low-
noise amplifier (LNA) 1626.

[0110] In the example wireless device 1600, signals received at the
primary antenna 1630 can be sent to a reconfigurable multiplexer 1611a in the front
end module 1610. The reconfigurable multiplexer 1611a can include duplexers
1624 that include bandpass filters configured to pass frequencies corresponding
to particular radio access networks. In some embodiments, at least one path
through the multiplexer 1611a corresponds to a WLAN signal that is sent to the
WLAN module 1660 or another WLAN module of the wireless device 1600. This
path passes through the filter 1613 configured to pass signals corresponding to the
WLAN signal. In some implementations, the reconfigurable multiplexer 1611a can
be similar to the multiplexer 1111b described herein with reference to FIG. 10.

[0111] The wireless device also includes a diversity antenna 1640 and a
diversity receiver module 1650 that receives signals from the diversity antenna
1640. The diversity receive module includes a reconfigurable multiplexer 1611Db,
similar to the reconfigurable multiplexer 1611a in the front end module 1610. The
diversity receiver module 1650 and the reconfigurable multiplexer 1611b process
the received signals and transmit the processed cellular signals via a transmission

line 135 to the transceiver 1612. The diversity receiver module 1650 and the
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reconfigurable multiplexer 1611b process the received signals and transmit the
processed WLAN signals to the WLAN module 1660. In some embodiments, a
diplexer or triplexer can be included between the diversity antenna 1640 and the
diversity Rx module 1650, as described herein.

[0112] One or more features of the present disclosure can be
implemented with various cellular frequency bands as described herein. Examples
of such bands are listed in Table 1. It will be understood that at least some of the
bands can be divided into sub-bands. It will also be understood that one or more
features of the present disclosure can be implemented with frequency ranges that
do not have designations such as the examples of Table 1. It is to be understood
that the term radio frequency (RF) and radio frequency signals refers to signals

that include at least the frequencies listed in Table 1.
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Table 1

Band Mode Tx Frequency Range (MHz) Rx Frequency Range (MHz)
B1 FDD 1,920 — 1,980 2,110-2,170
B2 FDD 1,850 — 1,910 1,930 — 1,990
B3 FDD 1,710 — 1,785 1,805 — 1,880
B4 FDD 1,710 — 1,755 2,110 - 2,155
B5 FDD 824 — 849 869 — 894
B6 FDD 830 — 840 875 — 885
B7 FDD 2,500 — 2,570 2,620 - 2,690
B8 FDD 880 — 915 925 - 960
B9 FDD 1,749.9 —1,784.9 1,844.9-1,879.9
B10 FDD 1,710 - 1,770 2,110-2,170
B11 FDD 1,427.9-14479 1,475.9-1,4959
B12 FDD 699 — 716 729 — 746
B13 FDD 777 — 787 746 — 756
B14 FDD 788 — 798 758 — 768
B15 FDD 1,900 — 1,920 2,600 - 2,620
B16 FDD 2,010 — 2,025 2,585 - 2,600
B17 FDD 704 — 716 734 — 746
B18 FDD 815 -830 860 — 875
B19 FDD 830 — 845 875 -890
B20 FDD 832 — 862 791 - 821
B21 FDD 1,447.9 -1,462.9 1,495.9-1,510.9
B22 FDD 3,410 -3,490 3,510 - 3,590
B23 FDD 2,000 — 2,020 2,180 — 2,200
B24 FDD 1,626.5 — 1,660.5 1,525 - 1,559
B25 FDD 1,850 — 1,915 1,930 — 1,995
B26 FDD 814 — 849 859 — 894
B27 FDD 807 — 824 852 — 869
B28 FDD 703 — 748 758 — 803
B29 FDD N/A 716 — 728
B30 FDD 2,305 -2315 2,350 - 2,360
B31 FDD 452.5-4575 462.5 - 467.5
B32 FDD N/A 1,452 — 1,496
B33 TDD 1,900 — 1,920 1,900 — 1,920
B34 TDD 2,010 —2,025 2,010-2,025
B35 TDD 1,850 — 1,910 1,850 — 1,910
B36 TDD 1,930 — 1,990 1,930 — 1,990
B37 TDD 1,910 — 1,930 1,910 — 1,930
B38 TDD 2,570 — 2,620 2,570 - 2,620
B39 TDD 1,880 — 1,920 1,880 — 1,920
B40 TDD 2,300 — 2,400 2,300 - 2,400
B41 TDD 2,496 — 2,690 2,496 — 2,690
B42 TDD 3,400 — 3,600 3,400 - 3,600
B43 TDD 3,600 — 3,800 3,600 - 3,800
B44 TDD 703 — 803 703 — 803
B45 TDD 1,447 — 1,467 1,447 — 1,467
B46 TDD 5,150 — 5,925 5,150 — 5,925
B65 FDD 1,920 — 2,010 2,110 - 2,200
B66 FDD 1,710 — 1,780 2,110 - 2,200
B67 FDD N/A 738 — 758
B68 FDD 698 — 728 753 — 783
[0113] The present disclosure describes various features, no single one

of which is solely responsible for the benefits described herein. It will be
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understood that various features described herein may be combined, modified, or
omitted, as would be apparent to one of ordinary skill. Other combinations and
sub-combinations than those specifically described herein will be apparent to one
of ordinary skill, and are intended to form a part of this disclosure. Various methods
are described herein in connection with various flowchart steps and/or phases. It
will be understood that in many cases, certain steps and/or phases may be
combined together such that multiple steps and/or phases shown in the flowcharts
can be performed as a single step and/or phase. Also, certain steps and/or phases
can be broken into additional sub-components to be performed separately. In
some instances, the order of the steps and/or phases can be rearranged and
certain steps and/or phases may be omitted entirely. Also, the methods described
herein are to be understood to be open-ended, such that additional steps and/or
phases to those shown and described herein can also be performed.

[0114] Some aspects of the systems and methods described herein can
advantageously be implemented using, for example, computer software, hardware,
firmware, or any combination of computer software, hardware, and firmware.
Computer software can comprise computer executable code stored in a computer
readable medium (e.g., non-transitory computer readable medium) that, when
executed, performs the functions described herein. In some embodiments,
computer-executable code is executed by one or more general purpose computer
processors. A skilled artisan will appreciate, in light of this disclosure, that any
feature or function that can be implemented using software to be executed on a
general purpose computer can also be implemented using a different combination
of hardware, software, or firmware. For example, such a module can be
implemented completely in hardware using a combination of integrated circuits.
Alternatively or additionally, such a feature or function can be implemented
completely or partially using specialized computers designed to perform the
particular functions described herein rather than by general purpose computers.

[0115] Multiple distributed computing devices can be substituted for any
one computing device described herein. In such distributed embodiments, the
functions of the one computing device are distributed (e.g., over a network) such
that some functions are performed on each of the distributed computing devices.

[0116] Some embodiments may be described with reference to

equations, algorithms, and/or flowchart illustrations. These methods may be

-33 -



implemented using computer program instructions executable on one or more
computers. These methods may also be implemented as computer program
products either separately, or as a component of an apparatus or system. In this
regard, each equation, algorithm, block, or step of a flowchart, and combinations
thereof, may be implemented by hardware, firmware, and/or software including one
or more computer program instructions embodied in computer-readable program
code logic. As will be appreciated, any such computer program instructions may
be loaded onto one or more computers, including without limitation a general
purpose computer or special purpose computer, or other programmable
processing apparatus to produce a machine, such that the computer program
instructions which execute on the computer(s) or other programmable processing
device(s) implement the functions specified in the equations, algorithms, and/or
flowcharts. It will also be understood that each equation, algorithm, and/or block
in flowchart illustrations, and combinations thereof, may be implemented by special
purpose hardware-based computer systems which perform the specified functions
or steps, or combinations of special purpose hardware and computer-readable
program code logic means.

[0117] Furthermore, computer program instructions, such as embodied
in computer-readable program code logic, may also be stored in a computer
readable memory (e.g., a non-transitory computer readable medium) that can
direct one or more computers or other programmable processing devices to
function in a particular manner, such that the instructions stored in the computer-
readable memory implement the function(s) specified in the block(s) of the
flowchart(s). The computer program instructions may also be loaded onto one or
more computers or other programmable computing devices to cause a series of
operational steps to be performed on the one or more computers or other
programmable computing devices to produce a computer-implemented process
such that the instructions which execute on the computer or other programmable
processing apparatus provide steps for implementing the functions specified in the
equation(s), algorithm(s), and/or block(s) of the flowchart(s).

[0118] Some or all of the methods and tasks described herein may be
performed and fully automated by a computer system. The computer system may,
in some cases, include multiple distinct computers or computing devices (e.g.,

physical servers, workstations, storage arrays, etc.) that communicate and
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interoperate over a network to perform the described functions. Each such
computing device typically includes a processor (or multiple processors) that
executes program instructions or modules stored in a memory or other non-
transitory computer-readable storage medium or device. The various functions
disclosed herein may be embodied in such program instructions, although some or
all of the disclosed functions may alternatively be implemented in application-
specific circuitry (e.g., ASICs or FPGAs) of the computer system. Where the
computer system includes multiple computing devices, these devices may, but
need not, be co-located. The results of the disclosed methods and tasks may be
persistently stored by transforming physical storage devices, such as solid state
memory chips and/or magnetic disks, into a different state.

[0119] Unless the context clearly requires otherwise, throughout the

” o

description and the claims, the words “comprise,” “comprising,” and the like are to
be construed in an inclusive sense, as opposed to an exclusive or exhaustive
sense; that is to say, in the sense of “including, but not limited to.” The word
“‘coupled’, as generally used herein, refers to two or more elements that may be
either directly connected, or connected by way of one or more intermediate

” o

elements. Additionally, the words “herein,” “above,” “below,” and words of similar
import, when used in this application, shall refer to this application as a whole and
not to any particular portions of this application. Where the context permits, words
in the above Detailed Description using the singular or plural number may also
include the plural or singular number respectively. The word “or” in reference to a
list of two or more items, that word covers all of the following interpretations of the
word: any of the items in the list, all of the items in the list, and any combination of
the items in the list. The word “exemplary” is used exclusively herein to mean
“serving as an example, instance, or illustration.” Any implementation described
herein as “exemplary” is not necessarily to be construed as preferred or
advantageous over other implementations.

[0120] Thedisclosure is notintended to be limited to the implementations
shown herein. Various modifications to the implementations described in this
disclosure may be readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other implementations without
departing from the spirit or scope of this disclosure. The teachings of the invention

provided herein can be applied to other methods and systems, and are not limited
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to the methods and systems described above, and elements and acts of the various
embodiments described above can be combined to provide further embodiments.
Accordingly, the novel methods and systems described herein may be embodied in a
variety of other forms; furthermore, various omissions, substitutions and changes in
the form of the methods and systems described herein may be made without departing
from the spirit of the disclosure. The accompanying claims and their equivalents are
intended to cover such forms or modifications as would fall within the scope and spirit

of the disclosure.
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WHAT IS CLAIMED IS:

1. A wireless device comprising:

a diversity antenna configured to receive signals in a first frequency
range and a second frequency range;

a triplexer configured to receive signals from the diversity antenna
and to provide signals in the first frequency range along a first path and to
provide signals in the second frequency range along a second path;

a first reconfigurable multiplexer coupled to the first path from the
triplexer at a first signal port, the first reconfigurable multiplexer including a
first switching network and a first filter assembly implemented between the
first switching network and a first plurality of bi-directional ports each
associated with a respective radio access network of a first plurality of radio
access networks, the first plurality of radio access networks corresponding
to respective frequency bands in the first frequency range;

a first amplifier assembly coupled to the first filter assembly, the first
amplifier assembly configured to amplify signals received from the first filter
assembly;

a second reconfigurable multiplexer coupled to the second path from
the triplexer at a second signal port, the second reconfigurable multiplexer
including a second switching network and a second filter assembly
implemented between the second switching network and a second plurality
of bi-directional ports each associated with a respective radio access
network of a second plurality of radio access networks, the second plurality
of radio access networks corresponding to respective frequency bands in
the second frequency range;

a second amplifier assembly coupled to the second filter assembly,
the second amplifier assembly configured to amplify signals received from
the second filter assembly; and

a controller implemented to control the first switching network to
provide respective signal paths between the first signal port and any
permutation of one or more of the first plurality of bi-directional ports and to

control the second switching network to provide respective signal paths
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between the second signal port and any permutation of one or more of the

second plurality of bi-directional ports.

2

5.

The device of claim 1 wherein the second plurality of radio access
networks includes at least one radio access network corresponding to a

wireless local area network frequency band.

The device of claim 1 wherein the triplexer is further configured to
receive signals from the diversity antenna and to provide signals in a

third frequency range along a third path.

The device of claim 3 wherein the second multiplexer is coupled to the
third path from the ftriplexer at a third signal port, the second
reconfigurable multiplexer including a third switching network that
receives signals from the third signal port and directs them to a third
plurality of bi-directional ports each associated with a respective radio
access network of a third plurality of radio access networks, the third
plurality of radio access networks corresponding to respective frequency

bands in the third frequency range.

The device of claim 4 wherein the third plurality of radio access networks
includes at least one radio access network corresponding to a wireless

local area network frequency band.
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