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INTEGROUS SIGNAL COMBINER

RELATED APPLICATIONS
[B001]  This application incorporaies herein by reference the disclosures
of the following two applications in their entirety: U.S. Application No. 15/166,830,
which was filed on May 27, 2016 and is fitled “INTEGROUS SIGNAL
COMBINER,” and U.S. Application No. 15/167,130, which was filed on May 27,
2016 and is titled “IMPEDANCE MATCHING INTEGROUS SIGNAL
COMBINER.”

BACKGROUND

Technical Field

[0002]  This disclosure relates to carrier aggregation and, in particular,

fo processing received mulliband signals.

Description of Related Technoloagy

[0003] Often, wireless communication involves sending and receiving
signals along a particular communication band.  However, in some cases,
wireless communication may involve the use of mulliple communication bands,
which is sometimes referred o as multiband communication and may involve
multiband signal processing. Usually, when a wireless device receives a
multiband signal, the wireless device will perform carrier aggregation to
aggregate the constituent signals. This can resull in a wider bandwidth and it can

be possible to receive data or communication signals at a higher data rate.

BRIEF DESCRIPTION OF THE DRAWINGS
[0004] Throughout the drawings, reference numbers are re-used o
indicate correspondence between referenced elements. The drawings are
provided to ilustrate embodiments of the inventive subject matler described
herein and not to limit the scope thereof.
(0005 Figure 1A is a block diagram of one example of a wireless

device that includes a front end module.
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[0008] Figure 1B is a block diagram of one example of the wireless
device of Figure 1A in communication with a base station.

[0007] Figure 2A is a block diagram of one example of the front end
module that can be included in the wireless device of Figure 1A,

[0008] Figure 2B is a block diagram of a portion of the front-end module
of Figure 2A.

[0009] Figure 3 is a block diagram of ancther example of the front end
module that can be included in the wireless device of Figure 1A,

00107 Figures 4A-4D are circuit schematics of examples of resonamnt
circuits that can be included in the front end modules of Figures 2A and 3.

[0011] Figures 5A--5D graphically lllustrate simulations of a resonant
circuit for different bands of operation.

[0012] Figure 6 is a circuit schematic of one example of the front end
module that can be included in the wirsless device of Figure 1A,

{0013] Figures 7A and 7B graphically illustrate simulations of Gain and
Noise Figure for the circuit schematic of Figure 6.

[0014] Figure 8 is a flowchart of one example of a multiband signal

processing process for performing signal aggregation.

SUMMARY

[0015] The systems, methods and devices of this disclosure each have
several innovative aspects, no single one of which is solely responsible for the all
of the desirable atlributes disclosed herein. Details of one or more
implementations of the subject matter described in this specification are set forth
in the accompanying drawings and the description below.

[0016] Certain aspects of the present disclosure relate to an integrous
signal combiner. The integrous signal combiner may include a plurality of inputs
with each input configured to receive a signal of a different frequency than the
other inputs of the plurality of inputs. Further, the integrous signal combiner may
include an oulput configured to provide an integrous signal fo a subseguent
processing biock.  In addilion, the integrous signal combiner may inciude a

plurality of low noise amplifiers (LNAs) and a plurality of resonant circuits.  In
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some implementations, each resonant circuit corresponds to a different LNA from
the plurality of LNAs.

[0017] In some embodiments, the subseguent processing block is &
transceiver. Further, in certain designs, the integrous signal combiner includes a
combiner configured to combine a plurality of infegrous signals. Each, or at least
some, of the integrous signals from the plurality of integrous signals may be
outpul by a different resonant circuit from the plurality of resonant circuits. In
some cases, the integrous signal is a combined signal created from a plurality of
communication bands. In other cases, the integrous signal is formed from a
single communication band.

[0018] With some embodiments, at lsast one resonant circuit from the
plurality of resonant circuits includes a switch that when closed causes the at
least one resonant circuit o be bypassed. Moreover, in certain implementations,
the integrous signal combiner includes a swiich between an LNA from the
plurality of LNAs and a corresponding rescnant circuit from the plurality of
resonant circuits.  This switch may be configured 1o swilch between the
corresponding resonant circuit and a bypass path that bypasses the
corresponding resonant circuit.  Furthermore, at least one resonant circuit from
the plurality of resonant circuits may include a switched capacitor enabling the at
least one resonant circuit to be dynamically adjusted.

{00191 Other aspects of the present disclosure relate ¢ a front-end
module (FEM). The FEM may include a multiplexer network configured to
receive a signal from a diversity antenna and to split the signal info a pluralily of
signal portions corresponding to a plurality of communication bands. In addition,
the FEM may include an integrous signal combiner configured {0 receive the
plurality of communication bands at 3 plurality of inputs. Each, or at least some,
of the inputs may receive a signal portion associated with a different
communication band from the plurality of communication bands. Further, the
integrous signal combiner can include the plurality of inpuls and an oulput
configured o provide an infegrous signal to a subsequent processing block. In
addition, the integrous signal combiner may include a plurality of low noise

amplifiers (LNAs) and a plurality of rescnant circuils. Each, or at least some, of
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the resonant circuits may correspond o a different LNA from the plurality of
LNAs.

(00201  In cerain embodiments, the FEM may further include a plurality
of fillers positioned between the multiplexer network and the integrous signal
combiner. Each, or at least some, of the filers from the plurality of filters may
receive a different signal portion from the plurality of signal portions and may be
configurad o remove out-of-band signals from the received signal portion.
Moreover, the integrous signal combiner, in some implementations, further
includes a combiner configured to combine a plurality of integrous signals. Each,
or at least some, of the integrous signals from the plurality of integrous signals
may be output by a different resonant circuit from the plurality of resonant circuits.
in some cases, the integrous signal is a multiband signal created from a plurality
of communication bands.

(00211 In some implementations, at least one resonant circuit from the
plurality of resonant circuits includes a hypass swiich that when closed causes a
filter circuit of the at least one resonant circuit 1o be bypassed. Moreover, the
integrous signal combiner may further include a swiich between an LNA from the
pluraiity of LNAs and a corresponding resonant circuit from the plurality of
resonant circuits. The switch may be configured o swiich between a signal path
that includes the corresponding resonant circuit and a bypass path that does not
include the corresponding resonant circuif. In some cases, at least one resonant
circuit from the plurality of resonant circuits may include an adjustable capacitor
enabling the at least one resonant circuit {0 be dynamically adjusted.

[0022] Some aspects of the present disclosure relate {0 a wireless
device. The wireless device may include an antenna configured 10 receive a
carrier aggregated (CA) signal from a base station and a front-end module (FEM)
including a mulliplexer network and an integrous signal combiner.  The
multiplexer network may be configured to split the CA signal received at the
antenna into a plurality of signal portions corresponding o a plurality of
communication bands. The infegrous signal combiner may be configured fo
receive the plurality of communication bands at a plurality of inputs. Each, or at
least some, of the inputs may receive a signal portion associated with a different

communication band from the plurality of communication bands. The inlegrous
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signal combiner can include the plurality of inputs, an output configured o
provide an integrous signal to a subseguent processing block, a plurality of jow
noise amplifiers (LNAs), and a plurality of resonant circuits. Each, or at least
some, of the resonant circuils may correspond to a different LNA from the
plurality of LNAs,

00231  In some embodiments, the antenna is a diversity antenna and
the FEM is a diversity FEM. Moreover, the FEM may further include a plurality of
filters positioned belween the mulliplexer network and the integrous signal
combiner. Each, or at least some, of the filters from the plurality of filters may
receive a different signal portion from the plurality of signal portions and may be
configured to remove noise components from the received signal portion. In
some cases, each, or at least some, of the plurality of resonant circuits may be
deactivated when the FEM receives a single band signal from the antenna. At
least one resonant circult from the plurality of resonant circuits may include an
adjustable circuit element enabling the at least one resonant circuil to be
dynamically tuned.

{0024] Certain aspects of the present disclosure relate {0 an integrous
signal combiner. The integrous signal combiner may include a first low noise
amphifier (LNA)} configured to process a first receive signal of a first bandwidth fo
obtain g first amplified receive signal. Further, the integrous signal combiner may
inciude a second LNA configured to process a second receive signal of a second
bandwidth to obtain a second amplified receive signal. In addition, the integrous
signal combiner may include a first resonant circult in electrical communication
with the first LNA. The first resonant circuit may be configurable to filter noise
within the first amplified receive signal corresponding to at least the second
bandwidth. Moreover, the integrous signal combinsr may include a second
resonant circuit in electrical communication with the second LNA. The second
resonant circuit may be configurable to filter noise within the second ampilified
receive signal corresponding o at least the first bandwidth.

[0025]  With some implemeniations, the first resonant circuit is further
configurable to operate in a bypass mode. Moreover, the integrous signal
combiner may further include a combiner configured o combine at least the first

amplified receive signal and the second amplified receive signal. In addition, the
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integrous  signal combiner may include an impedance matching network
configured o maich the impedance of at least the first resonant circuit and the
second resonant circuit.  Furthermore, the impedance matching nelwork may
combing at least the first amplified receive signal and the second amplified
receive signal.

(00261 In some embodiments, the integrous signal combiner may
include a third LNA configured fo process a third receive signal of a third
handwidth to obtain a third amplified receive signal. Furthermore, the integrous
signal combiner may include a third resonant circult in electrical communication
with the third LNA. The third resonant circuit may be configurable to filler noise
within the third amplified receive signal corresponding o at least one of the first
bandwidth or the second bandwidth. In some cases, the third LNA is not in
glectrical communication with a resonant circuit.  Moreover, i some cases, the
third LNA is further configured {o provide the third amplified receive signal o a
transceiver without filtering noise within the third amplified receive signal
corresponding to at least one of the first bandwidth or the second bandwidth. In
some ¢ases, at least ong of the first LNA, the second LNA, or the third LNA is
configured to be inactive while at least one other LNA of the first LNA, the second
LNA, or the third LNA is configured to be aclive.

[0027] In certain implementations, the first resonant circuit includes a
first filter and the second resonant circuit includes a second filter. Further, the
first resonant circuit may include a first set of switched capacitors and the second
resonant circult may include a second set of swiiched capaciiors.

[0028] Some other aspects of the present disclosure relate to a front-
end module (FEM). The FEM may include an inlegrous signal combiner and an
impedance matching network. The integrous signal combiner may include a first
fow noise amplifier (LNA) configured {o process a first receive signal of a first
bandwidth to obtain a first amplified receive signal and a second LNA configured
to process a second receive signal of a second bandwidth to obiain a second
amplified receive signal. Further, the integrous signal combiner may include a
first resonant circuit in electrical communication with the first LNA.  The first
resonant circuit may be configurable fo filter noise within the first amplified

receive signal corresponding to at least the second bandwidth. In addition, the
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integrous signal combiner may include a second resonant circuit in electrical
communication with the second LNA. The second resonant circuit may be
configurable to filter noise within the second amplified receive signal
corresponding to at least the first bandwidth. Moreover, the impedance maiching
network may be in communication with the integrous signal combiner and may be
configured to match the impedance of at least the first resonant circuit and the
second resonant circuit.

[0028] In certain embodiments, the impedance maiching nelwork is
further configured to combine at least the first amplified signal and the second
amplified signal. Further, the first rescnant circult may be further configurable o
operate in a bypass mode. In addition, the first resonant circuit may include at
least one configurable element enabling the integrous signal combiner 1o be
dynamically tuned.

{00301  Additional aspects of the present disclosure relate o a wireless
device that includes an antenna and a front-end module. The antenna may be
configurad to receive a multiband signal including at least a first signal of a first
handwidth and a second signal of a second bandwidth. Further, the FEM may be
in elecirical communication with the antenna and may include an integrous signal
combiner. The integrous signal combiner may include a first low noise amplifier
(LNA}, a second LNA, a first resonant circuit in electrical communication with the
first LNA, and a second resonant circuit in electrical communication with the
second LNA. The first LNA may be configured to process the first signal fo oblain
a first amplified signal.  In addition, the second LNA may be configured o
process the second signal to obtain a second amplified signal. The first resonant
circuit may be configurable fo filter noise within the first amplified signal
corresponding to at least the second bandwidth and the second resonant circuit
may be configurable to filter noise within the second amplified signal
corresponding to at least the first bandwidth.

[0031] In certain implementations, the first resonant circuit is further
configurable to operate in a bypass mode. Moreover, the integrous signal
combiner may further include a combiner configured {o combine at least the first
amplified signal and the second amplified signal.  In addition, in certain

embodiments, the integrous signal combiner may include a malching impedance
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network configured to match the impedance of at least the first resonant circuit
and the second resonant circuit.  Further, the impedance maltching circuit may
combine at least the first ampiified signal and the second amplified signal.

[0032] In some embodiments, the multiband signal further includes a
third signal of a third bandwidth and the integrous signal combiner further
includes a third LNA configured o process the third signal to obtain a third
amplified signal.  The integrous signal combiner may further include a third
resonant circuit in electrical communication with the third LNA.  The third
resonant circuit may be configurable to filter noise within the third amplified signal
corresponding 1o at least one of the first bandwidth or the second bandwidth.
Moreover, the wireless device may further include a transceiver in electrical
communication with the FEM. In some such embodiments, the third LNA s
further configured to provide the third amplified signal to the fransceiver without
noise within the third amplified signal corresponding to at least one of the first
handwidth or the second bandwidth being filtered. In cerlain embodiments, at
least one of the first LNA, the second LNA, or the third LNA is configured 1o be
inactive while af least one other LNA of the first LNA, the second LNA, or the third
LNA is configured to be aclive. Moreover, the first resonant circuit may include a
first set of swiiched capacitors and the second resonant circuit includes a second
set of switched capacitors.

[0033] In certain additional aspects of the present disclosure, a method
of processing a muitiband signal is disclosed. The method may include receiving
a multiband signal at an antenna of a wireless device. Further, the multiband
signal may include at least a first signal of a first bandwidth and a second signal
of a second bandwidth. in addition, the method may include amplifying the first
signal to obtain a first amplified signal and filtering noise from the first amplified
signal based on the second bandwidith to obtain a first fitered amplified signal.
The method may further include amplifying the second signal to oblain a second
amplified signal and filtering noise from the second amplified signal based on the
first bandwidth to cbiain a second fillered amplified signal.  In addition, the
method may include combining the first filtered ampilified signal and the second

filtered amplified signal.
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[0034] In some embodiments, the method further includes configuring a
first resonant circuit to filter the noise associated with the second bandwidth from
the first amplified signal. Further, configuring the first resonant circuit may
include configuring a set of swilched capacitors based on the second bandwidth.
in some cases, the method further includes configuring a second resonant circuit
to filter the noise associated with the first bandwidth from the second amplified
signal. In some cases, the first signal is amplified using a first low noise amplifier

{LNA) and the second signal is amplified using a second LNA.

DETAILED DESCRIPTION
introduction

{00351 One challenge with multiband carrier aggregation ("CA”™), or
signal processing, is the minimizing of noise from each signal path for each
communication band or bandwidth during the aggregation process. Typically, the
signal path will include a low noise amplifier (LNA} to ampilify a received signal.
The use of an LNA is often necessary because many times the received signal
will be too weak for use by the wireless device when initiaily received by an
antenna of the wireless device. However, in some cases, not only will the LNA
amplify the desired receive signal, but it will also amplify some of the noise that is
on the receive line. This problem may be exacerbated in systems that support
carrier aggregation because such systems will include multiple lines configured to
receive and process signals of different frequency bands. Thus, one CA signal
comprising one set of frequency bands may cause and/or be affecied by different
noise frequency components on a receive line of the communication path of a
wireless device compared o another CA signal comprising a different set of
frequency bands.

[0036] Another challenge with mulliband carrier aggregation is the
occurrance of parasitic loading. With some implementations of mulliband carrier
aggregation, a separate communication path may exist for each processed
communication band. Often, the mulliple communication paths will be configured
in paraliel, which can result in a drop in impedance in each communication path.
Consequently, the drop in impedance along each communication path can resuit

in a drop in the gain and the power output by the LNA in the communication path.
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One method of addressing the challenge of minimizing ncise and parasitic
loading in the signal path is to insert a pre-processing network prior 1o the LNA.
This pre-processing network may include phase shifiers or switched combiners.
However, the pre-processing of the signal can decrease signal integrity for the
received signal.

[00377 Embediments described herein relate o a front-end module
{(FEM) that can process receive signals and that can include resonant circuits to
filter signal noise prior io recombination of a plurality of signal bands that form the
aggregate carrier signal. The resonant circuit is sometimes referred to as a tuned
circuit or g tank circuit. In some implementations, the resonant circult includes an
inductor and capacitor combination {e.g., an LC circuit). Allernatively, or in
addition, the resonant circuit can include a crysial oscillator, a surface acoustic
wave (SAW) resonator, a bulk acoustic wave (BAW) resonator, or any other type
of resonance circuit that can be selectively configured based on a received signal
bandwidth. These resonant circuils may be placed after the LNA and can be
used to more efficiently reduce noise and parasitic loading within each of the
signal paths. In some cases, the resonant circuits may reduce parasitic loading
by maintaining the impedance of the signal path at a particular impedance (e.g.,
50 ). In some embodiments described herein, the FEM may also include an
impedance matching circuit to facilitate maintaining the particular impedance
and/or 1o match the impedance across gach communication path and/or with an
output path of the FEM, which may be o a iransceiver or receiver. Each
resonani circuit may be configured to filler noise relating to a bandwidth for a
signal that is to be combined with the signal of the signal path thal includes the
resonant circuil.  Thus, for example, a resonant circuit in a first signal path for
processing a first signal of a first frequency band may be configured to filter or
reduce noise that relates 1o a second freqguency band corresponding to a second
signal of the second frequency band that is {o be combined with the first signal.
in certain embodiments, the resonant circuits may be reconfigurable or
dynamically configurable.

[0038] Advantageously, in certain embodiments, the ability to
reconfigure the resonant circuit enables the wireless device o process different
combinations of frequency bands while reducing the size and complexity of the

resonant circuils compared to solutions that include a separale resonant circuit
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for each supported communication band. Further, in cerfain embodiments,
placing the resonant circuit subsequent to the LNA reduces or eliminates the
reduction of signal integrity that can cccur with other carrier aggregation solutions

and prevents additional signal loss.

Example Wirelass Devics

[0039] Figure 1A is a block diagram of one example of a wireless
device 100 that includes a primary front end module (FEM) 102 and a diversity
FEM 134. The wirsless device 100 may support multiple communications
standards (such as 206, 3G, 4G, and 4G LTE, and so forth). By way of example,
the wireless device 100 can implement the Global System for Mobile (GSM)
communication standard, which is a mode of digital celiular communication that is
ulilized in many parts of the world. GSM mode capable mobile phones can
operate at one or more of four frequency bands: 850 MHz (approximately
824-848 MHz for Tx, 869-894 MHz for Rx), 800 MHz (approximately 880-815
MHz for Tx, 825-860 MHz for R, 1800 MHz (approximately 1710-1785 MHz for
Tx, 1805-1880 MHz for Rx), and 1900 MHz (approximately 1850-1810 MHz for
Tx, 1830-1980 MHz for Rx). Variations and/or regional/national implementations
of the GSM bands are also utilized in different parts of the world.

{00401 Code division multiple access {(CDMA) is ancther standard that
can be implemented in mobile phone devices. In certain implementations, COMA
devices can operate in one or more of 800 MHz, 900 MHz, 1800 MHz and 1800
MHz bands, while certain W-CDMA and Long Term Evolution (LTE) devices can
operate over, for example, as many as twenty-two, or in some cases even more,
radio frequency spectrum bands.

[0041] Furiher, the wireless device 100 can support multiband and/or
multi-mode communication. Moreover, it should be understood that the wireless
device 100 is but one non-limiting example of a wireless device and that other
embodiments of the wireless device 100 are possible.

00421  In certain embodiments, in addition to the primary FEM 102 and
the diversity FEM 134, the wireless device 100 can include a fransceiver 104, a
baseband subsystem 106, a user interface processor 108, a memory 110, a call

processor 118, a central processor 120, a power management component 122, a
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digital signal processor (DEP) 124, one or more primary antennas 132, one or
more diversity antennas 136, and other components 126, Some or all of these
components may be electrically connected with each other. Components that are
electrically connected may be directly connected enabling a signal to be passed
from one component {o the next component. Alternatively, components that are
elecirically connected may be indirectly connected such that one or more
intermediary components may exisi belween two components. A number of
connections between the various components of the wireless device 100 are
possible, and are omitted from Figure 1A for dlarity of lllustration only and not fo
limit the disclosure. For example, the power management component 122 may
be slectrically connecled to the baseband subsystem 108, the primary FEM 102,
the diversity FEM 134, the DSP 124, or other componenis 126. As a second
example, the baseband subsystem 106 may be connected to a user interface
processor 108 that may facilitale input and output of voice and/or data provided
to and/or received from the user.

[0043] Typically, the wireless device 100 can receive one or more
communications signals via one or more primary antennas 132, one or more
diversity antennas 136, or a combination of primary antennas 132 and diversity
antennas 136, In some cases, at least some of the received communication
signals can be multiband signals. These multiband signals may include signals of
multiple frequencies or of multiple freguency bands. In some cases, the
frequency bands may be associated with standardized communication
frequencies. For example, band 1 of the long-term evolution (LTE) standard may
be centered around 2.1 GHz. In some cases, a communication band may consist
of a single frequency. However, in cother cases, the communication band may
have a larger bandwidth that includes a range of frequencies and is centered
around a central frequency. Thus, continuing the exampie of band 1 within the
LTE standard, the band for downlink may have a bandwidth of 60 MHz centered
around 2140 MHz. In such a case, the band 1 may be between 2110 MHz and
2170 MHz.

[0044] The transceiver 104 can generate RF signals for transmission
via the primary antenna(s) 132 and/or the diversily antenna(s) 134. Furthermore,
the transceiver 104 can receive incoming RF signals from the primary antenna(s)

132 and/or the diversity antenna(s) 136, As stated above, the received signals
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may be of diferent bands that can be aggregated together by the diversity FEM
134, as will be described in more detail below. It will be understood that various
functionalities associated with the transmitting and receiving of RF signals can be
achieved by one or more components that are collectively represenied in
Figure 1A as the transceiver 104. For example, a single component can be
configured to provide both transmitting and receiving functionalities. [n another
example, transmitting and receiving functionalities can be provided by separate
components. The transceiver 104 may include a separate receiver and
transmitter.  In some implementations, the fransceiver 104 is replaced by a
separate receiver component and a separate transmiiter component.  With
wireless devices thal are capable of processing mulli-band signals, the
transceiver 104 may receive an aggregate signal from the diversity FEM 134,

(00457 In some cases, ocne or more of the antennas 132 and 136 of the
wireless device 100 may be configured {o transmil and/or receive at different
frequencies or within different frequency ranges. Further, one or more of the
antennas may be configured to work with different wireless networks. Thus, for
example, one primary antenna 132 may be configured to transmit and receive
signals over a 2G network, and another primary antenna 132 may be configured
fo transmit and receive signals over a 3G network. In some cases, muitiple
antennas 132 may be configured to fransmit and receive signals over, for
example, a 2.5G network, but at different frequencies. In some implementations,
the diversity antennas 136 may communication over the same networks as the
primary antennas 132 while in other implemeniations, the diversity antennas 136
may be configured to communication over different networks or different
frequencies than the primary antennas 132,

00461 In Figure 1A, one or more communication signals may be
communicated between the transceiver 104 and the primary antennas 132 and/or
the diversity FEM 134 via one or more transmission paths. Different receiving
transmission paths can represent paths associated with different bands.
Moreover, although not illustrated, one or more transmission paths may also exist
hetween the transceiver 104 and the diversity FEM 134.

00477 The diversity FEM 134 can be used {0 process signals received

and/or transmitted using the diversity antenna(s) 136. In certain configurations,
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the diversity FEM 134 can be used {o provide filtering, amplification, switching,
and/or other processing. Further, the diversity FEM 134 can be used {o process
a signal before providing the signal to an antenna switch module (not shown),
which can provide the signal to the fransceiver 104, In some casses, the diversity
FEM 134 can include a number of swilches for swilching between high-band
(HB), mid-band (MB), and/or low-band (LB) signais that may be received by
and/or transmiited over one or more of the diversity antennas 136.

[0048] In some implementations, the wireless device 100 may further
include an antenna switch module petween the primary antennas 132 and the
diversity antennas 136, and the primary FEM 102 and the diversily FEM 134
The antenna switch module can determined based on a received signal and/or a
control signal from, for example, the call processor 118 whether o provide a
received signal from a primary antenna 132 to a primary FEM 102 or {o provide a
received signal from the diversity antenna 138 {o the diversity FEM 134, In
certain embodiments, the wireless device 100 may include a single FEM, and the
antenna swilch module can determine whether to provide a received signal from
the primary antenna 132 or from the diversity antenna 136 to the FEM.

[0049] The transceiver 104 may interact with a baseband subsystem
106 that is configured to provide a conversion between data and/or voice signals
suitable for processing by one or more user interface elements and RF signals
suitable for processing by the transceiver 104. The transceiver 104 may also be
electrically connected to a power management componant 122 that is configured
to manage power for the operation of the wireless device 100, Such power
management can also control operations of the baseband sub-system 108 and
the FEMs 102 and 138, among other components. Further, the power
managemernt component 122 may provide a supply voltage to a swiich mode
boost converter (not shown), which may boost the vollage before providing the
voltage to a power amplifier or an LNA. |1 should also be undersiood that the
power management component 122 may include a power supply, such as a
battery. Alternatively, or in addition, one or more batieries may be separate
components within the wireless device 100.

(00801 The baseband sub-systermn 108 can also be connected o a

memory 110 that may be configured to store data and/or instructions to facilitate
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the operation of the wireless device 100, and/or to provide storage of information
for the user.

[0051] In some embodiments, the call processor 118 may be in
communication with the base siation. The call processor 118 may be configured
to conirol one or more power amplifier modules (PAMs) or power amplifiers
{(PAs), which may be included as part of the FEM 102, the transceiver 104, or
otherwise. Further, the call processor may configure the diversity FEM 134
hased on control information received from the base station and/or information
included in a receive signal. For example, the call processor may configure the
diversity FEM 134 based on a frequency band of a receive signal. In some
cases, multiple receive signals of different frequency bands may be received. In
such cases, the call processor 118 may configure the diversity FEM 134 based
on each of the different frequency bands. More details on controlling the diversity
FEM 134 are disciosed below.

0082  As previously mentioned, the wireless device 100 may include
ong of more ceniral proecessors 120, Each central processor 120 may include
one or more processor cores. The central processor 120 typically facilitates
execution of processes on the wireless device, such as applications. The ceniral
processor 120 may interact with the user interface processor 108 to interact with
a user. The user interface processor 108 may include any system for interacting
with a user of the wireless device 100. The user inierface processor may consist
of mulliple systems. For example, the user interface processor 108 may include
a graphics processor, an /O processor, an audio processor, and so forth. In
some cases, the ceniral processor 120 may facilitate wireless functionality of the
wireless device 100. However, in other embodiments, wireless communication or
celluiar communication management is handled by the call processor 118 and the
central processor 120 may or may not be involved in wireless communications.

(00531 A number of other wireless device configurations can utilize one
or more features described herein. For example, a wireless device can include
additional antennas and additional conneclivily features such as Wi-Fi, Blustooth,
and GP3. Further, the wireless device 100 may include any number of additional
componants 126, such as analog io digital converters, digital to analog

converters, graphics processing unils, solid state drives, eic. Moreover, the
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wireless device 100 can include any type of device that may communicate over
one or more wireless networks and that may include a diversity FEM 134, For
example, the wireless device 100 may be a cellular phone, including a
smartphone or a dumbphone, a tablet, a lapiop, a video game device, a smart
apphiance, etc.

[0084] Figure 1B is a block diagram of one example of the wireless
device 100 of Figure 1A in communication with 2 base station 150, Although the
element 150 is described as a base station, the present disclosure is not limited
as such and the wireless device 100 may be in wireless communication with any
device that is capable of wirelessly communicating with the wireless device 10C.

[0085] The base station 150 may communicate with the wireless device
100 using one or more communication bands or frequencies. For example, the
base station 150 may communicate using a single band signal 152 to
communicate with the wireless device 100. Allernatively, or in addition, the base
station 150 may communicale using muitiple communication bands via, for
example, a carmer aggregation signal 154 that aggregates muitiple
communication bands together as part of a single communication signal. As
Hlustraied by the thicker lightning bolt representative of the signal 154 compared
to the thinner lightning bolt representative of the signal 152, the signal 154 may
be comprised of multiple communication bands while the signal 152 may
comprise a single communication band.

[0056]  In some embodiments, a negotiation process between the base
station 150 and the wireless device 100 may occur to determine which
communication bands to use for communication between the wireless device 100
and the base station 150, and/or whether to use single band and/or CA
communication. This negotiation may be based on the supporied capabilities of
the wireless device 100 and/or the base station 150, the utilization rate of the
base station 150, whether the communication is for voice, data, or both, and any
other factor that may impact the selected communication band{s) between the
wireless device 100 and the base station 150. In certain embodiments, once it
has been established whether CA will be used and the particular communication
bands that will be used for communication between the wireless device 100 and

the base station 150, the base siation 150 may provide a command o the
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wireless device 100 identifying the communication band(s) to be used for
communication. These command may then be used by, for example, the call
processor 118 (o configure various elements of the wireless device 100 including,
for example, the diversity front end module 134, Some of the possible
configuration options are described in more detail below with respect to the

additional discussion of the diversity front-end modules.

Example Froni-End Module

[0057] Figure 2A is a block diagram of one example of the diversity
front end module 134 that can be included in the wireless device 100 of Figure
1A. The diversity FEM 134 may receive one or more signais directly or indirectly
from one or more antennas. For instance, the FEM 134 may receive a CA signal
from a diversity antenna 136. In some implementations, a single signal of
multiple frequency bands may be received by the diversity FEM 134, This signal
may then be split into multiple signals of different frequency bands. Each of the
multiple signals may then undergo additional processing. For example, the
individual signals may be amplified by an LNA. After the multiple signals are
processed, they may be recombinad o form an aggregate signal across a wider
bandwidth than each of the individual signals. The combined signal may be
provided to another system, such as the transceiver 104, for further processing.

[0058] In some instances, the diversity FEM 134 may receive a single
signal of a single communication or frequency band. In some such cases, some
or all of the components of the diversity FEM 134 may operale in a bypass mode.
Certain non-limiting embodiments of the bypass mode are described in further
detail beiow with respect to Figure 2B. In other cases, the signal may be
amplified and/or undergo other signal condilioning and processing, but
components relating to the spliling and recombining of the signal may operate in
a bypass mode.

[0059] The diversity FEM 134 includes a diplexer or multiplexor network
202, which may receive a signal from an antenna, such as a signal from the
diversity antenna 136. The signal may be a mulliband signal or a single band
signal. In the case that the signal is a single band signal, the mulliplexor network

202 may provide the signal to a filter corresponding to the frequency band of the
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signal. For example, supposing that the signal is of a frequency associated with
band 2 (e.q., approximately 1.96 GHz as in the case of 4G LTE) and that the filter
204b is a band pass filter configured to pass frequencies associated with band 2
and o block other frequencies, the muitiplexor 202 may provide the signal {o filter
204b. The filler 204b may filter out any noise or out-of-band signals included with
the received signal. Further, the multiplexor 202 may function in a bypass or
pass-through mode when the receive signal is a singie band signal.

[0060] In the case where the received signal is a multiband signal, or a
signal associaled with multiple communication bands, the mulliplexer 202 may
divide the signal into its constituent bands. | should be understood that various
multiband signals may comprise different bands and thus, not all of the illustrated
signal paths of the diversity FEM 134 may be uiilized for a particular signal. The
mulliplexor 202 can provide each signal comresponding to a particular
communication band or frequency 1o a corresponding filter 204z, 2040, 204n. In
some implemeniations, the multiplexor 202 divides the received multiband signal
info muitiple bands because the filiers 204a-204n may not be capable of
processing the entire bandwidth of the multiband signal. In other cases, the
filters 2045-204n can be designed more efficiently across a narrower bandwidth
than the bandwidth of the muiliiband signal

[0061]  As previously stated, the filters 204a, 204b, 204n may filter out
any oul-of-band signals included in the constituent signals of the multiband
signal. Further, the filters may filler any noise, transmit signal interference, or
other interference which is oulside of the signal band. The filters 204a-204n can
use any type of filter for filtering the noise or interference from a signal. For
example, the filier may be a surface acoustic wave (SAW) filter or a bulk acoustic
wave (BAW) filter. In one example use case, the muitiband signal may include
two signal bands. The multiplexor 202 may divide the signal into its constituent
signal bands to oblain a first signal and a second signal. The multiplexor 202
may then provide the first signal {o the filter 204a and the second signal o the
filter 204b, or vice versa. The diversity FEM 134 can be configured o support
any number of signal bands. Thus, the diversity FEM 134 can include any
number of filters to process each of the signal bands. in some embodiments, the

filters 204a-204n may be optional or omitied.
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[0062] The diversity FEM 134 may further include a tunable integrous
signal combiner 210, The tunable integrous signal combiner 210 is a signal
combiner that can maintain the integrity of a set of one or more signals that are
being processed. This processing may include signal amplification and noise
removal, among other processing operations.  Further, in the case where a
plurality of signals are processed, the signal integrity may be maintained for the
plurality of signals as they are combined afler processing by the tunable
integrous signal combiner 210. This, in certain embodiments, a plurality of signal
or signal components may be amplified along one or more communication paths
and then combined into a single muliband signal without reduced signal infegrity
due {0 noise or undesired signals or signal harmonics.

[0063] The tunable integrous signal combiner 210 amplifies the
individual signal or frequency bands included in a CA signal while filtering out
undesirable signals, such as noise for each of the individual signal bands. it
should be understood that, in some instances, signals of a particular frequancy
may be considered noise for one signal path while being a desired frequency for
another signal path. Further, in certain embodiments, the integrous signal
combiner 210 can be tuned to process signals of different frequencies. Thus, the
tunable integrous signal combiner 210 can be configured to process different CA
signals thal may be received from, for example, a base station. Although
described as tunable, in certain implementations, the integrous signal combiner
210 may be application-specific and may not be tunable. However, in other
implementations, the integrous signal combiner 210 is a tunable integrous signal
combiner 210 that can be tuned to process different signal bands and different
CA signals and/or bands.

[0084] The tunabie integrous signal combiner 210 may include one or
more low noise amplifiers (LNAs) 208a, 206bh, 206n. Although only three LNAs
are iHlustrated, it should be undersiood that the integrous signal combiner 210
may include any number of LNAs. For example, the integrous signal combiner
210 may include an LNA for each freguency band supported by the wirgless
device 100. Each LNA may receive and/or process {e.q., amplify) a signal
associated with a particular frequency band. For example, the LNA 208a may

receive a signal of a first band and the LNA 2086b may receive a single of a
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sacond band. These signals may be received from the filters 204a-204n. For
exampie the LNA 208a may receive a filtered signal from filter 204a and the LNA
208b may receive a filtered signal from filler 204b. Each of the LNAs 206a-206n
can amplify the portion of the received signal provided by the corresponding filter
204a-204n. The LNAs may amplify signals that may be too weak for processing
by the transceiver 104 to boost the signal such that the transceiver 104 can
process the signal. In certain embodiments, particular LNAs associated with
frequency bands of the multiband signal may be active, while other LNAs
included in the diversity FEM 134 that are configured to amplify frequency bands
not included in the mulliband signal may be inactive or unused.

[0065]  When amplifying a signal, the LNA may act as a broadband
device. Thus, not only is the desired frequency band amplified, bul so is any
residual noise or inferference from other bands. In certain embodimants, the
noise or spurious signals may not impact the operation of the transceiver 104 that
receives the output from the diversity FEM 134. For example, when the signal
received from the antenna is of a single frequency or frequency band, the output
of the LNA may be provided to the transceiver 104 without further processing.

[0066] However, in other embodiments, the noise or undesired
amplified frequencies can impact operation of the transceiver 104. For example,
in cases where the received signal is a multiband signal, the amplified noise from
each LNA output may join together through, for example, superposition. In other
words, each noise component for a particular frequency may add together
causing noise at the particular frequency o reach an intensity level that can
cause degradation in the performance of the transceiver 104.

[0087] To prevent this additive noise from interfering with operation of
the transceiver 104, or other signal processing components of the wireless device
100, the tunable integrous signal combiner 210 includes a number of resonant
filters or circuits 208a, 208b, 208n. Each of the resonant filters 208a-208n may
be configurable LC filters. For example, the resonant filters 208a-208n may
each include a network of swilchable capacitors that may be controlied by, for
example, the call processor 118 and/or based on the received signal(s).
Moreover, the switchable capacitors may be configured based at least in part on

a control signal received from an external source, such as a base station. In

-20-



WO 2017/204833 PCT/US2016/036253

some cases, as ilustrated in Figure 2A, the resonant filters 208a-208n may be
tank circuits. However, as previously described, it should be understood that the
resonant circuits are not limited as such and can include cother types of resonant
circuits.

[0068] Each of the resonant filters 208a-208n can be configured to
filter out signals associated with one or more frequency bands not heing amplified
or processed by the corresponding LNA 208a-208n in electrical communication
with the resonant filters 208a-208n. Thus, for example, the resonant filtler 208s,
which is in slectrical communication with the LNA 208a, may be configured o
filter out frequencies that are not associated with the frequency band associated
with or ampilified by the LNA 208a. Therefore, each of the resonant filters 208a-
208n can oufput an integrous signal that comprises an amplified version of the
signal received by the corresponding LNA 208a-206n without or with a reduced
noise signal. Thus, the output of the integrous signal combiner 210 is a more
pure version of a signal received by the intergrous signal combiner 210 compared
to signal combiners that do not include resonant circuits.

[0068] In some cases, the resonant filters 208a-208n serve as notch or
bandpass filiers that permit the frequency band associated with the
corresponding LNA 2062-208n while filtering out all other frequencies. However,
in certain implementations, the resonant filters 208a-208b are configured o filter
out noise associated with the selected bands ampilified by the active LNAs not in
electrical communication with the particular resonant filters.

[B070] For instance, suppose that a mulliband signal is received by the
diversity FEM 134 that includes bands 1 and 3. The multiplexor 202 may split the
signal into twe components or signals, one signal corresponding 1o the band 1
frequency and one signal corresponding to the band 3 frequency. The band 1
signal may be provided to the LNA 206a, which can amplify the band 1 signal,
and the band 3 signal may be provided {o the LNA 206b, which can amplify the
band 3 signal. In this particular example, the resonant circuit 208z may be
configured to filter any noise associated with the band 2 signal.  Similarly, the
resonant circuit 208b may be configured to filter any noise associated with the

band 1 signal.
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[0071] The filtered and amplified signals oulput by the resonant circuits
208a-208n are combined at the node 212 to form an aggregate signal. This
aggregate signal may be output 1o the transceiver 104, As previously described,
some of the communication paths, and corresponding LNAs, in the diversity FEM
134 may be inactive. For instance, if the received multiband signal includes less
frequency bands than supported by the wireless device 100, less than all of the
LNAs may be aclive. In such cases, the aggregate signal at the node 212 may
he formed from less than all of the LNA and resonant filter combinations. In
some cases, such as when a non-CA signal is received by the wireless device
100 at the diversity antenna 138, the amplified signal output by the LNA that
corresponds to the frequency of the signal may be provided to the node 212 for
output from the tunable integrous signal combiner 210, Thus, in such cases, the
signal is not an aggregate signal because, for example, there is only a single
processed signal or frequency band.

0072  As illustrated in Figure 2A, the tunable integrous signal combiner
210 may be implementad as a single device that includes the LNAs 208a-206n
and the resonant filters 208a-208n. However, in other implementations, the
tunabie integrous signal combiner 210 may be implemented as part of a
multichip  module (MCM). For example, the LNAs 206a-206n may be
implemented in one chip or die and the resonant circuils 208a-208n may be
implemented on another chip or die. As a second example, each LNA and
corresponding resonant circuit pair may be implemented as a separate chip (e.g.,
amplification block 250), which can then be combined as a MCM to create the
tunable integrous signal combiner 210.

[0073] In some embodiments, the diversity FEM 134 may be created
on a singie chip that includes the tunable integrous signal combiner 210 or as its
own MCM that may include the tunable integrous signal combiner 210 as a single
die or an MCM as well as a number of separate dies that correspond to the rest
of the FEM's 134 components. In some implementations, the tunable integrous
signal combiner 210, or components thereof, may be formed of a different
material than other components of the tunable integrous signal combiner 210 or

the diversity FEM 134, For example, the mulliplexor 202 may be formed in

-22-



WO 2017/204833 PCT/US2016/036253

siticon while while the tunable integrous signal combiner 210 210 may be formed
in Silicon Germanium (SiGe).

[0074] As previously described, combining the multiple signals prior to
the processing by the LNAs may resull in a degradation of the signal and the
signal o noise ratio (SNR} of the received signal. By amplifying the signal with
the LNAs 206a-206n and post filtering with the resonant circuits 208a--208n, the
degradation of the signal is reduced or prevented.

[0075] Often, the primary antennas 132 and the primary FEM 102 are
located relatively close to the transceiver 104, For instance, the primary FEM
102 may be located next to the ifransceiver 104. As such, the signal paths
between the primary FEM 102 and the transceiver 104 may be relatively short.
For this reascon, it may be unnecessary for the primary FEM 102 0 include the
resonant circuits described above with respect o the diversity FEM 134 and the
resonant circuits may be omitted to reduce cost and packaging size of the FEM
102. However, in some embodiments, the wireless device may include the
transceiver 104 closer to the diversity front end module 134, In such casses, the
primary FEM 102 may include the resonant circuits and the diversity FEM 134
may omit the resonant circuits 208a-208n. In vet other implementations, both
the primary FEM 102 and the diversity FEM 134 may be designed with the
resonant circuits.

Example Bypass Maode

[0076] In certain embodiments, portions of the tunable integrous signal
combiner 210 may operate in a bypass mode. For example, in cases where a
received signal comresponds o a single communication band because, for
example the signal from the base station 150 is not a CA signal. As another
example, portions of the tunable integrous signal combiner 210 may operate in a
bypass mode because the CA signal comprises communication bands processed
by communication paths of the tunable integrous signal combiner 210 that are
unlikely to infroduce noise or cause parasitic loading with other communication
paths of the tunable integrous signal combiner 210,

[0077] Figure 2B is a block diagram of a portion, the ampilification block

250, of the frontend module 134 of Figure 2A that illustrates several
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embodiments for implementing a bypass mode in response to a command from,
for exampie, the call processor 118. This portion of the front-end module 134
may be one of the piurality of communication paths included in the tunable
integrous signal combiner 210 and may be associated with a particular
communication band or frequency.

0078  Amplification block 250 includes an LNA 206a and a resonant
circuit 208a. As previously described, the resonant circuit 208a may be an LC
filter that includes an inductor 252 and a switch capacitor 254, Further, the
resonant circuit may include a switch 256 that may be closed in response o a
command from, for example, the call processor 118, This command may be
responsive o a command from the base station 150 identifying the
communication band(s) {o be used for communicating beilween the wireless
device 100 and the base station 150. Moreover, the swilch 150 may be closed
when the communication signal (s.g., the signal 154} does not include a
frequency band associated with the LNA 208a and/or when the received signal is
not a CA signal, but a single band signal (e.q., the signal 152).

[0079] As an alternative, or in addition, to the switch 256 included by
the resonant circuit 208a, the ampiificaiion block 250 may include one or more
switchas before and/or after the resonant circuit 208a. For example, the switch
260 between the LNA 208a and the resonant circuit 208a can conirol whether a
signal is provided from the LNA 208a to the resonant circuit 208a or 10 a bypass
path 264 that bypasses the resonant circuit 208a.  As another sxample, the
switch 262 between the resonant circuit 208a and the path o the combiner (e.g.,
the node 212 of Figure 2A) can control whether a signal is provided to the
combiner from the resonant circuil 208a or the bypass path 284.
Advantageously, in certain embodiments, bypassing the resonant circuit 208z
can result in lower insertion 1oss. Thus, when operating in a single band mode or
when receiving a CA signal with certain frequency bands, it can be advaniageous
to bypass the resonant circuit 208a. In other embodiments, the use of the
resonant circuil 208a can resull in reduced or eliminated noise and parasitic
loading. Morsover, in certain embodiments, when receiving a single band signal,
a combiner at the output of the tunabie integrous single combiner 210 {e.g., &t
node 212) that combines the oulputs of each of the amplification blocks may be

bypassed resulting in lower insertion loss.
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[0080] In certain implementalions, each of the ampilification blocks
comprising the LNAs and the resonant circuits can include one or more of the
switches 256, 260, and 282, Further, sach of the communication paths of the
tunable integrous signal combiner 210 may include an amplification block that is
corfigured the same as the amplification block 2580. Allernatively, at least some

of the amplification blocks may be configured differently.

Second Example Fronk-End Module

[0081] Figure 3 is & block diagram of another example of a front end
module 300 that can be included in the wireless device 100 of Figure 1A. The
FEM 300 can include a number of the components of the diversity FEM 134
previously described with respect to Figure 2A. Thus, reference numbers from
Figure 2A are re-used in Figure 3 io indicate correspondence between
referenced elements.

[0082] In addition to the elements previously described with respect to
Figure 2A, the FEM 300 may include an impedance maiching network 302. This
impedance matching network 302 may be used to facilitate combining the signals
output by the one or more resonant circuits 208a-208n. Further, the impedance
matching network 302 may be configured to match an impedance of the output of
the tunable integrous signal combiner 2310 o the impedance of an element in
glectrical communication with the FEM 300, such as the transceiver 104, As
Hlustrated, the impedance matching network 302 may be part of tunable integrous
signal combiner 310. Further, the impedance matching network 302 may be
implemented on the same component, die, or as part of the same circuitry as the
tunable integrous signal combiner 310 or, in implementations where the tunable
integrous signal combiner 310 is part of a MCM, the impedance matching
network 302 may be implemenied as part of a separate module that is separate
from at least some other components of the tunable integrous signal combiner
310.

(00831  As yet another allernative, the impedance matching network 302
may be implemented on a separate component from the tunable integrous signal
combiner 310. Thus, in some such cases, an oufput of the tunable integrous

signal combiner 310 may be provided as an input to the impedance maiching
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network 302, which may in tum oulpul a signal from the FEM 300 o &
subseqguent system, such as a transceiver 104. In some implementations where
the impedance maiching network 302 is external o the iunable integrous signal
combiner 310, the signals processed by the LNA and/or resonator circuits of the
tunable integrous signal combiner 310 may be aggregated before being output by
the tunable integrous signal combiner 310 and provided fo the impedance
matching network 302. In other implemeniations, the tunable integrous signal
combiner 310 may have multiple outputs with each output corresponding o
LNA/resonant circuit signal path. Each of the oulpuls may then be provided 1o
the impedance matching network 302, which may perform the aggregation of the
signals ocutput by the tunable integrous signal combiner 310 before providing the
aggregated signal as an cutput of the FEM 300,

[0084] As previously described, the combination of communication
paths used to perform carrier aggregation can result in parasitic loading. in some
implementations, the resonant circuits 208a-208n may be used {o reduce or
eliminate parasitic loading by, for example, adjusting the impedance on the
output line of the respective LNAs 206a-208. Allernatively, or in addition, the
parasitic loading can be reduced or eliminated by using the impedance matching
network 302. The impedance matching network 302 can be configured {o raise,
or otherwise modify, the impedance of the output line of the LNAs to countsr any
reduction in impadance due to the parallel configuration of the communication
paths within the tunable integrous signal combiner 310. Further, the impedance
matching network 302 can be used o maich the impedance of the aggregale
communication path between the diversity FEM 300 and a subseguent system,
such as the transceiver 104.

(00851 In some cases, the impedance matching network 302 can be
bypassed. For example, in cases where a single band signal is received, it may
be unnecessary to adjust the impedance of the communication path because, for
example, all but one communication path may also be configured in a bypass
mode.

[0086]  In certain embodiments, the impedance matching network 302
may be a dynamic impedance matiching network.  Advantageously, in cerlain

embodiments, using a dynamic impedance maltching network 302 enables the
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impedance ¢ be adjusted or malched based on the one or more LNA and/or
resonant circuits that are active. One example of a tunable impedance maiching
network that can be adapied for use with certain embodiments described herein
is described in U.S. Application No. 14/314,550, filed on June 25, 2014 and titled
FLEXIBLE L-NETWORK ANTENNA TUNER CIRCUIT” which is hereby
incorporated herein by reference in its entirely for all purposes. Another example
of an impedance maiching nefwork that can be adapted for use with certain
embodiments described herein is described in U.S. Application No. 14/869,041,
filed on September 28, 2015 and fitled “"AUTOMATIC IMPEDANCE MATCHING
USING TRUE POWER INFORMATION,” which is hereby incorporated herein by
reference in iis entirety for all purposes.

(00871  In addition to maiching the impedance of the output lines of the
active LNAs 208a-2086n andior the aclive resonant circuits 208a-208n, the
impedance matching network 302 may combine the signals output by the active
LNAs 208a-206n and/or the active resonant circuits 208a-208n to create the
aqgregate carrier signal. The impedance maiching network 302 can provide this
aggregate carrier signal to the transceiver 104. Further, the impadance matching
network 302 may maich the impedance of the tunable integrous signal combiner
310 to the fransceiver 104,

Example Resonant Circuit Schematics

[0088] Figures 4A-4D are circuit schematics of examples of resonant
circuits 400, 410, 420, and 430 that can be included in the front end modules of
Figures 2A and 3. In some embodiments, each of the resonant circuits 400, 410,
420, and 430 are separaie resonant circuits that can be electrically connected io
one or more of the LNAs of Figures 2A and 3. The resonant circuits 400, 410,
420, and 430, in some cases, may each be sigtically connecled to different LNAs.
Alternatively, a swilching network may be used to connect one or more of the
resonant circuits 400, 410, 420, and 430 to a particular LNA. A control circuit
included with the FEM 134 may determine which LNA {o electrically connect o a
particular resonant circuit {or vice versa) based on the bandwidth of a received

signal. Alternatively, the call processor 118 may make this determination.
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[0089] In some embodiments, the resonant circuits 400, 410, 420, and
430 may each represent different configurations of a single resonant circuit. In
other words, the capacitor of the resonant circuits 400, 410, 420, and 430 may be
a set of switchable capacitors that can be electrically connecied or disconnected
from the resonant circuit based on the received signal, a command received from
an external device {(e.q., a base station}, or the frequency band(s) processed by a
particular one or more LNAs.

[00801 The frequency bands filtered by each of the resconant circuits
400, 410, 420, and 430 are summarized in the below Table 1, which also includes

an operating frequency for the associated communication band.

TABLE 1
FIG. 4A FIG. 4B FIG. 4C FIG. 4D
B1/4 B3 B2 B30
C(pF) 9.25 12.4 11 762
L{nH) 06 06 06 08
Freq. (GHz) | 2.14 {85 1.6 235

[0081] The resonant circuit 400 of Figure 4A is configured to filter
frequencies associated with bands 1 and 4. The capacitor of resonant circuit 400
is configured to be 9.25 pF with an inductor of 0.6 nH. As indicated in Table 1,
the resonant circuit 400 can be utilized with multiple bands. This is possible
because the frequency band of band 1 and 4 are very similar. The middle
downlink frequency of band 1 is 2.140 GHz and the middie downlink frequency of
band 4 is 2.1325 GHz. Advaniageously, in certain embodiments, the resonant
circuit 400 may be used in cases where band 1, band 4, or band 1 and band 4
are included as part of the received multiband signal.

[0082] The resonant circuit 410 of Figure 4B is configured to filter
frequencies associated with band 3. The capacitor of resonant circuit 410 is
configured 1o be 12.4 pF with an inductor of 0.6 nH. Further, the resonant circuit
420 of Figure 4C is configured to filter frequencies associated with band 2. The
capacitor of resonant circuit 420 is configured to be 11 pF with an inductor of 0.6

nH.  Moreover, the resonant circuit 430 of Figure 4D is configured fo filler
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frequencies associated with band 30. The capacitor of resonant circuit 430 is
configured to be 7.62 pF with an inductor of 0.6 nH.

[0083]  As described, the inductors of each of the resonant circuits may
be configured with the same inductance, and the capacitors may be varied fo
filter or process different communication bands. However, in some
embodiments, the capacitors may be of the same value and the inductors may be
varied. In yet other implementations, both the capacitors and inductors may be
varied. Thus, in some embodiments, one or more of the resonant circuits 400,
410, 420, or 430 may be tunable. Thus, one or more of the capacitors and/or
inductors of one or more of the rescnant circuits may be adjustable based, for
example, on a received signal, a command from a component internal o the
wireless device 100 {e.q., the call processor 118), and/or a command from an
external component {e.g., a base station). in order for the resonant circuits to be
tunable, the capacilors and/or induclors of the resonant circuils may be
reconfigurable. For example, the capaciiors may be swilch capacitors that can
be modified by, for example, opening or closing particular switches of the switch
capacitor.

[0084] In certain embodiments, two or more resonant circuits can be
tiered or connected in series enabling the rejection of muitiple bands on differing
frequency bands. Thus, for example, a LNA configured to amplify band 2 can be
connected with a resonant circuit 400 and a resonant circuit 410 to reject signals
of pands 1, 3, and 4. The output signal can in turn be combined with the output
signals of LNAs configured to amplify bands 1, 3, and 4, which are connecied in

series to the resonant circuit 420, which rejects signals of band 2.

Resonant Circuit Simulations

[0088] Figures 5A--5D graphically illusirate simulations demonstrating a
result of applving the resonant circuits 400, 410, 420, and 430 {o a signal output
by an LNA fo filer noise for different bands of operagtion. Figure 5A is a
simulation of the resonant circuit 400 as appiled o an LNA configured o process
a band 2 or band 3 signal frequency. In other words, Figure 5A illustrates the
resull of processing a signal by an LNA designed to amplify band 2 and band 3

signals electrically connecied in series with the resonant circuit 400 configured o
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filter out signals asscciated with bands 1 and 4. Point m1 in the graph of Figure
5A represents the central downlink frequency for band 1 and points m2 and mb
represent the low and high frequency points. As illustrated by the graph at point
m1, the rejection at the center frequency of band 1 is about -9.749 dB. Further,
the rejection at the high frequency point of band 1 is -7.950 dB compared 10 a
loss at the high freguency components of bands 2 and 3, which is 0.834 and
2.104 dB, respectively.

[0088] As indicaied by the points m3 and m4, the resonant circuit 400
can have some impact on the desired signal 1o be passed 1o the transceiver 104,
However, the impact is relatively small and the band 2 and band 3 signals remain
strong enough for processing by the transceiver 104. In some cases, the LNA
can be configured to provide a greater ampilification factor (o the received band
2/3 signal to account for the loss due to the resonant circuil.  In some
implementations, the resonant circuit is configured to operate in a bypass mode
when a single band signal is received. Advantageously, by configuring the
resonani circuit to operate in a bypass mode when the signal is a single band
signal, loss due to the resonant circuit is eliminated. Similarly, the resonant
circuit may operate in a bypass mode when a multiband signal is composed of
frequencies that are more than a threshold apart from each other.

[00S7] Figure 5B is a simulation of the resonant circuit 410 as applied
to an LNA configured fo process a band 1 signal frequency. As can be seen by
points m7 and m10, the frequencies associated with band 3 are rejected while
the signals asscociated with band 1 are primarily passed through as indicated by
points m8 and m%, which represent the low and high frequency poinis of band 1
respectively. Thus, looking at Figures 5A and 5B in conjunction, a muitiband
signal composead of a band 1 signal and a band 3 signal can be divided into two
separate signals by mulliplexor 202, The band 1 signal may be provided 1o an
LNA configured to amplify the band 1 signal, which may be connected in series to
the resonant circuit 410, which will filter any noise relating to band 3. Similarly,
the band 3 signal may be provided o an LNA configured to amplify the band 3
signal, which may be connecied in series to the resonant circuit 400, which will
filter any noise relating o band 1. The two signals may then be recombined

before being provided to the fransceiver 104 for further processing.

-20-



WO 2017/204833 PCT/US2016/036253

{0098] Figure 5C is a simulation of the resonani circuit 430 as applied
to an LNA configured to process a band 4 signal freguency. The point m17
represents the middle frequency for band 30, which indicates a rejection of about
10.5 dB. Conversely, the point m15 associated with the band 4 high frequency
indicates & loss of only about 1.5 dB.

[0089] Figure 5D is a simuiation of the resonant circuit 420 as applied
to an LNA configured {o process a band 1 signal frequency. The points m11 and
m14 represenis the low and high frequency respectively for band 2, which
indicates a rejection of over 7 dB.  Conversely, the points m12 and m13
associated with the band 1 low and high frequency respeciively indicate g loss of
1.6 dB or less.

Example FEM Circuit Schematic

[0100] Figure 6 is a circuit schematic 800 of one example of the front
end module 102 that can be included in the wireless device 100 of Figure 1A
The circuit schematic 600 includes a filter 602, such as a triplexer that can be
used to divide a multiband signal into iis constituent frequency bands. In this
particular example, the filter 802 splits a multiband signal composed of a band 1
signal, a band 3 signal, and a band 7 signal. The filler 802 may include any type
of filter. For example, the filier 802 may be a SAW filter or a BAW filter.

[0101] In certain embodiments, one band may be treated distincily from
the other bands because, for example, the frequency is different encugh that
there is minimal interference belween the band and the other bands of the
multiband signal. For example, the band 7 may be processed separalely from
bands 1 and 3 because band 7 is relatively distant from band 1 (approximately
450 MHz}, and even more so from band 3 (approximately 740 MHz), compared 1o
the distance between bands 1 and 3. Thus, the amount of interference between
hands 1 and 3, and band 7 is sufficiently low enough to omit a resonant circuit,
which can add its own loss. As such, band 7 is processed separately by a circuit
804, The details of this circuit 604 are omilted as beyond the scope of the
present disclosure and thus circuit 804 is represented as a 50 Q impedance. It
should be appreciaied that in some embodiments, band 7 could be processed

similarly to bands 1 and 3 using an LNA and resonant circuit combination.
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[0102] The circuit schematic 600 may further includes an LNA 608 for
processing or amplifying the band 1 signal and an LNA 608 for processing or
amplifying the band 3 signal. Each of the LNAs 808 and 608 can be represented
by a scatiering parameter (82P) model.

[09103] The outputs of the LNAs 606 and 608 are provided to the
resonant circuits 410 and 400, respectively. As previously described, the
resonant circuit 410 can filter or reject freqguencies relaling fo the band 3
communication band. Similarly, the resonant circuit 400 can filter or reject
frequencies relating to the band 1 communication band. The amplified and
filtered communication bands are recombined at node 510, which may be output
to a subsequent slement, such as the transceiver 104. This subsequent device
glement is represented by the resistor subsequent {0 the node 810, which can

further be represented by a particular impedance, such as a 50 Q impedance.

Simulations of an FEM

[0104] Figures 7A and 7B graphically Hlustrate simulations for the circuit
schematic 600 of Figure 6. More specifically, Figures 7A and 7B illustrate
comparisons for two different bands belween a single band operation, a
multiband operation without using resonant circuits, and a mulliband operation
with the use of resonant circuits.

[0105] Figure 7A illustrates the resulis for processing a band 3 signal.
in each of the graphs, the solid line represents single band processing for band 3.
in other words, the solid line represents the case where a single band signal is
received by an antenna of the wireless device and no carrier aggregation is
performed. Further, in each of the graphs, the solid iine with the dois represenis
when carrier aggregation is performed that includes band 3, but does not use a
resonant circuil.  The dashed line represents when carrier aggregation is
performed that includes a band 3 signal and uses a resonant circuit.

[0108] Examining the gain in graph 708, we see thatl the gain using the
resonant circuit is betler than when carrier aggregation is used without the use of
a resenant circuit,  However, the resonant circuit does introduce some loss.

Thus, in certain embodiments, when a non-multiband signal is received, the
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resonant circuit can be bypassed or operated in a bypass mode resulting in
improved gain.

[0107] Further, examining the noise figure graph 708, we can see that
carrier aggregation without the use of resonant circuits results in greater noise.
However, when resonant circuits are used, the noise level of the aggregate
carrier signal approaches that of a single band signal.

[0108] Figure 7B illustrates the resulis for processing a band 1 signal.
As with Figure 7A, in each of the graphs, the solid line represents single band
processing for band 1. In other words, the solid line represents the case where a
single band signal is received by an antenna of the wireless device and carrier
aggregation is not performed. Further, in each of the graphs, the sdolid line with
the dots represents when carrier aggregation is performed that includes band 1,
but does not use a resonant circuit. The line dashed line represents when carrier
aggregation is performed that includes a band 1 signal and uses a resonant
circuit.

(01081 Moreover, as with the graph 706, the graph 714 fllustrates less
of a gain loss when using a resonant circuit compared to not using a resonant
circuit for a multiband signal. Further, tuming 1o graph 716, the noise figure when
using the resonant circuit is close 1o the single band case and is much improved

compared to carrier aggregation without a resonant circuit.

Example Multiband Signal Processing Process

01101  Figure 8 is a flowchart of one example of a multiband signal
processing process 800 for performing signal aggregation. it should be
understood that the process 800 is one exampie of a process for performing
carrier aggregation in response to receiving a muitiband signal. Other processes
for processing a multiband signal are possible. For example, operations of the
process 800 may be performed in g different order or substantially in parallel.
Thus, the order of the operations described with respect to the process 800 is for
gase of description and not to limil the process 800, Moreover, it should be
understood that a variety of systems, including a variety of hardware, sofiware,
firmware, or a combination thereof can implement at least portions of the process

800. For example, the process 800 may be performed, at least in part, by the call
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processor 118, the diversity FEM 134, or the transceiver 104, or combinations of
the same, and so forth. To simpilify discussion and not to limit the present
disclosure, the process 800 will be described with respect to particular sysiems.

[0411] The process 800 may begin when, for example, the wireless
device 100 receives a mulliband signal including at least a first signal of a first
bandwidth and a second signal of a second bandwidth at block 802. Although the
multiband signal is described as being a dual band signal, it is possible for the
multiband signal to be tri-band or to include any other number of frequency
bands. Further, the received multiband signal may be received at one or more
primary antennas 132 and/or diversity antennas 136 of the wireless device 100
The multiband signal may be received from a base siation or other system that
can wirelessly communicate with the wireless device 100.

[0112] At block 804, a coniroller, such as the call processor 118,
determines a bandwidih or a frequency band of the first signal of the multiband
signal. In somse cases, the communication band is determined based on the
received signal. in other cases, the communication band may be determined
hased on a previous received signal or data packet. In some cases, the base
station informs the wireless device of the communication bands o be received.
At block 806, the communication band for the second signal is determined.

[0113] Al block 808, a first resonant circuit associated with a first LNA
is configured 1o filler ncise associated with the second bandwidth or
communication band determined at the block 808. Similarly, at block 810, &
second resonant circuit associaled with a second LNA is configured o filter noise
associated with the first bandwidth or communication band determined at the
block 804, The resonant circuits may be dynamically configured by electrically
connecting or disconnecting one or more switched capacitors from the respective
LNAs. in some cases, the resonant circuit configurations are siatic, but the
resonant circuits that are in electrical communication with the LNA can be
adiusted. In other words, although the resonant circuit’s configuration may be
static, a coniroller can elecirically connect or disconnect particular resonant
circuits from a particular LNA.

[0114]  The first signal is provided to the first LNA at block 812 to obiain

a first amplified signal. Similarly, the second signal is provided {o the second
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LNA at block 814 {0 obiain a second amplified signal. Further, at the block 812,
the resonant circuit in electrical communication with the first LNA filters out
components of the first ampiified signal associated with the second
communication band. Similarly, at the block 814, the resonant circuit in electrical
communication with the second LNA filters out components of the second
amplified signal associated with the first communication band.

[0115] The first amplified signal and the second amplified signal may be
combined at the block 816. Combining the amplified signals may include
combining the filtered versions of the amplified signals. Moreover, in certain
embodiments, combining the amplified signals may include using an impedance
maiching network 302 to maich the impedance between the communication path
of the first signal and the communication path of the second signal. in addition,
the impedance matching network may match the impedance of the two
communication paths to an oulput line that provided the aggregated signal o, for
exampie, the tfransceiver 104

[0118]  In certain embodiments, the process 300 can include processing
a single band signal. In such cases, the LNA associated with the bandwidth of
the received signal may be disconnected from its comresponding resonant circuit.
Alternatively, the corresponding resonant circuit may be configured in a bypass
mode that allows the signal to pass through without filtering the amplified signal

received from the LNA.

Terminoclogy
[0117] Uniess the contexti dlearly requires otherwise, throughout the

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 t0.” The term
“‘coupled” is used to refer to the connection between two elements, the term
refers to two or more elements that may be either directly connected, or
connected by way of one or more infermediate elements. Additionaily, the words
*herein,” “above,” “below,” and words of similar import, when ussed in this
application, shall refer 1o this application as g whole and not o any particular

portions of this application. Where the coniext permits, words in the above
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Detailed Description using the singular or plural number may aiso include the
plural or singular number respectively. The word “or” in reference to a list of two
or more iiems, that word covers all of the following inferpretations of the word:
any of the items in the list, ali of the items in the list, and any combination of the
itemns in the list.

i0118] The above detailed description of embodiments of the inventions
are not intended to be exhaustive or to limil the inventions to the precise form
disclosed above. While specific embodiments of, and examples for, the
inventions are described above for illustrative purposes, various equivalent
modifications are possible within the scope of the inventions, as those skilled in
the relevant art will recognize. For example, while processes or blocks are
presented in a given order, alternative embodiments may perform routines having
steps, or employ systems having blocks, in a different order, and some processes
or blocks may be deleted, moved, added, subdivided, combined, and/or modified.
Each of these processes or blocks may be implemented in a variely of different
ways. Also, while processes or blocks are at times shown as being performed in
series, these processes or blocks may instead be performed in parallel, or may
be performed af different times.

01191  The teachings of the inventions provided hergin can be applied
to other systems, not necessarily the sysiem described above. The elemenis
and acts of the various embodimenis described above can be combined to
provide further embodiments.

{01201 Conditional lanquage used herein, such as, among others,

can,” "might,” "may,” "e.q..” and the like, unless specifically stated otherwise, or
otherwise understood within the context as used, is generally intended to convey
that certain embodiments include, while other embodiments do not include,
certain features, elements and/or states. Thus, such conditional language is not
generally intendad to imply that features, elements and/or states are in any way
required for one or more embodiments or that one or more embodiments
necessarily include logic for deciding, with or without author input or prompting,
whather these featurss, elements and/or stales are included or are o be

performed in any particular embediment.
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[0121] Disjunclive language such as the phrase “atleast one of X, Y, or
Z,” unless specifically staled otherwise, is otherwise undersiood with the context
as used in general 1o present that an tem, term, etc, may be either X, Y, or Z, or
any combingtion thereof {e.g., X, Y, and/or Z). Thus, such disjunctive language is
not generally intended o, and should not, imply that certain embodiments require
at least one of X, at least one of Y, or at least one of Z {0 each be present.

[0122] Unless otherwise explicitly stated, articles such as “a” or “an”
should generally be interpreted to include one or more described items.
Accordingly, phrases such as “a device configured 107 are intended to include one
or more recited devices. Such one or more recited devices can also be

13

collectively configured to carry out the stated recitations. For example, “a

processor configured o carry out recitations A, B and C" can include a first
processor configured to carry out recitation A working in conjunction with a
second processor configured to carry out recitations B and C.

[0123] While cerfain embodiments of ithe inventions have been
described, these embodiments have been presented by way of exampie only,
and are not intended to limit the scope of the disclosure. Indeed, 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 sysiems described herein may be made without departing from
the spirit of the disclosure. The accompanying claims and their equivalents are
intended o 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. An integrous signal combiner comprising:

a plurality of inputs, each input configured to receive a signal of a
different frequency than the other inputs of the plurality of inputs;

an output configured 1o provide an integrous signal to a subsequent
processing block;

a plurality of low noise amplifiers (LNAs);

a plurality of resonant circuits, each resonant circuit corresponding
to a different LNA from the plurality of LNAs; and

a plurality of isolation swiiches that isclate each LNA from the
plurality of LNAs from a corresponding resonant circuit from the plurality of
resonant circuits, each isolation switch configured to switch an output of an

LNA from the plurality of LNAs between an input 10 a corresponding

resonant circuit from the pluralily of resonant circuils and a bypass path

that bypasses the corresponding resonant circuit.

2. The integrous signal combiner of claim 1 wherein the subseguent
processing block is a transceiver.

3. The integrous signal combiner of claim 1 further comprising a
combiner configured to combine a plurality of integrous signals, each of the
integrous signals from the plurality of integrous signals ouiput by a different
resonani circuit from the plurality of resonant circuits.

4, The integrous signal combiner of claim 1 wherein the integrous
signal is a combined signal created from a plurality of communication bands.

5. The integrous signal combiner of claim 1 wherein the integrous
signal is formed from a single communication band.

8. The integrous signal combiner of claim 1 wherein at least one
resonant circuit from the plurality of resonant circuits includes a switch that when
closed causes al least a portion of the at least one resonant circuit o be
bypassed.

7. The integrous signal combiner of claim 1 whersin each isolation
switch is controlled based on a signal received from a base siation.

8. The integrous signal combiner of claim 1 wherein at least one
resonant circuit from the plurality of resonant circuits includes a switched

capaciior enabling the at least one rescnant circuit to be dynamically adjusted.
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8. A front-end module (FEM) comprising:

a multiplexer network configured o receive a signal from a diversity
antenna and to split the signal into a plurality of signal portions
corresponding to a plurality of communication bands; and

an integrous signal combiner configured {0 receive the plurality of
communication bands at a plurality of inpuls, each input receiving a signal
portion associated with a different communication band from the plurality
of communication bands, the integrous signal combiner including the
plurality of inputs, an output configured to provide an integrous signal to a
subseqguent processing block, a plurality of low noise amplifiers (LNAs), a
plurality of resonant circuits, each resonant circuit corresponding o a
different LNA from the plurality of LNAs, and a plurality of isolation
swilches that isolate each LNA from the plurality of LNAs from a
corresponding resonant circuit from the plurality of resonant circuits, each
isolation switch configurad to switch an cufput of an LNA from the plurality
of LNAs between an input {0 a corresponding resonant circuit from the
plurality of resonant circuits and a bypass path that bypasses the
corresponding resonant circuit.

10, The FEM of claim 8 further comprising a plurality of filters
positioned between the multiplexer network and the integrous signal combiner,
each filter from the plurality of filters receiving a different signal portion from the
plurality of signal portions and configured to remove oul-of-band signals from the
received signal portion.

11. The FEM of claim 9 wherein the integrous signal combiner further
inciudes a combiner configured o combine a plurality of integrous signals, each
of the integrous signals from the plurality of integrous signals ocutput by a different
resonant circuit from the plurality of resonant circuits.

12.  The FEM of claim @ wherein the integrous signal is a multiband
signal created from a plurality of communication bands.

13. The FEM of claim 9 whersein at least one resonant circuit from the
plurality of resonant circuits includes a bypass switch that when closed causes g
filter circuit of the at least one resonant circuii {o be bypassed.

14,  The FEM of claim @ wherein each isolation switch is controlled

based on a signal received from a base siation.
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15, The FEM of claim 9 whersein at least one resonant circuit from the
plurality of resonant circuits includes an adjustable capacitor enabling the at least
one resonant circuit to be dynamically adjusted.

16. A wireless device comprising:

an antenna configured to receive a carrier aggregated (CA) signal
from a base station; and

a front-end module (FEM) including a multiplexer network and an
integrous signal combiner, the muitiplexer network configured to split the

CA signal received at the antenna into a plurality of signal portions

corresponding to a plurality of communication bands, the integrous signai

combiner configured 1o receive the plurality of communication bands at a

plurality of inputs, each input receiving a signal portion associated with a

different communication band from the plurality of communication bands,

the integrous signal combiner including the plurality of inputs, an output
configured to provide an integrous signal to a subseguent processing
block, a plurality of low noise amplifiers (LNAs), a plurality of resonant
circuits, each resonant circuit comresponding to a different LNA from the
plurality of LNAs, and a plurality of isclation switches that isolate sach LNA
from the plurality of LNAs from a corresponding resonant circuit from the
plurality of resonant circuits, each isolation switch configured {o swilch an

ouiput of an LNA from the plurality of LNAs between an input to a

corresponding resonant circuit from the pluralily of resonant circuits and a

bypass path that bypasses the corresponding resonant circuit,

17. The wireless device of claim 16 wherein the antenna is a diversily
antenna and the FEM is a diversity FEM.

18. The wireless device of claim 16 wherein the FEM further includes a
plurality of fillers positioned between the mulliplexer network and the integrous
signal combiner, each filier from the plurality of filters receiving a different signal
peortion from the plurality of signal portions and configured to remove noise
components from the received signal portion.

19. The wireless device of claim 16 wherein each of the plurality of
resonant circuits is deactivated when the FEM receives a singie band signal from

the antenna.
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20, The wireless device of claim 16 wherein at least one resonant
circuit from the plurality of resonant circuits includes an adjustable circuit element

enabling the at least one resonant circuit to be dynamically tuned.
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