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FLEXIBLE L-NETWORK ANTENNA TUNER CIRCUIT

RELATED APPLICATIONS
[6881]  This disclosure claims priority o U.S. Provisional Application No.
61/841,217 filed June 28, 2013 and entitied “FLEXIBLE L-NETWORK ANTENNA
TUNER CIRCUT,” the disclosure of which is expressly incorporated by reference

herein in iis entirety.

TECHNICAL FIELD
{8882] The present disclosure relates generally to impedance matching
glements. More specifically, the present disclosure relates to flexible and tunable

impedance matching elemenis.

BACKGROUND

{08031 Radio Freguency (RF) switches, such as transisior swiiches,
can be used o swiich signals between one or more poles and ong or more
throws. Transistor swilches, or portions thereof, can be controlled through
transistor biasing and/or coupling. Design and use of bias andfor coupling
circuits in connection with RF swilches can affect switching performance.

{0084] In some cases, circuil elements may generate different
impedance valuss. To improve performance of a circult, it is often desirable fo

select circuit elements with matching impedance values.

SUMMARY

[6605] In accordance with some embodiments, the present disclosure
relates {0 an impedance matching circuit that includes a series element located
between a first node and a second node. In some cases, the first node may be in
electrical communication with an anlenna and the second node may be in
electrical communication with a diplexer. In other cases, the first node andior
second node may be in slectrical communication with a low noise amplifier, filter,
power amplifier, etc. The impedance maiching circuit may further include a shunt
slement configured to be in electrical communication between one of the first

node and the second nods, and ground. In addition, the impedance matching
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circuit can include a switch configured {o swilch the shunt element from being in
electrical communication between the first node and ground o being in electrical
communication befween the second node and ground. Further, the swilch may
be configured to switch the shunt element from being in electrical communication
between the second node and ground {o being in elecirical communication
between the first node and ground.

[G008] In some cases, the series element includes a capacitor or a
capacitor and an inductor. The capacilor may be a digital switch capacitor that
may include one or more capacitors. I some implementations, the capacitor is
an analog tunable capacitor.

[B607] The shunt slements may include an inductor and a capacitor.
The capacitor may be a digital switch capaciior including one or more capaciiors
or an analog lunable capacitor. Further, the inductor and the capacitor may be
configured in parallsl.

[G6608] In some implementalions, the swilch includes a fisld-effect
fransistor.  Further, the swilch may be configured to place the impedance
matching circuit in a bypass mode. In some cases, the bypass mode enables a
signal to be transmitied from the first node 1o the second node without the shunt
element in electrical communication with the first node and the second node. In
other cases, the bypass mode enables a signal to be fransmitted from the first
nede o the second node with the shunt element in electrical communication with
the first node and the second node,

[B008] In certain embodiments of the present disclosure, a wireless
device is presented. The wireless device may include g first element, a second
element, and an impedance maiching circuit. The first element and the second
element may be associated with different impedance values for at least a period
of fime. Further, the impedance matching circuit may be elecirically connecied
between the first element and the second element, and in electrical
conmunication with the first element and the second element.

[B618] In some embodiments, a wirgless device is prasented that
includes an antenna associated with a first impedance valus. Further, the
wireless device may include a diplexer associated with a second impedance

value. The second impedance value may differ from the first impedance valus for
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at least a period of fims. In addition, the wirsless device can include an
impedance maiching circuit elecirically connected between the antenna and the
diplexer, and in electrical communication with the antenna and the diplexer.

[B6814] With some implementations, the impedance malching circuit
includes a series element localed between a first node and a second node.
Further, the impedance maiching circuif may include a shunt element configured
to be in elecirical communication between one of the first node and the second
node, and a ground. in addition, the impedance matching circuii can include a
switch configured to switch the shunt element from being in electrical
communication belween the first node and the ground to being in electrical
communication between the second node and the ground.

60121 In some cases, the wirsless device includes a controller
configured to operate one or more switches of the impedance maiching circuil. in
addition, the wireless device may include one or more sensors. In some such
cases, the controller is configured to operate the one or more switches based at
least partially on information obtained from the one or more sensors.

{88131 In some designs, the antenna is a diversily antenna configured
to receive a signal. Generally, the diversity antenna is not configured fo transmit
signals. Allernatively, in certain embodiments, the anlenna is a main antenna
configurad {o both fransmit and receive signals.

[6014] In certain embodiments, a method for matching the impedance
of a pair of circuit elements is disclosed. The method may be performed by a
controller for an impedance matching circuit. The method can include
determining a first impedance value for a first circuit element in electrical
communicalion with an impedance malching circuit.  Further, the method can
include determiining a second impedance value for a second circuit element in
glecirical communication with the impedance malching circuit.  In addition, the
method may include comparing the first impedance vaiue to the second
impedance value o dsterming whether the first impedance value is greater than
the second impedance value. Moreover, responsive {o determining that the first
impedance value is greater than the second impedance vaiue, the method may
include configuring a shunt element to be in direct electrical communication with

the first circuit element and not the second drcuil element. In some cases,
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responsive to determining that the first impedance value malches the second
impedance vaiue to a threshold degree, the method may further include

configuring the impedance matching circuit to be in a bypass mode,

BRIEF DESCRIPTION OF THE DRAWINGS

{8815] Throughout the drawings, reference numbers are re-used (o
indicate correspondence between referenced elements. The drawings are
provided to illustrate embodiments of the inventive subject matler described
herein and not o limit the scope thereof.

{0016] Figure 1 schematically shows a radio-frequency (RF) switch
configured o switch one or more signals between one or more poles and one or
more throws.

[B017] Figure 2 shows that in some implementations, the RF swiltch of
Figure 1 can include an RF core and an energy management (EM) core.

[0018] Figure 3 shows an exampie of the RF core implemented in a
single-pole-double-throw (SPDT) configuration.

[0018] Figure 4 shows an exampie of the RF core implemented in an
SPDT configuration where each swiich arm can include a plurality of field-effect
iransistors (FETS) connected in series.

{80201 Figure 5 schematically shows thal controliing of one or more
FETs in an RF swilch can be facilitaled by a circuit configured to bias and/or
couple one or more portions of the FETs.

[6621] Figure 6 shows examples of the bias/coupling circuit
implementaed on different parts of a plurality of FETs in a switch amm.

[6622] Figures 7A and 7B show plan and side sectional views of an
example finger-based FET device implemented in a silicon-on-insulator (SOI)
configuration.

[8023] Figures 8A and 88 show plan and side ssclional views of an
example of a mulliple-finger FET device implementad in an 801 configuration.

{0024] Figures SA-8D schematically show non-limiting examples of
various FET-based switch circuils and bias/coupling configurations.

[80258] Figures 10A and 10B show an example of a packaged module

that can include one or more features described herein.
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[6028] Figure 11 Hlustrates that, in certain embodiments, ong or more
features of the present disclosure can be implemented in a switch device, such
as a single-pole-multi-throw (SPMT)} switch configured to facilitale mulli-band
multi-mods wirsless operation.

[06027] Figure 12 illustrales an sxample of a wireless device thal can
include one or more features described harsin.

[6028] Figure 13 illusirates an example of an impedance matching
circuit.

[06029] Figure 14 ilustrates an example of an L-network based
impedance matching circuit,

[6030] Figure 15 illustrates an allernative representation of the
impedance matching circuit illustrated in Figure 14,

[6031] Figures 16A and 168 illustrate the swilch configurations for the
impedance maiching circuit of Figure 14 that effectively moves the shunt element
from one node to the other node by modifving the electrical connections.

[6632] Figures 17A-17D illustrate four examples of additional circuit
configurations that may be created using the L-network impedance maiching
circui! Hlustrated in Figure 14,

[6033] Figure 18 illustrates ancther example of an  L-network
impedance maiching circuil.

[6034] Figure 19 illustrates an exampie of a circuit simulation for an L-
network impedance matching circuil.

[6038] Figure 20 iHustrales a Smith chart lustraling impedance
matching using the circuit simulation of Figure 19.

[60368] Figure 21 ilustrates an example of an L-network impedance
matching circuit capable of bypass modes.

[6037) Figure 22 illustrales an example of a wirgless device that

includes an impedance matching circuit,

DETAILED DESCRIPTION
{0838] The headings provided herein, if any, are for convenience only

and do not necessarily affect the scope or meaning of the claimed invention.
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introduction

[0038] To improve power iransfer between circuil elements, it is
typically desirable to select elements wilth maiching impedance. However, in
some cases, circuil elements may be designed with different impedance values.
Further, in some cases, environmental factors, such as the posilioning of a
device may affect the impedance for the circuit elements. Having elements with
mismatched impedance an reduce the power transfer belween the circuilt
elements. For example, a mismatch between the impedance of an antenng and
an ampiifier circuit or a transcsiver may result in reduced power fransfer between
the antenna and the amplifier circull or the transceiver. One solution {o the
problem of mismatched impedance is 0 use an impedance malching circult
betweean circuit elements that can be used to maich the impedance of the two
circuit elements.

[6848] Often an impedance malching circuit will include a shunt
element on either side of a series elament. However, in many cases, a shunt
element can be omitted from one side of the impedance maliching circuit based
on the impedance value. Typicaily, the shunt element is omitted from the lower
impedance side and included on the higher impedance side of the impedance
matching circuil. The shunt elements can include a number of circuit elements,
such as ocapacitors, inductors, resistors, elc.  Advaniageously, in certain
ambodiments, omitling the shunt slement from one side of the impedance
matching circuit reduces both the size and the cost of the impedance maiching
circuit.

16041} However, in certain cases, it can be challenging and sometimes
infeasible to determine a priori which shunt element to omit from the impedance
matching circuil. One reason it is difficuit to determine a priori the shunt element
to omit is thal the impedance for one or more of the circuit elemenis o be
maiched by the impedance maiching circuit may fluctuate. For example, if the
impedance maiching circuit is eleciricaily positioned between an anfenna and
another davice element, the impedance of the anienna may fluciuaie based on a
number of faciors, such as position of the antenna, position of a users hand in
refation to the antenna, location of the wireless device with respect o blocking

eglements in the environment, ele. Further, in some cases, the impedance of the
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other device element may also fluctuate. For example, if the other device
element is a power amplifier module, its impedance may vary based on a gain
sefting for the power amplifier module.

[60642] Ceriain embodiments disclosed hersin enable the use of an
impedance matching circuil that is shaped similarly to an ‘L instead of a v
shape. The impedance maiching circuit can include a series element and a
shunt element. The shunt element in the L-shaped impedance matching circuit
can be moved or modified based on the impedance of the circuit elements in
electrical communication with each side of the impedance matching circuit.  in
other words, in certain embodiments, the impedance matching circull may be a
flexible circuit that can be dynamically modified based on the environment or
configuration of the wireless device that includes the impedance maiching circuit.
Although in some embodiments the shunt slement may be physically moved,
typically moving the shunt element refers to adjusting the electrical connections
of the shunt element to cause a reconfiguration of the impedance maiching
circuit.

[0043] Moving or modifving the shunt element of the impedance
matching circuit may include modifyving which device element is in electrical
communication with the shunt slement. In some cases, swilches may be used to
change which device element is in elecirical communication with the shunt
element. Further, in some cases, the switches may modify the portion of the
impedance matching circuit that is in electrical communication with the shunt
element. In addiion, or alternatively, modifying the impedance matching circuit
may include maodifying the device elemenis inciuded in the configuration of the
shunt element. For example, the shunt element may be modified o include a
single device element, or a pair of device slements in paralisl. Moreover, in
certain embodiments, modifying the impedance matching circuit is not limited fo
modifying the shunt element. In other words, the series element that is in
electrical communication belween the two device elements may be modified.
Additional details for modifving the impedance maiching circuit are described

herein.

Example Componenis of a Switching Device
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[0044] Figure 1 schematically shows a radio-frequency (RF) swiich 100
configured to swiich one or more signals between one or more poles 102 and
one of more throws 104, In some embodiments, such a swiich can be based on
one or more field-effect iransistors (FETs) such as silicon-on-insulator (80
FETs. When a particular pole is connectad {o & particular throw, such a path is
commonly referred o as being closed or in an ON state. When a given path
between a pole and a throw is not connecled, such a path is commonly referred
to as being open or in an OFF slate.

[060458] Figure 2 shows that in some implementations, the RF swilch
100 of Figure 1 can include an RF core 110 and an energy management (EM)
core 112. The RF core 110 can be configured to route RF signais between the
first and second ports.  In the example single-pole-double-throw (SPDT)
configurgtion shown in Figure 2, such first and second poris can include a pole
102a and a first throw 104a, or the pole 102a and a second throw 104b.

[6848] In some embodiments, EM core 112 can be configured o
supply, for example, voltage conirol signals to the RF core. The EM core 112
can be further configured to provide the RF switch 100 with logic decoding andior
powsr supply conditioning capabilitiss.

[8047)  In some embodiments, the RF core 110 can include one or more
poles and one or more throws to enable passage of RF signals between one or
more inputs and one or more outputs of the switch 100. For example, the RF
core 110 can include a single-pole double-throw (SPDT or SP2T) configuration as
shown in Figure 2.

[0048] In the example SPDT context, Figure 3 shows a more detailed
example configuration of an RF core 110. The RF core 110 is shown o include a
single pole 102a coupled o first and second throw nodes 1043, 104b via first and
second transistors {(e.g., FETs) 120a, 120b. The first throw node 104a is shown
to be coupled o an RF ground via an FET 122a to provide shunting capability for
the node 104a. Similarly, the second throw node 104b is shown {o be coupled to
the RF ground via an FET 122b o provide shuniing capability for the node 104b.

[6048]  In an example operation, when the RF corg 110 is in a state
where an RF signal is being passed between the pole 102a and the firsi throw
10443, the FET 120a between the pole 102a and the first throw node 104a can be
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in an ON siats, and the FET 1200 between the pole 102a and the second throw
node 104b can be in an OFF siate. For the shunt FETs 122a, 122Db, the shunt
FET 122a can be in an OFF siale so that the RF signal is not shunied {o ground
as it travels from the pole 102a to the first throw node 104a. The shunt FET 122b
associated with the second throw node 104b can be in an ON state so that any
RF signals or noise arriving at the RF core 110 through the second throw node
104b is shunted fo the ground so as to reduce undesirable interference effecis io
the pole-to-first-throw operation.

{06530] Although the foregoing example is described in the context of a
single-pole-double-throw configuration, it will be understood that the RF core can
be configured with other numbers of poles and throws. For example, there may
be more than one pole, and the number of throws can be less than or greater
than the sxample number of two.

[6651] In the example of Figure 3, the fransistors between the pole
1023 and the two throw nodes 104a, 104b are depicled as single transistors. iIn
some implementations, such switching functionalities between the pole(s} and the
throw(s} can be provided by switch arm segmenis, where eagch switch arm
segment includes a plurality of fransistors such as FETs.

{00521 An exampie RF core configuration 130 of an RF corg having
such switch arm segments is shown in Figure 4. In the example, the pole 102a
and the first throw node 104a are shown {o be coupled via a first switch arm
segment 140a. Similarly, the pole 1028 and the second throw node 104b are
shown o be coupled via a second switch arm segment 140b. The first throw
node 104a is shown to be capable of being shunted to an RF ground via a first
shunt arm segment 142a. Similarly, the second throw node 104b is shown to be
capable of being shunted to the RF ground vig a second shunt arm segment
142b.

[B653] In an example operation, when the RF core 130 is in a stale
where an RF signal is being passed between the pole 10Za and the first throw
node 1043, ail of the FETs in the first swilch arm segment 140a can be in an ON
state, and all of the FETs in the sacond switch arm segment 140b can be in an
QOFF state. The first shunt arm 142a Tor the first throw node 104a can have all of

its FETs in an OFF siate so that the RF signal is not shunted fo ground as it
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travels from the pole 102a o the first throw node 104a. All of the FETs in the
second shunt arm 142b associaled with the second throw node 104b can be in
an ON state so that any RF signals or noise arriving at the RF core 130 through
the second throw node 104b is shunied to the ground so as io reduce
undesirable interference effects to the pole-to-first-throw operation.

{00584] Agsain, although described in the contexd of an SP2T
configuration, it will be undersiood that RF cores having other numbers of poles
and throws can also be implemented.

(60551 In some implemeniations, a switch arm segment {e.g., 140s,
140b, 142a, 142b) can include one or more semiconductor transistors such as
FETs. In some emboediments, an FET may be capable of being in a first state or
a second stale and can include a gate, a drain, a source, and a body (sometimes
aiso referred to as a subsirate. In some embodiments, an FET can include a
metal-oxide-semiconductor field effect firansistor (MOSFET), in  some
embodiments, one or more FETs can be connecled in series forming a first end
and a second end such that an RF signal can be routed between the first end and
the second end when the FETs are in a first state {e.g., ON stale}.

[0058] Al least some of the present disclosure relates o how an FET or
a group of FETs can be controlled 1o provide switching funclionalilies in desirable
manners. Figure 5 schematically shows that in some implementations, such
controlling of an FET 120 can be facilitated by a circuit 150 configured to bias
and/or couple one or more portions of the FET 120, In some embodiments, such
a circuit 150 can include one or more circuits configurad fo bias and/or couple a
gate of the FET 120, bias and/or couple a body of the FET 120, and/or couple a
source/drain of the FET 120.

[6057] Schematic exampies of how such biasing and/or coupling of
different parts of one or more FETs are described in reference to Figure 6. in
Figure 8, a switch arm segment 140 (that can be, for example, one of the
example switch arm segments 140a, 140b, 1423, 142b of the example of Figure
4} belween nodes 144, 146 is shown to include a plurality of FETs 120.
Operations of such FETs can be controlled and/or facilitated by a gate
bias/coupling circuit 150a, and a body bias/coupling circuit 150c, andlor a

source/drain coupling circuit 150b.

-10-
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Gate Bias/Coupling Cirguit

[6058]  In the example shown in Figure §, the gate of each of the FETs
120 can be connecled to the gate bias/coupling circuil 180a to receive a gate
bias signal and/or couple the gate to another part of the FET 120 or the switch
arm 140. in some implemeniations, designs or features of the gate bias/coupling
gircult 180a can improve performance of the switch arm 140, Such
improvemenis in performance can include, but are not limiled 1o, device insertion
foss, isolation performance, power handling capability and/or swiiching device

linearity.

Body Bias/Coupling Circuit
{8858] As shown in Figure 6, the body of each FET 120 can be

connected {o the body bias/coupling circuit 150¢ o receive a body bias signal

and/or couple the body {0 another part of the FET 120 or the switch arm 140, in
some implementations, designs or fealures of the body bias/coupling circuit 150¢
can improve performance of the switch amm 140, Such improvements in
performance can include, but are not limiled to, device insertion loss, isolation

performance, powsr handling capability and/or switching device linsarity.

Source/Drain Coupling Circuit

[B068] As shown in Figure 6, the source/drain of each FET 120 can be
connecied {0 the coupling circuit 150b to couple the source/fdrain {0 ancther part
of the FET 120 or the switch arm 14C. In some implementations, designs or
features of the coupling circuit 150b can improve performance of the swilch arm
140. Such improvemenis in performance can include, but are not limiled to,
device insertion loss, isolation performancs, power handling capability andfor

switching device linearity.

Examples of Switching Performance Parameters

insertion Loss

-11-
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[B081] A switching device performance parameter can include a
measure of insertion loss. A swilching device insertion loss can be a measure of
the atienuation of an RF signal that is routed through the RF swiiching device.
For example, the magnitude of an RF signal al an oulput port of a swilching
device can be less than the magnitude of the RF signal at an input port of the
swiiching device. In some embodiments, a swilching device can include device
components that introduce parasitic capacitance, inductance, resistance, or
conductance into the device, contributing to increased switching device insertion
foss. In some embodiments, a switching device insertion loss can be measured
as a ratio of the power or voltage of an RF signal at an input port to the power or
voltage of the RF signal al an oulpul port of the swilching device. Decreased
swiiching device insertion loss can be desirable to enable improved RF signal

transmission.

Isolation

[06062] A swilching device performance parameier can also include a
measure of isolation. Switching device isolation can be a measure of the RF
isolation between an input port and an ouiput port an RF switching device. in
some embodiments, it can be a measure of the RF isolation of a swilching device
while the switching device is in a state where an input port and an output port are
electrically isolated, for example while the switching device is in an OFF siale.
increased switching device isolation can improve RF signal integrity. In cerlain
embodiments, an increase in isolation can improve wireless communication

device performance.

intermodulation Distortion

[B063] A swilching device performance parameter can further include a
measure of intermodulation distortion (IMD)} performance.  Intermedulation
distortion (IMD)} can be a measure of non-linearity in an RF switching device.

{88841 IMD can result from two or more signals mixing together and
vielding frequencies that are not harmonic frequencies. For example, suppose
that two signals have fundamenial frequencies Ty and T2 (f; = 1) that are relatively

close to each other in frequency space. Mixing of such signals can result in

-2
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peaks in frequency spectrum at frequencies corresponding o different producis
of fundamental and harmonic frequencies of the two sighals. For example, a
second-order intermodulation distortion {(also referred to as IMD2) is iypically
considered to include frequencies f.+f 121, 26, and 2f;. A third-order IMD (also
referred to as IMD3) is typically considered o include 2§+, 2§-f,, §1+26, {-2f,.
Higher order products can be formed in similar manners.

[6065] In general, as the IMD order number increases, power levels
decrease. Accordingly, second and third orders can be undesirable effects that
are of particular interest. Higher orders such as fourth and #ifth orders can also
be of inferest in some situations.

[B0668] In some RF applications, it can be desirable o reduce
susceplibility {o interference within an RF system. Non linearily in RF systems
can resuft in introduction of spuriocus signals into the system. Spurious signals in
the RF sysiem can result in interference within the system and degrade the
information fransmitled by RF signais. An RF system having increased non-
linearity can demonstrate increased susceptibility to interference. Non-linearity in
system components, for sxample swilching devices, can contribute to the
infroduction of spuricus signals into the RF sysiem, thereby contributing o
degradation of overall RF system linearity and IMD performance.

[B067] In some embodiments, RF switching devices can be
implemented as part of an RF system including a wireless communication
systemn. IMD performance of the system can be improved by increasing linearily
of sysiem components, such as linearity of an RF swilching device. In some
embodiments, a wirsless communication system can operate in a muiti-band
and/or multi-mode environment. Improvement in intermodulation distortion (IMD}
performance can be desirable in wirsless communication systems opserating in a
multi-band and/or multi-mode environment. In some embodiments, improvement
of a switching device IMD performance can improve the IMD performance of a
wireless comwmnunication system operating in a mulli-mode andfor mulli-band
anvironment.

[6088]  Improved swilching device IMD performance can be desirable
for wireless communication devices operating in various wireless communication

standards, for example for wireless communication devices operating in the Long
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Term Evolution (LTE) communication standard. In some RF applications, it can
be desirable o improve linearily of swilching devices operaling in wireless
communication devices that gnable simultaneous fransmission of data and voice
communication. For example, improved IMD performance in switching devices
can be desirable for wireless communication devices operaling in the LTE
communication standard and performing simultaneous transmission of voice and

data communication {e.g., Simultaneocus Voice and LTE (SVLTE)).

High Power Handling Capability

[006%8] In some RF applications, it can be desirable for RF switching
devices to operate under high power while reducing degradation of other device
performance parameters.  In some embodiments, it can be dasirable for RF
switching devices o operate under high powsr with improved intermodulation
distortion, insertion loss, and/or isclation performance.

[84878] In some embodiments, an increasad number of transistors can
be implemented In a switch arm segment of a swilching device o enable
improved power handling capability of the swiiching device. For exampls, a
switch arm segment can include an increased number of FETs connected in
series, an increased FET stack height, to enable improved device performance
under high power. However, in somea embodiments, increased FET stack height

can degrade the swiiching device insertion loss performance.

Examples of FET Structures and Fabrication Process Technologies

[84871] A switching device can be implemented on-die, off-die, or some
combination thereon. A switching device can also be fabricated using various
technologies. In some embodiments, RF swilching devices can be fabricaled
with silicon or silicon-on-insulator (S01) technology.

[B072] As described herein, an RF swilching device can be
implemenied using silicon-on-insulator (SOI) technology. In some embodiments,
501 technology can include a semiconductor subsirate having an embedded
fayer of electrically insulating material, such as g buried oxide layer beneath g

silicon device layer. For example, an SOl subsirate can include an oxide layer
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embedded below a silicon layer. Gther insulating materials known in the art can
also be used.

[6673]  Implemeniation of RF applications, such as an RF switching
device, using SOI technology can improve switching device performance.  in
some embodiments, SO technology can enable reduced power consumption.
Reduced power consumption can be desirable in RF applications, including those
associated with wireless communication devices. 501 technology can enable
reduced power consumption of device circuilry due to decreased parasilic
capacitance of transistors and intsrconnect metallization to a silicon substrate.
Presence of a buried oxide layer can also reduce junction capacitance or use of
high resistivity subsirate, enabling reduced substrate related RF  losses.
Electrically isolated SO transistors can facilitate stacking, contributing to
decreasad chip size.

[6874] In some 30! FET configurations, each transistor can be
configured as a finger-based device where the source and drain are rectangular
shaped {(in a plan view} and a gale struclure exiends belween the source and
drain like a rectangular shaped finger. Figures 7A and 7B show plan and side
sectional views of an example finger-based FET device implemeanted on S0O1. As
shown, FET devices described hersin can include a p-type FET or an n-type FET.
Thus, although some FET devices are described herein as p-lype devices, it will
be understood thal various concepis associated with such p-type devices can
also apply to n-type devices.

[6675] As shown in Figures 7A and 7B, a pMOSFET can include an
insulator layer formed on a semiconductor substrate. The insulator layer can be
formed from materials such as silicon dioxide or sapphire. An n-well is shown (o
be formed in the insulator such that the exposed surface generally defines a
rectangular region. Source (3) and drain (D) are shown to be p-doped regions
whose exposed surfaces generally define rectangles. As shown, /D regions can
be configured so that source and drain funclionalities are reversed.

{8876] Figures 7A and 7B further show that a gate (G} can be formed
on the n-well so as to be positioned belween the source and the drain. The
example gate is depicted as having a rectangular shape that extends along with

the source and the drain. Also shown is an n-type body comtact. Formations of
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the rectangular shaped well, source and drain regions, and the body contact can
be achieved by a number of known technigues.

[6077] Figures 8A and 8B show plan and side sectional views of an
example of a multiple-finger FET device implementad on SOl Formations of
rectangular shaped n-well, rectangular shaped p-doped regions, rectangular
shaped gates, and n-type body contact can be achieved in manners similar fo
those described in reference {o Figures 7A and 7B.

[8078] The exampie mulliple-finger FET device of Figures 8A and 8B
can be made o operate such that a drain of one FET acls as a source of its
neighboring FET. Thus, the mulliple-finger FET device as a whole can provide a
voltage-dividing functionality. For example, an RF signal can be provided at one
of the outermost p-doped regions {e.g., the lefimost p-doped region); and as the
signal passes through the series of FETs, the signal’s voltage can be divided
among the FETs. In such an example, the rightmost p-doped region can act as
an overall drain of the multidinger FET device.

{88791  In some implementations, a plurality of the foregoing multi-finger
FET devices can be connected in series as a switch io, for example, further
facilifate the voliage-dividing functionality. A number of such multi-finger FET
devicas can be sslected based on, for example, power handling requirement of

the switch,

Examplas of implemeniations in Products

[0088] Various examples of FET-based swilch circuits and
bias/coupling configurations described herein can be implemented in a number of
different ways and at different product levels. Some of such product

implementations are described by way of examples.

Semiconducior Die Implementation

[0081] Figures BSA-8D schematically show non-limiting examples of
such implemeniations on one or more semiconductor die. Figure 8A shows that
in some embodiments, a switch circuit 120 and a bias/coupling circuit 180 having

one or more fealures as described herein can be implemented on a die 800,
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Figure 9B shows that in some embodiments, at least some of the bias/coupling
circuit 150 can be implementied oulside of the die 800 of Figure 8A.

{60821  Figure 9C shows that in some embodiments, a swilch circult 120
having oneg or more features as described herein can be implemented on a first
die 800a, and a bias/coupling circuit 150 having one or more fealures as
described herein can be implemented on a second die 800b. Figure 8D shows
that in some embodiments, at least some of the bias/coupling circuit 150 can be

implemented oulside of the first die 800a of Figure 3C.

Packaged Module Implementation

[B683] In some embodiments, one or more die having one of more
features described herein can be implemented in a packaged module. An
example of such a module is shown in Figures 10A {plan view) and 10B (side
view). Although described in the context of both of the switch circuit and the
bias/coupling circuit being on the same die {e.g., example configuration of Figure
843, it will be understood that packaged modules can be based on other
configurations.

[6084] A module 810 is shown o include a packaging subsirate 812,
Such a packaging substrate can be configured fo receive a plurality of
components, and can include, for example, a laminate substrate. The
componenis mounted on the packaging subsirate 812 can include one or more
dies. In the example shown, a dig 800 having a swiiching circuit 120 and s
bias/coupling circuit 150 is shown to be mounted on the packaging substrate 812,
The die 800 can be electrically connected to other parts of the module {and with
each other where more than one die is utilized) through connections such as
connection-wirebonds 816. Such connection-wirebonds can be formed between
contact pads 818 formed on the die 800 and contact pads 8§14 formed on the
packaging substrate 812, In some embodimentis, one or more surface mounted
devices (SMDs) 822 can be mountied on the packaging substrate 812 o fadilitate
various functionalities of the module 810,

[G60858]  In some embodimenis, the packaging substrate 812 can include
electrical connection paths for interconnecting the various components with each

other and/or with conlact pads for external conneclions. For example, a
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connection path 832 is depicted as inferconnecting the example SMD 822 and
the die 800. In another example, a conneclion path 832 is depicted as
interconnecting the SMD 822 with an external-connection contact pad 834. In yet
ancther example a connection path 832 is depicted as interconnecting the dis
800 with ground-connection contact pads 838,

[6088] In some embodiments, a space above the packaging substrate
812 and the various components mounted thereon can be filled with an overmold
structure 830. Such an overmold structure can provide a number of desirable
functionalities, including protection for the componenis and wirebonds from
exiernal elements, and easier handling of the packaged module 810

{06871 Figure 11 shows a schematic diagram of an example swilching
configuration that can be implemented in the module 810 described in reference
o Figures 10A and 108, In the example, the swiich circuit 120 is depicled as
being an SPAT swiich, with the pole being connectable to an anfenna and the
throws being connectable to various Rx and Tx paths. Such a configuration can
facilitate, for example, multi-mode multi-band operations in wireless devicss.

[G088] The moduie 810 can further include an interface for receiving
power {(2.¢., supply voltage VDOD) and control signals to facilitate operation of the
switch circuit 120 and/or the biasfcoupling circult 150, In some implementations,
supply voliage and control signals can be applied to the switch circuit 120 via the

bias/coupling circuit 180,

Wireless Device Implemeniation

[6o89] In some implementations, a device and/or a circuit having one or
more features described herein can be included in an RF device such as a
wireless device. Such a device and/or a circuit can be implemented directly in
the wireless device, in a8 modular form as described herein, or in some
combination thereof. In some embodiments, such a wireless device can include,
for example, a cellular phone, a smart-phone, a hand-held wireless device with or
without phone funclionality, a wireless tablet, slc.

[B088] Figure 12 schemalically depicts an example wireless device 80C
having one or more advaniageous features described herein. in the context of

various switches and various biasing/coupling configuralions as described herein,
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a switch 120 and a bias/coupling circult 150 can be part of a moduie 810, In
some embodiments, such a switch module can facilitate, for example, multi-band
multip-mode operation of the wireless device S0Q.

[6681] In the example wirgless device 800, a power amplifier (PA)
module 916 having a plurality of PAs can provide an amplified RF signal to the
swiich 120 {via a duplexer 820}, and the switch 120 can route the amplified RF
signal to an antenna. The PA module 816 can receive an unamplified RF signal
from a transceiver 914 that can be configured and operated in known manners.
The transceiver can also be configured io process received signals. The
transceiver 914 is shown to interact with a baseband sub-system 910 that is
configured to provide conversion belween data and/or voice signals suitable for a
user and RF signals suitable for the transceiver 914, The iransceiver 814 is also
shown to be connecled io a power management component 306 that is
configurad {o manage power for the operation of the wireless device 900, Such a
power management componeant can also confrol operations of the baseband sub-
system 810 and the module 810.

[6092] The baseband sub-systam 910 is shown o be connected io a
user interface 802 o facilitale various input and output of voice and/or dala
provided o and received from the user. The baseband sub-system 810 can also
be connected {0 a memory 904 that is configured o store data and/or instryctions
to facilitate the operation of the wireless device, and/or to provide siorage of
information for the user,

[6683] In some embodiments, the duplexer 920 can allow transmit and
receive operations io be performed simultaneously using a common anienna
{e.g., 924). in Figure 12, received signals are shown to be routed to "Rx" paths
{not shown} that can include, for example, a low-noise amplifier (LNA).

[6094] A number of other wirsless device configurations can utilize one
or more fealures described herein.  For example, a wireless device does not
need to be a multi-band device. In ancther example, a wirsless device can
include additional antennas such as diversily antenna, and additional connectivily

features such as Wi-Fi, Bluetooth, and GPS.
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Impedance Maiching

[0085] One application of the previously described switches, which may
be based on one or more FETs, such as silicon-on-insulator (801} FETs, is for
impedance maiching circuits. it is offen desirable to maitch impedance between
circuit elements. For example, it is often desirable {0 malch the impedance of an
amtenna with subsequent circuitry, such as an ampiifier circuit (e.g., a power
amplifier module or a low noise amplifier (LNA}Y. One reason for matching the
impedance of the circuil elements is o oblain the maximum power transfer
between elements. For instance, if a circult has a 50 O scurce on one end and a
100 (0 load on the other end of the circuit, the power transfer between the circuit
slements may be less than maximum. One way o maich ths impedance
betwsen circuit elements is {o inser an impedance matching circuit between the
circuit elements. Although this disclosure may be useful in a number of
environments and with a number of different types of circuit andfor device
elements, o simplify discussion much of the remainder of this disclosure will
focus on examples of using the impedance maiching circuit between an antenna
and a subsequent circuit, such as a LNA,

[B0868] One example of an impedance maiching circuit is illustrated in
Figure 13. The impedance maiching circuit 1300 of Figure 13 is an example of a
7 circuit that may be used for impedance malching. The impedance maiching
circuit 1300 may include a series slement 1304 that connects ong circuit or
device element to ancther circuit or device slement. For example, an antenna
may be connected o the impedance matching circuit 1300 at node 1308 and an
amplifier may be connected al node 1308.

[6097]  Further, as lllustrated, the impedance maiching circuit 1300 may
include two shunt elemenis 13024, 13028 on sither side of the series element
1304 giving the configuration a 7 configuration. The shunt elements 13024,
1302B may include circuit elements that are connected o ground. Each of the
series element 1304 and the shunt elements 1302A, 13028 may be LT circuils
as illustrated in Figure 13. Further, the shunt slements 13024, 13028 may be
configured as Tank circuils, or with the induciors and capacitors in paraliel
Howsever, other circuits may be used for both the series slement 1304 and one or

both of the shunt elements 13024, 13028. For instance, one or both of the shunt
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glements may include an induclor, or L-based circuits, C-based circuits, or other
configurations of the LC circuits.

[G088]  In some embodimenis, ong or more of the capacitors included
with the series element 1304 and the shuni elements 13024, 13028 may be
funable capaciiors. The tunable capacitors may include any number of capacifor
elements that may contribute {o the capacitance of the serigs slement 1304, or
shunt elemenis 1302A, 13028. Thus, although one capaciior is Hustraled in
Figure 13 for each of the elements of the impedance matching circuil 1300, each
element may include multiple capacitors, which may be combined in seriss,
paraliel, or otherwise. The contribution of the capacitors may be maodified by
opening and closing swilches {not shown) between the capacitors. The funable
capacitors may be swilched binary weighted capaciiors, anaiog {unable
capacitors, digital swilch capacitors or digital swilched capacitors, digital step
capaciiors, of a combination thereof.

{0088] Advaniageously, in certain embodimenis, using tunable
capacitors enables the impedance malching circuit 1300 {o be configured and
reconfigured o match changing impedances. For example, the impedance of the
antenna of a wireless device may change based on the frequency of a received
signal or the location of the wireless device with respect to external objecis or
users. For instance, the antenna of a phone or olher wirsless device on a desk
may have a different impedance than when the wireless device is held by a user
in the user's hand or against the user's head. Further, other conditions of the
wireless device may also result in impedance changes in the components of the
wireless device. For example, ternperature changes may aller the impedance of
one of more components of the wirgless device. As a second example, the
physical configuration state of the wireless device (e.g., opened or closed keypad
cover} may change the impedance of, for instance, the anfenna.

[B108] i is often the case that the impedance of a cdircuil can be
maiched using one shunt element. For instance, typically, the shunt element is
used for the node that is connected to the circuit slement (g.9., amplifier) that has
the higher impedance. However, it is often the case that the node connected to
the higher impedance element will change. For example, during some time

periods, an amplifier connected o node 1306 may have a higher impedances than
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an antenna connecled to node 1308, and during other time periods, the amplifier
connected 1o node 1306 may have a lower impedance than ithe antenna
connected to node 1308, Thus, the impedance matching circuit 1300 includes a
shunt element 1302A in communication with node 1306 and ancther shunt
element 13028 in communication with node 1308. The aclive shunt element may
he selected using switchas (nol shown}). The inclusion of the extra shunt
glement, because of the need, in some caseas, to have a shunt element available
on sither end {e.g., node 1308 or node 1308} of the impedance matching circuit
1300, resuits in the use of exira induclors and capacitors. The inclusion of exira
capacitors and inductors can increase both the size and cost of the impedance

matching circuit 1300,

Example L-Network Impedance Matching Circuils

[101] Figure 14 illusirates an example of an L-network based
impedance malching circuit 1400, The impedance matching circuit 1400 may be
refarred {0 as an L-network because in some cases, the circuit may resemble a
fetter 'L in contrast to a 1 network. in certain embodiments, the impedance
maiching circuit 1400 can be used in place of the impedance matching circuit
1300 and may include the same performance as the impedance matching circuit
1300. Advaniageously, the impedance matching circuit 1400 includes one shunt
glement 1402 in place of the two shunt elements of the impedance maiching
circuit 1300, Thus, the impedance malching circuit 1400 may use less capacitors
and/or inductors than the impedance maiching circuit 1300 saving on both cost
and space.

[B102] As with the impedance matching circuit 1300, the impedance
matching circuit 1400 may include a series element 1404 and a pair of nodes
1406, 1408 capable of communicating with elements of a wirsless device that
may have different impedances. As indicaled by the dashed line arrows, the
shumt element 1402 may be connecied to either the node 1406 or the node 1408
using switches {not shown}). As with the impedance malching circuit 1300, the
capacitors of the shunt element 1402 and of the series element 1404 may be
tunable capacitors and may each include a set of capacifors. For instance, the

tunable capacitors may include five capacitors that can sach be separately
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connected or disconnected from the impedance maiching circuit 1400 resulting in
32 different capacitance values for the tunable capaciiors.

[6103] In some embodiments, the impedance matching circuit 1400
may include one or more additional elemenis. For example, there may be one or
more resistors included as part of the unable capacilors, or elsewhere in the
impedance matching circuit 1400.

[6184] Figure 15 illustrates an allemnative representation of the
impedance matching circuit 1400, As illustrated, the impedance matching circuit
1400 may include three switches SW1, SW2, SW3 that may be used to configure
the impedance matching circuit so that the shunt slement 1402, which includes
L2 and C2, may be connected o either node 1406, node 1408, or may be
exciuded ailtogether from contributing o the impedance maiching circuit 1400,
The series glement 1404 is represented by C1 and L1 in the Figure 15.

{81081 Figures 10A and 168 illusirale the swilch configurations for the
impedance malching circuit 1400 1o move the shunt element from one node to
the other node. In certain embodiments, the shunt slement is moved by
modifying the electrical connections between the elements that comprise the
impedance matching circuit 1400. Figure 18A illustrates the case where the
element in communication with the node 1408 is of a higher impedance than the
glement in communication with the node 1408. in such a case, the swilches
SW2 and SW3 may be closed, and the swilch SW1 may be left open resulling in
the shunt element being in communication with the node 1408. An equivalent
circuit diagram 1602 illusirates the configuration of the impedance maiching
circuit 1400 as configured in Figure 16A.

[61086] Figure 16B illustrates the case where the element in
communication with the node 1406 has a higher impedance than an element that
may be in communication with the node 1408. In such a case, the switches SWH
and SW2 may be closed, and the switch SW3 may be left open resuliing in the
shunt element being in communication with the node 1406, An equivalent circuit
diagram 1652 illustrates the configuration of the impedance matching circuit 1400
as configured in Figure 168, The switches SW1, SW2, SW3 may be single pole

single throw switches. Alternatively, the switches may be ofher switch types that
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can result in the described circuit configurations. For example, the switches SWH

and SW2 may be cregted using g single pole triple throw switch.

Additional Example L-Network Confiqurations

[61087] As previously described, the impedance matching circuit 1406
may apply a shunt circuit o either node 1406 or node 1408 with a series element
1404 in between the fwo nodes. Advaniageously, by adjusting the combination
of open and closed swilches, the impedance malching circuit 1400 may be used
to create other circuil configurations. Figures 17A-17D illustrate four examples
of additional circuit configurations that may be created using the L-network
impedance matching circuit 1400.

[0108] Figure 17A illustrales a case where a single capacilor, which
may be a set of one or more capacitors configured a5 a binary weighted digital
switch capacilor to give a particular capacitance value, is connected between the
nodes 1406 and 1408. To achieve this configuration, represented by equivalent
gircuit diagram 1702, the swilches SW1 and SW3 are closed while the switch
SW2 is opened. Further, the one or more swilchas associated with the binary
weighted digital switch capacitor C1 are configured in the open position. This
configuration illustrated in Figure 17A results in the binary weighted digital swiich
capacitor C1 being applied between node 1408 and node 1408 via the closed
swiiches SW1 and SW3,

[6109] Figure 17B illustraies a case where a single inductor, which may
be a sel of one or more induciors configured {o provide a particuiar inductance
value, is conneclted between the nodes 1406 and 1408, To achieve this
configuration, represenied by equivalent circult diagram 1722, the switches SWH1,
SW2, and SW3 are closed. Further, the one or more switches associated with
the binary weighted digital swiich capacitors C1, C2 are configured in the open
position. This configuration illusirated in Figure 178 resulls in the inductor L2
being applied belween node 1406 and node 14G8 via the closed swilches SWH,
SW2Z, and SW3.

[6110]  Figure 17C illustrates a case where a Tank circuil, which may
include a sef of one or more capacitors configured as a binary weighted digital

switch capacitor to give a particular capacitance value in parallel with a set of one
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or more inductors configured to provide a parlicular inductance value, is
connected between the nodes 1406 and 1408, To achieve this configuration,
represanted by equivalent circuit diagram 1742, the switches SW1, SW2, and
SW3 are closed. Further, the one or more switches assodiated with the binary
weighted digital switch capacitors C1 are configured in the open position. This
configuration llustrated in Figure 17C results in the capacitor C2 and the inductor
L2 being applied between node 1406 and node 1408 via the closed swilches
SW1, SW2, and SW3.

[B1114] H is of nole that the equivalent circuit diagram 1742 may
represent the shunt circuit 1402, As Hllustrated in Figure 17C, as well as in Figure
14, this shunt circuit 1402 may be a Tank circuit.  However, as praviously
described, the shunt circuit 1402 is not limited as such. The shunt circuit 1402
may include a number of circuit configurations and may include a number of
different circuit elements. Thus, as the configuration illusirated in Figure 17C
resulfs in the shunt circuit 1402 being connecled between node 1406 and node
1408, the configuration illustraied in Figure 17C may result in a number of other
equivalent circuits belween node 1406 and node 1408 besides the equivalent
circuit Hiustraied by the equivalent circuit diagram 1742,

0112] Figure 170 Hlustrates a case where a capacitor, which may
include a sef of oneg or more capacitors configured as a binary weighted digital
swilch capacitor o give a pariicular capacitance value, and an inducior, which
may include a set of one or more inductors configured to provide a particular
inductance value, are connecled in series between the nodes 1408 and 1408, To
achieve this configuration, represented by equivalent circuit diagram 1762, the
switchas SW1, SW2, and SW3 are opened. Further, the one or more swilches
associated with the binary weighted digital swiich capacitors ©2 may be
configured in the open position, as illustrated in Figure 170, or may be configured
in any other position. This configuration illustrated in Figure 17D resulis in the
capacitor C1 and the inductor L1 being applied betwsen node 1406 and node
1408.
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Additional Example L-Network Iimpedance Maiching Circuit

0113] Figure 18 iliustrates another example of an L-nelwork
impedance matching cdircuit 1800.  In certain embodiments, the impedance
maiching circuit 1800 may include some or all of the embodiments described
above with respect io the impedance matching circuit 1400,

[6114] Similar to the impedance matching circuil 1400, the impedance
maiching circuit 1800 may inciude a node 1806 and a node 1808, As illustrated
in Figure 18, the node 1808 may be a Radio Frequency (RF} input, such as from
an antenna, and the node 1806 may be an RF oulput, such as o a filter or an
amplifier. Further, in some casss, the nodes 1806 and 1808 may be reversed. In
other words, the node 1806 may be the RF input and the node 1808 may be the
RF output. Moreover, in some cases, the nodes 1806 and 1808 may be
configured as both inputs and oulpuis depending, for example, on a staie of
operation of the device including the impedance matching circuit 1800.

[6115] In addilion, as with the impedance malching circuil 1400, the
impedance maiching circuit 1800 may include a shunt circuilt, such as a Tank
circuit. In the example illustrated in Figure 18, the shunt circuit is represented by
the inductor L which in some cases may include a set of one or more inductors
configured to provide a particuiar inductance value, and the capacitor C2, which
in some cases may include a set of one or more capaciiors configured as a
binary weighted digital switch capacitor to give a particular capacitance value. As
previously described, in some cases the capacitor (2.g., the capacitor C2) may be
an analog tunable capacitor. The swiich SW may be a single pole three throw
SP3T swilch enabling the shunt circuit to be connected to either the node 1806 or
the node 1808. Further, in some cases, the swilch SW may be configured to
prevent the shuni cirouit from being connected to both the nodes 1806 and 1808,

[0118]  In certain embodiments, the impedance matching circuit 1800
may include a capacitor C1, which in some cases may include a set of one or
more capacitors configuraed as a binary weighted digital switch capacitor to give a
particular capacitance value, localed between the nodes 1808 and 1808. As
previously described, the impedance malching circul! may include an inductor in
serias with the capacitor C1. However other circuit configurations are possible,

For example, as ilustraled in Figure 18, the additional inductor, or set of
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inductors, in series with the capacitor C1 may be excluded from the impedance

maiching circuil.

Example L-Network Impedance Matching Circuit Simulation

[6117] Figure 19 Hlustrales an example of a circuit simulation 1900 for
an L-network impedance matching circuit.  The circuit simulation 1800 simulates
a version of the impedance matching circuit 1800 with an additional optional
Duplexer loss circuit 1902 and a single pole two throw (SP2T) switch 1804,

[0118] The circuit simulation 1800 may include a node 1908
represeniing a filter impedance and a node 1908 representing an anienna
impedance in this parlicular example. The node 1806 may further be in
commustication with an amplifier, which may be subsequent to the filter. Further,
the circuil simulation may include g shunt cireuit including a digital swilching
capacitor {(DSC) 1810 and an inductor 1912, This shunt circuit, as previously
described, may be swilched between the nodes 1906 and 1808 by the switch
1904,  Moreover, the circuit simulation may include a second BSC 1914
connected between the nodes 1806 and 1908,

[0118]  Figure 20 illustrates a Smith chart 2000 illustrating impedance
matching using the circuit simulation 1800 with a 50 ( impedance on one side of
the impedance maiching circuit and a 200 Q impedance on the other side of the

impedance matching circuit.

Example L-Network With Bypass Modes

[6120] Figure 21 illustrales an example of an L-network impedance
maiching circuit 2100 capable of bypass modes. In cerlain embodiments, the
impedance matching circuit 2100 may include some or all of the embodiments
described above with respect to the impedance matching circuits 1400 and 1800.
Further, as with the impedance maiching circuits 1400 and 1800, the impedance
matching circuit 2100 may inciude a pair of nodes 2106 and 2108 for slectrically
communicating with circuils or devices of a wireless device, or otherwise, with
impedances thal may, al least in some cases, be mismaiched. Further, as
praviously described with respect to the impedance maiching circuils 1400 and

1800, the impedance matching circuit 2100 may include a capacitor C1 between
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the nodes 2106 and 2108, and a shunt circuit, which may include the capaciior
2 and the inductor L.

[6121]  In addition, the impedance malching circuit 2100 may include 3
switch SW. As illusirated in Figure 21, the switch SW may be composed, at least
in pari, of fransistors. The tiransisiors may be FETs or any cother type of
transistor. Further, as described above, the FETs may be 301 FETs. However,
there fransistors are not limited as such and may be implemented using a
number of fransistor types of implementation technologiss for implementing
transistors and/or switches.

{01221 The switch SW may be configured io connect the shunt circuit
{e.g., the LL2 circuit) o either the node 2106 or the node 2108, Further, in some
cases, the swiich SW may be set {0 a bypass mode. In the bypass mode a3
signal entering the RF input port {g.g., the node 2108 in the example of Figure
21} may pass to the RF output port {8.g., the node 2108 in the example of Figure
21

[6123] In the example of Figure 21, two bypass modes are possible. In
the first bypass mode, both transistors, or switches, of the switch 3W are closed,
the signal may be shorted belween the RF input and the RF output, however, the
shunt circuil will be betwsen the nodes, which may affect the characteristics of
the circuit and the signal. In the second bypass mode, both swilches are open
and the shunt circult Is excluded. Further, the one or more capacitors that are
included as C1 may be shorted so ihal the signal may pass from RF input to the
RF output with minimal impact from the impedance matching circuit 2100, In

some embodiments, the bypass modes may be optional.

Example Wireless Device With Impedance Matching Circuit

[0124] Figure 22 illustrates an example of a wireless device 2200
including an impedance matching circuil 2204, Although described as g wireless
device, the device 2200 may inciude any type of device that may include
elements with mismatched impedances in communication with each other.

{0125] The impedance matching circuit 2204 may include any type of L-
network impedance matching circuit as previously described. For example, the

impedance matching circuit 2204 may include the impedance malching circuils
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1400, 1800, or 2100. Each ingress/egress node of the impedance malching
circuit 2204 may be in communication with a different device or subsystem of the
wirgless device 2200. For example, as lllustrated in Figure 2200, the impedance
matching circuit 2204 may be positioned between an antenna 2202 and an
amplifier 2206, and in communication with the same, enabling the impedance
matching cirouit 2204 to match the impedance beilween the antenna 2202 and
the ampilifier 2208. The amplifier 2206 can include any type of amplifier that may
be used with the device 2200. For example, the amplifier may be a power
amplifier (PA} or a power amplifier module (PAM}, a low noise amplifier (LNA},
ats.

[6126] In addition fo the antenng 2202 and the amplifier 2208, the
impedance maiching circuit 2204 may be in communication with a controlier
2208. The controller 2208, in some implementations, may be configured to set or
control the impedance maiching circuit 2204, In some embodiments, the
controlier 2208 may use one or more sensors 2210 o facilitale determining
setiings for the impedance matching circuit 2204 or to set the configuration of the
impedance matching circuit 2204. The one or more sensors 2210 can include
any type of sensor that may delect a3 condition or setlling of the wireless device
2200 that may affect the impedance of the wireless device subsysiems of the
wireless device 2200 placed in connectlion with either ingress/egress port of the
impedance maiching circuit 2204 {e.g., the anlenna 2202 and/or the amplifier
2206 of the example illustrated in Figure 22). For example, the sensors 2210
may include a temperaturg sensor for detecting the temperature of subsystems in
the wireless device 2200, a temperature sensor for detecting the temperature
exiernal fo the wireless device 2200 {e.g., ambient temperature), a sensor for
detecting an orientation of the wireless device 2200, a sensor for detecling the
proximity of objects {o the wireless device 2200 or a portion thereof {e.g., a hand
covering the antenna 2202, a wall within a threshold proximity of the wireless
device 2200, a protective cover or case housing the wireless device 2200, etc.}), a
sensor for determining a mechanical state of the wireless device 2200 {e.g., a flip
cover is open/closed, a slider cover is open/closed, eic.}, a battery sensor for
determining the quantity of charge remaining in the ballery 2212, a charging

sensor for defermining whether the battery 2212 is being charged andfor if the
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wireless device 2200 is being powered by the batitery or a wall oullel, and the
like.

[6127] Alleratively, or in addilion, o the sensors 2210, the controller
2208 may determine seltings or the configuration for the impedance malching
circuit 2204 based on the setftings or configuration of one or more additional
elements or subsystems of the wireless device 2200. For example, if the
transceiver 2214 is configured to transmit a signal at a particular frequency or if
the amplifier 2206 is configured to amplify the signal at g particular rate, the
controller 2208 may determine an anticipated impedance mismatch between the
amplifier 2206 and the antenna 2202 and may configure the impedance matching
circuit 2204 accordingly.

{8128] Further, the controlier 2208 may determine setlings or the
configurgtion for the impedance malching circuit 2204 based on data associated
with one or more additional elements or subsystems of the wireless device 2200,
This data may further include configuration rules that may be accessed from a
repository (not shown) at the wireless device 2200 or otherwise. For instance,
the controller 2208 may access g set of configuration rules from a repository that
indicates the setflings for the impedance malching circuit 2204 based on a
detected proximity from a cellular tower, or for a particular operating frequency of
the wireless device 2200 during transmission or receipt of a wireless signal.

[0128] In some embodiments, the conirol of the impedance malching
circuit 2204 may be open-loop.  In such embodiments, the controlier 2208 may
determine the conditions or operating environment, as described above, of the
wireless device 2200 and may configure the impedance matching circuit 2204
accordingly. For example, the controller 2208 may determine the wireless device
2200 is being held against a user {e.9., held to the user's ear) and may delermine
the ambient temperature for the wireless device 2200, and based on these
conditions, the controller 2208 may configure the impedance malching circuit
2204 accordingly.

[0138] Allemnatively, the control of the impedance malching circuit 2204
may be closed-loop. In such embodiments, the controller 2208 may configure the
impedance matching circuit 2204 as described with respect {o open-loop control,

in addition, the controller 2208 may continue to refine or update the seflings of
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the impedance matching circuit 2204 using, for example, feedback relating fo the
impedance detected at either end of the impedance malching circuit 2204 {e.g,,
the antenna 2202 impedance and the amplifier 2206 impedance). Further, the
controller 2208 may continue io refine or updale setltings of the impedance
matching circuit 2204 based, at least partially, on conditions of the wireless
devica 2200 detected by, for example, the sensors 2210.

[131] Controlling the impedance maiching circuit 2204 can include
determining the switches o open or close of the impedance malching circuit 2204
to move the shuni circuit {e.g., the shunt circuit 1402) so that the shunt circuit is
electrically connected {o the subsystem of one ingressiegress node {e.g., the
node 1408} or the other ingress/egress node (e.g., the node 1408} of the
impedance maiching circuit 2204 {(e.g., the antenna 2202 or the amplifier 2206 of
the wireless device 2200). Further, in some cases, controlling the impedance
matching circuit 2204 can include configuring the tunable capacitors.  For
example, controlling the impedance matching circuit 2204 may include opening or
closing switches o vary the number of capacilors of the binary weighted digital
switch capacitors {e.g., C1 and/or C2 of Figure 18) are coniributing to the
capacitance value of the tunable capaciior elements.

[0132] In addition io the aforementioned subsystems and components,
the wireless device 2200 may include a number of other types of devices
and/subsystems. For example, as illusirated in Figure 22, the wirsless device
may include a power management system 2216, a baseband subsystem 2218, a
user interface processor 2220, a memory moduie 2222, ele. Further, although
not Hlusirated, the wirsless device may include a number of additional processors
and devices, such as a central processing unit (CPU) a graphical processing unit
(GPU), an analog-to-digital convertor, a digital-to-analog convertor, and the like.
Moreover, one or more of the systems illusirated with respect {o the wireless
device 2200 may be oplional. For example, the user interface processor 2220
may be optional. In some embodiments, one or more of the systems illustrated in
Figure 22 may be included as part of a front-end module. For example, one or
more of the controller 2208, the impedance maiching circuit 2204, the amplifier
2208, the transceiver 2214, and the baseband system 2218 may be included as

part of a front-end module.
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[0433] Other configurations of the wireless device 2200 are possible.
For example, the wirgless device 2200 may include a receiver that can include an
antenna in electrical communication with a diplexer. The diplexer may be
slectrically connected to a band-pass filler, which may ifself be electrically
connected to a low noise ampilifier (LNA). The impedance tuner or impedance
matching circuit 2204 can be placed between the interfaces of one or more of the
biocks of the receiver. For example, the impedance malching circuit 2204 may
be electrically connected belween the anlenna and the diplexer or between the
band-pass filter and the LNA. Generally, the impedance maiching circuit 2204 is
positioned in a location that is likely to require a wide tuning range.

[B134] In certain embodiments, the impedance matching circuit 2204 is
used in a diversity-receiver path with a diversity antenna, which is generally
fimited {0 receiving signals. This is often the case because signal power is larger
than the voltage handling capability of the switches used with the impedance
tuner. However, it is possible to use the impedance matching circuit 2204 with a
main antenna, which may be used for both receiving and transmitling. For
example, if the impedance matching circuit 2204 includes high-voliage handling
switches, the impedance matching circuit 2204 may be ulilized with antennas that

perform transniitiing functions, such as a main antenna.

Additional Embodimenis

[6138] In somse embodiments, a method may be performed for
maiching the impedance of two or more device elements of a circuit or a wireless
device. To simplify discussion, this method will be described with respect to
matching the impedance of two device elements, such as an antenna and an
amplifier, which may be included as parl of a front-end module. The method may
be performed by any sysiem that can conirol or configure an impedance
matching circuit 2204. For example, the method may be performed by the
controller 2208, which may be separate from or part of the impedance malching
circuit 2204,

[6136] In some implementations, the method may include delermining
by, for example, a controller 2208 a first impedance value for a first circuit

element (2.g., the antenna 2202). Although the first circuit element can include
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different circuit elements {e.g., a sensor, a transceiver, eic.} o simplify
discussion, the method will be described using the antenna 2202 as the first
circuit element. Typically, aithough not necessarily, the Tirst circuit element is in
direct electrical communication with the impedance matching circuit.  For
example, if the antenna 2202 is in elecirical communication with the impedance
matching circuit 1400, the antennag 2202 may be connectad {o the node 1408 or
1408. In some embeodiments, a circuit element, such as a resistor, may be
electrically connected between the first circuit element {e.g., the antenna 2202)
and the impedance maiching circuit 2204,

[0137] The controlier 2208 may delermine a second impedance value
for a second circuit slement (g.g., the amplifier 2208}, Although the second
circuit elament can include different circuil elemenis {(s.g., a sensor, a
fransceiver, eic.} to simplify discussion, the method will be described using the
amplifier 2206 as the second circuit element. Typically, although not necessarily,
the second circuil element is in direct electrical communication with the
impedance maitching circuil.  For examplg, if the amplifier 2206 is in electrical
conwmunication with the impedance matching circuit 1400, the amplifier 2206 may
be connected {0 the node opposite from the node in electrical communication
with the antenna 2202 {(e.g., the node 1408 i the antenna is in slectrical
communication with the node 1408). In some embodiments, a circuit element,
such as a resistor, may be elecirically connected belween the second circuit
element {e.g., the amplifier 2206} and the impedance malching circuit 2204,

[0138] The controlier 2208 may compare the first impedance value and
the second impedance value o delermine whether the impedances of the
antenna 2202 and the amplifier 2206 are mismaiched. If the impedances are not
mismatched, the controller 2208 may configure the impedance matching circuit
2204 to enter a bypass mode by, for example, opening swilches of the shunt
slement s0 as to electrically exclude the shunt element from the impedance
matching circuit 2204,

[6138] If the coniroller 2208 determines thal the impedances are
mismatched, the controller 2208 can configure the impedance mafching circuit
2204 to modily the impedance of one of the circuit elements to maich the

impedance of the other circuit element. For example, if the antenna 2202 has a
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higher impedance than the amplifier 2208, the controller 2208 may configure the
impedance maiching circuit 2204 such that the shunt element of the impedance
maiching circuit 2204 is in direct electrical communication with the node of the
impedance maiching circuit 2204 that is electrically connected o the anienna
2202. In some cases, one or more circuit elements may be electrically connecied
befween the shunt element and the nede thal is in electrical communication with
the antenna 2202. The controller 2208 may configure the impedance matching
circuit 2204 by opening and closing swilches of the impedance maitching circuit
2204 as previously described {e.g., with respect o Figures 16A and 16B). In
some embodiments, swilches may also be opened or closed io modify the
impedance created by the shunt element. For example, the digilal switched
capacitors of the impedance maiching circuit 2204 may be configured by opening
and closing particular switches of the DSCs.

[0148] In some embodiments, the impedance matching circuit 2204
may be configured and reconfigured as the impedance of first circuil element and
the second circuit element change. For example, the impedance of the antenna
2202 may vary with respect o the position of a user’s hand or head in relation o
the antenna 2202. In such cases, the controller 2208 may dynamically shift the
shunt of the impedance malching circuit 2204 from oneg node 1o the other node by
modifying electrical connections through the opening and closing of switches
included in the impedance malching circuit 2284, in some cases, the impedance
of a circuit element or an anticipated change 1o the impedance of a circuit
element may be delermined based on information from the sensors 2210,

[0141] Further, in some cases, it is not always possible 1o maich the
impedance of the first and the second circuit element. For example, the
impedance of the first circuit element may fluctuate over a range of values based
on a constantly changing environment due, for example, {o a user's interaction
with the wireless device. In such cases, the coniroller 2208 may configure the
impedance matching circuit 2204 to minimize the impedance mismalch between
the first circuil element and the second circuit element within the capability of the
particutar impedance matching circuit 2204, For example, if the granularity of the
impedance matching circuit 2204 supporis modifying the impedance within 10 0,
the controller 2208 may match the impedance of the first and second circuit

slement within 10 Q.

34



WO 2014/210331 PCT/US2014/044372

General Commenis

[6142] Uniless the context clearly requires otherwise, throughout the
description and the claims, the words “compriss,” “comprising,” and the like ars to
be construed in an inclusive sense, a3 opposed {0 an exclusive or exhaustive
sense; that is o say, in the sense of “including, but not limited t0.” The word
“‘coupled”, as generally used herein, refers to two or more elements that may be
either directly connected, or connecied by way of one or more intermediate

»

elements. Additionally, the words “herein,” "above,” “below,” and words of similar
import, when used in this application, shall refer to this application as a whole and
not to any particular portions of this application. Whers the coniext permits,
words in the above Delailed Description using the singular or plural number may
also include the pilural or singular number respectively. The word “or” in
reference to a list of two or more items, thal word covers all of the following
interpretations of the word: any of the iterns in the list, all of the items in the list,
and any combination of the items in the list.

[0143] The above detailed descriplion of embodiments of the invention
is not intendad {0 be exhaustive or to limit the invention to the precise form
disclosed above. While specific embodiments of, and examples for, the invention
are described above for illustrative purposes, various equivalent modifications are
possible within the scope of the invention, as those skilled in the relevant art will
recognize. For sxample, while processes or biocks are presented in a given
order, allernative embodiments may perform routines having steps, or employ
systems having blocks, in a different order, and some processes or blocks may
be dsleted, moved, added, subdivided, combined, and/or modified. Each of
these processes or blocks may be implemenied in a variety 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 paralisl, or may be
performed at different times.

[6144] The teachings of the invention provided herein can be applied {0
other systems, not necessarily the system described above. The elements and
acts of the various embodiments described above can be combinad o provide

further embodimants.
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{0145] Conditional language used herein, such as, among others,

1] 8o«

can,” "might,” "may,” “e.g.,” and the like, unless specifically stated otherwise, or
otherwise understood within the context as used, is generally intended {o convey
that certain embodiments include, while other embodiments do not include,
certain feaiures, elements and/or states. Thus, such conditional language is not
generally intended o imply that features, elements andfor states are in any way
required for one or more embodiments or thal one or more embodiments
necessarily inciude logic for deciding, with or without author input or prompting,
whether these features, eslements and/or siates are included or are o be
performed In any particular embodiment.

[B148] While cerlain embodiments of the inventions have been
described, these embodiments have been presenied by way of example only,
and are not intended {o limit the scope of the disclosure. Indeed, the novsl
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 equivalenis are
intended to cover such forms or modifications as would fall within the scope and

spirit of the disclosure.
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WHAT IS CLAIMED 15!

1. An impedance matching circuit comprising:

a series element ipcated belween a first node and a second node,
the first node in elecirical communication with an antenna, the second
node in electrical communication with a diplexer;

a shunt element configured fo be in electrical communication
between one of the first node and the second node, and ground; and

g swiich configured to switch the shunt element from being in
electrical communication between the first node and ground to being in
electrical communication between the second node and ground.

2. The impedance matching circuit of claim 1 wherein the series
element includes a capacitor.

3. The impedance matching circuit of claim 2 whersin the series
element includes an inducior and the capacitor.

4. The impedance maiching circuit of claim 3 wherein the capaciior is
a digital switch capacitor including one or more capacitors.

5. The impadance maiching circuit of claim 3 wherein the capacitor is
an analog tunable capaciior.

. The impedance malching circuil of claim 1 wherein the shunt
element includes an inductor and a capaciior,

7. The impedance maiching circuit of claim 6 whersin the capacitor is
a digital switch capacitor including one or more capacitors.

8. The impedance maiching circuit of claim 8 wherein the capacitor is
an analog tunable capacitor.

9. The impedance matching circuit of claim 6 wherein the inductor and
the capacdiior are configured in paraliel.

10.  The impedance matching circuit of claim 1 wherein the switch
includes a field-etfect transistor.

11, The impedance matching circuit of claim 1 wherein the swilch is
further configured to place the impedance malching circuit in a bypass mode.

12.  The impedance malching circuit of claim 11 wherein the bypass

mode enables a signal to be fransmitted from the first nede o the second node
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without the shunt element in elecirical communication with the first node and the
second node.

13.  The impedance malching circuit of claim 11 wherein the bypass
mode enables a signal to be fransmitted from the first nede o the second node
with the shunt element in electrical communication with the first node and the
second node,

14, Awireless device comprising:

an antenna associated with a first impedance valus;
a diplexer associated with a second impedance value, the second

impedance value differing from the first impedance value for af least a

peried of time; and

an impedance maiching circuit electrically connected between the
anienna and the diplexer, and in electrical communication with the antenna
and the diplexer.

158, The wireless device of claim 14 wherein the impedance matching
circuit includes the impedance matching circuit of claim 1.

16. The wireless device of claim 14 further comprising a conirolier
configured fo operate one or more switches of the impedance matching circuit.

17. The wireless device of claim 16 further comprising one or more
sensors, the controller configured to operate the one or more swilches based at
least partially on information obtained from the one or more sensors.

18. The wireless device of claim 14 wherein the antenna is a diversity
antenna configured to receive a signal.

19. A method of matching impedance, the method comprising:

determining a first impedance value for a first circuit element in
alectrical communication with an impsedance maiching circuit;

delermining a second impedance value for a second circuit element
in elactrical communication with the impedance maiching circuit;

comparing the first impedance value fo the second impedance
value o determine whether the first impedance value is greater than the
second impedance value; and

responsive o determining that the first impedance value is greater

than the second impedance value, configuring a shunt element of the
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impedance matching circuit {o be in direct electrical communication with

the first circuit element and not the second cirouit element.

20.  The method of claim 19 wherein responsive to determining thai the
first impedance value matches the second impedance value io a threshold
degree, the method further comprises configuring the impedance maiching circuit

to be in a bypass mode.
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