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MODE LINEARIZATION SWITCH CIRCUIT

CROSS-REFERENCE TO RELATED APPLICATION
UL This application claims the benefit of priovity of U.S. Patenmt
Application No. 14/792,427, fied July 6, 2015 and titlied “MODE LINEARIZATION
SWITCH CIRCUIT,” the entire disclosure of which is bereby incorporated by reference
in its entirety herein.  This application also claims the benefit of priority of US.
Provisional Patent Application No. 62/024,307, filed July 14, 2014 and titled “MODE
LINEARIZATION SWITCH CIRCUIT,” the entire disclosure of which is hereby

ncorporated by reference in its entirety herein,

BACKGROUND
Technical Field
[0802] This disclosure relates to clectronic systems and, in particular, to

circuits associated with amplifiers.

Bescription of the Related Technolagy

[6863] A desire for circuits to consume less power has led to amplifiers, such
as power amplifiers, betng configured to improve power added efficiency (PAE) in
certain applications.  For instance, increased PAE in a mobile device can lead to
mereased battery hife.  However, improving PAE can come at the expense of other
performance parameters, such as Hnearity. Linearnty can be a significant performance
parameter, for example, in a power amplifier system that is configured to transmit signals
m a plurality of different frequency bands. Engineering tradeoffs between achicving a

relatively high PAE and relatively high lincarity have been ditficult to balance in certain

applications.
SUMMARY OF CERTAIN INVENTIVE ASPECTS
{8604] The innovations described in the claims cach have several aspects, no

single one of which is solely responsible for its desirable attributes. Without limiting the
scope of the clatms, some prominent features will now be briefly described.
16085] One aspect of this disclosure is an apparatus that includes an amplifier

configured to smplhity a radio frequency (RF) sigoal and a mode lincarization switch
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circuit clectrically coupled to an output of the amplifier. The mode lincarization switch
circuit includes a capacitor, a switch in series with the capacitor, and a series LC circuit
1n paralle] with the switch.

[Bi86] The switch can receive a control signal such that the control signal
biases the swilch on n an enveloping tracking mode and the control signal biases the
switch off in an average power tracking mode. An effective impedance of the mode
lincarization swiich circuit can cause linearity of the amphlifier to be improved when the
switch is biased off. An effective impedance of the mode Hnearization switch circuit can
be configured for class E operation when the switch is biased on.

{63871 The mode lincarization switch circuit can further include a second
capacilor in series with the switch. The switch can be electrically coupled between the
capacitor and the second capacitor. The switch can include a field effect transistor. The
mode linearization switch circuit can receive a bias voltage at a2 node between the
capacilor and the series LC circuit, in which the bias voltage is at a lower voltage level
when the switch is biased on than when the switch is biased off.

1B08R] The smplifier can include a power amplifier. The power arplifier and
the mode lincarization switch circuit can be included ou the same die. The apparatus can
be a power amplificr module that includes a power amplifier dic and an other die, in
which the power amplifier dic includes the power amplifier. Alicrnatively, the apparatus
can be a mwobile device that includes an amienna in comumumication with the power
amplifier.

16669] The apparatus can further include an additional mode Hnesrization
switch circuit in parasllel with the mode linearization switch circuit, in which the
additional mode lincarization swiich circuit and the mode lincarization swiich circuit
have respective effective impedances configured to match differemt frequency bands.

18016} Another aspect of this disclosure s an glectronically implemented
method that inclodes amplifying a radio frequency (RF) signal with a power amplifier in
an envelope tracking mode. The method also mehudes tuming off a switch in 8 mode
linearization swiich circuit that is electrically coupled to an outpot of the power amplifier,
in which the mode Hnearization swiich circuit includes the switch, a capacitor in series
with the switch, and an indoctor coupled in parallel with the switch. The method further
inchades, while the switch is off, amphifying the RF signal with the power amplifier n an

average power tracking mode.



WO 2016/010911 PCT/US2015/040178

[6811] The switch can include a field effect transistor and turping off the
switch can include adjusting a state of a mode contrel signal provided to a gate of the
field effect transistor. The method can further include providing a bias voltage at a node
between the switch and the capacitor, in which the bias voltage is at a lower voltage level
n envelope tracking mode than in the average power tracking mode. A series LC circuit
that includes the inductor can be coupled in parallel with the switch.

[B812] Another aspect of this disclosure is an apparatus that includes a power
amplifier configured to amphify a vadio frequency (RF) signal and a meode Hnearization
switch circuit. The mode linearization switch cireuit includes a capacitor, an tmpedance
circuit, and a switch configurable into at least a first state and a second state. The mode
lincarization switch circuit is configured to provide an impedance of the capacitor in
serics with an impedance of the impedance circuit to an output of the power amplifier
when the switch is in the first state. The mode linearization switch circuit is configured
to prevent the impedance of the impedance circuit from significantly impacting the output
of the power amplifier when the switch is in the sccond state.

16013] The switch can be configured o be in the first state in average power
tracking mode and in the second state in an covelope tracking mode. The switch can be
in parallel with the impedance civcuit. The impedance circuit can be an LC circuit. For
instance, the impedance civcuit can be a series LC resonant circuit.  The mode
lincarization switch circuit can further inchlude a second capacitor, in which the mode
lincarization switch circuit 15 configured to provide the impedance of the capacitor in
serics with the impedance of the bupedance circuit and further in series with an
impedance of the second capacitor to the output of the power amplifier when the switch is
in the first state.

{0814 For purposes of summarizing the disclosure, certain  aspects,
advantages and novel features of the inventions have been described herein. 1t is to be
understood that not necessarily all such advantages may be achieved in accordance with
any particular embodiment of the imvention. Thus, the inventions may be cmbodied or
carrigd out in a manner that achioves or optimizes one advantage or group of advantages
as taught herein withowt necessarily achicving other advantages as may be taoght or

suggested hergin,
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BRIEF DESCRIPTION OF THE DRAWINGS

[B315] Figure ! is a schomatic block diagram of a power amplifier system
according to an embodiment.

{B016] Figure 2A i3 a schematic diagram of an example mode linearization
switch circuit of Figure 1 according to an embodiment.

10817] Figire 2B is a schematic diagram of an effective impedance of mode
linearization circutt of Figure 2A when the switch of the mode linearization swiich circuit
is biased off.

{6018] Figire 2C 1s a schematic diagram of an effective impedance of the
mode lincarization circutt of Figure 2A when the swiich is biased on.

{6019] Figure 2D is a schomatic diagram of an exampie mode lincarization
swiich circuit according to an embodiment.

{80267 Figiwes 3A to 3D are graphs that compare power amplifier
performance in a power amplifier system with the mode hnearization switch circuit of
Figiwe 2A with a corresponding power amplifier system with a class E capacitance
connected to a power amplifier cutput.

{80214 Figure 4 is a flow diagram of an example method of operating a power
amplifier system according to an embodiment.

[0822) Figure 5 is a schematic diagram of a portion of a power amplifier
system that jncludes a plarality of moede hnearization switch cireuits according to an
embodiment.

[0823] Figure # is & schematic block diagram of an cxample wirciess device

that can mchude one or more of the power amplifier systems of Figure 1 and/or Figure 5.

DETAILED DESCRIPTION OF CERTAIN EMBODIMENTS

[0024] The following detailed description of certain cmbodiments presents
various descriptions of specific embodiments. However, the innovations described herein
can be embodied in a multitude of different ways, for example, as defined and coverad by
the claims. In this description, reference is made to the drawings where like reference
numerals can indicate identical or functionally similar elements. it will be understood
that elements llustrated in the figures are not necessarily drawn to scale. Morcover, it
will be understood thati embodiments can mclude more clements than iilustrated n a

particular drawing and/or a subset of the illustrated clements in a particular drawing.

4
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[B325] Envelope tracking (ET) systems are becoming more prevalent in
mobile phone designs. In soch applications, some power amphfiers (PAs) are being
configured to improve power added efficiency (PAE) at the expense of lincarity. Some
such systems can implement digital pre-distortion (DPD) to correct for some or all
nonlinearities that arise. ET systems can also incor their own distortion depending on de-
cresting utilized for an input waveform. To achicve a relatively high PAE, PAs can be
configured to operate as class E amplifiers. Class E amplifiers can have Hnearity
characteristics that do not meet certain hnearity specifications. Linearity can be a
significant characteristic, especially in a PA system that is configured to transmit signals
within a plurality of different frequency bands. An adjacent channel power ratio (ACPR)
and/or an adjacent channel power (ACP) are example metrics to assess lincarity of a
power amplificr.

{6626] Spurious emission cases that are ACP limited can benefit from the
principles and advantages discussed herein. Some of these spurious emissions cases
melade, but are not hmited to, NS_07, NS 08, NS 12, NS 13, NS 14, NS _i5, BR
OORE, BC10 QOBRE, and band 13 emissions in the band 14 public safety band. Aspects
of this disclosure relate to being able to correct for such linearity deficiencies and to
meeting ACP and enyissions specifications,

106271 Implementing aspects of this disclosure can reduce dependency on
duplexer out of band rejection. For example, a band 13 transmit duplexer rejection in
band 14 has been relied on i certain applications to wmcet various omissions
specifications. Additional fransmit inscrtion loss can be incurred as 2 consequence to the
improved band 14 rejection.  This can adverscly affect linearity and/or current
consumption.

160281 Some communications systems, such as mobile phone systoms, can
operate in average power tracking (APT) mode. Operating in APT mode typically avoids
inherent lincarity challenges of an ET system. Some ET phone sysicms have
implemented a DPD function based on center channel characteristics and applied them
over the band. This can cause the ACP o degrade at the edges of the band since the PA
characieristics, especially when driving into a duplexer, can be significantly different at
different frequencics.  APT systems can get around this problem in certain
implementations, since the PA can operate in the linear region and can have margin to the

ACP and cmissions specifications. This can come at the expense of PAE., Moreover,
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some older systems also had less siringent specifications that utilized higher max power
reduction. As an cxample, a corrent NS_07 ouiput power specification is 25 dBm with
full Long Term Evolution (LTE) Resource Block (RB) allocation. Previous specifications
only required 12 dBm outpot power with full 50RB allocation and, consequently, would
have problems moeting the current NS {7 power specification.

[6829] Aspects of this disclosure relate to operating a PA system in both ET
and APT modes. A mode linearization switch circuit coupled to a power amplifier
cutput, such as a collector of a power amplifier bipolar transistor, can include a switch,
one or more capacitors in series with the switch, and a series LT resonant cireoit in
paralie] with the switch. The switch in combination with the series LC circuit and the one
or more capacitors can be referred to as a mode Hnearization switch circuit. The switch
can be, for example, a field effect transistor (FET). The one or more capacitors in series
with the switch can function as a class E capacitor in ET mode. The one or more
capacitors can inchlude a first capacitor and a second capacitor, in which the switch is
disposed between the first capacitor and the second capacitor. When the PA system
operates in ET mode, the switch is biased on and the first capacitor and the second
capacitor can be connected to each other in series. This can prevent the LC circuit from
significantly contributing to an effective impedance provided to the power amplifier
output. The resulting effective impedance of the two series capacitors can have a desired
class E capacitance value. When the device operates in APT mode, the switch can be
biased off. Biasing the switch off can introduces the series LC resonant circuit in series
between the two capacitors.  The resulting circuit in APT mode can function as a
frequency trap, which can be tuned for desired (e.g., optimal) linearity performance and
reduced emissions. Stmulation data indicate that class E operation for the ET mode 18 not
significantly impacted by the mode hincarization switch circuit.

{6030 The systems, apparatus, and methods discussed herein can realize one
or more of the following advantages, among others. The mode lincarization switch
circuits described herein can ensble a power amplificr system to operate at a relatively
higher power and still meet cmission specifications. By improving the ACP, a duplexer
having fess out of band rgjection can be implersenied while still meeting cmissions
specifications. This can, for example, reduce tramsmiit current consumpiion
Accordingly, overall system current can be reduced. The mode linearization switch

circuits described hercin can switch between a high efficiency class E output match to a

-6-
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more Hpear ouiput match without incurring refatively high insertion losses. Moreover, in
certain implementations, the swiich in the mode linearization switch circutt and/or other
components in the mode lnecarization switeh circuit can be fmplemented on a power
amplifier die without significantly increasing the power amplifier die arca.

[B331] Referring to Figure 1, a schematic block diagram of an example of a
power amplifier system 10 including & mode linearization switch circuit 20 will be
described. The illustrated power amplifier system 10 inchudes a supply control 1, an
inductor 12, a decoupling capacitor 13, a power amplifier 14, an input capacitor 15, the
mode Bnearization switch circuit 20, a matching network 21, a switch module 16, and an
antenna 17, Embodiments of the power amplifier system 10 can include more or fower
elements than lustrated.

{6932} The illostrated supply control 11 is configured to receive an envelope
signal and an average power signal and to generate a power amplifier supply voltage
Ve pa for the power arophifier 14 using a battery voltage Viarr. The envelope signal can
represent an envelope of a radio frequency signal received by the power amplifier 14, A
radio frequency (RF) signal can have a frequency in the range from about 30 kHz to 300
GHz.  The average power signal can represent an average power of the RF signal
received by the power amplifier 14, When operating in an ET mode, the power amplifier
supply voltage Ve pa can be based on the envelope signal. When operating in an APT
mode, the power amplifier supply voltage Vec pa can be based on the average power
signal. The supply control 11 can operate in cither the ET mode or the APT mode
responsive 10 & mode control signal MODE SELECT. For instance, the mode control
signal MODE SELECT can be a binary sigoal and the supply controf can operate o the
ET mode in one state of the mode control signal and operate i the APT mode i the other
state of the mode control signal.

106833] The inductor 12 can be included to power the power amplifier 14 with
the power smplifier supply voltage Vec pa generated by the supply contref 11 while
choking or blocking high frequency RF signal components. The inductor 12 can include
a first end elecirically connected to the supply control 11, and a second end clectrically
connected to the collector of the bipolar transistor 18, As illustrated, the decoupling
capacitor 13 is electrically connected between the power amplifier supply voltage Voo pa
and the power low veltage V. The power low voltage Vi can be at g ground potential

The decoupling capacitor 13 can provide 3 low impedance path to high frequency sigoals,
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thereby reducing the noise of the power high voltage Ve, improving power amphifier
stability, and/or imaproving the performance of the inductor 12 as an RF choke. In some
implementations, a capacitor in parallel with the inductor 12 can be implemented in place
ot the decoupling capacitor 13.

[B334] The illustrated power amplifier 14 inchides a bipolar power amphfier
transistor 18 having an emitter, a base, and a collector. The bipolar power amphfier
transistor {8 can be a GaAs transistor. The bipolar power amplifier transistor 18 canbe a
single heterojunction transistor. The emitier of the bipolar power amplifier transistor 18
can be glectrically connected to a power low supply voltage Vi, which can be, for
example, a ground supply. Additionally, a radio frequency (RF) signal can be provided to
the base of the bipolar power amplifier transisior 18, A radio frequency input signal
RF IN can be provided io the base of the bipolar power amplifier transistor 18 through
the nput capacitor 15. A bias voltage Vs can also be provided to the base of the
bipolar power amplifier transistor 18 to bias the bipolar power amplifier transistor 18,
The bipolar power amplifier transistor 18 can amplify the RF signal to generate an
amplified RF signal at the collector. The bipolar transistor 18 can be any suitable device.
In one implementation, the bipolar transistor 18 is a heterojunction bipolar
transistor (HBT).

{6635] The matching network 21 can be used o terminate the electrical
connection between the power amplifier 14 and the switch module 16, which can aid in
increasing power transfer and/or reducing reflections of the amplified RF signal
generated using the power amplifier 14. The mode lincarization switch circuit 20 can
provide an tmpedance 1o an output of the power amplifier 14, The impedance can be
provided between the collector of the bipolar power amplifier transistor I8 and the
enuiticr of the bipolar power amplifier travsistor 18, as the mode Hnecarization swiich
circuit 20 can include impedance clements disposed between the collector and a power
low supply voltage V,y (c.g., ground) that is provided to the cmitter. The mode
lincarization switch c¢ircuit 20 can provide harmonic termination in  certain
implementations.  The mode lincarization switch circuit 20 can provide an effective
impedance for a first mode of operation {(e.g., an average power tracking mode) in first
state and provide an effective tapedance for a second mode {c.g., an envelope tracking

made) in a second state. More details regarding embodiments of the mode linearization



WO 2016/010911 PCT/US2015/040178

switch circuit 20 will be provided later, for example, with reference to Figures ZA to 2C
and Figure 5.

[B436] The power amplifier 14 can be configured to provide the amplified RF
signal to the switch module 16 via the matching network 21, The switch modale 16 can
provide an RF output signal to the antenna 17.

{86371 Although the power amplifier system 10 is illustrated as mcluding a
single power amplifier, the teachings herein are applicable to power amplifier systems
melading multiple power amplifiers, including, for example, multi-band and/or
multi-mode power amplifier systems.  Although Figure 1 iHustrates one implementation
of the power amplifier 14, the teachings described herein can be applicd to a variety of
power amplifier structures, such as multi-stage power amplifiers and/or power amplifiers
employing other fransistor structures. For example, in some implementations, a field
effect transistor (FET), such as a silicon FET, a gallium arsenide (GaAs) high clectron
mobility transistor (HEMT), or a laterally diffused metal oxide semiconductor (LDMOS)
transistor can be implemented in place of the bipolar transistor 18, The power amplifier
can be implemented, for example, on a GaAs die, a 3i10e die, or a §81 die. Additionally,
the power amplifier 14 can be adapted to include additional circuitry, such as biasing
circuiiry,

{0638] Figure 2A is a schematic diagram of a mode lncarization switch
cireuit 20 of Figure 1 according to an erebodiment. The mode lincarization swiich circuit
20 can be clectrically coupled to an output PA_OUT of a power amplifier. For instance,
the mode lincarization switch circutt 20 can be coupled to the collector of the bipelar
transistor 18 of the power amplifier 14 of Figure 1. The illustrated mode hnearization
switch circuit 20 includes a first capacitor C1, a switch 22, a series LC circuit, a second
capacitor C2, a first biasing clement R1, a sccond biasing element R2, and a third biasing
clement 24, According to certain embodiments, the mode Huoearization switch circuit 20
can inchude more or fower elements than ilustrated.

168391 The illustrated mode lincarization switch circuit 20 inchides a switch
22 in series between the first capacitor C1 and the second capacitor C2. The illustrated
switch 22 is also in parallel with the scries LC circuit, which includes capacitor C3 and
inductor L1, The illustrated series LC circuit is a resonant circuit. While the llustrated
mode linearization switch circuit 20 includes a series L circuit in paraliel with the

switch 22, any other suitable impedance circuit can be provided in place of or in addition
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to the series LC circuit to enbance lnearity of the power amplifier when the swiich 22 is
biased off.

{B{40] The switch 22 can be implemented in any suitable technology. In one
implementation, the switch 22 can be a microelectromechanical systems (MEMS) contact
switch. According to some embodiments, the switch 22 can be implemented by a field
effect transistor (FET) as illustrated in Figure 2A. For instance, the swiich 22 can inclade
at feast one of a BiHEMT device, a BIWFET device, or a metal oxide semiconductor
(MOS8} device. When the switch 22 is a FET, the series LC cireuit can have a first end
electrically coupled o a source of the switch 22 and a second end electrically coupled to a
drain of the switch 22. The switch can 22 melude a p-type FET and/or an n-type FET.

{8841] According to some implementations, the swiich 22 can be
mplemented on the same die as a power amplificr having an output clectrically
connected to the mode linearization switch circuit 20, Accordingly, a power amplifier die
can include the power amplifier 14 and the switch 22. The power amplifier die can alse
melade any or all of the other elements of the mode linearization switch circuit 20, The
power amplifier diec can be tmplemented i 8 power amplifier module. The power
amplifier die can include one or more other dies. The power amplifier module can
melade the matching network 21, In some instances, the power amplifier module can
mclude the switch module 16,

{60421 The switch 22 can be suitably sized such that isolation does not
significantly degrade when the switch 22 is off and such that a resistance is not 100 high
for a desired application. Tn onc inplementation, the switch 22 can be a FET with 2 gate
width of about 2 millimeters (mm) to about 3 mm.

{0043 The switch 22 can be configurable into 3 first state and a second state.
A control terminal of the switch 22, such as a gate of a FET, can receive a mode control
signal MODE SELECT. The switch 22 can change state {c.g., turn on or turn off)
esponsive to the mode controf signal toggling. The mode countrol signal MODE
SELECT can be an envelope tracking control signal. The mode control signal MODE
SELECT can be provided to a supply control, such as the supply control 11 of Figure i,
and the supply contrel can operate in cither an ET meode or an APT mode responsive 1o
the mode control signal MODE SELECT. An effective impedance of the mode
lincarization switch circuit 28 when the switch 22 is in the first state and/or the second

state can be selected for a particular frequency band,

-10-
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[6644] The switch 22 is configured to be biased off in the first state and to be
biased on in the second state. An cffective impedance of the mode linearization switch
circuit 20 can be configured to improve Hnearity of an amplifier coupled to the mode
fincarization swiich cirawt 20 when the switch 22 is biased off.  For instance, the
capacitance of the capacitor O3 and the inductance of the mductor L1 can be selected
such that hincarity of the power amplifier 14 of Figare 1 is increased and/or optimized for
a selected frequency band when the switch 22 is biased off in the first state. In one
embodiment, the capacitance of the capacitor C3 and the mductance of the inductor L1
can be selected such that the mode Hnearization switch circuit 20 provides harmonic
termination for a harmonic, such as a second harmonic, or a fundamental frequency of a
radio frequency signal the output PA OUT of the power amplifier when the switch 22 is
biased off. An effective mmpedance of the mode linearization switch cirenit 20 can
configured for class F operation when the switch 22 is biased off. The first state can
correspond to an average power tracking mode. An cffective impedance of the mode
lincarization switch circuit 20 can configured for class E operation when the switch 22 is
biased on. The second state can correspond to an envelope tracking mode.

{B045] Figure 2B is a schematic disgram illustrating an effective impedance
of the mode linearization switch circuit 20 of Figore 2A provided to an ampiifier output
(e.g., the output of the power amplifier 14 of Figure 1) when the switch 22 1s biased off.
As shown n Figure 2B, the mode linearization switch circuit 20 can provide an
impedance of the first and second capacitors C1 and C2, vespectively, in series with cach
other and further 1 series with the series LC circutt to the output vode of the amplitier
when the switch 22 5 in the first state.  The wtmpedance provided by the mode
lincarization switch circuit 20 when the switch 22 is biased off can provide harmonic
termination at a hammonic of a fundamental frequency of the RF signal provided at the
amplifier cutput. The switch 22 of Figure 2A 1s configured 1o introduce the tapedance of
the series LC cireuit between the fivst capacitor Cl and the second capacitor C2 when the
switch 27 1s biased oft.

{6046] Figire 2C 1s a schematic diagram of an effective impedance of the
mode linearization swiich circuit 20 of Figure ZA provided to the amplifier cutput {c.g,,
the cutput of the power amplifier 14 of Figure 1) when the swiich 22 1s biased on. As
shown in Figure 2C, the mode lincarization switch circutt 20 can provide an impedance of

the first and second capacitors Cl and C2, respectively, in scries to the output of the
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power amplifier when the swiich is in the second state. The switch 22 can connect the
first capacitor C1 and the sccond capacitor €2 in series when the switch 22 is biased on
and effectively remove the impedance of the series LC circuit from impacting the output
of the power amplificr. When the switch 22 is on, the switch 22 can prevent the
impedance of the series LC circuit from significantly tmpacting the output of the
amplifier.

[6847] Referring back to Figure 2A, the iHustrated mode Hnearization switch
circuit 20 mecludes the first biasing element R1 configured to provide a voltage bias signal
to a node between the first capacitor Cl and the series LC circuit. For example, the first
biasing element R1 can be a resistor having a first end configured to receive a bias signal
BIAS and a second end electrically coupled to the node between the first capacitor C1
and the series LC circuit. Such a resistor can have any soitable resistance value, such as
on the order of 10s of kilo-Ohms. The bias signal BIAS can be at a high voltage value
when the switch 22 is off and the system is operating in average power tracking mode.
As an example, the high voltage value can be about 3.6 volts (V) in one implementation.
The bias signal BIAS can be at a low voltage value when the switch 22 s on and the
system is operating in an envelope tracking mode. As an exanmple, the low voltage value
can be about 0.2 V in one maplementation.  The illustrated mode linearization switch
circuit 20 also includes the second biasing element R2. The second biasing element R2
can apply the bias signal BIAS to a node between the second capacitor C2 and the series
LC circuit. The second biasing clement R2 can be fumetionally similar to the first biasing
clement R1 and/or implement any combination of features of the first biasing clement R
m connection with the node between the second capacitor C2 and the series LC circuit.

{8048} The llustrated mode linearization switch ¢ircuit 20 also includes the
third biasing eloment 24, which can have a relatively high impedance. The third biasing
clement 24 can apply a mode control signal MODE SELECT 1o 2 control terminal of the
switch 22,  The mode comdrol signal MODE SELECT can have a voliage value
configured to bias the switch 22 on in envelope tracking mode and to bias the switch 22
off in average power tracking mode.  For instance, in one tmaplementation, the mode
condrol signal MODE SELECT can have a voltage of about 3.2 V 1o tum the swiich 22 on
in envelope tracking mode and a voltage of about 0.2 ¥V to turn the switch 22 oft on
average power tracking mode. The voltage to turn the switch 22 on can be less than the

high vohtage value for the bias sigoal BIAS in cortain implementations.
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[B(49] Figure 2B is a schematic diagram of another emwbodiment of a mode
lincarization switch circuit. This mode linearization switch circuit can be implemented in
the power amplifier system of Figiwe 1 and/or the power amplifier system of Figure 5, for
example. The illostrated mode Hnearization switch circuit 207 inclodes a first switch 27,
a second switch 28, capacitors Cy, Cy4, and Cs, and inductor L;. The first switch 27 and

the second switch 28 can receive control signals that are logical complements of each

other {e.g., MODE SELECT and MODE SELECT . The mode linearization switch
circuit 207 can provide an impedance of the capacitors C; and Cy in serigs with each other
to an output PA OUT of a power amplifier when the first switch 27 is on and the second
switch 28 is off. The first switch 27 can be biased on in an envelope tracking mode. The
mode linearization switch circuit 2{° can provide an mmpedance of the capacitor C; in
series the mductor L and the capacitor Cs to the output PA_OUT of the power amplifier
when the first switch 27 15 off and the second switch 28 is on. The second switch 28 can
be biased on I an average power fracking mode. In Figure 2D, the mode lingarization
switch circuit 207 is configured to provide an impedance of the capacitor O in series with
a series L circuit that includes the inducior Ly and the capacitor Cs to the output
PA OUT of the power amplifier when the second switch 28 is on and to prevent the
impedance of the series LC circuit from siganificantly tmpacting the output PA_QUT of
the power amplificr when the sccond switch 28 is off. The capacitor Cy can have a
capacitance that corresponds o the capacitance of the capacitor O of Figure ZA. The
capaciior Cs can have a capacitance that corresponds 1o the capacitance of capacitors O
and s of Figure 2 A 10 series with each other,

{B4506] Figures 3A to 3D are graphs that compare various performance
parameters of power amplifier performance in a power amplifier system with the mode
lincarization switch circuit 20 of Figure 2A with corresponding power amplifier system
with a class E matching network. In Figures 3A to 3D, the darker curves correspond to a
power amplifier system with the mode hnearization switch circuit 20 of Figure ZA and
the lighter curves correspond to a corresponding power amplifier system with a class [
matching network. Figore 3A illustrates that the mode Hnearization cireuit 20 of Figure
2A can improve gain Hnearity, which shouold tmprove the ACP. Figure 3B illostrates a
significant improvement in AMPM, which should mprove the ACP. Figire 3C shows

only a slight impact on PAE by the mode linearization switch circuit, with the mode

13-



WO 2016/010911 PCT/US2015/040178

lincarization switch circuit 20 of Figure 2A resulting in approximately a 1% decrcase in
PAE at certain output power levels. When the mode hinecarization switch circuit 20
includes a FET switch, PAE variation can depend on a gate width of the FET switch.
Figure 3D illustrates that the mode linearization switeh circuit 20 of Figure 2A can
improve ACP to about -49 dBc at 25 dBm. In general, simulation results indicate that
there is mintmal variation change resulting from process variations from designs with the
mode hnearization switch circuit 20 compared {o corresponding previous designs without
the mode hnecarization switch circuit.  Accordingly, the mode Hnearization switch circuit
2{} can handle process variations.

{8451} Figure 4 15 a flow diagram of an illustrative method 40 of operating a
power amplifier system according to an embodiment.  The method 40 can include
amplifying a radic frequency (RF) signal with a power amplifier in an envelope tracking
mode at block 42, The method 40 can include turming off a swiich 1n a2 mode
lincarization switch circuit that is electrically coupled to an output of the power amphifier
at block 44. The switch can be on at block 42 while the power amplifier is amplifying the
RF signal in the envelope tracking mode. The mode linearization switch circuit can
melade the switch, a capacitor in series with the switch and an inductor in parallel with
the switch. The inductor in parallel with the switch can be included in a series LC circuit
that is in parallel with the switch. For instance, the mode hnearization switch circuit can
be the mode linearization switch civeuit 20 of Figure 2A according to certain
embodiments. The switch can be turned off by adjusting a state of a mode control signal
provided to the switch. When the switch mclades a field effect transistor, the mode
control signal can be provided (o a gate of the field effect transistor. At block 46, when
the switch is turned off, the RF signal can be amplified by the power amplifier in an
average power tracking mode. The method 40 can further include toming the switch on
and amplifying the RF signal in the BT mode while the switch is on.  In some instances,
the method 40 can include providing a bias vollage at a node between the switch and the
capacilor, in which the bias voltage is at a lower voltage level in envelope tracking mode
than in the average power tracking mode. The method 40 can be implemented in
connection with any of the electronic systems discussed herem.

16052} Figure 5 is a schematic diagram of a portion of a power amplifier
system that includes a plurality of moode Hinearization switch circuits 20a to 200 according

to an embodiment. To Figure 5, the power anaplificr system ncludes a plurality of mode
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lincarization switch circuits 202 to 20n in parallel with each other. Fach of the mode
fincarization switch circuits 20a to 20n can include any combination of features discussed
with reference to Figares ZA o 2D. A power amplifier module can include the cireuits
llustrated in Figure S. The power amplifier module can inchude a power amplifier die on
which at least the power amplifier 14 and one or more mode linearization switch circuils
23 to 20n are implemented.

[6853] Each of the mode linearization switch circuits 20a to 20n can be
configured for performance at a particular frequency band. For instance, the capacitances
of the first capacitor C1 (Figure 2A) and the second capacitor €2 (Figure 2A) can be
sclected for a desired class E performance at a particular frequency band.  Additionally,
the capacitance of the third capacitor C3 (Figure 2A) and the imductor L1 (Figure 2A) can
be sclected for a desired performance in APT mode at the particular frequency band.
Each of the mode linearization switch circuits 2{a to Z0n can be configured for a desired
performance at a different frequency band. For mstance, the mode linearization switch
circuit 202 can be configured to enbance performance for a first frequency band and the
mode hnearization switch circuit 20n can be configured to enhance performance of a
sccond frequency band, in which the second frequency band is different than the first
frequency band.  Alternatively or additionally, a plurality of mode linearization switch
circuits can be coupled to ouiputs of different power amphfiers and each of such mode
lincarization switch circuits can be configured with an effective impedance for one or
more particular frequency bands.

{0654] Twoe or more of the mode lincarization switch circuits 20a to 20n can
provide harmounic fermmnation for differcot barmonic frequencies of an RF signal
amplified by the power amplifier 14, Alernatively or additionally, two or more of the
mode lincarization swiich circuits 20a to 20u can be configured to provide harmonic
termination associated with RF signals provided by the power amplificr 14 that are in
ditferent frequency bands,

16885] The power anplifier systeros discussed berein can be implemented in
wirgless devices, such as wircless device 611 of Figure 6. Such a wireless device can be
a mobile phone, such as a smart phone. The exampic wireless device 611 depicted in
Figure 6 can represent a multi-band and/or multi-mode device such as a nwilti-band/muli-
mode mobile phone. In certain embodiments, the wireless device 611 can include a

switch module 16, a transceiver 613, an antenna 17, power amplifiers 14 with mode
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lincarization switch circuits 20 and matching networks 21, a supply control 11, 8 conirol
component 618, a compuier readable medium 619, a processor 620, and a battery 621.

[B456] The transceiver 613 can generate RF signals for transmission via the
anterna |7, Furthermore, the transceiver 613 can receive mcoming RF signals from the
antenna 17.

{6857] It will be understood that varions functionalities associated with the
transmission and receiving of RF signals can be achieved by one or more components
that are collectively represented in Figure 6 as the transceiver 613, For example, a single
component can be configured to provide both transmitting and receiving fimetionalitics.
In another example, transmifting and receiving functionalities can be provided by
scparale components.

{0658] Similarly, it will be undersicod that various antouna functionalitics
associated with the transmission and receiving of RF signals can be achicved by one or
more components that are cellectively represented in Figure 6 as the amtenna 17, For
cxample, a single antonna can be contigured o provide both transmitting and receiving
functionalitics.  In another example, transmitting and receiving functionalitics can be
provided by separate antennas. In yet another example, different bands associated with
the wircless device 611 can be provided with different antonnas and/or different antenna
potts.

{6059] In Figure 6, one or more ouiput signals from the transceiver 613 are
depicted as being provided to the antenna 17 via one or more ransmission paths 613, In
the example shown, different transmission paths 615 can represent output paths
associated with different bands and/or different power outputs.  For imstance, the two
cxample power amplifiers 14 shown can represent amplifications associated with
different power output configurations {e.g., low power output and high power cutput),
and/or amplifications associated with different bands. Each power amplifier 14 can be
coupled to g different mode linearization switch circuit 20, which can implement any
combination of featwres of the mode linearization swiich circuits discussed herein.
Although Figure 6 illustrates a configuration using two transmission paths 615, the
wircless device 611 can include more or fewer transmission paths 615,

[B868] The power amplifiers 14 can be used to amplify a wide variety of RF
signals. For example, one or more of the power amplifiers 14 can receive an enable

signal that can be used to pulse the cuiput of the power amplifier to aid in transmitting a
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wircless local area network (WL AN} signal or any other suitable pulsed signal. In certain
embodiments, one or more of the power amplifiers 14 are configured to ampiify @ Wi-Fi
signal. Each of the power amplifiers 14 need not amplify the same type of signal. For
gxample, ong power amplifier can amphfy a WLAN signal, while ancther power
amplificr can amplify, for cxample, a Global System for Mobile (GSM) signal, a code
division multiple access ({CDMA) signal, 8 W-CDMA signal, a Long Term Evolution
(LTE) signal, or an EDGE signal. One or more features of the present disclosure can be
implemented in the foregoing example modes and/or bands, and in other conmumumnication
standards.

[6861] In Figure 6, one or more detected signals from the antenna 17 arg
depicted as being provided to the transceiver 613 via one or more receiving paths 616, In
the example shown, different receiving paths 616 can represent paths associated with
different bands. Although Figire 6 iHlustrates a configuration using four receiving paths
616, the wireless device 611 can be adapted to include more or fewer receiving paths 616,

{6862] To facilitate switching between receive and transmit paths, the switch
modide 16 can be configured to clectrically connect the antenma 17 1o a selected transmit
or receive path.  Thus, the switch modale 16 can provide a number of switching
fumctionalities associated with an operation of the wireless device 611, In certam
embodiments, the switch module 16 can mchide a number of switches configured to
provide functionalities associated with, for example, switching between different bands,
switching between different power modes, switching between transoussion and receiving
modes, or some combination thercof. The switch module 16 can also be configured
provide additional functionality, including filtering and/or duplexing of sigeals,

{0663] Figure 6 shows that in certain embodiments, a control component 618
can be provided for controlling various control functionalitics associated with operations
of the switch module 16, the power araplifiers 14, and/or other operating component(s).
The contrel comapenent 618 can be taplemented on the same dic as the power amplifier
14 in certain mplementations. The control component 618 can be vuplemented on a
different dic than the power amplifier in some implementations. The control component
618 can bias circuit(s} and/or other control functionality.

[0664] In certain embodiments, a processor 62( can be configured to facilitate
implementation of various processes described herein. For the purpose of description,

embodiments of the present disclosure may alse be described with reference to flowchart
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illustrations and/or bock diagrams of methods, apparatus (systems) and computer
program products. It will be understood that one or moere blocks of the flowchart
Hlustrations and/or block diagrams, and combinations of blocks in the flowchart
lustrations and/or block diagrams, may be mmplemented by computer program
instructions. These computer program instructions may be provided to a processor of 2
general purpose computer, special purpose compuier, or other programmable data
processing apparatis to produce a machine, such that the instructions, which execute via
the processor of the computer or other programmable data processing apparatus, enable
mmplementation of the acts specified in the flowchart and/or block diagram block or
blocks.

[Bi65] In certain embodiments, these computer program instructions may also
be stored in a nen-transitory computer-readable memory 619 that can direct a computer or
other programmable data processing apparatus to operate in a particular manner, such that
the instructions stored in the computer-readable memory produce an article of
manufacture incloding instruction means which wplement the acts specified n the
flowchart and/or block diagram block or blocks. The computer program instructions may
also be loaded onto a computer or other progranumable data processing apparatus to cause
a series of operations o be performed on the computer or other programmable apparatus
to produce a computer implemented process such that the instructions that execute on the
computer or other programmable apparatus provide steps for implementing the acts
specified in the flowchart and/or block diagram block or blocks.

16066] The batiery 621 can be any suitable battery for use in the wircless
device 611, including, for example, a lithium-ion battery,

10867] Some of the crubodiments described above have provided examples in
connection with power amplifiers and/or mobile devices. However, the principles and
advantages of the embodiments can be used for any other sysiems or apparatus that could
benefit from any of the mode linearization switch circuits described beremn. While certain
embodiments are discussed with reference to power amplifiers, the principles and
advantages discussed herein can be applied to mode hincarization switch circuits coupled
to the outputs of other types of amplificrs, such as other amplifiers configured to amplify
RF signals.

[0668] Aspects of this disclosure can be implomented in varicus electronic

devices. Examples of the electronic devices can include, but are not limited to, consumer
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electronic products, parts of the consumer clectronic products, electronic test equipment,
cellular commumnications infrastructure such as a basc station, efc. Examples of the
electronic devices can include, but are not Hmited to, a mobile phone such as a smart
phone, a telephone, a television, 2 compuier monitor, 8 computer, a modem, a hand-held
computer, a laptop computer, a tablet computer, an clectronic book reader, s wearable
computer sach as a smart watch, a personal digital assistant (PDA), a microwave, a
refrigerator, an automobile, a sterco system, a DVD player, a CD player, a digital music
player such as an MP3 player, a radio, a camcorder, a camera, a digital camera, 8 portable
memory chip, 2 health care monitoring device, a vebicular electronics system such as an
automotive clectronics system or an avicnics electronic system, a washer, a dryer, a
washer/dryer, a peripheral device, a wrist watch, a clock, ete. Further, the electronic
devices can include unfinished products.

[6869] Unless the context clearly requires otherwise, throughout the
description and the claims, the words “comprise,” “comprising,” “include,” “ncluding,”
and the like are to be construed in an mnclusive sense, as opposed to an exclusive or
exhaustive sense; that is to say, in the sense of “including, but not imited t0.” The word
“coupled”, as generally used herein, refers to two or more elements that may be cither
directly connected, or connected by way of one or more intermediate elements. Likewise,
the word “connected”, as generally used herein, refers to two or more clements that may
be etther directly connected, or connected by way of one or more intermediate elements.
Additionally, the words “herein,” “above,” “below,” and words of sintlar fimport, when
used in this application, shall refer to this apphication as a whole and not to any particolar
portions of this application. Where the context permits, words in the above Detailed
Description using the singular or plural mumber may also include the plural or singular
number respectively. The word “or” in reference to a list of two or more items, that word
covers all of the following interpretations of the word: any of the items m the list, all of
the items in the list, and any combination of the items in the list.

{66701 Moreover, conditional language used herein, such as, among others,

% 4o EE Y 5%

c.g.,” “tor example,” “such as5” and the like, unless

&6 s

can,” “could,” “might,” “may,
specifically stated otherwise, or otherwise understood within the context as used, is
generally intended to convey that cortain embodiments include, while other embodiments
do not include, certain features, elements and/or states. Thus, such conditional language

is not generally intended to imply that features, cloments and/or states are in any way
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required for one or more embodiments or that one or more embodimenis necessarily
include logic for deciding, with or without asthor input or prompting, whether these
features, elements and/or states are included or are to be performed in any particular
embodiment.

0671} While certain embodiments of the inventions have been described,
these embodiments have been presented by way of example only, and are not intended to
timit the scope of the disclosure. Indeed, the novel apparatos, methods, and systems
described herein may be embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the methods and systems described
herein may be made without departing from the spirit of the disclosare. For example,
while processes or blocks are presented n a given order, alternative embodiments may
perform rowtines having operations, 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
variety of different ways. Also, while processes or blocks are at times shown as being
performed n series, these processes or blocks may instead be performed in paraliel, or
may be performed at different times.  Any suitable combination of the elements and acts
of the various embodiments described above can be combined to provide further
embodiments. The accompanying claims and their equivalents are intended to cover such

forms or modifications as would fall within the scope and spirit of the disclosure.
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WHAT IS CLAIMED IS:

I. An apparatus comprising:

an amphifier configared to amphfy 4 radio frequency (RF) signal; and

a mode Hnearization switch circuit electrically coupled to an output of the
amplifier, the mode hinearization switch circuit including @ capacitor, a switch in
series with the capacitor, and a series LC circuit in parallel with the switch.
2. The apparatus of claim 1 wherein the switch s contigured to be biased on

n an enveloping tracking mode and to be biased oft in an average power tracking mode.

3. The apparatus of claim 2 wherein an cffective tmpedance of the mode
lincarization switch circuit is configured 1o cause lincarity of the amplificr t¢ be improved

when the swiich is biased off

4. The apparatos of claim 2 wherein an effective impedance of the mode
lincarization switch circuit 18 configured for class E operation when the switeh is blased

(14

S. The apparatus of claim 1 whercin the mode hinearization switch eircuit

further includes a second capacitor in series with the switch.

6. The apparatus of claim 5 wherein the switch is electrically coupled

between the capacitor and the second capacitor.

-~3

The apparatus of claim § wherein the amplifier includes a power amplifier.

8. The apparatus of claim 7 wherein the power amplificr and the mode

linearization switch circuit are incladed on the same die.

9. The apparatus of clatm 7 wherein the apparatus s a power amplifier
module, the power amplifier including 8 power amplifier die and an other die, the power

ampliticr die fncluding the power amplifier.
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16.  The apparatus of claim 7 wherein the apparatus is a mobile device, the

mobile device inchuding an antenna in commumication with the power amplificr.

1. The apparatus of claim 1 wherein the switch inclodes a ficld effect
transistor,
12. The apparatos of claim 1 further comprising an additional mode

lincarization switch circuit in parallel with the mode linearization switch cireuit, the
additional mode lnearization switch circuit and the mode Hnearization switch circuit

having respective effective impedances configured to match different frequency bands.

13. The apparatas of claim | wherein the mode hincarization switch circuit is
configured to receive a bias voltage at a node between the capacitor and the series LC
circuit, the bias voltage being at a lower voltage level when the switch is biased on than

when the switch 1s biased off.

i4.  Anclectronically implemented method comprising:

amplifying a radio frequency {RF) signal with a power amplifier in an
envelope tracking mode;

turning off a switch i & mode bnearization switch circuit that is
electrically coupled to an output of the power amplifier, the mode hincarization
switch circuit inclhuding the switch, a capacitor in series with the switch, and an
mductor coupled in parallel with the switch; and

while the switch 18 off, amplifying the RF signal with the power amplifier

i an average pewer tracking mode.

15, The method of claim 14 wherein the swich includes a field cotfect
transistor and furning off the switch includes adjusting a state of a2 mode control signal

provided to a gate of the ficld effoct transistor,

16. The method of claim 14 further comprising providing a bias voltage at a
node between the switch and the capacitor, the bias voltage being at a lower voltage fevel

in envelope tracking mode than in the average power tracking mode.
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17, An apparatus comprising:

a power amplifier configured to amphify a radio frequency (RF) signal; and

a mode hnearization switch circuit including a capacitor, an impedance
cireuit, and a switch configurable into at least a first state and a second state, the
mode hnearization switch circoit configured to provide an impedance of the
capacitor in series with an impedance of the impedance circuit to an output of the
power amplifier when the switch is In the first state and to prevent the impedance
of the impedance circuit from significantly impacting the output of the power

amplifier when the switch is in the second state.

18, The apparatus of claim 17 wherein the switch is configured to be n the
first state in average power tracking mode and m the second state in an envelope tracking

maode,

19, The apparatus of claim 17 wherein the switch is in parallel with the
impedance circuit.
20, The apparatus of claim 17 wherein the impedance circuit includes a series

1.C cireuit.
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