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APPARATUS AND METHODS FOR ENVELOPE TRACKING CALIBRATION

BACKGROUND
Field
[0001] Embodiments of the invention relate to electronic systems, and in

particular, to radio frequency (RF) electronics.

Description of the Related Technology

[0002] Power amplifiers can be included in mobile phones to amplify a RF signal
for transmission. For example, in mobile phones having a time division multiple access
(TDMA) architecture, such as those found in Global System for Mobile Communications
(GSM), code division multiple access (CDMA), and wideband code division multiple access
(W-CDMA) systems, a power amplifier can be used to amplify a RF signal for transmission
via an antenna. It can be important manage the amplification of a RF signal, as a desired
transmitted power level can depend on how far the user is away from a base station and/or
the mobile environment. Power amplifiers can also be employed to aid in regulating the
power level of the RF signal over time, so as to prevent signal interference from transmission
during an assigned receive time slot.

[0003] The power efficiency of a power amplifier at a particular input power level
can be a function of a variety of factors, including circuit component and layout, power
amplifier load, and/or power amplifier supply voltage. To aid in improving the efficiency of
a power amplifier, a technique known as envelope tracking can be used, in which the voltage
level of the power supply of the power amplifier is changed in relation to the envelope of the
RF signal. Thus, when the envelope of the RF signal increases, the voltage supplied to the
power amplifier can be increased. Likewise, when the envelope of the RF signal decreases,

the voltage supplied to the power amplifier can be decreased to reduce power consumption.

SUMMARY
[0004] In certain embodiments, the present disclosure relates to a method of
calibrating an envelope tracking system. The method includes generating a supply voltage

for a power amplifier using an envelope tracker, the envelope tracker having an envelope
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shaping table generated at a desired gain compression of the power amplifier. The method
further includes operating the supply voltage of the power amplifier at a first voltage level,
the first voltage level associated with substantially no gain compression of the power
amplifier. The method further includes measuring an output power of the power amplifier at
the first voltage level, decreasing a voltage level of the supply voltage one or more times and
measuring the output power at each voltage level, determining a second voltage level of the
power amplifier associated with a gain compression equal to about that of the desired gain
compression, and calibrating the envelope tracker based on the determination.

[0005] In various embodiments, the method further includes scaling an amplitude
of an envelope signal to generate a scaled envelope signal, the supply voltage generated at
least in part based on the scaled envelope signal.

[0006] In some embodiments, the envelope shaping table includes shaping data
relating a plurality of scaled envelope signal amplitudes to a plurality of supply voltage
levels.

[0007] In a number of embodiments, the method further includes generating the
supply voltage from a battery voltage using the shaping data and the scaled envelope signal.

[0008] In accordance with several embodiments, the shaping data is in a digital
format, and the method further includes converting the shaping data into an analog format.

[0009] In certain embodiments, decreasing the voltage level of the supply voltage
includes changing calibration data of the envelope tracker to reduce the supply voltage.

[0010] In some embodiments, calibrating the envelope tracker based on the
determination includes selecting a value of the calibration data equal to about a value of the
calibration data corresponding to the second voltage level.

[0011] According to a number of embodiments, scaling the amplitude of the
envelope signal includes multiplying the envelope signal by a scaling factor determined at
least in part by the calibration data.

[0012] In various embodiments, the scaling factor is further determined by a
power control signal from a transceiver.

[0013] In some embodiments, measuring the output power of the power amplifier
at the first voltage level includes measuring the output power using a directional coupler and

a power detector electrically coupled to the output of the power amplifier.
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[0014] In a number of embodiments, the first voltage level is equal to about a
maximum supply voltage of the power amplifier.

[0015] In accordance with several embodiments, decreasing the voltage level of
the supply voltage one or more times includes decreasing the voltage level in discrete steps.

[0016] In various embodiments, decreasing the voltage level of the supply voltage
one or more times and measuring the output power at each voltage level includes decreasing
the voltage level continuously and measuring the output power at a plurality of discrete
voltage levels.

[0017] In certain embodiments, the present disclosure relates to a
computer-readable storage medium including instructions that when executed by a processor
perform a method of calibrating an envelope tracking system. The method includes
generating a supply voltage for a power amplifier using an envelope tracker, the envelope
tracker having an envelope shaping table generated at a desired gain compression of the
power amplifier. The method further includes operating the supply voltage of the power
amplifier at a first voltage level, the first voltage level associated with substantially no gain
compression of the power amplifier. The method further includes measuring an output
power of the power amplifier at the first voltage level, decreasing a voltage level of the
supply voltage one or more times and measuring the output power at each voltage level,
determining a second voltage level of the power amplifier associated with a gain
compression equal to about that of the desired gain compression, and calibrating the envelope
tracker based on the determination.

[0018] In certain embodiments, the present disclosure relates to a power amplifier
system including a power amplifier and an envelope tracker configured to generate a supply
voltage for the power amplifier. The envelope tracker includes a shaping module having an
envelope shaping table generated at a desired gain compression of the power amplifier and a
scaling module configured to scale an amplitude of an envelope signal and to provide the
scaled envelope signal amplitude to the shaping module. The power amplifier system further
includes a directional coupler electrically connected to an output of the power amplifier, a
power detector electrically connected to the directional coupler and configured to measure
the output power of the power amplifier using the directional coupler, and a calibration

module configured to provide calibration data to the scaling module so as to change the
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scaled envelope signal amplitude generated by the scaling module. The calibration module is
configured to set the calibration data to a first value corresponding to a voltage level of the
supply voltage associated with substantially no gain compression, and to reduce the voltage
level of the supply voltage by changing the calibration data until the power detector indicates
that the gain compression of the power amplifier is equal to about the desired gain
compression.

[0019] In various embodiments, the envelope shaping table includes shaping data
relating a plurality of scaled envelope signal amplitudes to a plurality of supply voltage
levels.

[0020] In some embodiments, the power amplifier system further includes a
modulator configured to generate the supply voltage from a battery voltage using the shaping
data.

[0021] In a number of embodiments, the power amplifier system further includes
a digital-to-analog converter for converting the shaping data to analog data for use by the
modulator.

[0022] In accordance with several embodiments, the power amplifier system
further includes a power control module electrically connected to the power detector.

[0023] In certain embodiments, the scaling module is further configured to
receive a power control signal from the power control module and to change the scaled
envelope signal amplitude using the power control signal.

[0024] In some embodiments, the scaling module is configured to multiply the
calibration data by the power control signal to generate a scaling factor, and to multiply the
amplitude of the envelope signal by the scaling factor to generate the scaled envelope signal
amplitude.

[0025] In various embodiments, the first value of the calibration data corresponds
to about a maximum supply voltage of the power amplifier.

[0026] In some embodiments, the power amplifier system further includes a
duplexer having an input electrically connected to an output of the power amplifier and to the
directional coupler and an output electrically connected to an antenna.

[0027] In certain embodiments, the present disclosure relates to a method of

calibrating a power amplifier system. The method includes generating a supply voltage for a



WO 2012/109161 PCT/US2012/024019

power amplifier using an envelope tracker, the envelope tracker having an envelope shaping
table generated at a desired gain compression of the power amplifier. The method further
includes operating the supply voltage of the power amplifier at a first voltage level and a first
input power level associated with a target power of the power amplifier. The method further
includes measuring an output power of the power amplifier at the first input power level to
determine a power gain, increasing the input power of the power amplifier one or more times
and measuring the output power at each input power level, determining a second input power
level corresponding to a gain compression of the power amplifier equal to about the desired
gain compression, and calibrating the power amplifier system based on the determination.

[0028] In various embodiments, the method further includes using calibration
data to change a gain of a variable gain amplifier configured to drive an input of the power
amplifier.

[0029] In some embodiments, increasing the input power of the power amplifier
one or more times includes changing the calibration data so as to increase a gain of the
variable gain amplifier one or more times.

[0030] In a number of embodiments, calibrating the power amplifier system
based on the determination includes selecting a value of the calibration data equal to about a
value of the calibration data corresponding to the second input power level.

[0031] In certain embodiments, the method further includes using a power control
signal from a transceiver to further control the gain of the variable gain amplifier.

[0032] According to a number of embodiments, the method further includes
controlling the gain of the variable gain amplifier by multiplying the calibration data by the
power control signal.

[0033] In several embodiments, measuring the output power of the power
amplifier at the first input power level to determine the power gain includes measuring the
output power using a directional coupler and a power detector electrically coupled to the
output of the power amplifier.

[0034] In certain embodiments, the present disclosure relates to a computer-
readable storage medium including instructions that when executed by a processor perform a
method of calibrating a power amplifier system. The method includes generating a supply

voltage for a power amplifier using an envelope tracker, the envelope tracker having an
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envelope shaping table generated at a desired gain compression of the power amplifier. The
method further includes operating the supply voltage of the power amplifier at a first voltage
level and a first input power level associated with a target power of the power amplifier. The
method further includes measuring an output power of the power amplifier at the first input
power level to determine a power gain, increasing the input power of the power amplifier one
or more times and measuring the output power at each input power level, determining a
second input power level corresponding to a gain compression of the power amplifier equal
to about the desired gain compression, and calibrating the power amplifier system based on
the determination.

[0035] In certain embodiments, the present disclosure relates to a power amplifier
system including a power amplifier, a variable gain amplifier configured to drive an input of
the power amplifier, and an envelope tracker configured to generate a supply voltage for the
power amplifier. The envelope tracker includes an envelope shaping table generated at a
desired gain compression of the power amplifier. The power amplifier system further
includes a directional coupler electrically connected to an output of the power amplifier, a
power detector electrically connected to the directional coupler and configured to measure
the output power of the power amplifier using the directional coupler, and a calibration
module configured to provide calibration data to the variable gain amplifier so as to control
the input power of the power amplifier. The calibration module is configured to set the
calibration data to a first value corresponding to a voltage level of the supply voltage and
input power of the power amplifier associated with a target power of the power amplifier,
and to increase the input power of the power amplifier by changing the calibration data until
the power detector indicates that the gain compression of the power amplifier is equal to
about the desired gain compression.

[0036] In various embodiments, the power amplifier system further includes a
power control module electrically connected to the power detector.

[0037] In some embodiments, the power control module is configured to generate
a power control signal for controlling the gain of the variable gain amplifier.

[0038] In a number of embodiments, the power amplifier system includes a
multiplier for multiplying the calibration data by the power control signal to generate a gain

control signal for controlling the gain of the variable gain amplifier.
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[0039] In accordance with certain embodiments, the power amplifier system
further includes a duplexer having an input electrically connected to an output of the power

amplifier and to the directional coupler and an output electrically connected to an antenna.

BRIEF DESCRIPTION OF THE DRAWINGS

[0040] Figure 1 is a schematic block diagram of an example wireless device that
can include one or more power amplifier modules.

[0041] Figure 2 is a schematic block diagram of one example of a power
amplifier system having an envelope tracker.

[0042] Figures 3A-3B show two examples of a power supply voltage versus time.

[0043] Figure 4 is a schematic block diagram of another example of a power
amplifier system having an envelope tracker.

[0044] Figure 5 is a plot illustrating one example of supply voltage and gain
Versus input power.

[0045] Figure 6 is a schematic block diagram of a power amplifier system in
accordance with one embodiment.

[0046] Figure 7 is a schematic block diagram of a power amplifier system in
accordance with another embodiment.

[0047] Figure 8 is a flow chart illustrating a method of calibrating a power
amplifier system in accordance with one embodiment.

[0048] Figure 9 is a flow chart illustrating a method of calibrating a power

amplifier system in accordance with another embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

[0049] The headings provided herein, if any, are for convenience only and do not
necessarily affect the scope or meaning of the claimed invention.

[0050] It can be difficult to maintain certain performance characteristics of a
power amplifier when varying the power amplifier supply voltage in relation to the envelope
of the RF signal. For example, part-to-part component variation within the system can
produce a misalignment between an envelope voltage and an associated power supply

voltage generated by the envelope tracker, thereby making it difficult to maintain a relatively
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constant gain compression when tracking an envelope signal over a wide dynamic range.
Although a power amplifier can be calibrated to try to compensate for the error, the
calibration can be complicated by variations in DC offset voltage, insertion loss and/or gain
in the envelope and signal paths.

[0051] There is a need for improved power amplifiers. Furthermore, there is a
need for improved apparatus and methods for envelope tracking calibration.

[0052] Figure 1 is a schematic block diagram of an example wireless device 11
that can include one or more power amplifier modules. The wireless device 11 can include
power amplifiers implementing one or more features of the present disclosure.

[0053] The example wireless device 11 depicted in Figure 1 can represent a
multi-band and/or multi-mode device such as a multi-band/multi-mode mobile phone. By
way of examples, Global System for Mobile (GSM) communication standard is a mode of
digital cellular communication that is utilized in many parts of the world. GSM mode mobile
phones can operate at one or more of four frequency bands: 850 MHz (approximately §824-
849 MHz for Tx, 869-894 MHz for Rx), 900 MHz (approximately 880-915 MHz for Tx,
925-960 MHz for Rx), 1800 MHz (approximately 1710-1785 MHz for Tx, 1805-1880 MHz
for Rx), and 1900 MHz (approximately 1850-1910 MHz for Tx, 1930-1990 MHz for Rx).
Variations and/or regional/national implementations of the GSM bands are also utilized in
different parts of the world.

[0054] Code division multiple access (CDMA) is another standard that can be
implemented in mobile phone devices. In certain implementations, CDMA devices can
operate in one or more of 800 MHz, 900 MHz, 1800 MHz and 1900 MHz bands, while
certain WCDMA and Long Term Evolution (LTE) devices can operate over, for example,
about 22 radio frequency spectrum bands.

[0055] One or more features of the present disclosure can be implemented in the
foregoing example modes and/or bands, and in other communication standards. For
example, 3G, 4G, LTE and Advanced LTE are non-limiting examples of such standards.

[0056] In certain embodiments, the wireless device 11 can include a duplexer 12,
a transceiver 13, an antenna 14, power amplifiers 17, a control component 18, a computer

readable medium 19, a processor 20, a battery 21, and an envelope tracker 22.
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[0057] The transceiver 13 can generate RF signals for transmission via the
antenna 14. Furthermore, the transceiver 13 can receive incoming RF signals from the
antenna 14.

[0058] It will be understood that various functionalities associated with the
transmission and receiving of RF signals can be achieved by one or more components that
are collectively represented in Figure 1 as the transceiver 13. For example, transmitting and
receiving functionalities can be provided by separate components.

[0059] Similarly, it will be understood that various antenna functionalities
associated with the transmission and receiving of RF signals can be achieved by one or more
components that are collectively represented in Figure 1 as the antenna 14. For example, a
single antenna can be configured to provide both transmitting and receiving functionalities.
In another example, transmitting and receiving functionalities can be provided by separate
antennas. In yet another example, different bands associated with the wireless device 11 can
be provided with one or more antennas.

[0060] In Figure 1, one or more output signals from the transceiver 13 are
depicted as being provided to the antenna 14 via one or more transmission paths 15. In the
example shown, different transmission paths 15 can represent output paths associated with
different bands and/or different power outputs. For example, two example power
amplifiers 17 shown can represent amplifications associated with different power output
configurations (e.g., low power output and high power output), and/or amplifications
associated with different bands. Although Figure 1 illustrates the wireless device 11 as
including two transmission paths 15, the wireless device 11 can be adapted to include more
or fewer transmission paths 15.

[0061] In Figure 1, one or more detected signals from the antenna 14 are depicted
as being provided to the transceiver 13 via one or more receiving paths 16. In the example
shown, different receiving paths 16 can represent paths associated with different bands. For
example, the four example paths 16 shown can represent quad-band capability that some
wireless devices are provided with. Although Figure 1 illustrates the wireless device 11 as
including four receiving paths 16, the wireless device 11 can be adapted to include more or

fewer receiving paths 16.
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[0062] To facilitate switching between receive and transmit paths, the
duplexer 12 can be configured to electrically connect the antenna 14 to a selected transmit or
receive path. Thus, the duplexer 12 can provide a number of switching functionalities
associated with an operation of the wireless device 11. In certain embodiments, the
duplexer 12 can include a number of switches configured to provide functionalities
associated with, for example, switching between different bands, switching between different
power modes, switching between transmission and receiving modes, or some combination
thereof. The duplexer 12 can also be configured to provide additional functionality,
including filtering of signals.

[0063] Figure 1 shows that in certain embodiments, a control component 18 can
be provided, and such a component can be configured to provide various control
functionalities associated with operations of the duplexer 12, the power amplifiers 17, the
envelope tracker 22, and/or other operating component(s). Non-limiting examples of the
control component 18 are described herein in greater detail.

[0064] In certain embodiments, a processor 20 can be configured to facilitate
implementation of various processes described herein. For the purpose of description,
embodiments of the present disclosure may also be described with reference to flowchart
illustrations and/or block diagrams of methods, apparatus (systems) and computer program
products. It will be understood that each block of the flowchart illustrations and/or block
diagrams, and combinations of blocks in the flowchart illustrations and/or block diagrams,
may be implemented by computer program instructions. These computer program
instructions may be provided to a processor of a general purpose computer, special purpose
computer, or other programmable data processing apparatus to produce a machine, such that
the instructions, which execute via the processor of the computer or other programmable data
processing apparatus, create means for implementing the acts specified in the flowchart
and/or block diagram block or blocks.

[0065] In certain embodiments, these computer program instructions may also be
stored in a computer-readable memory 19 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 including instruction

means which implement the acts specified in the flowchart and/or block diagram block or
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blocks. The computer program instructions may also be loaded onto a computer or other
programmable data processing apparatus to cause a series of operations to 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.

[0066] The illustrated wireless device 11 also includes the envelope tracker 22,
which can be used to provide a power supply voltage to one or more of the power
amplifiers 17. For example, the envelope tracker 22 can be configured to control the supply
voltage provided to the power amplifiers 17 based upon an envelope of the RF signal to be
amplified.

[0067] The envelope tracker 22 can be electrically connected to a battery 21, and
the envelope tracker 22 can be configured to vary or change the voltage provided to the
power amplifiers 17 based on an envelope of the RF signal to be amplified. The battery 21
can be any suitable battery for use in the wireless device 11, including, for example, a
lithium-ion battery. As will be described in detail further below, by controlling the voltage
provided to the power amplifiers, the power consumption of the battery 21 can be reduced,
thereby improving performance of the wireless device 11. The envelope signal can be
provided to the envelope tracker 22 from the transceiver 13. However, the envelope signal
can be determined in other ways. For example, the envelope signal can be determined by
detecting the envelope of the RF signal using any suitable envelope detector.

[0068] Figure 2 is a schematic block diagram of one example of a power
amplifier system 50 having an envelope tracker. The illustrated power amplifier system 50
includes the battery 21, a power amplifier 32, a multi-level supply module 51, a supply
voltage selection module 52, and a supply voltage adjustment module 54. As will be
described below, the multi-level supply module 51, the supply voltage selection module 52,
and the supply voltage adjustment module 54 can collectively operate as an envelope tracker
configured to vary or change a power supply voltage V¢ in relation to the envelope signal.

[0069] The power amplifier 32 includes an input configured to receive an RF

signal RFy and an output configured to generate an amplified RF signal RFour.
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Additionally, the power amplifier 32 is electrically powered using the power supply voltage
Vee.

[0070] The multi-level supply module 51 can generate a plurality of power
supplies from the battery 21. For example, the multi-level supply module 51 can be used to
generate n supplies from the battery 21, where # is an integer. Each of the supplies generated
by the multi-level supply module 51 can have a voltage level that is greater than, less than, or
equal to the battery voltage. In one implementation, the multi-level supply module 51
includes a buck-boost converter.

[0071] The supply voltage selection module 52 can receive the envelope of the
RF signal RF, and can select amongst the supplies generated by the multi-level supply
module 51 to provide the supply voltage adjustment module 54 with a supply voltage level
that is most appropriate to use to track the envelope signal. For example, the supply voltage
selection module 52 can provide the supply voltage adjustment module 54 a supply voltage
that is greater than the envelope voltage by a relatively small amount. Thereafter, the supply
voltage adjustment module 54 can provide relatively fine-tuned adjustment of the supply
voltage to generate the envelope tracking power supply voltage Vee. By including the
multi-level supply module 51, the supply voltage selection module 52, and the voltage
adjustment module 54, constraints on the design of the envelope tracking system can be
reduced, thereby permitting a system with greater flexibility and improved power efficiency
relative to a scheme employing only a single tracking or selection module.

[0072] As illustrated in Figure 2, the supply voltage adjustment module 54 can be
electrically connected in a feedback arrangement to aid in enhancing the tracking of the
power supply Vcc relative to the envelope of the RF signal. The supply voltage adjustment
module 54 can include one or more amplifiers configured to provide linear tracking of the
envelope signal to generate the power supply voltage Vece. In certain implementations, one
or more amplifiers can be electrically connected with one or more summers to aid in aid in
generating an error signal, which can be added to the supply voltage selected by the supply
voltage selection module 52. Although Figure 2 illustrates a feedback configuration in which
the power supply voltage V¢ is provided as an input back into the supply voltage adjustment

module 54, in certain implementations, a feedforward arrangement can be used.
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[0073] Although not illustrated in Figure 2, the power amplifier system 50 can
include a delay block to compensate for delays in generating the power supply voltage Vcc.
For example, a delay block can be included between the RF signal RFy and the input of the
power amplifier 32 to aid in aligning the signal amplified by the power amplifier 32 with the
power supply voltage Vc.

[0074] Figures 3A-3B show two examples of power supply voltage versus time.

[0075] In Figure 3A, a graph 47 illustrates the voltage of an RF signal 41 and a
power amplifier supply 43 versus time. The RF signal 41 has an envelope 42.

[0076] The power supply 43 of a power amplifier can be configured to have a
voltage greater than that of the RF signal 41. For example, providing a supply voltage to a
power amplifier having a voltage magnitude less than that of the RF signal 41 can clip the RF
signal, thereby creating signal distortion and/or other problems. Thus, the power supply 43
can be selected to have a voltage magnitude that is greater than that of the envelope 42 of the
RF signal 41. However, it can be desirable to reduce a difference in voltage between the
power supply 43 and the envelope 42 of the RF signal 41, as the area between the power
amplifier supply 43 and the envelope 42 of the RF signal 41 can represent lost energy, which
can reduce battery life and increase heat generated in a mobile device.

[0077] In Figure 3B, a graph 48 illustrates the voltage of an RF signal 41 and a
power amplifier supply 44 versus time. In contrast to the power amplifier supply 43 of
Figure 3A, the power amplifier supply 44 of Figure 3B changes in relation to the envelope 42
of the RF signal 41. The area between the power amplifier supply 44 and the envelope 42 of
the RF signal 41 in Figure 3B is less than the area between the power amplifier supply 43 and
the envelope 42 of the RF signal 41 in Figure 3A, and thus the graph 48 of Figure 3B can be
associated with a power amplifier system having greater energy efficiency. Figure 3B can
represent the output of one example of an envelope tracking system, such as the envelope
tracking systems described herein.

[0078] Figure 4 is a schematic block diagram of another example of a power
amplifier system 60 having an envelope tracker 22. The illustrated power amplifier
system 60 includes the envelope tracker 22, a power amplifier 32, an inductor 62, a bypass

capacitor 63, an impedance matching block 64, the duplexer 12, and the antenna 14.

13-



WO 2012/109161 PCT/US2012/024019

[0079] The power amplifier 32 can receive a RF signal RFy and generate an
amplified RF signal RFour. The envelope tracker 22 can receive an envelope of the RF
signal RFi and can generate a power amplifier supply voltage Ve for the power
amplifier 32 that tracks the envelope signal.

[0080] The illustrated power amplifier 32 includes a bipolar transistor 61 having
an emitter, a base, and a collector. The emitter of the bipolar transistor 61 can be electrically
connected to a first voltage supply Vi, which can be, for example, a ground supply or node.
Additionally, the RF signal RFy can be provided to the base of the bipolar transistor 61. The
bipolar transistor 61 can amplify the RF signal RFy to generate the amplified RF signal
RFour at the collector. The bipolar transistor 61 can be any suitable device. In one
implementation, the bipolar transistor 61 is a heterojunction bipolar transistor (HBT).

[0081] The power amplifier 32 can be configured to provide the amplified RF
signal RFoyr to the duplexer 12. The impedance matching block 64 can be used to aid in
terminating the electrical connected between the power amplifier 32 and the duplexer 12.
For example, the impedance matching block 64 can be used to increase power transfer and/or
reduce reflections of the amplified RF signal RFour. In certain implementations, the
inductor 62 can be configured to operate as part of the impedance matching block 64.

[0082] The inductor 62 can be included to aid in biasing the power amplifier 32
with the power amplifier supply voltage Vcc generated by the envelope tracker 22. The
inductor 62 can include a first end electrically connected to the envelope tracker 22, and a
second end electrically connected to the collector of the bipolar transistor 61. The bypass
capacitor 63 can have a first end electrically connected to the power supply V¢ and a second
end electrically connected to the first voltage supply Vi, and can perform a wide variety of
functions. For example, including the bypass capacitor 63 can reduce noise of the supply
voltage V¢ and/or stabilize the output of the power amplifier 32. Additionally, the bypass
capacitor 63 can be used to provide an RF and/or AC ground for the inductor 62.

[0083] Although Figure 4 illustrates one implementation of the power
amplifier 32, skilled artisans will appreciate that the teachings described herein can be
applied to a variety of power amplifier structures, including, for example, multi-stage power
amplifier structures and power amplifiers employing other transistor structures. For

example, in some implementations the bipolar transistor 61 can be omitted in favor of
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employing a field-effect transistor (FET), such as a silicon FET, a gallium arsenide (GaAs)
high electron mobility transistor (HEMT), or a laterally diffused metal oxide semiconductor
(LDMOS) transistor.

[0084] Figure 5 is a plot 70 illustrating one example of supply voltage and gain
versus input power. The plot 70 includes a first curve 71 illustrating a power amplifier’s
power supply voltage in volts versus input power in dBm. The plot 70 further includes a
second curve 72 illustrating power amplifier gain in dB versus power amplifier input power
in dBm for the power amplifier.

[0085] The first and second curves 71, 72 illustrate that the gain of a power
amplifier can be maintained relatively constant as input power increases by increasing a
power supply voltage level of a power amplifier in relation to the input power. For example,
the gain shown in the second curve 72 has been maintained relatively constant at a magnitude
of about 13.25 dB by increasing the power supply voltage from about 1 V to about 6 V when
increasing the input power level from about -15 dBm to about 22 dBm.

[0086] When performing envelope tracking, a relatively constant gain
compression of the power amplifier can be maintained by controlling the difference between
the power supply voltage level and the input power of the envelope signal. To aid in
controlling the amplitude of the power supply voltage relative to the amplitude of the
envelope signal, an envelope tracker can include an envelope shaping table generated at a
target gain compression that includes data relating a plurality of desired voltage supply
amplitudes to a plurality of envelope signal amplitudes.

[0087] When using an envelope shaping table, part-to-part variations of
components within the power amplifier system can introduce variation that can create a
misalignment between the generated power supply voltage and the actual input power. For
example, offset voltages, power amplifier gain errors, and/or a variety of other factors can
lead to a misalignment between the amplitude of the power supply and the input power of the
envelope signal. It can be difficult to compensate for these errors using conventional
calibration techniques for a variety of reasons. For example, the power amplifier can include
a duplexer electrically connected between the output of the power amplifier and the antenna,
and variation in insertion loss of the duplexer can make it difficult to correlate power

measurements at the antenna to the power supply voltage of the power amplifier. Thus,
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duplexer loss uncertainty and/or other losses between the power amplifier output and the
antenna can complicate calibration.

[0088] To accommodate for part-to-part variations and/or other contributing
factors to envelope amplitude misalignment, a power amplifier system can be designed to
include margin to account for the envelope amplitude misalignment error. For example, gain
compression can exist near a maximum output power level of an amplifier and can introduce
distortion in the RF signal, and a power amplifier can be operated with an increased power
supply voltage to provide additional headroom against distortion. However, increasing the
power supply voltage can reduce the efficiency of the power amplifier.

[0089] There is a need for improving the calibration of a power amplifier system
so as to increase power amplifier efficiency and to avoid distortion of an amplified RF signal
due to envelope amplitude misalignment. Furthermore, there is a need for a calibration
schemes that have a relatively fast calibration time so as to reduce calibration cost in a
factory setting and/or to permit the use of the calibration method dynamically in a mobile
device operating environment. Moreover, there is a need for improved calibration systems
that can account for duplexer loss uncertainty and/or losses between the output of a power
amplifier and an antenna.

[0090] Figure 6 is a schematic block diagram of a power amplifier system 98 in
accordance with one embodiment. The power amplifier system 98 includes a duplexer 12, a
transceiver 13, an antenna 14, a battery 21, an envelope tracker 22, a power amplifier input
stage or variable gain amplifier (VGA)31, a power amplifier 32, and a directional
coupler 88.

[0091] The illustrated envelope tracker 22 includes a calibration module 80, a
scaling module 81, a shaping table module 82, a digital-to-analog converter 83, a
modulator 84, and a multiplier 87. The illustrated transceiver 13 includes a power control
module 85 and a power detector 86. As will be described in detail below, the calibration
module 80 of the envelope tracker 22 can be used to calibrate the envelope tracker 22 to
accommodate for envelope amplitude misalignment.

[0092] The illustrated transceiver 13 is configured to provide an envelope signal
to the envelope tracker 22 and an RF signal RFy to the VGA 31. The transceiver 13 includes

the power control module 85, which can be used to adjust a power level of the power
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amplifier system 98. For example, the power control module 85 can provide a first power
control signal or gain control level (GCL) to the VGA 31, which can be used to control a
gain of the VGA 31. Additionally, the power control module 85 can provide a second power
control signal or power control level (PCL) to the envelope tracker 22, which can be used to
scale the amplitude of the envelope signal. The power control module 85 can be used to
control the power level of the power amplifier system 98 over a variety of power modes
and/or other power settings and to compensate for various system and/or operational
parameters that can impact power performance.

[0093] To aid in enhancing the accuracy of the power control module 85, the
transceiver 13 can include the power detector 86. The power detector 86 can be electrically
coupled to a directional coupler 88 positioned at the output of the power amplifier 32 so as to
improve output power measurement accuracy. For example, the directional coupler 88 can
be positioned between the output of the power amplifier 32 and the input of the duplexer 12,
thereby allowing the power detector 86 to generate a power measurement that does not
include an insertion loss of the duplexer 12. However, in certain implementations, the
directional coupler 88 need not be positioned directly at the output of the power amplifier 32.
For example, Figure 6 has illustrated in dashed lines an alternative location for the directional
coupler 88 between the duplexer 12 and the antenna 14.

[0094] The scaling module 81 can receive the power control level (PCL) from the
power control module 85, and can use the PCL to scale an amplitude of the envelope signal.
The scaled or amplified envelope signal can be provided to the shaping table module 82,
which can include a shaping table having shaping data relating a plurality of scaled envelope
signal amplitudes to a plurality of target supply voltage levels. The shaping table can be
generated at a particular target gain compression, as was described above with reference to
Figure 5.

[0095] The shaping table module 82 can generate a signal including data
indicating a desired supply voltage level, and provide the signal to a modulator 84. In
implementations in which the signal is a digital format, such as in configurations in which the
signal corresponds to an entry from the shaping table, the digital-to-analog converter 83 can
be used to convert the signal to an analog format. The modulator 84 can be electrically

connected to the battery 21, and can use the data relating to the target supply voltage level
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from the shaping table module 82 to generate the power supply voltage V¢ for the power
amplifier 32.

[0096] The envelope tracker 22 includes the calibration module 80, which
includes calibration data that can be set to a variety of values. The calibration data can be
provided to the scaling module 81, which can use the calibration data to scale the amplitude
of the envelope signal before providing the scaled amplitude signal to the shaping table
module 82. For example, as illustrated in Figure 6, the multiplier 87 can be configured to
multiply the calibration data from the calibration module 80 by the power control level (PCL)
from the power control module 85 and by the envelope signal to generate a scaled envelope
signal. However, the scaling module 81 can use the calibration data to scale the envelope
signal in any suitable way.

[0097] The calibration module 80 can use the calibration data to calibrate the
envelope tracker 22 to correct for envelope amplitude misalignment using a multi-step
calibration process. For example, the calibration module 80 can begin by setting the
calibration data to a value that scales the envelope signal value by a relatively large amount,
thereby directing the shaping table module 82 to set the power supply voltage Ve to a
relatively high value, such as a maximum power supply voltage of the power amplifier. The
relatively high voltage of the power supply can correspond to substantially no gain
compression of the power amplifier 32.

[0098] When the power amplifier system is configured to have substantially no
gain compression as was described above, the power detector 86 can be configured to
measure the output power of the power amplifier 32. Thereafter, the calibration module 80
can change the state or value of the calibration data so as to direct the target supply voltage
generated by the shaping table module 82 downward. For example, the scaling module 81
can use the calibration data to reduce the scaling factor, thereby causing the shaping table
module 82 to decrease the target power supply voltage.

[0099] For each decrease of power supply voltage, the power detector 86 can
measure the output power, and provide the output power measurement to the power control
module 85. Using the information, the calibration module 80 or any other suitable module
can determine when the value of the calibration data corresponds to a gain compression equal

to about that used to generate the shaping table of the shaping table module 82. For example,
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when the shaping table of the shaping table module 82 is generated at a 2 dB gain
compression, the calibration module 80 can determine when the output power measured by
the power detector 86 is about 2 dB less than the output power measured when the power
amplifier system was configured in a state having substantially no gain compression.

[0100] The calibration data associated with a power amplifier gain compression
equal to that used to generate the shaping table of the shaping table module 82 can be stored
in the power amplifier system, such as in a memory of the envelope tracker 22. The
calibration data can be used to compensate for an envelope amplitude misalignment of the
power amplifier system.

[0101] The calibration scheme described above can be relatively low cost, take a
relatively short amount of time, and can be used to account for envelope amplitude
misalignment errors from a variety of sources. Additionally, using the power detector 86 for
power measurements avoids a need of using external test equipment to support the
calibration.

[0102] In certain implementations, the calibration module 80 can be used to
perform a factory-level calibration of the envelope tracker 22 during manufacture. However,
in other implementations, the calibration module 80 can periodically calibrate the envelope
tracker 22 during real-time operation, thereby accounting for dynamic errors from
temperature or other environmental factors and/or operating conditions that can vary the
envelope amplitude misalignment error dynamically over time. The calibration can be
performed during any suitable time window, such as certain time instances when the power
amplifier system is not transmitting a signal over the antenna 14.

[0103] Figure 7 is a schematic block diagram of a power amplifier system 99 in
accordance with another embodiment. = The power amplifier system 99 includes a
duplexer 12, a transceiver 13, an antenna 14, a battery 21, an envelope tracker 22, a VGA 31,
a power amplifier 32, and a directional coupler 88.

[0104] The illustrated envelope tracker 22 includes a scaling module 81, a
shaping table module 82, a digital-to-analog converter 83, and a modulator 84. The power
amplifier system of Figure 7 can be similar to the power amplifier system of Figure 6

described above. However, in contrast to the power amplifier system 98 illustrated in
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Figure 6, the power amplifier system 99 illustrated in Figure 7 includes a calibration
module 90 and a multiplier 91 for controlling a gain of the VGA 31.

[0105] The calibration module 90 includes calibration data that can be set to a
variety of values. The calibration data can be used to select the gain of the VGA 31, thereby
controlling the input power provided to the power amplifier stage 32. The calibration
module 32 can be used to correct an envelope amplitude misalignment of the envelope
tracker, as will be described below.

[0106] The calibration module 90 can use the calibration data to calibrate the
envelope tracker 22 to correct for envelope amplitude misalignment using a multi-step
calibration process. For example, the calibration module 90 can begin by setting the gain of
the VGA 31 to a maximum power control level, while the envelope tracker 22 can be
configured to generate a power supply voltage that is of a nominal value and consistent with
a target power of the power amplifier system.

[0107] When the power amplifier system is configured to have the target power,
the calibration module 90 can change the state of the calibration data so as to direct the gain
of the VGA 31 upward, thereby increasing the input power of the power amplifier 32.

[0108] For each increase of input power, the power detector 86 can measure the
output power, and provide the measurement to the power control module 85. Using the
information, the calibration module 90 or any other suitable component of the power
amplifier system can determine when the value of the calibration data corresponds to a gain
compression equal to about that used to generate the shaping table of the shaping table
module 82. For example, when the gain of the power amplifier falls below that associated
with the target power due to an increase in input power, the power amplifier system has
exceeded the gain compression point of the power amplifier system.

[0109] The calibration data corresponding to when the power amplifier gain
compression is equal to about the gain compression used to generate the shaping table can be
stored in the power amplifier system, such as in a memory of the envelope tracker 22 or of
the transceiver 13. The calibration data can be used to compensate for an envelope amplitude
misalignment of the power amplifier system 99. To permit the power control module 85 to
also change the gain of the VGA 31, the multiplier 91 can be included so that both the

calibration module 90 and the power control module 85 can control the gain of the VGA 31.

-20-



WO 2012/109161 PCT/US2012/024019

However, in certain implementations, the multiplier 91 can be replaced with other
components, such as an adder, or omitted.

[0110] Figure 8 is a flow chart illustrating a method 100 of calibrating a power
amplifier system in accordance with one embodiment. It will be understood that the methods
discussed herein may include greater or fewer operations and the operations may be
performed in any order, as necessary. The method 100 can be used to calibrate, for example,
the power amplifier system 98 illustrated in Figure 6.

[0111] The method 100 starts at a block 102. In an ensuing block 104, a supply
voltage for a power amplifier is generated using an envelope tracker that includes a shaping
table generated at a desired gain compression. Gain compression in a power amplifier can
refer to a reduction in differential gain caused by overdriving the power amplifier beyond a
linear region. Thus, a shaping table can be calibrated at a desired gain compression that is
determined to be an acceptable level of gain compression for the design, and the envelope
shaping table can map envelope signal amplitude to a power supply voltage level that
corresponds to the desired gain compression. The shaping table can include shaping data
relating a plurality of scaled envelope signal amplitudes to a plurality of target power supply
voltage levels.

[0112] In an ensuing block 106, the supply voltage of a power amplifier is
operated at a first voltage level associated with substantially no gain compression of the PA.
For example, the power amplifier can be operated at a maximum power supply voltage so as
to provide maximum headroom for the amplified signal and substantially no gain
compression.

[0113] The method 100 of Figure 8 continues at a block 108, in which the output
power of the power amplifier is measured at the first voltage level. For example, a power
detector can be used to measure the output power. Persons having ordinary skill in the art
will appreciate that measuring output power can consist of measuring a current, voltage,
and/or another parameter computationally related to power, and calculating power therefrom.

[0114] In an ensuing block 110, a voltage level of the supply voltage can be
decreased one or more times, and the output power can be measured at each voltage level.
The voltage level can be decreased discretely, with power measurements made after each

decrease. However, in certain implementations the voltage level can be decreased
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continuously, and measurements can be made at discrete points or continuously. The power
measurements can be made using a power detector or any other suitable component. In one
embodiment, the supply voltage is decreased by changing calibration data in a calibration
module of the power amplifier system.

[0115] The method 100 continues at a block 112, in which a second voltage level
of the power supply is determined that corresponds to a gain compression equal to about the
gain compression used to generate the envelope shaping table. For example, the voltage
level can be decreased until the measured output power falls below the output power at the
first supply voltage by an amount equal to about the gain compression of the envelope
shaping table.

[0116] In an ensuing block 114, the envelope tracker is calibrated based on the
determination. For example, a calibration data corresponding to the state of the system at the
second voltage level can be stored and used to calibrate the power amplifier system. The
method 100 ends at 116.

[0117] Figure 9 is a flow chart illustrating a method of calibrating a power
amplifier system in accordance with another embodiment. It will be understood that the
methods discussed herein may include greater or fewer operations and the operations may be
performed in any order, as necessary. The method 150 can be used to calibrate, for example,
the power amplifier system 99 illustrated in Figure 7.

[0118] The method 150 starts at a block 152. In an ensuing block 154, a supply
voltage for a power amplifier is generated using an envelope tracker includes a shaping table
generated at a desired gain compression point. The shaping table can include shaping data
relating a plurality of scaled envelope signal amplitudes to a plurality of desired supply
voltage levels.

[0119] In an ensuing block 156, the supply voltage of a power amplifier is
operated at a first voltage level and a first input power level associated with the target power.
For example, the power amplifier can be operated at a supply voltage level below the
maximum and at a relatively low input power consistent with the target power.

[0120] The method 150 of Figure 9 continues at a block 158, in which the output

power of the power amplifier is measured at the first voltage level and the first input power
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level to determine a power gain. For example, a power detector can be used to measure the
output power.

[0121] In an ensuing block 160, an input power of the power amplifier is
increased one or more times, and the output power can be measured at each voltage level.
The input power can be increased in any suitable way, such as by changing the gain of a
variable gain amplifier configured to drive the input of a power amplifier.

[0122] The method 150 continues at a block 162, in which a second input power
level of the power supply is determined that corresponds to a gain compression equal to
about the gain compression used to generate the envelope shaping table. For example, the
input power can be decreased until the gain begins to decrease, thereby indicating that the
gain compression has exceeded the gain compression used to determine the envelope shaping
table.

[0123] In an ensuing block 164, the envelope tracker is calibrated based on the
determination. For example, a calibration data corresponding to the state of the system at the
second input power level can be stored and used to calibrate the power amplifier system.

The method 150 ends at 166.

Applications

[0124] Some of the embodiments described above have provided examples in
connection with mobile phones. However, the principles and advantages of the embodiments
can be used for any other systems or apparatus that have needs for power amplifier systems.

[0125] Such power amplifier systems can be implemented in various electronic
devices. Examples of the electronic devices can include, but are not limited to, consumer
electronic products, parts of the consumer electronic products, electronic test equipment, etc.
Examples of the electronic devices can also include, but are not limited to, memory chips,
memory modules, circuits of optical networks or other communication networks, and disk
driver circuits. The consumer electronic products can include, but are not limited to, a
mobile phone, a telephone, a television, a computer monitor, a computer, a hand-held
computer, a personal digital assistant (PDA), a microwave, a refrigerator, an automobile, a
stereo system, a cassette recorder or player, a DVD player, a CD player, a VCR, an MP3

player, a radio, a camcorder, a camera, a digital camera, a portable memory chip, a washer, a

23-



WO 2012/109161 PCT/US2012/024019

dryer, a washer/dryer, a copier, a facsimile machine, a scanner, a multi functional peripheral
device, a wrist watch, a clock, etc. Further, the electronic devices can include unfinished

products.

Conclusion
[0126] Unless the context clearly requires otherwise, throughout the description

29 <c

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

29 <

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. Where the context permits, words in the
above Detailed Description using the singular or plural number may also include the plural or
singular number respectively. The word “or” in reference to a list of two or more items, that
word covers all of the following interpretations of the word: any of the items in the list, all of

the items in the list, and any combination of the items in the list.

[0127] Moreover, conditional language used herein, such as, among others, "can,"

LAY EE N4

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

[0128] The above detailed description of embodiments of the invention is not
intended to 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
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illustrative purposes, various equivalent modifications are possible within the scope of the
invention, as those skilled in the relevant art will recognize. For example, while processes or
blocks are presented in a given order, alternative embodiments may perform routines having
steps, or employ systems having blocks, in a different order, and some processes or blocks
may be deleted, moved, added, subdivided, combined, and/or modified. Each of these
processes or blocks may be implemented in a 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 parallel, or may be performed at different times.

[0129] The teachings of the invention provided herein can be applied to other
systems, not necessarily the system described above. The elements and acts of the various
embodiments described above can be combined to provide further embodiments.

[0130] While certain embodiments of the inventions have been described, these
embodiments have been presented by way of example only, and are not intended to limit the
scope of the disclosure. Indeed, the novel methods and systems described herein may be
embodied in a variety of other forms; furthermore, various omissions, substitutions and
changes in the form of the methods and systems described herein may be made without
departing from the spirit of the disclosure. The accompanying claims and their equivalents
are intended to cover such forms or modifications as would fall within the scope and spirit of

the disclosure.
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WHAT IS CLAIMED IS:

1. A method of calibrating an envelope tracking system, the method comprising:

generating a supply voltage for a power amplifier using an envelope tracker,
the envelope tracker having an envelope shaping table generated at a desired gain
compression of the power amplifier;

operating the supply voltage of the power amplifier at a first voltage level, the
first voltage level associated with substantially no gain compression of the power
amplifier;

measuring an output power of the power amplifier at the first voltage level,

decreasing a voltage level of the supply voltage one or more times and
measuring the output power at each voltage level;

determining a second voltage level of the power amplifier associated with a
gain compression equal to about that of the desired gain compression; and

calibrating the envelope tracker based on the determination.

2. The method of claim 1 further comprising scaling an amplitude of an envelope
signal to generate a scaled envelope signal, the supply voltage generated at least in part based

on the scaled envelope signal.

3. The method of claim 2 wherein the envelope shaping table includes shaping
data relating a plurality of scaled envelope signal amplitudes to a plurality of supply voltage

levels.

4. The method of claim 3 further comprising generating the supply voltage from

a battery voltage using the shaping data and the scaled envelope signal.

5. The method of claim 4 wherein the shaping data is in a digital format, the

method further comprising converting the shaping data into an analog format.
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6. The method of claim 2 wherein decreasing the voltage level of the supply
voltage includes changing calibration data of the envelope tracker to reduce the supply

voltage.

7. The method of claim 6 wherein calibrating the envelope tracker based on the
determination includes selecting a value of the calibration data equal to about a value of the

calibration data corresponding to the second voltage level.

8. The method of claim 6 wherein scaling the amplitude of the envelope signal
includes multiplying the envelope signal by a scaling factor determined at least in part by the

calibration data.

9. The method of claim 8 wherein the scaling factor is further determined by a

power control signal from a transceiver.

10. The method of claim 1 wherein measuring the output power of the power
amplifier at the first voltage level includes measuring the output power using a directional

coupler and a power detector electrically coupled to the output of the power amplifier.

11. The method of claim 1 wherein the first voltage level is equal to about a

maximum supply voltage of the power amplifier.

12. The method of claim 1 wherein decreasing the voltage level of the supply

voltage one or more times includes decreasing the voltage level in discrete steps.

13. The method of claim 1 wherein decreasing the voltage level of the supply
voltage one or more times and measuring the output power at each voltage level includes
decreasing the voltage level continuously and measuring the output power at a plurality of

discrete voltage levels.
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14. A computer-readable storage medium comprising instructions that when
executed by a processor perform a method of calibrating an envelope tracking system, the
method comprising:

generating a supply voltage for a power amplifier using an envelope tracker,
the envelope tracker having an envelope shaping table generated at a desired gain
compression of the power amplifier;

operating the supply voltage of the power amplifier at a first voltage level, the
first voltage level associated with substantially no gain compression of the power
amplifier;

measuring an output power of the power amplifier at the first voltage level,

decreasing a voltage level of the supply voltage one or more times and
measuring the output power at each voltage level;

determining a second voltage level of the power amplifier associated with a
gain compression equal to about that of the desired gain compression; and

calibrating the envelope tracker based on the determination.

15. A power amplifier system comprising:

a power amplifier;

an envelope tracker configured to generate a supply voltage for the power
amplifier, the envelope tracker including a shaping module having an envelope
shaping table generated at a desired gain compression of the power amplifier, the
envelope tracker further including a scaling module configured to scale an amplitude
of an envelope signal and to provide the scaled envelope signal amplitude to the
shaping module;

a directional coupler electrically connected to an output of the power
amplifier;

a power detector electrically connected to the directional coupler and
configured to measure the output power of the power amplifier using the directional
coupler; and

a calibration module configured to provide calibration data to the scaling

module so as to change the scaled envelope signal amplitude generated by the scaling
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module, the calibration module configured to set the calibration data to a first value
corresponding to a voltage level of the supply voltage associated with substantially no
gain compression, and to reduce the voltage level of the supply voltage by changing
the calibration data until the power detector indicates that the gain compression of the

power amplifier is equal to about the desired gain compression.

16. The power amplifier system of claim 15 wherein the envelope shaping table
includes shaping data relating a plurality of scaled envelope signal amplitudes to a plurality

of supply voltage levels.

17. The power amplifier system of claim 16 further comprising a modulator

configured to generate the supply voltage from a battery voltage using the shaping data.

18. The power amplifier system of claim 17 further comprising a digital-to-analog

converter for converting the shaping data to analog data for use by the modulator.

19. The power amplifier system of claim 15 further comprising a power control

module electrically connected to the power detector.

20. The power amplifier system of claim 19 wherein the scaling module is further
configured to receive a power control signal from the power control module, the scaling
module configured to change the scaled envelope signal amplitude using the power control

signal.

21. The power amplifier system of claim 20 wherein the scaling module is
configured to multiply the calibration data by the power control signal to generate a scaling
factor, and to multiply the amplitude of the envelope signal by the scaling factor to generate

the scaled envelope signal amplitude.

22. The power amplifier system of claim 15 wherein the first value of the

calibration data corresponds to about a maximum supply voltage of the power amplifier.
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23. The power amplifier system of claim 15 further comprising a duplexer having
an input electrically connected to an output of the power amplifier and to the directional

coupler and an output electrically connected to an antenna.

24. A method of calibrating a power amplifier system, the method comprising:

generating a supply voltage for a power amplifier using an envelope tracker,
the envelope tracker having an envelope shaping table generated at a desired gain
compression of the power amplifier;

operating the supply voltage of the power amplifier at a first voltage level and
a first input power level associated with a target power of the power amplifier;

measuring an output power of the power amplifier at the first input power
level to determine a power gain;

increasing the input power of the power amplifier one or more times and
measuring the output power at each input power level;

determining a second input power level corresponding to a gain compression
of the power amplifier equal to about the desired gain compression; and

calibrating the power amplifier system based on the determination.

25. The method of claim 24 further comprising using calibration data to change a

gain of a variable gain amplifier configured to drive an input of the power amplifier.

26. The method of claim 25 wherein increasing the input power of the power
amplifier one or more times includes changing the calibration data so as to increase a gain of

the variable gain amplifier one or more times.
27. The method of claim 26 wherein calibrating the power amplifier system based
on the determination includes selecting a value of the calibration data equal to about a value

of the calibration data corresponding to the second input power level.

28. The method of claim 25 further comprising using a power control signal from

a transceiver to further control the gain of the variable gain amplifier.
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29. The method of claim 28 further comprising controlling the gain of the variable

gain amplifier by multiplying the calibration data by the power control signal.

30. The method of claim 24 wherein measuring the output power of the power
amplifier at the first input power level to determine the power gain includes measuring the
output power using a directional coupler and a power detector electrically coupled to the

output of the power amplifier.

31. A computer-readable storage medium comprising instructions that when
executed by a processor perform a method of calibrating a power amplifier system, the
method comprising:

generating a supply voltage for a power amplifier using an envelope tracker,
the envelope tracker having an envelope shaping table generated at a desired gain
compression of the power amplifier;

operating the supply voltage of the power amplifier at a first voltage level and
a first input power level associated with a target power of the power amplifier;

measuring an output power of the power amplifier at the first input power
level to determine a power gain;

increasing the input power of the power amplifier one or more times and
measuring the output power at each input power level;

determining a second input power level corresponding to a gain compression
of the power amplifier equal to about the desired gain compression; and

calibrating the power amplifier system based on the determination.

32. A power amplifier system comprising:
a power amplifier;
a variable gain amplifier configured to drive an input of the power amplifier;
an envelope tracker configured to generate a supply voltage for the power
amplifier, the envelope tracker including an envelope shaping table generated at a

desired gain compression of the power amplifier;
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a directional coupler electrically connected to an output of the power
amplifier;

a power detector electrically connected to the directional coupler and
configured to measure the output power of the power amplifier using the directional
coupler; and

a calibration module configured to provide calibration data to the variable
gain amplifier so as to control the input power of the power amplifier, the calibration
module configured to set the calibration data to a first value corresponding to a
voltage level of the supply voltage and input power of the power amplifier associated
with a target power of the power amplifier, and to increase the input power of the
power amplifier by changing the calibration data until the power detector indicates
that the gain compression of the power amplifier is equal to about the desired gain

compression.

33. The power amplifier system of claim 32 further comprising a power control

module electrically connected to the power detector.

34. The power amplifier system of claim 33 wherein the power control module is
configured to generate a power control signal for controlling the gain of the variable gain

amplifier.

35. The power amplifier system of claim 34 wherein the power amplifier system
includes a multiplier for multiplying the calibration data by the power control signal to

generate a gain control signal for controlling the gain of the variable gain amplifier.
36. The power amplifier system of claim 32 further comprising a duplexer having

an input electrically connected to an output of the power amplifier and to the directional

coupler and an output electrically connected to an antenna.

-32-



WO 2012/109161 PCT/US2012/024019

1/9

r =
. 51 WIRELESS DEVICE |
| I
| . COMPUTER |
| |BATTERY l PROCESSOR | | READABLE ,
, MEDIUM |
| I
: p— % Lo Uig :
|
| I 22 }»18 |
ENVELOPE [Tx
:1? ENVELOPE | TRACKER | PATH(S) CONTROL |
| | |
| — IPA I
I [ X 1 ] I
| Y |
| 13 12 14 |
|| TRANSCEIVER DUPLEXER  f<—=| ANTENNA | |
| |
| I t .. |
| I
| I
| 16 I
| Rx PATH(S) |
S S S U -



WO 2012/109161

2/9

PCT/US2012/024019

/50

/21 [51 /52
N | SUPPLY
BATTERY |—w{MLS[7*] VOLTAGE
SELECTION l
} SUPPLY VOLTAGE
ENVELOPE © : e L5
_>
Vce
39
RFN © PA

RFout



WO 2012/109161 PCT/US2012/024019

3/9

VOLTAGE
A

3 /47
/ 42

UUUUUUUUUM

U U >~ TIME
FIG.3A

VOLTAGE
A

48
u o

42
41

U U »TIME

UUUUUVUUUM
OB

FIG



WO 2012/109161

4/9

ENVELOPE O—

ENVELOPE |22
TRACKER

Vee

/83
62\§ -2 BYPASS

[ CAPACITOR

64\

PCT/US2012/024019

‘/rGO

14
&

RPN O

MATCH

DUPLEXER

12*/



PCT/US2012/024019

WO 2012/109161

5/9

0°¢Cl

G'¢Cl

¢l

G¢l

Oyl

Gyl

0°Gl

(8p) NIVO

GOl

0

(wgp) ¥IMod LNdNI

ml

Ol—

9

om\\

(A) 39VYLI0A



PCT/US2012/024019

WO 2012/109161

98
rE———————————————————— 9
roToTmTomTooooos +— dd I
| | |
|
|
_ _
i _ T04INOD _
m _ dIM0d  Ngg |
i 2/4_ “
m Ll e —
| - 99 dINTOSNVAL
L “ o
Lt | yaxadna
104y L ~ NIy
O 10d
3dOTIN3
ol D0, 18
e R D |
i - / i
¥8~L 08 _
1z T1avL {
\ | oon e oML ONITVOS ol |
_ _
AYILIVE L o o 8]
AIHOVAL 3A0TIANT S




PCT/US2012/024019

WO 2012/109161

98
rE——————————— - .
roToTmTomTooooos — dd _
| “ “
|
|
i | T04INOD |
m _ dIM0d  Ngg |
i ¢ _J_ “
" I —_——
| r N TOSNVAL
! cl, 88 4
| { W 109 LN
L_d
¥3X31dNa
1N0.y L _ W/&% NIy 10d
r— T~~~ "55 - - -/ =TT === -
_ €8 ¢8) 8 _
ol “
1z TigvL
\ | oon e o INITYOS |
_ _
AALVE | _d
JINOVAL 3JOTIANT .




WO 2012/109161 PCT/US2012/024019

8/9

100\ sTaRT 102

GENERATE A SUPPLY VOLTAGE FOR A PA

USING AN ENVELOPE TRACKER, THE 104
ENVELOPE TRACKER HAVING A -

SHAPING TABLE GENERATED AT A
DESIRED GAIN' COMPRESSION

'

OPERATE THE SUPPLY VOLTAGE OF THE
PA AT A FIRST VOLTAGE LEVEL 106

ASSOCIATED WITH SUBSTANTIALLY NO
GAIN COMPRESSION

'

MEASURE AN OUTPUT POWER OF THE 108
PA AT THE FIRST VOLTAGE LEVEL -

'

DECREASE A VOLTAGE LEVEL OF THE

SUPPLY VOLTAGE ONE OR MORE TIMES 110

AND MEASURE THE OUTPUT POWER AT [
EACH VOLTAGE LEVEL

'

DETERMINE A SECOND VOLTAGE LEVEL
OF THE PA ASSOCIATED WITH A GAIN | 112
COMPRESSION EQUAL TO ABOUT THE

DESIRED GAIN COMPRESSION

'

CALIBRATE THE ENVELOPE TRACKER 114
BASED ON THE DETERMINATION -

END 116



WO 2012/109161 PCT/US2012/024019

9/9

150\ START 152

GENERATE A SUPPLY VOLTAGE FOR A PA

USING AN ENVELOPE TRACKER, THE 154
ENVELOPE TRACKER HAVING A -

SHAPING TABLE GENERATED AT A
DESIRED GAIN' COMPRESSION

'

OPERATE THE SUPPLY VOLTAGE OF THE

PA AT A FIRST VOLTAGE LEVEL AND A 156

FIRST INPUT POWER LEVEL ASSOCIATED |~
WITH A TARGET POWER OF THE PA

'

MEASURE AN OUTPUT POWER OF THE
PA AT THE FIRST INPUT POWER LEVEL | ~158
TO DETERMINE A POWER GAIN

'

INCREASE THE INPUT POWER OF THE PA
ONE OR MORE TIMES AND MEASURE 160
THE OUTPUT POWER AT EACH INPUT |

POWER LEVEL

'

DETERMINE A SECOND INPUT POWER

LEVEL CORRESPONDING TO A GAIN 162

COMPRESSION OF THE PA EQUAL TO |~
ABOUT THE DESIRED GAIN COMPRESSION

'

CALIBRATE THE PA BASED ON THE 164
DETERMINATION -

END 166



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

