ENVELOPE FOLLOWING VOLTAGE CONVERTER

CROSS-REFERENCE TO RELATED APPLICATION(S)
[0001] This application claims priority to U.S. Provisional Application No.
63/216,374 filed June 29, 2021, entited ENVELOPE FOLLOWING BOOST
CONVERTER, the disclosure of which is hereby expressly incorporated by reference

herein in its respective entirety.

BACKGROUND

Field

[0002] The present disclosure relates to voltage converters such as boost

converters

Description of the Related Art

[0003] A voltage converter receives an input voltage and generates an output
voltage that is typically greater than or less than the input voltage in magnitude. The
former type of voltage converter is sometimes referred to as a step-up or boost
converter, and the latter type of voltage converter is sometimes referred to as a step-
down or buck converter.

[0004] A voltage converter having either or both of the step-down (buck) and
step-up (boost) functionality is utilized in many electronic applications such as radio-
frequency (RF) applications. In such applications, a desired output voltage can be
generated for operation of a circuit based on an input voltage such as a battery

voltage.

SUMMARY
[0005] According to some implementations, the present disclosure relates to
a power supply system for a power amplifier. The power supply system includes a
voltage converter implemented generate a first voltage at an output node, and an
envelope following circuit implemented to generate and combine a second voltage

with the first voltage to provide a combined output voltage for the power amplifier.



The combined output voltage has a waveform that follows one or more peaks of an
envelope of a radio-frequency signal above the first voltage.

[0006] In some embodiments, the voltage converter can include an input
node configured to receive a DC input voltage Vin. The first voltage can include a
boosted DC voltage having a magnitude greater than that of Vin. The boosted DC
voltage can be selected to be lower than an average power tracking (APT) level.
The boosted DC voltage can be selected to provide a back-off that is less than a
back-off associated with the APT level. The back-off associated with the boosted
DC voltage can be less than or equal to, for example, 3dB, 2dB, or 1dB.

[0007] In some embodiments, the power supply system can further include a
controller configured to control operations of the voltage converter and the envelope
following circuit. The voltage converter can be configured to include a synchronous
boost functionality, and include a boost hold capacitor Cs coupled to the output node.
The voltage converter can be further configured to include a bypass functionality
such that the first voltage is substantially the same as the DC input voltage Vin. The
voltage converter can be configured such that the envelope following circuit is
disabled when the bypass functionality is enabled.

[0008] In some embodiments, the voltage converter can be further
configured to generate a reduced voltage as the first voltage. The voltage converter
can include a divide-by-N circuit to generate the reduced voltage, with the quantity N
being a positive integer, such that the reduced voltage has a value of approximately
Vin/N, such as a value of approximately Vin/2. The voltage converter can be
configured such that the envelope following circuit is disabled when the divide-by-N
circuit is enabled.

[0009] In some embodiments, the envelope following circuit can include a
following amplifier configured to receive information representative of the envelope of
the radio-frequency signal and generate the second voltage. An output of the
following amplifier can be coupled to the output node of the voltage converter
through the boost hold capacitor Cs. The second voltage generated by the following
amplifier can be AC-coupled to the first voltage at the output node of the voltage
converter. The information representative of the envelope of the radio-frequency
signal can include differential signals provided by the controller. The differential
signals can have a MIPI format.



[0010] In some embodiments, the controller can be configured to generate
the differential signals for the following amplifier based on differential envelope
tracking (ET) signals. The envelope following circuit can further include a feedback
path between the output of the following amplifier and the controller. The controller
can be further configured to utilize the feedback path adjust the differential signals
provided to the following amplifier based on a frequency associated with the
envelope of the radio-frequency signal. The differential signals provided to the
following amplifier can be adjusted to maintain a desired voltage across the boost
hold capacitor Cs if the frequency is less than or equal to a selected frequency, and
to provide a reference for the following amplifier feedback to facilitate cancellation of
ripples associated with the first voltage output by the voltage converter if the
frequency is greater than the selected frequency. The selected frequency can be,
for example, approximately 200 KHz.

[0011] In some teachings, the present disclosure relates to a method for
generating a supply voltage for a power amplifier. The method includes converting
an input voltage into a first voltage at an output node of a voltage converter, and
generating a second voltage associated with an envelope of a radio-frequency
signal. The method further includes combining the second voltage with the first
voltage to provide a combined output voltage for the power amplifier, such that the
combined output voltage has a waveform that follows one or more peaks of the
envelope of the radio-frequency signal above the first voltage.

[0012] In some implementations, the present disclosure relates to a
semiconductor die that includes a semiconductor substrate and a power supply
system implemented on the semiconductor die. The power supply system further
includes a voltage converter configured to generate a first voltage at an output node.
The power supply system further includes an envelope following circuit implemented
to generate and combine a second voltage with the first voltage to provide a
combined output voltage for the power amplifier, such that the combined output
voltage has a waveform that follows one or more peaks of an envelope of a radio-
frequency signal above the first voltage.

[0013] In some implementations, the present disclosure relates to a radio-
frequency module that includes a packaging substrate configured to receive a
plurality of components, and a power supply system implemented on the packaging
substrate. The power supply system includes a voltage converter configured to
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generate a first voltage at an output node, and an envelope following circuit
implemented to generate and combine a second voltage with the first voltage to
provide a combined output voltage for the power amplifier, such that the combined
output voltage has a waveform that follows one or more peaks of an envelope of a
radio-frequency signal above the first voltage.

[0014] In some embodiments, the voltage converter can be configured to
include a synchronous boost functionality with a boost hold capacitor Cs coupled to
the output node. In some embodiments, the boost hold capacitor Cs can be
implemented on the packaging substrate. In some embodiments, the voltage
converter can be configured such that the output node is coupled to the boost hold
capacitor Cs external to the radio-frequency module.

[0015] In some implementations, the present disclosure relates to a wireless
device that includes a transceiver configured to generate a radio-frequency signal,
and a power amplifier in communication with the transceiver and configured to
amplify the radio-frequency signal. The wireless device further includes a power
supply system implemented to provide a supply voltage to the power amplifier. The
power supply system includes a voltage converter configured to generate a first
voltage at an output node, and an envelope following circuit configured to generate
and combine a second voltage with the first voltage to provide the supply voltage for
the power amplifier, such that the supply voltage has a waveform that follows one or
more peaks of an envelope of the radio-frequency signal above the first voltage. The
wireless device further includes an antenna in communication with the power
amplifier, and the antenna is configured to transmit the amplified radio-frequency
signal.

[0016] For purposes of summarizing the disclosure, certain aspects,
advantages and novel features of the inventions have been described herein. It is to
be understood that not necessarily all such advantages may be achieved in
accordance with any particular embodiment of the invention. Thus, the invention
may be embodied or carried out in a manner that achieves or optimizes one
advantage or group of advantages as taught herein without necessarily achieving

other advantages as may be taught or suggested herein.



BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Figure 1 shows a block diagram of an envelope following converter

configured to convert an input voltage to an output voltage.

[0018] Figure 2 shows that in some embodiments, the envelope following
converter of Figure 1 can be implemented as an envelope following boost converter
configured to receive an input voltage and generate a supply voltage for a power
amplifier.

[0019] Figure 3 shows an example of a synchronous boost converter
configured to convert an input voltage to an output voltage suitable for, for example,
a power amplifier supply voltage.

[0020] Figure 4 shows an envelope following architecture having one or more
features as described herein.

[0021] Figure 5 show an example of how a reduced average supply voltage
can be implemented with an envelope following feature to accommodate envelope
peaks.

[0022] Figure 6 shows examples of supply voltages that can be provided to a
collector of a power amplifier to allow power amplification operations at different
output powers.

[0023] Figure 7 shows examples of power amplifier system efficiency curves
for the different operating modes of Figure 6.

[0024] Figure 8 shows a series of calculated power-added efficiency curves
for a power amplifier being provided with different supply voltages from the power
supply architecture of Figure 4.

[0025] Figure 9 shows a series of calculated gain curves for a power
amplifier being provided with different supply voltages from the power supply
architecture of Figure 4.

[0026] Figure 10 shows a series of calculated gain curves as a function of
supply voltage provided to a power amplifier from the power supply architecture of
Figure 4.

[0027] Figure 11A shows an example of a switching ripple resulting from a
light load and low voltage condition.

[0028] Figure 11B shows an example of a switching ripple resulting from a
medium load and medium voltage condition.
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[0029] Figure 11C shows an example of a switching ripple resulting from a
high load and high voltage condition.

[0030] Figure 12 shows an example of a power supply rejection ratio as a
function of gain compression.

[0031] Figure 13 shows a semiconductor die that includes some or all of a
power supply architecture.

[0032] Figure 14 shows that in some embodiments, some or all of power
supply architecture functionalities described herein can be implemented in a module.

[0033] Figure 15 depicts an example wireless device having one or more
advantageous features described herein.

DETAILED DESCRIPTION OF SOME EMBODIMENTS
[0034] The headings provided herein, if any, are for convenience only and do

not necessarily affect the scope or meaning of the claimed invention.

[0035] Disclosed are various examples related to an envelope following
converter that can be implemented for electronic applications such as radio-
frequency (RF) applications. Figure 1 shows a block diagram of an envelope
following converter 100 configured to convert an input voltage Vin to an output
voltage Vout. As described herein, at least some of the output voltage Vout can be
based on an input signal (ENV) representative of an envelope associated with one or
more RF signals being processed.

[0036] In some embodiments, such processing of RF signal(s) involving the
envelope can include power amplification. Figure 2 shows that in such an
application, the envelope following converter 100 of Figure 1 can be implemented as
an envelope following boost converter 100 configured to receive an input voltage Vin
and generate a supply voltage PA_Vcc for a power amplifier (PA). As in the
example of Figure 1, at least some of such a supply voltage (PA_Vcc) can be based
on an input signal (ENV) representative of an envelope associated with one or more
RF signals being amplified by the power ampilifier.

[0037] In various examples described herein, a supply voltage for the power
amplifier is described in the context of a voltage supplied to a collector of an
amplifying transistor. However, it will be understood that one or more features of the

present disclosure can also be implemented in other types of amplifying transistors.
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[0038] It is noted that in RF applications, many handset power amplifier
designs strive for lower cost and higher efficiency. Further, use of more complex
and higher crest factor waveforms typically introduces additional challenges for
power amplifier designs. It is further noted that solutions such as envelope tracking
(ET) and average power tracking (APT) techniques face challenges when
addressing the foregoing power amplifier design criteria. For example, envelope
tracking techniques typically introduce significant complexity for system calibration,
along with degraded receive band noise (RxBN) performance. In another example,
standard APT and boost APT architectures can greatly simplify the system
calibration; however, such architectures can involve a power amplifier being
operated with 4-5 dB back-off, which results in decreased system efficiency.

[0039] An envelope following architecture having one or more features as
described herein can provide a number of performance advantages. For example,
an envelope following boost architecture as described herein can provide up to 10
points in improvement in system efficiency for higher crest factor waveforms, when
envelope following techniques are incorporated with, for example, a synchronous
boost converter.

[0040] Figure 3 shows an example of a synchronous boost converter 10
configured to convert an input voltage Vin to an output voltage Vout suitable for, for
example, a power amplifier (PA) supply voltage PA_Vcc. The input voltage Vin can
be, for example, 2.5V to 4.8V, and the output voltage Vout can be, for example, Vin
to 10V.

[0041] In the example of Figure 3, the foregoing boosting of voltage can be
achieved by synchronized operation of switches S1 and S2 (e.g., by a controller 12)
to result in accumulation and transfer of energy associated with a boost inductor Ls
and a boost hold capacitor Cs. Such operation of the switches S1 and S2 can result
in the boosted output voltage Vout being obtained from the input voltage Vin.

[0042] In the example of Figure 3, a feedback from the output (Vout) can be
provided to the controller 12, and such a feedback can be utilized to regulate the
output voltage Vout at a desired value.

[0043] It is noted that in the example of Figure 3, the boost converter 10
converter can include a bypass functionality. For example, and assuming that the
input voltage Vin is a DC voltage, the switch S1 being open (OFF) and the switch S2
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being closed (ON) can result in the input voltage Vin being provided substantially
directly to the output of the boost converter 10.

[0044] It is also noted that in the example of Figure 3, the converter 10 is
generally optimized to provide boost functionality; accordingly, the output voltage
Vout will be greater than or equal to the input voltage. If buck-boost functionality is
desired, appropriate switch(es) can be implemented between the inductor Ls and the
input node (Vin). Accordingly, it will be understood that one or more features of the
present disclosure can be implemented with a boost converter or a buck-boost
converter. It will also be understood that one or more features of the present
disclosure can also be implemented with converter configurations different than the
particular example of Figure 3.

[0045] Figure 4 shows an envelope following architecture 100 having one or
more features as described herein. Such an architecture can include a boost
converter circuit that is similar to the example of Figure 3. More particularly, a boost
inductor Ls and switches S1 and S2 can be similar to the example of Figure 3. A
boost hold capacitor Cs may or may not be similar to the example of Figure 3.
Further, a controller 102 can be configured to operate the switches S1 and S2, as
well as provide a feedback functionality (e.g., through a feedback path 108) similar to
the example of Figure 3.

[0046] In some embodiments, the envelope following architecture 100 can
include a voltage divider 104 to allow generation of an output voltage (Vout) that is
less than the input voltage Vin. For example, the voltage divider 104 can be a
divide-by-2 divider that receives Vin from the input node, and has an output
switchably connected (e.g., by switch S3) to the output node. Thus, when a reduced
output voltage (e.g., Vin/2) is desired, the switch S3 can be closed (ON), and the
switches S1 and S2 can be open (OFF), to thereby provide an output voltage Vout
that is approximately Vin/2. The operation of S3 can be supported by the controller
102.

[0047] As shown in the example of Figure 4, the envelope following
architecture 100 can include a circuit that allows the output voltage Vout to follow an
envelope associated with RF signal(s) being amplified by a power amplifier (and for
which Vout is being provided as the supply voltage PA_Vcc). In some embodiments,
such an envelope following circuit can be implemented with a following amplifier 106
(a high-performance voltage following op-amp) having input signals 114, 116
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provided by the controller 102. Such signals 114, 116 can be based on, for example,
envelope information ENV+ and ENV- provided to the controller 102 through inputs
110, 112. In some embodiments, such envelope information can be based on, or be
consistent with, an envelope tracking system known in the art. In some
embodiments, such ET information input (110, 112) provided to the controller 102
and/or the signals 114, 116 provided to the following amplifier by the controller can
be implemented as, for example, MIP| based differential signals.

[0048] In some embodiments, operation of the following amplifier 106 can be
powered by the input voltage Vin.

[0049] In the example of Figure 4, the following amplifier 106 is shown to
have its output coupled to the output node (Vout) through the boost hold capacitor
Cs. Configured in such a manner, operation of the following amplifier 106 allows
introduction of envelope following functionality to a boost conversion functionality.
During an example operating configuration, a DC level provided by the boost
converter can be set to an average level that corresponding to an average power
level (e.g., with a 1dB power back-off for adequate supply rejection). The following
amplifier 106 can then be utilized to increase the power amplifier supply voltage
(PA_Vcc) above the average level so as to be consistent with the RF envelope.

[0050] In the example of Figure 4, it is noted that that the boost hold
capacitor Cs is utilized to AC couple the envelope signal output from the following
amplifier 106 onto the output waveform of the boost converter to achieve the
foregoing following of the RF envelope. Further, a feedback functionality can be
implemented through path 120 from the output node of the following amplifier 106
and the controller. Based on such a feedback path, the feedback functionality can
include monitoring of the voltage across the boost hold capacitor Cs to control the
synchronous boost operation and to maintain the desired voltage across the boost
hold capacitor Cs. The feedback functionality can also include controlling of the
following amplifier 106 such that the output waveform resulting from the boost
converter and the following amplifier 106 accurately tracks the envelope above the
average DC level.

[0051] In some embodiments, the foregoing feedback functionality for the
following amplifier 106 can also provide elimination or reduction of ripple in the
output waveform, to thereby further improve the output voltage spectrum. Examples
of such a ripple are described herein in greater detail.
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[0052] Figure 4 further shows that in some embodiments, a capacitor C3 can
be provided between the output node (Vout) and ground. Such a capacitor can be
selected to suppress high frequency components in the supply voltage PA_Vcc
being provided to the power amplifier. For example, C3 can have a value of
approximately 0.1 pF.

[0053] Also as examples, the boost hold capacitor Cs can have a value of
approximately 1 uF, the capacitor C2 associated with the divide-by-2 divider 104 can
have a value of approximately 0.1 pF, the boost inductor Ls can have a value of
approximately 1.5 pH. An input capacitor indicated as C1 can have a value of
approximately 4.7 pF. It will be understood that other values of capacitors and
inductor can also be implemented.

[0054] Configured in the foregoing example manner, the envelope following
architecture 100 of Figure 4 can receive, for example, an input voltage in a range of
3.0V to 4.8V DC, and generate an output in a range of 1.5V to 8.0V DC or 3.0V to
11.0V AC, depending of the mode of operation. The following amplifier 106 can
generate an output of approximately OV DC or 0V to 3.0V AC. It is noted that the
1.5V to 8.0V DC output range corresponds to DC operation without the use of the
following amplifier 106, in either the boost mode or the divide-by-2 mode. The 3.0V
to 11.0V AC output range can be achieved by the AC output voltage (0V to 3.0V AC)
of the following amplifier 106 combining with the DC output voltage.

[0055] Configured in the example manner described in reference to Figure 4,
a voltage supply system such as a boost converter can utilize envelope following
feature to, among others, reduce the average supply voltage that is applied to the
power amplifier collector. Figure 5 show an example of how such reduced average
supply voltage can be implemented with the envelope following feature to
accommodate envelope peaks. In Figure 5, an example RF signal waveform is
depicted, where an average DC supply level (indicated as Average DC) can be set
lower than an average power tracking (APT) level. With such a base DC level,
higher envelope peaks can be accommodated by the envelope following feature as
described herein. Accordingly, on the left half of the example of Figure 5, a collector
voltage (PA_Vcc in Figure 4) can be equal to or higher than the Average DC level,
with the latter being provided by the AC-coupled output of the following amplifier
(106 in Figure 4).
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[0056] In the example of Figure 5, the right half of the waveform is shown to
be at a reduced power level. In such an operating mode, a voltage supply system
such as the example of Figure 4 can be operated in a reduced output voltage mode
as described herein.

[0057] In some embodiments, and as shown in the envelope following
example of Figure 5, the Average DC voltage provided to the collector can be
selected to yield a 1dB back-off to, for example, to provide adequate supply rejection
of the system. It is noted that in an example LTE application, use of the envelope
following technique for LTE waveforms allows the reduction of the power amplifier
back-off from about 4dB to about 1dB, and such a reduction in back-off can provide
an improvement of about 10 points power added efficiency (PAE).

[0058] It is noted that by utilizing the following amplifier to add the envelope
peak information to the collector voltage, the power amplifier does not compress the
envelope peaks. As described herein such compression beyond some value can
rapidly degrade power amplifier performance.

[0059] It is further noted that because the additional voltage by the following
amplifier is added only for the envelope peaks, advantageous features can be
realized. For example, bandwidth and timing alignment requirements, which are
typically of significant concern, can be greatly reduced for the following amplifier.

[0060] Figure 6 shows examples of supply voltages that can be provided to a
collector of a power amplifier to allow power amplification operations at different
output powers. For the purpose of description, such different output powers can be
grouped as a low output power range (e.g., 0 to about 10dBm), a medium output
power range (e.g., about 10dBm to about 22dBm), and a high output power range
(e.g., higher than about 22dBm). For the purpose of description of Figure 6, it will be
assumed that the input voltage Vin has a value of approximately 3.5V DC.

[0061] Referring to the example of Figure 4 and the corresponding
description, when the power amplifier is operating in the low output power range, the
power supply architecture 100 of Figure 4 can be operated with the divide-by-2
circuit (104) in operation so as to provide an output voltage (e.g., 3.5/2 V) that is less
than the input voltage (e.g., 3.5V).

[0062] When the power amplifier is operating in the medium output power
range, the power supply architecture 100 of Figure 4 can be operated in a bypass
mode to provide an output voltage similar to the input voltage (e.g., 3.5V) up to a
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selected output power, and then in a boost mode beyond such a selected output
power. Accordingly, the supply voltage Vcc output by the power supply architecture
100 is show to be at approximately 3.5V up to about 16dBm output power. Beyond
16dBm, the supply voltage Vcc is shown to increase by the boost functionality of the
power supply architecture 100.

[0063] When the power amplifier is operating in the high output power range,
the power supply architecture 100 of Figure 4 can be operated in a following boost
mode as described herein. In such a mode, the following amplifier 106 being AC
coupled to the output node by the boost hold capacitor Cs and having its output
follow the envelope peaks, can allow the average PA Vcc voltage (the lower curve in
the high output power range) to be significantly lower than that resulting from a boost
APT operating mode (the upper curve in the high output power range).

[0064] Figure 7 shows examples of power amplification system efficiency
curves for the different operating modes of Figure 6. For the low output power and
medium output power ranges, the following boost functionality is not implemented;
thus, there is a single efficiency curve. For the high output power range where the
following boost functionality can be implemented, one can see that the system
efficiency is significantly higher (the upper curve) compared to that of the boost APT
operating mode (the lower curve). Accordingly, one can see from the examples of
Figures 6 and 7 that by implementing the following boost functionality as described
herein, the average supply voltage Vcc provided to the power amplifier can be
reduced, while increasing the power amplification system efficiency at higher output
power value.

[0065] Figure 8 shows a series of calculated power-added efficiency (PAE)
curves for a power amplifier being provided with different supply voltages from the
power supply architecture 100 of Figure 4, with implementation of the following boost
functionality. The example values of Vcc are indicated for each PAE curve. It is
noted that when the following boost functionality is implemented as described herein
(e.g., to reduce the power amplifier back-off from about 4dB to about 1dB), an
improvement of about 10 points in PAE is achieved when compared to the boost
APT operation.

[0066] In the example of Figure 8, one can obtain a PAE trajectory from the
various PAE curves. Based on such a PAE trajectory, the power amplifier can be

operated in an efficient manner by being near compression.

-12-



[0067] Figure 9 shows a series of calculated gain curves for a power
amplifier being provided with different supply voltages from the power supply
architecture 100 of Figure 4, with implementation of the following boost functionality.
From such waterfall shaped curves, one can obtain a gain trajectory. In the example
of Figure 9, such a gain trajectory displays an approximately iso-gain property.

[0068] Figure 10 shows a series of calculated gain curves as a function of
supply voltage (Vcc) provided to a power amplifier from the power supply
architecture 100 of Figure 4, with implementation of the following boost functionality.

[0069] Referring to the example of Figure 4, in some embodiments, the
envelope channel information provided to the controller 102 can be based on one or
more of existing envelope tracking (ET) solutions. Upon receipt of such an envelope
signal, DC and frequency below, for example, about 200 KHz can be extracted and
utilized to control and maintain the voltage present across the boost hold capacitor
Cs through an internal feedback system. Frequency content above the example
value of 200 KHz can be extracted from the envelope signal and utilized as a
reference for the following amplifier feedback. Either or both of the foregoing
feedbacks can be facilitated by the feedback path 120 of Figure 4.

[0070] In some embodiments, feedback of the output of the power supply
architecture 100 of Figure 4 back to the following amplifier 106 can be utilized to
cancel or reduce ripples in the output node resulting from the operation of the boost
converter. Figures 11A to 11C show examples of such ripples that can arise from
the operation of the boost converter. Figure 11A shows an example of a switching
ripple (of approximately 31.6mV peak-to-peak) resulting from a light load and low
voltage condition, with an input voltage Vin of 3.8V, an output voltage Vout of 6.8V, a
load current of 30 mA, and a switching frequency of 1.64 MHz. Figure 11B shows an
example of a switching ripple (of approximately 55.2mV peak-to-peak) resulting from
a medium load and medium voltage condition, with an input voltage Vin of 3.8V, an
output voltage Vout of 8.0V, a load current of 80 mA, and a switching frequency of
1.84 MHz. Figure 11C shows an example of a switching ripple (of approximately
75.2mV peak-to-peak) resulting from a high load and high voltage condition, with an
input voltage Vin of 3.8V, an output voltage Vout of 9.5V, a load current of 110 mA,
and a switching frequency of 1.81 MHz. Thus, as one can see, cancellation or
reduction of such ripples can be desirable.
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[0071] As described herein, use of an envelope following boost feature in a
power supply architecture 100 can allow a power amplifier to operate efficiently with
a lower back-off (e.g., 1dB) so as to prevent compression of envelope peaks. Such
compression of the envelope peaks can result in introduction of spectral degradation
in the power amplifier performance.

[0072] In some embodiments, such a back-off can be based at least partially
on dependence of a power amplifier operating factor such as a power supply
rejection ratio (PSRR) on gain compression. Figure 12 shows an example of such a
PSRR as a function of gain compression. One can see that the PSRR degrades
rapidly within the first 0.5dB of gain compression. Accordingly, a back-off of, for
example, 1dB can prevent such gain compression.

[0073] Referring to the example power supply architecture 100 of Figure 4, it
is noted that in some embodiments, some or all of a portion indicated as 101 can be
implemented in a single device such as a semiconductor die or a packaged module.
For example, Figure 13 shows that such a single device can be implemented as a
semiconductor die 200. Such a die can include a semiconductor substrate 202
configured to allow formation of various circuit elements thereon. Such circuit
elements can be configured to yield a DC/DC converter 204 having one or more
features described herein. The circuit elements can also be configured to yield an
envelope following boost circuit 206 having one or more features described herein.
The circuit elements can also be configured to yield a controller 208 having one or
more features described herein.

[0074] Figure 14 shows that in some embodiments, some or all of the power
supply architecture functionalities described herein can be implemented in a module.
Such a module can be, for example, power amplifier module (PAM), a front-end
module (FEM), or some combination thereof. In the example of Figure 14, a module
300 can include a packaging substrate 302, and a number of components can be
mounted on such a packaging substrate. For example, a power amplifier assembly
304 and a match component 306 can be mounted and/or implemented on and/or
within the packaging substrate 302. Other components such as a number of SMT
devices 308 can also be mounted on the packaging substrate 302. In the example
of Figure 14, module 300 can include some or all of the power supply architecture
100 having one or more features as described herein.
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[0075] In some implementations, a device and/or a circuit having one or
more features described herein can be included in an RF device such as a wireless
device. Such a device and/or a circuit can be implemented directly in the wireless
device, in a modular form as described herein, or in some combination thereof. In
some embodiments, such a wireless device can include, for example, a cellular
phone, a smart-phone, a hand-held wireless device with or without phone
functionality, a wireless tablet, etc.

[0076] Figure 15 depicts an example wireless device 400 having one or more
advantageous features described herein. In the context of a module having one or
more features as described herein, such a module can be generally depicted by a
dashed box 300, and can be implemented as, for example, a front-end module
(FEM). Such a module can include a power supply architecture 100 having one or
more features as described herein.

[0077] It will be understood that in some embodiments, a power supply
architecture having one or more features as described herein can also be
implemented such that one or more passive devices such as capacitor(s) and/or
inductor(s) utilized in the power supply architecture are not necessarily part of any
packaged module or die. In such a configuration, the capacitor(s) and/or inductor(s)
can be implemented on a circuit board (e.g., a phone board) associated with the
wireless device 400 and configured to be connectable with the power supply
architecture.

[0078] Referring to Figure 15, power amplifiers (PAs) 420 can receive their
respective RF signals from a transceiver 410 that can be configured and operated in
known manners to generate RF signals to be amplified and transmitted, and to
process received signals. In the example of Figure 15, some or all of the PAs 420
can be provided with supply voltage(s) from the power supply architecture 100.

[0079] The transceiver 410 is shown to interact with a baseband sub-system
408 that is configured to provide conversion between data and/or voice signals
suitable for a user and RF signals suitable for the transceiver 410. The transceiver
410 can also be in communication with a power management component 406 that is
configured to manage power for the operation of the wireless device 400. Such
power management can also control operations of the baseband sub-system 408
and the module 300.
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[0080] The baseband sub-system 408 is shown to be connected to a user
interface 402 to facilitate various input and output of voice and/or data provided to
and received from the user. The baseband sub-system 408 can also be connected
to a memory 404 that is configured to store data and/or instructions to facilitate the
operation of the wireless device, and/or to provide storage of information for the
user.

[0081] In the example wireless device 400, outputs of the PAs 420 are
shown to be matched (via respective match circuits 422) and routed to their
respective duplexers 420. Such amplified and filtered signals can be routed to an
antenna 416 through an antenna switch 414 for transmission. In some
embodiments, the duplexers 420 can allow transmit and receive operations to be
performed simultaneously using a common antenna (e.g., 416). In Figure 15,
received signals are shown to be routed to "Rx" paths (not shown) that can include,
for example, a low-noise amplifier (LNA).

[0082] A number of other wireless device configurations can utilize one or
more features described herein. For example, a wireless device does not need to be
a multi-band device. In another example, a wireless device can include additional
antennas such as diversity antenna, and additional connectivity features such as Wi-
Fi, Bluetooth, and GPS.

[0083] Unless the context clearly requires otherwise, throughout the

description and the claims, the words “comprise,” “comprising,” and the like are to be
construed in an inclusive sense, as opposed to an exclusive or exhaustive sense;
that is to say, in the sense of “including, but not limited 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. 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
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.
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[0084] 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 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.

[0085] 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.

[0086] While some 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 power supply system for a power amplifier, comprising:

a voltage converter implemented generate a first voltage at an output
node; and

an envelope following circuit implemented to generate and combine a
second voltage with the first voltage to provide a combined output voltage for
the power amplifier, the combined output voltage having a waveform that
follows one or more peaks of an envelope of a radio-frequency signal above the
first voltage.

2. The power supply system of claim 1 wherein the voltage converter
includes an input node configured to receive a DC input voltage Vin.

3. The power supply system of claim 2 wherein the first voltage includes a
boosted DC voltage having a magnitude greater than that of Vin.

4. The power supply system of claim 3 wherein the boosted DC voltage is

selected to be lower than an average power tracking (APT) level.

5. The power supply system of claim 4 wherein the boosted DC voltage is
selected to provide a back-off that is less than a back-off associated with the

average power tracking level.

6. The power supply system of claim 5 wherein the back-off associated with
the boosted DC voltage is less than or equal to 3dB, 2dB, or 1dB.

7. The power supply system of claim 2 further comprising a controller

configured to control operations of the voltage converter and the envelope following

circuit.
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8. The power supply system of claim 7 wherein the voltage converter is
configured to include a synchronous boost functionality, and including a boost hold
capacitor Cs coupled to the output node.

9. The power supply system of claim 8 wherein the voltage converter is
further configured to include a bypass functionality such that the first voltage is
substantially the same as the DC input voltage Vin.

10. The power supply system of claim 9 wherein the voltage converter is
configured such that the envelope following circuit is disabled when the bypass
functionality is enabled.

11. The power supply system of claim 8 wherein the voltage converter is

further configured to generate a reduced voltage as the first voltage.

12. The power supply system of claim 11 wherein the voltage converter
includes a divide-by-N circuit to generate the reduced voltage, the quantity N being a
positive integer, such that the reduced voltage has a value of approximately Vin/N.

13. The power supply system of claim 12 wherein the reduced voltage has a
value of approximately Vin/2.

14. The power supply system of claim 12 wherein the voltage converter is
configured such that the envelope following circuit is disabled when the divide-by-N
circuit is enabled.

15. The power supply system of claim 8 wherein the envelope following circuit
includes a following amplifier configured to receive information representative of the

envelope of the radio-frequency signal and generate the second voltage.
16. The power supply system of claim 15 wherein an output of the following

amplifier is coupled to the output node of the voltage converter through the boost
hold capacitor Cs.
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17. The power supply system of claim 15 wherein the second voltage
generated by the following amplifier is AC-coupled to the first voltage at the output

node of the voltage converter.

18. The power supply system of claim 15 wherein the information
representative of the envelope of the radio-frequency signal includes differential
signals provided by the controller.

19. The power supply system of claim 18 wherein the differential signals have
a MIPI format.

20. The power supply system of claim 18 wherein the controller is configured
to generate the differential signals for the following amplifier based on differential

envelope tracking (ET) signals.

21. The power supply system of claim 20 wherein the envelope following
circuit further includes a feedback path between the output of the following amplifier
and the controller.

22. The power supply system of claim 21 wherein the controller is further
configured to utilize the feedback path adjust the differential signals provided to the
following amplifier based on a frequency associated with the envelope of the radio-

frequency signal.

23. The power supply system of claim 22 wherein the differential signals
provided to the following amplifier are adjusted to maintain a desired voltage across
the boost hold capacitor Cs if the frequency is less than or equal to a selected
frequency, and to provide a reference for the following amplifier feedback to facilitate
cancellation of ripples associated with the first voltage output by the voltage
converter if the frequency is greater than the selected frequency.

24. The power supply system of claim 23 wherein the selected frequency is
approximately 200 KHz.
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25. A method for generating a supply voltage for a power amplifier, the
method comprising:

converting an input voltage into a first voltage at an output node of a
voltage converter;

generating a second voltage associated with an envelope of a radio-
frequency signal; and

combining the second voltage with the first voltage to provide a combined
output voltage for the power amplifier, the combined output voltage having a
waveform that follows one or more peaks of the envelope of the radio-
frequency signal above the first voltage.

26. A semiconductor die comprising:

a semiconductor substrate; and

a power supply system implemented on the semiconductor die, the power
supply system including a voltage converter configured to generate a first
voltage at an output node, the power supply system further including an
envelope following circuit implemented to generate and combine a second
voltage with the first voltage to provide a combined output voltage for the power
amplifier, the combined output voltage having a waveform that follows one or
more peaks of an envelope of a radio-frequency signal above the first voltage.

27. A radio-frequency module comprising:

a packaging substrate configured to receive a plurality of components;
and

a power supply system implemented on the packaging substrate, the
power supply system including a voltage converter configured to generate a
first voltage at an output node, the power supply system further including an
envelope following circuit implemented to generate and combine a second
voltage with the first voltage to provide a combined output voltage for the power
amplifier, the combined output voltage having a waveform that follows one or

more peaks of an envelope of a radio-frequency signal above the first voltage.
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28. The radio-frequency module of claim 27 wherein the voltage converter is
configured to include a synchronous boost functionality with a boost hold capacitor
Cs coupled to the output node.

29. The radio-frequency module of claim 28 wherein the boost hold capacitor
Cs is implemented on the packaging substrate.

30. The radio-frequency module of claim 28 wherein the voltage converter is
configured such that the output node is coupled to the boost hold capacitor Cs
external to the radio-frequency module.

31. A wireless device comprising:

a transceiver configured to generate a radio-frequency signal;

a power amplifier in communication with the transceiver and configured to
amplify the radio-frequency signal;

a power supply system implemented to provide a supply voltage to the
power amplifier, the power supply system including a voltage converter
configured to generate a first voltage at an output node, the power supply
system further including an envelope following circuit configured to generate
and combine a second voltage with the first voltage to provide the supply
voltage for the power amplifier, the supply voltage having a waveform that
follows one or more peaks of an envelope of the radio-frequency signal above
the first voltage; and

an antenna in communication with the power amplifier, the antenna

configured to transmit the amplified radio-frequency signal.
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