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DOHERTY POWER AMPLIFIER HAVING AM-AM COMPENSATION

RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Application
No. 62/116,461, filed February 15, 2015, and entitted DOHERTY POWER
AMPLIFIER HAVING AM-AM COMPENSATION, the disclosure of which is

hereby incorporated by reference in its entirety.

BACKGROUND

Field

[0002] The present disclosure generally relates to the field of

electronics, and more patrticularly, to radio-frequency (RF) modules and devices.

Description of Related Art

[0003] RF signals can be amplified using power amplifier (PA) circuitry.
For PAs, such as Doherty PAs, efficiency, linearity, and other parameters may

affect amplifier performance.

SUMMARY

[0004] In some implementations, the present disclosure relates to a
power amplification system comprising a Doherty power amplifier (PA) configured
to receive a voltage supply signal and a radio-frequency (RF) signal and generate
an amplified RF signal using the voltage supply signal, the Doherty PA including
a carrier amplifier and a peaking amplifier. The power amplification system may
further comprise a carrier amplifier bias circuit, and a peaking amplifier bias
circuit coupled to one or more of the carrier amplifier and the carrier amplifier bias
circuit over a coupling path and configured to provide a peaking amplifier bias
signal to the peaking amplifier based on a saturation level of the carrier amplifier.

[0005] In certain embodiments, the system further comprises an output
path configured to receive and route the amplified RF signal from the Doherty PA
to a filter, the output path substantially free of an impedance transformation
circuit. The carrier amplifier may operate at or close to a highest possible
efficiency.
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[0006] The peaking amplifier bias signal may be proportional to the
saturation level of the carrier amplifier. In certain embodiments, the peaking
amplifier bias circuit is configured so that a rapidly increasing base current of the
carrier amplifier resulting from its approach to saturation is mirrored to the
peaking amplifier bias circuit to thereby cause the peaking amplifier to be turned
on abruptly. The peaking amplifier bias signal may be based on a base current of
a driver transistor of the carrier amplifier. The peaking amplifier bias signal may
be based on an output of the carrier amplifier. In certain embodiments, the carrier
amplifier and the peaking amplifier each include cascode transistors.

[0007] In some implementations, the present disclosure relates to a
radio-frequency (RF) module comprising a packaging substrate configured to
receive a plurality of components and a power amplification system implemented
on the packaging substrate, the power amplification system including a power
amplification system including a Doherty power amplifier (PA) configured to
receive a radio-frequency (RF) signal and generate an amplified RF signal, the
Doherty PA including a carrier amplifier and a peaking amplifier, the power
amplification system further including a carrier amplifier bias circuit and a peaking
amplifier bias circuit coupled to one or more of the carrier amplifier and the carrier
amplifier bias circuit over a coupling path and configured to provide a peaking
amplifier bias signal to the peaking amplifier based on a saturation level of the
carrier amplifier. The peaking amplifier bias signal is proportional to the saturation
level of the carrier amplifier.

[0008] In certain embodiments, the peaking amplifier bias circuit is
configured so that a rapidly increasing base current of the carrier amplifier
resulting from its approach to saturation is mirrored to the peaking amplifier bias
circuit to thereby cause the peaking amplifier to be turned on abruptly. The
peaking amplifier bias signal may be based on a base current of a driver
transistor of the carrier amplifier. The peaking amplifier bias signal may be based
on an output of the carrier amplifier. The carrier amplifier and the peaking
amplifier may each include cascode transistors.

[0009] In some implementations, the present disclosure relates to a
wireless device comprising a transceiver configured to generate a radio-
frequency (RF) signal and a front-end module (FEM) in communication with the

transceiver, the FEM including a packaging substrate configured to receive a
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plurality of components, the FEM further including a power amplification system
implemented on the packaging substrate, the power amplification system
including a Doherty power amplifier (PA) configured to receive the RF signal from
the transceiver and generate an amplified RF signal, the Doherty PA including a
carrier amplifier and a peaking amplifier, the power amplification system further
including a carrier amplifier bias circuit and a peaking amplifier bias circuit
coupled to one or more of the carrier amplifier and the carrier amplifier bias circuit
over a coupling path and configured to provide a peaking amplifier bias signal to
the peaking amplifier based on a saturation level of the carrier amplifier. The
wireless device may further comprise an antenna in communication with the
FEM, the antenna configured to transmit the amplified RF signal.

[0010] In some embodiments, the peaking amplifier bias signal is
proportional to the saturation level of the carrier amplifier. The peaking amplifier
bias circuit may be configured so that a rapidly increasing base current of the
carrier amplifier resulting from its approach to saturation is mirrored to the
peaking amplifier bias circuit to thereby cause the peaking amplifier to be turned
on abruptly. The peaking amplifier bias signal may be based on a base current of
a driver transistor of the carrier amplifier. The peaking amplifier bias signal may
be based on an output of the carrier amplifier. The carrier amplifier and the

peaking amplifier may each include cascode transistors.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Various embodiments are depicted in the accompanying

drawings for illustrative purposes, and should in no way be interpreted as limiting
the scope of the inventions. In addition, various features of different disclosed
embodiments can be combined to form additional embodiments, which are part of
this disclosure. Throughout the drawings, reference numbers may be reused to
indicate correspondence between reference elements.

[0012] Figure 1 is a block diagram of a wireless system or architecture
having an amplification system according to one or more embodiments.

[0013] Figure 2 is a block diagram of an amplification system including
a radio-frequency (RF) amplifier assembly having one or more power amplifiers

(PAs) according to one or more embodiments.
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[0014] Figures 3A-3E are diagrams of example PA circuits according to
various embodiments.

[0015] Figure 4 is a block diagram of an amplification system including
an RF amplifier assembly having one or more PAs according to one or more
embodiments.

[0016] Figure 5 is a block diagram of a Doherty power amplification
system according to one or more embodiments.

[0017] Figure 6 is a diagram of a Doherty power amplification system
according to one or more embodiments.

[0018] Figure 7 is a diagram of a high-voltage (HV) Doherty power
amplification system according to one or more embodiments.

[0019] Figure 8 is a diagram of a Doherty power amplification system
according to one or more embodiments.

[0020] Figure 9 is a diagram of a Doherty power amplification system
according to one or more embodiments.

[0021] Figure 10 shows graphs representing examples of performance
characteristics of a Doherty amplification system according to one or more
embodiments.

[0022] Figure 11 is a diagram of a Doherty amplification system
including variable peaking amplifier bias control according to one or more
embodiments.

[0023] Figure 12 is a diagram of a Doherty amplification system
including variable peaking amplifier bias control according to one or more
embodiments.

[0024] Figures 13A and 13B are detailed representations of the carrier
and peaking portions, respectively, of the amplification system of Figure 12.

[0025] Figure 14 shows graphs representing examples of performance
characteristics of Doherty amplification system according to one or more
embodiments.

[0026] Figure 15 shows graphs representing examples of AM-AM,
PAE, and AM-PM characteristics for a Doherty ampilification system according to

one or more embodiments.
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[0027] Figure 16 shows a graph representing examples of battery-level
efficiency in various amplification systems according to one or more
embodiments.

[0028] Figure 17 is a block diagram of a front-end module (FEM)
according to one or more embodiments.

[0029] Figure 18 is a block diagram of a wireless device according to

one or more embodiments.

DESCRIPTION

[0030] The headings provided herein, if any, are for convenience only

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

Introduction:

[0031] Referring to Figure 1, one or more features of the present
disclosure generally relate to a wireless system or architecture 50 having an
amplification system 52. In some embodiments, the amplification system 52 can
be implemented as one or more devices, and such device(s) can be utilized in
the wireless system/architecture 50. In some embodiments, the wireless
system/architecture 50 can be implemented in, for example, a portable wireless
device. Examples of such a wireless device are described herein.

[0032] Figure 2 shows that the amplification system 52 of Figure 1
typically includes a radio-frequency (RF) amplifier assembly 54 having one or
more power amplifiers (PAs). In the example of Figure 2, three PAs 60a-60c are
depicted as forming the RF amplifier assembly 54. It will be understood that other
numbers of PA(s) can also be implemented. It will also be understood that one or
more features of the present disclosure can also be implemented in RF amplifier
assemblies having other types of RF amplifiers.

[0033] In some embodiments, the RF amplifier assembly 54 can be
implemented on one or more semiconductor die, and such die can be included in
a packaged module such as a power amplifier module (PAM) or a front-end
module (FEM). Such a packaged module is typically mounted on a circuit board
associated with, for example, a portable wireless device.

[0034] The PAs (e.g., 60a-60c) in the amplification system 52 are
typically biased by a bias system 56. Further, supply voltages for the PAs are

typically provided by a supply system 58. In some embodiments, either or both of
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the bias system 56 and the supply system 58 can be included in the foregoing
packaged module having the RF amplifier assembly 54.

[0035] In some embodiments, the amplification system 52 can include
a matching network 62. Such a matching network can be configured to provide
input matching and/or output matching functionalities for the RF amplifier
assembly 54.

[0036] For the purpose of description, it will be understood that each
PA (60) of Figure 2 can be implemented in a number of ways. Figures 3A-3E
show non-limiting examples of how such a PA can be configured. Figure 3A
shows an example PA having an amplifying transistor 64, where an input RF
signal (RF_in) is provided to a base of the transistor 64, and an amplified RF
signal (RF_out) is output through a collector of the transistor 64.

[0037] Figure 3B shows an example PA having a plurality of amplifying
transistors (e.g., 64a, 64b) arranged in stages. An input RF signal (RF_in) is
provided to a base of the first transistor 64a, and an amplified RF signal from the
first transistor 64a is output through its collector. The amplified RF signal from the
first transistor 64a is provided to a base of the second transistor 64b, and an
amplified RF signal from the second transistor 64b is output through its collector
to thereby yield an output RF signal (RF_out) of the PA.

[0038] In some embodiments, the foregoing example PA configuration
of Figure 3B can be depicted as two or more stages as shown in Figure 3C. The
first stage 64a can be configured as, for example, a driver stage; and the second
stage 64b can be configured as, for example, an output stage.

[0039] Figure 3D shows that in some embodiments, a PA can be
configured as a Doherty PA. Such a Doherty PA can include amplifying
transistors 64a, 64b configured to provide carrier amplification and peaking
amplification of an input RF signal (RF_in) to yield an amplified output RF signal
(RF_out). The input RF signal can be split into the carrier portion and the peaking
portion by a splitter. The amplified carrier and peaking signals can be combined
to yield the output RF signal by a combiner. Doherty amplifiers may offer
relatively improved efficiency compared to balanced amplifiers, in certain
configurations, and may be particularly applicable in RF communication systems.
The two amplifiers of the Doherty amplifier of Figure 3D may be biased

differently, wherein the carrier amp 64a may be biased as a "normal" Class AB
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amplifier (e.g., configured to provide gain at substantially any power level), while
the peaking amplifier 64d may be biased as a Class C amplifier {e.g., configured
to conduct at only a portion of the signal cycle, such as substantially half of the
cycle). The Doherty amplifier may provide at least partially improved power-
added efficiency, compared to a balanced amplifier, at backed-off power levels.
In certain embodiments, the outputs of the carrier 64a and peaking 64b amplifiers
may be out of phase by 90 degrees; the addition of a quarter-wave transmission
line may bring the signals back into phase and reactively combine the signals.

[0040] Figure 3E shows that in some embodiments, a PA can be
implemented in a cascode configuration. An input RF signal (RF_in) can be
provided to a base of the first amplifying transistor 64a operated as a common
emitter device. The output of the first amplifying transistor 64a can be provided
through its collector and be provided to an emitter of the second amplifying
transistor 64b operated as a common base device. The output of the second
amplifying transistor 64b can be provided through its collector so as to yield an
amplified output RF signal (RF_out) of the PA.

[0041] In the various examples of Figures 3A-3E, the amplifying
transistors are described as bipolar junction transistors (BJTs) such as
heterojunction bipolar transistors (HBTs). It will be understood that one or more
features of the present disclosure can also be implemented in or with other types
of transistors such as field-effect transistors (FETs).

[0042] Figure 4 shows that in some embodiments, the amplification
system 52 of Figure 2 can be implemented as a high-voltage (HV) power
amplification system 100. Such a system can include an HV power amplifier
assembly 54 configured to include HV amplification operation of some or all of
the PAs (e.g., 60a-60c). As described herein, such PAs can be biased by a bias
system 56. In some embodiments, the foregoing HV amplification operation can
be facilitated by an HV supply system 58. In some embodiments, an interface
system 72 can be implemented to provide interface functionalities between the
HV power amplifier assembly 54 and either or both of the bias system 56 and the

HV supply system 58.
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Examples Related to HV Systems:

[0043] Many wireless devices such as cellular handsets are configured
to support multiple frequency bands; and such devices typically require complex
power amplification architectures. However, such complexity in power
amplification architectures can result in degradation of transmit efficiency as the
number of supported bands increases. Such a degradation in efficiency is
typically largely due to increased loss incurred by combining of multiple frequency
bands while maintaining competitive size and cost targets.

[0044] Some wireless systems can include power amplifiers (PAs)
configured in a Doherty configuration. Such a configuration typically includes
separate amplification paths for carrier and peaking portions of an RF signal.
Such a signal is split into the two amplification path, and the separately amplified
carrier and peaking portions are combined to generate an amplified output signal.

[0045] Described herein are examples of systems, circuits, devices and
methods that can provide advantageous features for Doherty PAs. Such
advantageous features can include, for example, significantly reduce loss while
maintaining or improving competitive levels of size and/or cost. Figure 5 shows
that in some embodiments, the HV power amplification system 100 of Figure 4
can be configured as a Doherty power amplification system. In some
embodiments, such a Doherty power amplification system can include high-
voltage operation capability.

[0046] Doherty power amplification architectures can offer significant
advantages for transmit efficiency with moderated peak-average waveforms.
However, physical implementation of such architectures typically involves
increased passive component content to provide functionalities such as phase
shifting and impedance transformation networks at the amplifier output.

[0047] As described herein, a Doherty power amplification architecture
can utilize a boost converter to increase the amplifier supply voltage to a level
that allows amplifier operation at, for example, a 50 ohm impedance without
impedance transformation networks. Such an architecture can allow, for example,
significant simplification and integration of passive component content with a
system bill of materials (BOM) comparable to a single ended ampilification

configuration.
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[0048] In the example of Figure 5, an HV Doherty power amplification
system 100 can include a power amplifier assembly 104 having one or more PAs
configured to amplify one or more RF signals (RF_In). Such amplified RF
signal(s) can be routed to a duplexer assembly 108 having one or more
duplexers, through a match component 106 having one or more matching
circuits.

[0049] The duplexer(s) can allow duplexing of transmit (Tx) and receive
(Rx) operations. The Tx portion of such duplexing operations is depicted as one
or more amplified RF signals (RF_Out) being output from the duplexer assembly
108 for transmission through an antenna (not shown). In the example of Figure 5,
the Rx portion is not shown; however, received signals from an antenna can be
received by the duplexer assembly 108 and output to, for example, low-noise
amplifiers (LNAs).

[0050] In the example of Figure 5, an HV supply system 102 is shown
to provide one or more HV supply signals to the power amplifier assembly 104.
More specific examples of how such HV signal(s) can be provided to
corresponding PA(s) are described herein in greater detail.

[0051] In some embodiments, the HV Doherty power amplification
system 100 of Figure 5 can utilize high-voltage capability of some PAs such as,
for example, gallium arsenide (GaAs) heterojunction bipolar transistor (HBT) PAs.
It will be understood that one or more features of the present disclosure can also
be implemented with other types of PAs. For example, amplification systems
utilizing CMOS devices with LDMOS multiple cascode stages, silicon bipolar
devices, and GaN/HEMT devices can also benefit from operation in high-voltage
regions.

[0052] With such HV operation of PAs, one or more lossy components
can be eliminated from an amplification system. For example, PA output
matching network(s) can be eliminated. In another example, PA supply efficiency
can be increased. In yet another example, some passive components can be
removed. Examples related to the foregoing are described herein in greater
detail.

[0053] One or more of the foregoing features associated with HV
operation can result in one or more die being implemented in smaller dimensions,

thereby allowing greater flexibility in power amplification system designs. For
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example, a power amplification system can be implemented with an increased
number of relatively small PAs, to thereby allow elimination of lossy components
such as band switches. Examples related to such elimination of band switches
are described herein in greater detalil.

[0054] For the purpose of description, it will be understood that high-
voltage (HV) can include voltage values that are higher than a battery voltage
utilized in portable wireless devices. For example, an HV can be greater than
3.7V or 4.2V. In some situations, an HV can include voltage values that are
greater than a battery voltage and at which portable wireless devices can operate
more efficiently. In some situations, an HV can include voltage values that are
greater than a battery voltage and less than a breakdown voltage associated with
a given type of PA. In the example context of GaAs HBT, such a breakdown
voltage can be in a range of 15V to 25V. Accordingly, an HV for GaAs HBT PA
can be in a range of, for example, 3.7V to 25V, 4.2V to 20V, 5V to 15V, 6V to
14V, 7V to 13V, or 8V to 12V.

[0055] Figures 6 and 7 show a comparison between a traditional
Doherty power amplification system 110 (Figure 6) and a high-voltage (HV)
Doherty power amplification system 100 (Figure 7) to demonstrate how some
lossy components can be substantially eliminated in the HV Doherty power
amplification system 100. For the purpose of comparison, it will be assumed that
each power amplification system is configured to provide amplification for three
frequency bands. However, it will be understood that more or less numbers of
frequency bands can be utilized.

[0056] In the example of Figure 6, the traditional Doherty power
amplification system 110 is shown to include a power amplifier assembly 114
having a broadband carrier amplification path 130 and a broadband peaking
amplification path 132 capable of providing amplification for three frequency
bands. In the example, each of the carrier and peaking amplification paths 130,
132 is shown to include two stages (e.g., a driver stage (130a or 132a) and an
output stage(130b or 132b)); however, it will be understood that there may be
other number of stage(s).

[0057] The foregoing amplification paths 130, 132 can receive an input
RF signal through a common input node 126, and such an RF signal can be

routed through, for example, a DC-block capacitance 128, and be split into the

10
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carrier amplification path 130 and the peaking amplification path 132. In some
embodiments, each of the amplification stages 130a, 130b, 132a, 132b can
include, for example, HBT or CMOS ampilification transistors.

[0058] In the example of Figure 6, the collector of the output stage
130b is shown to be provided with a supply voltage VCC from a battery voltage
source (Vbatt) through a choke inductance 124.

[0059] When the power amplifier assembly is operated in the foregoing
manner, impedance transformation typically needs to occur to match the
impedance of the PAs with impedance associated with a downstream
component. In the example of Figure 6, a band switch 138 (depicted as being
part of a band switch system 118) that receives the output of the power amplifier
assembly 114 is typically configured as a 50 Q load. Accordingly, an impedance
transformation to yield such an impedance load of 50 Q needs to be
implemented. In the example of Figure 6, such an impedance transformation is
shown to be implemented by an output matching network (OMN) 136 which is
depicted as being part of a load transform system 116.

[0060] In the example of Figure 6, the band switch 138 is depicted as
having a single input from the output of the power amplifier assembly 114
(through the OMN 136), and three outputs corresponding to three example
frequency bands. Three duplexers 142a-142c are shown to be provided for such
three frequency bands.

[0061] Each of the three duplexers 142a-142c¢ is shown to include TX
and RX filters (e.g., bandpass filters). The TX filter is shown to be coupled to the
band switch 138 to receive the amplified and switch-routed RF signal for
transmission. Such an RF signal is shown to be filtered and routed to an antenna
port (ANT) (144a, 144b or 144c). The RX filter is shown to receive an RX signal
from the antenna port (ANT) (144a, 144b or 144c). Such an RX signal is shown
to be filtered and routed to an RX component (e.g., an LNA) for further
processing.

[0062] It is typically desirable to provide impedance matching between
a given duplexer and a component that is upstream (in the TX case) or
downstream (in the RX case). In the example of Figure 6, the band switch 138 is
such an upstream component for the TX filter of the duplexer. Accordingly,

matching circuits 140a-140c (depicted as being parts of a Pl network 120) are

11
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shown to be implemented between the respective outputs of the band switch 138
and the respective duplexers 142a-142c. In some embodiments, each of such
matching circuits 140a-140c can be implemented as, for example, a pi-matching
circuit.

[0063] Table 1 lists example values of insertion loss and efficiency for
the various components of the Doherty power amplification system 110 of Figure

6. It will be understood that the various values listed are approximate values.

Table 1
Component Insertion loss Efficiency
Power Amp. Assy. (114) N/A 60% to 65% (PAE)
Load Transform (116) 0.5dB to 0.7dB 85% to 89%
Band Switch (118) 0.3dB to 0.5dB 89% to 93%
Pl (120) 0.3dB 93%
Duplex (122) 2.0dB 63%

[0064] From Table 1, one can see that the Doherty power amplification
system 110 of Figure 6 includes a significant number of loss contributors. Even if
each component of the system 110 is assumed to operate at its upper limit of
efficiency, the total efficiency of the ET power amplification system 110 is
approximately 32% (0.65 x 0.89 x 0.93 x 0.93 x 0.63).

[0065] In the example of Figure 7, the HV Doherty power amplification
system 100 is depicted as being configured to provide amplification for the same
three frequency bands as in the Doherty power amplification system 110 of
Figure 6. In a power amplifier assembly 104, three separate amplification paths
can be implemented, such that each amplification path provides amplification for
its respective frequency bands. For example, the first amplification path is shown
to include a first Doherty PA (167a and 168a) which receives an RF signal from
an input node 162a through a DC-block capacitance 164a. The amplified RF
signal is shown to be routed to a downstream component through a capacitance
170a. Similarly, the second amplification path is shown to include a second
Doherty PA (167b and 168b) which receives an RF signal from an input node
162b through a DC-block capacitance 164b; and the amplified RF signal is shown
to be routed to a downstream component through a capacitance 170b. Similarly,
the third amplification path is shown to include a third Doherty PA (167c and

168c) which receives an RF signal from an input node 162c through a DC-block

12
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capacitance 164c; and the amplified RF signal is shown to be routed to a
downstream component through a capacitance 170c.

[0066] In some embodiments, the Doherty PAs in the example of
Figure 7 can include, for example, HBT PAs. It will be understood that one or
more features of the present disclosure can also be implemented with other types
of PAs. For example, PAs that can be operated to yield impedances that match
or are close to downstream components (e.g., by HV operation and/or through
other operating parameter(s)) can be utilized to yield one or more of the benefits
as described herein.

[0067] In the example of Figure 7, each carrier PA (167a, 167b or
167¢) is shown to be provided with a supply voltage VCC from a boost DC/DC
converter 160 through a choke inductance (166a, 166b or 166c¢). The boost
DC/DC converter 160 is depicted as being part of an HV system 102. The boost
DC/DC converter 160 can be configured to supply such a range of VCC voltage
values (e.g., about 1V to 10V), including HV ranges or values as described
herein. The boost DC/DC converter 160 is shown to generate such a high VCC
voltage based on a battery voltage Vbatt.

[0068] When the Doherty PAs of the power amplifier assembly 104 are
operated in the foregoing manner with high VCC voltage (e.g., at about 10V),
impedance Z of each PA is relatively high (e.g., about 40 Q to 50 Q); and thus,
impedance transformation is not necessary to match with impedance associated
with a downstream component and/or an upstream component. Accordingly,
elimination or simplification of two impedance transformation networks can be
realized. It is further noted that the Doherty PAs of the power amplifier assembly
104 can support very simple integration of a quarter-wave combining network.

[0069] In the example of Figure 7, each of the duplexers 174a-174c
(depicted as being parts of a duplex assembly 108) that receives the output of the
corresponding Doherty PA is typically configured as a 50 Q load. Accordingly,
and assuming that the impedance (Z) presented by the Doherty PA is about 50
Q, an impedance transformation (such as the load transform system 116 in
Figure 6) is not needed.

[0070] It is typically desirable to provide impedance matching between
a given duplexer and a component that is upstream (in the TX case) or

downstream (in the RX case). In the example of Figure 7, the Doherty PA is such
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an upstream component for the TX filter of the duplexer (174a, 174b or 174c).
Accordingly, matching circuits 172a-172c¢ (depicted as being parts of a Pl network
106) can be implemented between the respective outputs of the Doherty PAs and
the respective duplexers 174a-174c. In some embodiments, each of such
matching circuits 172a-172c can be implemented as, for example, a pi-matching
circuit.

[0071] In the example of Figure 7, the HV operation of the Doherty PAs
can result in each of the Doherty PAs presenting an impedance Z that is similar
to the impedance of the corresponding duplexer. Since impedance transformation
is not needed in such a configuration, there is no need for an impedance
transformer (116 in Figure 6).

[0072] It is also noted that operation of the Doherty PAs at the higher
impedance can result in much lower current levels within the PAs. Such lower
current levels can allow the Doherty PAs to be implemented in significantly
reduced die size(s).

[0073] In some embodiments, either or both of the foregoing features
(elimination of impedance transformer and reduced PA die size) can provide
additional flexibility in power amplification architecture design. For example,
space and/or cost savings provided by the foregoing can allow implementation of
a relatively small Doherty PA for each frequency band, thereby removing the
need for a band switch system (e.g., 118 in Figure 6). Accordingly, size, cost
and/or complexity associated with the HV Doherty power amplification system
100 of Figure 7 can be maintained or reduced when compared to the Doherty
power amplification system 110 of Figure 6, while significantly reducing the
overall loss of the power amplification system 100.

[0074] Table 2 lists example values of insertion loss and efficiency for
the various components of the HV Doherty power amplification system 100 of

Figure 7. It will be understood that the various values listed are approximate

values.
Table 2
Component Insertion loss Efficiency
HV (102) N/A 93%
Power Amp. Assy. (104) N/A 75% to 80% (PAE)
Pl (106) 0.3dB 93%
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| Duplex (108) | 2.0dB | 63%

[0075] From Table 2, one can see that the HV Doherty power
amplification system 100 of Figure 7 includes a number of loss contributors.
However, when compared to the Doherty power amplification system 110 of
Figure 6 and Table 1, two significant loss contributors (Load Transform (116) and
Band Switch (118)) are absent in the HV Doherty power amplification system 100
of Figure 7. Elimination of such loss contributors is shown to remove about 1dB in
the transmit path in the example of Figure 7 and Table 2.

[0076] Also referring to Table 2, if each component of the system 100 is
assumed to operate at its upper limit of efficiency (as in the example of Table 1),
the total efficiency of the HV Doherty power amplification system 100 is
approximately 44% (0.93 x 0.80 x 0.93 x 0.63). Even if each component is
assumed to operate at its lower limit of efficiency, the total efficiency of the HV
Doherty power amplification system 100 is approximately 41% (0.93 x 0.75 x 0.93
x 0.63). One can see that in either case, the total efficiency of the HV Doherty
power amplification system 100 of Figure 7 is significantly higher than the total
efficiency (approximately 32%) of the Doherty power amplification system 110 of
Figure 6.

[0077] Referring to Figures 6 and 7, a number of features can be noted.
It is noted that use of the DC/DC boost converter (160 in Figure 7) can allow
elimination of one or more other power converters that may be utilized in a PA
system. When operated to yield an HV supply voltage (e.g., 10VDC), 1 Watt
(10V)?/(2x50Q)) of RF power can be produced with no harmonic terminations. It
is further noted that a PA driven as a 50 Q load (e.g., Figure 7) results in a
significantly lower loss per Ohm than a PA driven as a 3 Q load (e.g., Figure 6).

[0078] Figure 8 shows an HV Doherty power amplification system 200
that can be a more specific example of the HV Doherty power amplification
system 100 of Figure 7. In the example of Figure 8, a power amplifier assembly
can include a carrier PA 167 and a peaking PA 168. Each of the carrier and
peaking PAs is depicted as being in a cascode arrangement. However, it should
be understood that power amplifiers illustrated and/or described herein may be

any type of power amplifier, and may include any number of stages.
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[0079] In the example of Figure 8, the carrier PA 167 can be operated
with, for example, a Class AB bias; and the peaking PA 168 can be operated
with, for example, a Class C bias. More particularly, the RF transistor of the
carrier PA 167 is shown to be biased in a Class AB configuration; and the RF
transistor of the peaking PA 168 is shown to be biased in a Class C configuration.
The cascode transistor of each of the carrier and peaking PAs 167, 168 is shown
to be biased by its respective cascode bias circuit.

[0080] In the example of Figure 8, an RF signal can be received at a
common input port 162, and such a signal can be split into the carrier
amplification path and the peaking amplification path by an input splitter 202. The
carrier portion is shown to be provided to the carrier PA 167, and the peaking
portion is shown to be provided to the peaking PA 168 through an input inverter
204.

[0081] In the example of Figure 8, a supply voltage Vcc from 212 is
shown to be provided to the collector of each cascode transistor of the carrier and
peaking PAs 167, 168. More particularly, the collector of the cascode transistor of
the carrier PA 167 is shown to be provided with VCC through inductances
indicated as Choke and Linv. The collector of the cascode transistor of the
peaking PA 168 is shown to be provided with VCC through Linv.

[0082] The collector of the cascode transistor of the carrier PA 167 is
shown to be coupled to the emitter of the RF transistor of the carrier PA 167
through a corresponding capacitance Cinv. Similarly, the collector of the cascode
transistor of the peaking PA 168 is shown to be coupled to the emitter of the RF
transistor of the peaking PA 168 through a corresponding capacitance Cinv.

[0083] In the example of Figure 8, an assembly of the capacitances
Cinv and the inductance Linv can form an output J-inverter 210 having an
impedance of, for example, approximately 100 Q. The amplified outputs of the
carrier and peaking PAs 167, 168 can be combined by the output J-inverter 210,
and the combined output can be provided to an output node 214 through a
capacitance 170.

[0084] As shown in Figure 8, the high impedance operation of the
Doherty PAs can significantly simplify the Doherty amplification architecture,
including the simplification of the combining network (e.g., the output J-inverter

210). In some embodiments, the carrier and peaking PAs 167, 168 can be
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implemented on a die. In some embodiments, the input splitter 202 and the input
J-inverter 204 can also be implemented on the same die. In some embodiments,
the inverter capacitances (Cinv) of the output J-inverter 210 can also be
implemented on the same die. Accordingly, and assuming that the inverter
inductance Linv is implemented as an external passive device, only one such
additional passive device is needed when compared to a single-ended power
amplification design.

[0085] Figure 9 shows an HV Doherty amplification system that can be
a more specific example of the HV Doherty amplification system of Figure 8. In
Figure 9, reference numerals 202, 204, 207, 208 and 210 generally correspond to
the same reference numerals of Figure 8. In the example of Figure 9, it will be
understood that various values of circuit elements such as resistances,
capacitances and inductances are examples; and that other values can be
utilized.

[0086] Figure 10 shows examples of performance characteristics of the
HV Doherty amplification system of Figure 9. More patrticularly, Figure 10 shows
plots of AM-AM vs output power, PAE vs output power, ratio of peak power and
carrier power vs input power, and collector current vs output power, as Class C
bias point is swept. The graphs of Figure 10 illustrate a possible limitation of
certain Doherty amplification systems, in that in order to get high efficiency at
backed-off power, it may be necessary to sacrifice linearity to some degree.
Certain embodiments disclosed herein at least partially improve the efficiency of
a Doherty amplification system at backed-off power it least in part by detecting
when the class AB carrier amplifier is about to saturate, and applying additional
bias to the class C peaking amplifier in order to turn on the peaking amplifier

relatively abruptly as a function of the carrier amplifier’s saturation level.

AM-AM Compensation Through Variable Peaking Amplifier Bias Gontrol

[0087] As described herein, a Doherty amplifier can provide significant
efficiency advantages over a traditional single ended amplifier. In some advanced
modulation schemes with high peak to average ratios, it is desirable to have the
amplifier to be operated several dB from the maximum saturated output power
(Psat) to maintain linearity. Since a Doherty amplifier typically has an efficiency

peak approximately 6dB from Psat, linear efficiency can be improved. However,
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for a Doherty amplifier, achieving high backed off efficiency is typically a direct
tradeoff to the amplifier's linearity. As described herein in reference to Figure 10,
efficiency typically degrades as the AM-AM characteristic improves.

[0088] In some embodiments, a Doherty amplification system can be
configured such that the AM-AM characteristic can be compensated by making
the peaking amplifier bias a function of saturation in the carrier amplifier. For
example, in a low power region, the carrier amplifier can have a Class AB bias
and operate linearly. The peaking amplifier can have a deep Class C bias and
can be off, similar to a conventional Doherty amplifier.

[0089] In a mid-power region, as the carrier amplifier starts to saturate
(e.g., hits gain compression), the transistor's beta can degrade, thereby causing
the base current to rapidly increase. This rapidly increasing bias current can be
mirrored to the peaking amplifier's bias circuit to abruptly turn this amplifier on.
Such an abrupt turn on of the peaking amplifier can allow the carrier amplifier to
operate closer to saturation and at or close to the highest possible efficiency. The
peaking amplifier's bias can be a function of the carrier amplifier's saturation,
thereby giving the AM-AM characteristic compensation over process and
mismatch. In a high power region, both of the peaking and carrier amplifiers can
be on, similar to a conventional Doherty amplifier.

[0090] In certain Doherty amplification systems, the peaking amplifier
may only be activated as a function of input power. Certain embodiments
disclosed herein advantageously provide Doherty amplification systems in which
the peaking amplifier may be activated as a function of the carrier amplifier's
compression, which may provide better performance with respect to when the
peaking amplifier is activated than that provided by traditional Doherty
amplification systems. Such embodiments may provide improved efficiency at
backed-off power

[0091] Figure 11 is a diagram of a Doherty amplification system 1100
including variable peaking amplifier bias control according to one or more
embodiments. The amplification system 1100 includes a carrier amplifier 1107,
which may be a class AB amplifier, and a peaking amplifier 1108, which may be a
class G amplifier. The carrier amplifier 1107 and peaking amplifier 1108 may be
biased by a carrier bias circuit 1181 and peak bias circuit 1182, respectively. The

system 1100 may further include an RF input port 1162, an input splitter 1102,
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one or more inverters 1110, one or more transformers 1170 and an RF output
port 1114, as shown. Although certain components and configurations are
illustrated in Figure 11, if should be understood that a Doherty amplification
system providing variable peaking amplifier bias control in accordance with the
present disclosure may have a different number or configuration of components,
as desired.

[0092] The carrier bias 1181 may generate a reference voltage for the
class AB amplifier 1107. In certain embodiment, the carrier bias 1181 includes a
current mirror configured to cause a current to flow into the base of the class AB
carrier amplifier 1107 that is proportional to a reference current. Alternatively, or
additionally, the bias circuit 1181 may include a voltage source for biasing the
amplifier 1107.

[0093] The peak bias circuit 1182 may advantageously be connected
and configured to detect when the carrier amplifier 1107 is close to saturation,
and in response, relatively abruptly drive up the peaking amplifier 1108. The
circuit 1182 may be configured to detect the base current of the amplifier 1107
(e.g., the base current of a driver transistor of the amplifier 1107). When the
amplifier 1107 base current of the carrier amplifier 1107 is detected, the base
current can be used by the circuit 1182 to determine that the amplifier 1107 is at
or near a compression or saturation state; that is, base current in one or more
transistor amplifiers of the carrier amplifier 1107 may be used as a basis for
determining when the carrier amplifier 1107 is at or near compression/saturation.
For example, the collector current of an amplifier transistor of the amplifier 1107
relative to the base current of the transistor may decrease when the amplifier is
approaching saturation, wherein such decrease may be interpreted as indicating
saturation in the carrier amplifier. When the base current of the carrier amplifier
rises at a certain rate or to a certain level, the carrier amplifier may be determined
to be at or near saturation.

[0094] In certain embodiments, the base current of the carrier amplifier
driver transistor may be mirrored to the peaking amplifier and injected into the
driver transistor of the peaking amplifier, thereby increasing the gain of the
peaking amplifier in concert with saturation of the carrier amplifier, which may
allow for relatively abrupt activation of the peaking amplifier. In certain

embodiments, the higher the current provided to the bias circuitry of the peaking
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amplifier, the higher the voltage at the base of the driver transistor of the peaking
amplifier.

[0095] Detection of saturation state of the carrier amplifier 1107 may be
performed in any suitable manner, such as through the monitoring of transistor
base current in the carrier amplifier 1107, or through monitoring of the output of
the amplifier 1107.

[0096] Figure 12 shows an example Doherty amplification system that
may be similar in certain respects to the example of Figure 9, but configured to
provide the foregoing AM-AM compensation functionality. In the example of
Figure 12, the double-ended arrow 230 depicts how Class C bias can be a
function of Class AB stage as described above. A coupling path 232 between the
carrier portion 207 and the peaking portion 208 can facilitate such dependence.

[0097] Figure 13A shows an enlarged view of the carrier portion 207,
and Figure 13B shows an enlarged view of the peaking portion. In the example of
Figures 12, 13A and 13B, it will be understood that various values of circuit
elements such as resistances, capacitances and inductances are examples; and
that other values can be utilized. The schematic of the carrier class AB amplifier
of Figure 13 A shows a bias circuit 209 that may provide the base current for the
class AB carrier power amplifier. The carrier amplifier may include a cascode
amplifier having a common-emitter driver transistor Q1 and a common-base
cascode transistor Q2. The bias circuit 209 that feeds the common emitter device
Q1 is coupled to the base of the transistor Q1 such that current flows through a
resistor R1 into the base of the transistor Q1. A transistor Q3 of the bias circuitry
209 supplies the base current for the common emitter device Q1.

[0098] The carrier amplifier 207 may include a current mirror CM
connected at a reference side to Vcc and to the transistor Q3 of the bias circuit
209 and to the driver transistor Q1; this current may be mirrored to the class C
peaking amplifier, shown in Figure 13B. As the base current in Q5 increases
rapidly, that current will be mirrored to turn on the class C amplifier on rapidly.

[0099] In the peaking amplifier 208 illustrated in Figure 13B, the current
mirrored from the carrier amplifier may be received at a node or path 279; the
more current that is injected at the node/path 279, the higher the voltage that may
be present at the base of the driver transistor (e.g., emitter follower) Q4, thereby
controlling the gain of the amplifier 208.
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[0100] One or more features of the present disclosure can be
implemented with various cellular frequency bands as described herein.
Examples of such bands are listed in Table 3. It will be understood that at least
some of the bands can be divided into sub-bands. It will also be understood that
one or more features of the present disclosure can be implemented with

frequency ranges that do not have designations such as the examples of Table 3.

Table 3
Band Mode Tx Frequency Range (MHz) Rx Frequency Range (MHz)

B1 FDD 1,920 — 1,980 2,110-2,170
B2 FDD 1,850 - 1,910 1,930 — 1,990
B3 FDD 1,710-1,785 1,805 — 1,880
B4 FDD 1,710 1,755 2,110-2,155
B5 FDD 824 — 849 869 — 894
B6 FDD 830 — 840 875 —885
B7 FDD 2,500 - 2,570 2,620 — 2,690
B8 FDD 880 —-915 925 — 960
B9 FDD 1,749.9—1,784.9 1,844.9 - 1,879.9
B10 FDD 1,710 -1,770 2,110-2,170
B11 FDD 1,427.9 —1,447.9 1,475.9 — 1,495.9
B12 FDD 699 - 716 729 - 746
B13 FDD 777 - 787 746 — 756
B14 FDD 788 — 798 758 — 768
B15 FDD 1,900 — 1,920 2,600 — 2,620
B16 FDD 2,010 - 2,025 2,585 — 2,600
B17 FDD 704 -716 734 - 746
B18 FDD 815 -830 860 — 875
B19 FDD 830 — 845 875 —890
B20 FDD 832 — 862 791 — 821
B21 FDD 1,447.9 — 1,462.9 1,495.9 - 1,510.9
B22 FDD 3,410 — 3,490 3,510 — 3,590
B23 FDD 2,000 - 2,020 2,180 — 2,200
B24 FDD 1,626.5 —1,660.5 1,525 — 1,559
B25 FDD 1,850 — 1,915 1,930 — 1,995
B26 FDD 814 — 849 859 — 894
B27 FDD 807 — 824 852 — 869
B28 FDD 703 — 748 758 — 803
B29 FDD N/A 716 -728
B30 FDD 2,305 -2,315 2,350 — 2,360
B31 FDD 452.5 - 457.5 462.5 - 467.5
B33 TDD 1,900 — 1,920 1,900 — 1,920
B34 TDD 2,010 - 2,025 2,010 — 2,025
B35 TDD 1,850 - 1,910 1,850 - 1,910
B36 TDD 1,930 — 1,990 1,930 — 1,990
B37 TDD 1,910 - 1,930 1,910 — 1,930
B38 TDD 2,570 - 2,620 2,570 - 2,620
B39 TDD 1,880 — 1,920 1,880 — 1,920
B40 TDD 2,300 - 2,400 2,300 — 2,400
B41 TDD 2,496 — 2,690 2,496 — 2,690
B42 TDD 3,400 — 3,600 3,400 — 3,600
B43 TDD 3,600 — 3,800 3,600 — 3,800
B44 TDD 703 — 803 703 — 803
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[0101] Figure 14 shows examples of performance characteristics of the
HV Doherty amplification system of Figure 11. More particularly, Figure 14 shows
gain, output power, emitter follower bias, and collector current characteristics for
Class AB and Class C bias configurations. As shown in the gain vs. output power
graph of Figure 14, a system implementing peaking amplifier bias control in
accordance with the present disclosure may experience a relatively drastic
increase in gain bias (e.g. at approximately 25 dBm in Figure 14) when slight
drop-off in the carrier amplifier gain is detected. Figure 15 shows AM-AM, PAE,
and AM-PM characteristics for the HV Doherty amplification system, as well as
for a single ended amplification system. As shown in the upper-left linearity vs.
output power graph of Figure 15, the composite gain at the output may present
improved linearity compared to the comparable system represented in Figure 10.

[0102] Figure 16 shows examples of battery level efficiency as a
function of average output power for a Buck ET amplification system (A), a boost
average power tracking (APT) amplification system (B), a Buck APT amplification
system (C), and a boost Doherty amplification system (D) having one or more
features as described herein. At an example output power of about 26dBm, one
can see that the boost Doherty amplification system (D) has an efficiency level
that is about 15% greater than both of the Buck ET (A) and boost APT (B)
systems, and about 25% greater than the Buck APT system (C).

[0103] Figure 17 shows that in some embodiments, some or all of HV
Doherty power amplification systems described herein can be implemented in a
module. Such a module can be, for example, a front-end module (FEM). In the
example of Figure 17, a module 300 can include a packaging substrate 302, and
a number of components can be mounted on such a packaging substrate. For
example, an FE-PMIC component 102, a power amplifier assembly 104, a match
component 106, and a duplexer assembly 108 can be mounted and/or
implemented on and/or within the packaging substrate 302. Other components
such as a number of SMT devices 304 and an antenna switch module (ASM) 306
can also be mounted on the packaging substrate 302. Although all of the various
components are depicted as being laid out on the packaging substrate 302, it will
be understood that some component(s) can be implemented over other

component(s).
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[0104] 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.

[0105] Figure 18 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).

[0106] Referring to Figure 18, 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. 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.

[0107] 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.

[0108] 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. In some embodiments, the match circuit 422 can be
the example matching circuits 172a-172c described herein in reference to Figure
7. As also described herein in reference to Figure 7, the outputs of the PAs 420

can be routed to their respective duplexers 424 without impedance
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transformation (e.g., with load transformation 116 in Figure 6) when the PAs 420
are operated with HV supply. 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 18,
received signals are shown to be routed to "Rx" paths (not shown) that can
include, for example, a low-noise amplifier (LNA).

[0109] 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.

[0110] As described herein, one or more features of the present
disclosure can provide a number of advantages when implemented in systems
such as those involving the wireless device of Figure 18. For example, significant
current drain reduction can be achieved through an elimination or reduction of
output loss. In another example, lower bill of materials count can be realized for
the power amplification system and/or the wireless device. In yet another
example, independent optimization or desired configuration of each supported
frequency band can be achieved due to, for example, separate PAs for their
respective frequency bands. In yet another example, optimization or desired
configuration of maximum or increased output power can be achieved through,
for example, a boost supply voltage system. In yet another example, a number of
different battery technologies can be utilized, since maximum or increased power
is not necessarily limited by battery voltage.

[0111] 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
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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.

[0112] 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.

[0113] 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.

[0114] 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 1S:

1. A power amplification system comprising:

a Doherty power amplifier (PA) configured to receive a voltage
supply signal and a radio-frequency (RF) signal and generate an ampilified
RF signal using the voltage supply signal, the Doherty PA including a
carrier amplifier and a peaking ampilifier;

a carrier amplifier bias circuit; and

a peaking amplifier bias circuit coupled to one or more of the carrier
amplifier and the carrier amplifier bias circuit over a coupling path and
configured to provide a peaking amplifier bias signal to the peaking

amplifier based on a saturation level of the carrier amplifier.

2. The system of claim 1 further comprising an output path configured
to receive and route the amplified RF signal from the Doherty PA to a filter, the

output path substantially free of an impedance transformation circuit.

3. The system of claim 2 wherein the carrier amplifier is operating at or

close to a highest possible efficiency.

4. The system of claim 1 wherein the peaking amplifier bias signal is

proportional to the saturation level of the carrier amplifier.

5. The system of claim 1 wherein the peaking amplifier bias circuit is
configured so that a rapidly increasing base current of the carrier amplifier
resulting from its approach to saturation is mirrored to the peaking amplifier bias

circuit to thereby cause the peaking ampilifier to be turned on abruptly.

6. The system of claim 1 wherein the peaking amplifier bias signal is
based on a base current of a driver transistor of the carrier amplifier.

7. The system of claim 1 wherein the peaking amplifier bias signal is

based on an output of the carrier amplifier.

8. The system of claim 1 wherein the carrier amplifier and the peaking

amplifier each include cascode transistors.
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9. A radio-frequency (RF) module comprising:

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

a power amplification system implemented on the packaging
substrate, the power amplification system including a power amplification
system including a Doherty power amplifier (PA) configured to receive a
radio-frequency (RF) signal and generate an amplified RF signal, the
Doherty PA including a carrier amplifier and a peaking amplifier, the power
amplification system further including a carrier amplifier bias circuit and a
peaking amplifier bias circuit coupled to one or more of the carrier amplifier
and the carrier amplifier bias circuit over a coupling path and configured to
provide a peaking amplifier bias signal to the peaking amplifier based on a

saturation level of the carrier amplifier.

10.  The RF module of claim 9 wherein the peaking amplifier bias signal

is proportional to the saturation level of the carrier amplifier.

11.  The RF module of claim 9 wherein the peaking amplifier bias circuit
is configured so that a rapidly increasing base current of the carrier amplifier
resulting from its approach to saturation is mirrored to the peaking amplifier bias

circuit to thereby cause the peaking ampilifier to be turned on abruptly.

12.  The RF module of claim 9 wherein the peaking amplifier bias signal

is based on a base current of a driver transistor of the carrier amplifier.

13.  The RF module of claim 9 wherein the peaking amplifier bias signal

is based on an output of the carrier amplifier.

14. The RF module of claim 9 wherein the carrier amplifier and the

peaking amplifier each include cascode transistors.

15. A wireless device comprising:
a transceiver configured to generate a radio-frequency (RF) signal;
a front-end module (FEM) in communication with the transceiver,
the FEM including a packaging substrate configured to receive a plurality

of components, the FEM further including a power amplification system
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implemented on the packaging substrate, the power amplification system
including a Doherty power amplifier (PA) configured to receive the RF
signal from the transceiver and generate an amplified RF signal, the
Doherty PA including a carrier amplifier and a peaking amplifier, the power
amplification system further including a carrier amplifier bias circuit and a
peaking amplifier bias circuit coupled to one or more of the carrier amplifier
and the carrier amplifier bias circuit over a coupling path and configured to
provide a peaking amplifier bias signal to the peaking amplifier based on a
saturation level of the carrier amplifier; and

an antenna in communication with the FEM, the antenna configured

to transmit the amplified RF signal.

16.  The wireless device of claim 15 wherein the peaking amplifier bias

signal is proportional to the saturation level of the carrier amplifier.

17.  The wireless device of claim 15 wherein the peaking amplifier bias
circuit is configured so that a rapidly increasing base current of the carrier
amplifier resulting from its approach to saturation is mirrored to the peaking
amplifier bias circuit to thereby cause the peaking amplifier to be turned on
abruptly.

18.  The wireless device of claim 15 wherein the peaking amplifier bias

signal is based on a base current of a driver transistor of the carrier amplifier.

19.  The wireless device of claim 15 wherein the peaking amplifier bias
signal is based on an output of the carrier amplifier.

20.  The wireless device of claim 15 wherein the carrier amplifier and
the peaking amplifier each include cascode transistors.
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