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(57) Abstract: The present disclosure relates to a power amplifier (PA) system provided in a semiconductor device and having feed
forward gain control. The PA system comprises a transmit path and control circuitry. The transmit path is configured to amplify an
input radio frequency (RF) signal and comprises a first tank circuit and a PA stage. The control circuitry is configured to detect a
O power level associated with the input RF signal and control a first bias signal provided to the PA stage based on a first function of
the power level and control a quality factor (Q) of the first tank circuit based on a second function of the power level.
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LINEAR POWER AMPLIFIER

Related Applications

[0001] This application claims the benefit of U.S. provisional patent
application number 62/168,366, filed May 29, 2015, the disclosure of which is

incorporated herein by reference in its entirety.

Field of the Disclosure

[0002] The present disclosure relates to power amplifier output power level
control and linearization based on input power level detection.

Background
[0003] Many modern electronic devices include wireless communications

circuitry for processing and transmitting radio frequency (RF) signals. For
example, an electronic device may include wireless local area network (WLAN)
circuitry, cellular communications circuitry, or the like. Power amplifiers (PAs)
are used to provide amplification for the RF signals. To reduce distortion, a PA
may include a closed-loop control system that stabilizes the performance of the
PA. Unfortunately, the closed-loop control system often has a limited power
range over which it is active. For example, the closed-loop control system is not
able to operate and the effectiveness of the closed-loop control system
deteriorates going towards small-signal levels as the closed-loop control system
becomes inactive. As such, other PAs use feed forward control systems to
stabilize performance. Unfortunately, these feed forward control systems suffer
from instability due to manufacturing variations, temperature variations, and
supply variations. Thus, PAs are needed that can stabilize performance over a
wider power range and low quiescent currents. Additionally, PAs are needed
that can stabilize performance over different design corners, processes,

temperatures, supplies, operating frequencies, and load impedances.
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Summary
[0004] The present disclosure relates to a power amplifier (PA) system

provided in a semiconductor device and having feed forward gain control. The
PA system comprises a transmit path and control circuitry. The transmit path is
configured to amplify an input radio frequency (RF) signal and comprises a first
tank circuit and a PA stage. The control circuitry is configured to detect a power
level associated with the input RF signal and control a first bias signal provided to
the PA stage based on a first function of the power level and control a quality
factor (Q) of the first tank circuit based on a second function of the power level.
[0005] In other embodiments, the first and second functions are polynomial
functions comprising a linear signal and a quadratic signal. The linear signal is
approximately linear to the power level, wherein linear signal has a maximum
deviation +10% and -10% from an ideal linear function over a power level range
that is between 0.01 milliwatts and 10 milliwatts. The quadratic signal is
approximately squared to the power level, wherein quadratic signal has a
maximum deviation +10% and -10% from an ideal squared function over the
power level range.

[0006] In other embodiments, the quadratic signal is attenuated at higher
supply voltages. The rate of attenuation at higher supply voltages may be
programmable. In other embodiments, the quadratic and/or linear terms may be
limited at a combination of high supply voltage and high input power and voltage.
In other embodiments, the constant, bias may be attenuated at high supply
voltages.

[0007] In other embodiments, the control circuitry comprises a first digital-to-
analog converter (DAC) providing a constant coefficient of the first function, a
second DAC providing a linear coefficient of the first function, and a third DAC
providing a quadratic coefficient of the first function. In other embodiments, the
control circuitry further comprises a fourth DAC providing a constant coefficient of
the second function, a fifth DAC providing a linear coefficient of the second
function, and a sixth DAC providing a quadratic coefficient of the second function.
In other embodiments, the control circuitry is further adapted to control a second
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bias signal provided to the PA stage based on a third function of the power level,
wherein the third function is also a polynomial function. The PA stage may be a
cascode amplifier comprising a first transistor having one of a gate or base
coupled to the first bias signal and a second transistor having one of a gate or
base coupled to the second bias signal. In other embodiments, the transmit path
further comprises a second tank circuit and the control circuitry is further adapted
to control a Q of the second tank circuit based on a fourth function of the power
level, wherein the third function is also a polynomial function. A first pre-amplifier
stage is coupled between the first tank circuit and the second tank circuit. The
first and second tank circuits may be passive attenuation stages.

[0008] Those skilled in the art will appreciate the scope of the present
disclosure and realize additional aspects thereof after reading the following

detailed description in association with the accompanying drawings.

Brief Description of the Drawings

[0009] The accompanying drawings incorporated in and forming a part of this
Specification illustrate several aspects of the disclosure, and together with the
description serve to explain the principles of the disclosure.

[0010] Figure 1 is a block diagram of a power amplifier system for amplifying
a radio frequency (RF) input signal according to the principles of the invention.
[0011] Figure 2 is a block diagram of power detect circuitry for detecting an
input power level of the RF input signal according to the principles of the
invention.

[0012] Figure 3 is a block diagram of polynomial function circuitry according to

the principles of the invention.

Detailed Description

[0013] The embodiments set forth below represent the necessary information
to enable those skilled in the art to practice the disclosure and illustrate the best

mode of practicing the disclosure. Upon reading the following description in light
of the accompanying drawings, those skilled in the art will understand the
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concepts of the disclosure and will recognize applications of these concepts not
particularly addressed herein. It should be understood that these concepts and
applications fall within the scope of the disclosure and the accompanying claims.
[0014] Figure 1 is a block diagram of a power amplifier (PA) system 10
comprising a transmit path and control circuitry. The transmit path is coupled
between an input port P1 and an output port P2. The input port P1 is configured
to receive an input radio frequency (RF) signal and the output port P2 is
configured to provide an RF output signal. The transmit path comprises
impedance match circuitry 12, a first pre-amplifier stage 14, a first tank circuit 16,
a second pre-amplifier stage 18, a second tank circuit 20, a capacitor C1, and a
PA stage 22.

[0015] The impedance match circuitry 12 is coupled between the input port P1
and an input of the first pre-amplifier stage 14. The impedance match circuitry 12
is configured to increase power transfer and decrease reflections of the RF input
signal into the transmit path. In some embodiments, the input impedance match
circuitry 12 may provide a 50 ohm impedance for the input port P1 and a 500
ohm impedance for the first pre-amplifier stage 14. The impedance matching
circuitry 12 may comprise a resistor, a capacitor, an inductor, or a combination
hereof. In other embodiments, the impedance match circuitry 12 may further
comprise at least one transistor. The first pre-amplifier stage 14 is configured to
provide a first fixed gain to the transmit path and may comprise at least one
transistor. The first tank circuit 16 is coupled between an output of the first
preamplifier stage 14 and an input of the second preamplifier stage 18; and is
configured to vary a gain of the transmit path. The first tank circuit 16 may be a
passive attenuation stage comprising a capacitor, inductor, and a variable
resistor. The capacitor may be coupled between the output of the preamplifier
stage 14 and a first port of the inductor. A second port of the inductor may be
coupled to ground. The variable resistor may be coupled in parallel with the
inductor and configured to control a quality factor (Q) of the first tank circuit 16.

In some embodiments, the variable resistor may be a field effect transistor (FET),

wherein a drain-to-source resistance of the FET is varied with a gate-to-source
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voltage of the FET. As the drain-to-source resistance of the FET decreases the
Q is decreased and the attenuation of the first tank circuit 16 is increased. Q
control circuitry 30 is configured to receive a first function and vary the Q of the
first tank circuit 16 based on the first function.

[0016] The second pre-amplifier stage 18 is configured to provide a second
fixed gain to the transmit path. The second pre-amplifier stage 18 may comprise
at least one transistor. The second tank circuit 20 is coupled to the output of the
second pre-amplifier stage 18 and is configured to further vary the gain of the
transmit path. The second tank circuit 20 may be a passive attenuation stage
and be configured in a similar manner to the first tank circuit 16. The capacitor
C1 couples the second tank circuit 20 to an input of the PA stage 22. The
capacitor C1 is configured to provide direct current (DC) isolation for the input to
the PA stage 22 from the second tank circuit 20.

[0017] The PA stage 22 is configured as a cascode amplifier comprising FETs
Q1, Q2, and Q3. The FET Q1 is configured as a common source amplifier and
provides a first amplification of the PA stage 22. A gate of FET Q1 provides the
input of the PA stage 22. A source of FET Q1 is coupled to a ground and a drain
of FET Q1 is coupled to a source of FET Q2. The FET Q2 is configured as
common gate amplifier and provides a second amplification of the PA stage 22.
A drain of FET Q2 is coupled to a source of FET Q3. The FET Q3 is also
configured as common gate amplifier and provides a third amplification of the PA
stage 22. A drain of FET Q3 is coupled to the output port P2. Bias circuitry 24 is
coupled to a gate of the FET Q3 and is configured to provide a fixed gain of the
third amplification. Gates of the FETs Q1 and Q2 are coupled to the control
circuitry and are configured to provide variable gains to the first and second
amplifications. The output port P2 may be coupled to an inductor (not shown) to
provide a bias voltage to the drain of FET Q3. In other embodiments, the output
port P2 may be coupled to a resistor or an antenna. In other embodiments, the
PA stage 22 may comprise at least one bipolar junction transistor (BJT). The
BJT may be configured as a common emitter amplifier and replace the FET Q1.
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The BJT may also be configured as a common base amplifier and replace the
FET Q2 or the FET Q3.

[0018] The control circuitry comprises the power detect circuitry 26;
polynomial function circuitries 28-1, 28-2, 28-3, and 28-4; Q control circuitries 30
and 32; and bias circuitries 34 and 36. The power detect circuitry 26 is configured
to detect a power level associated with the input RF signal. The power detect
circuitry 26 is further configured to provide a linear signal | and a quadratic signal
1. The linear signal | is approximately linear to the power level, wherein the
linear signal | has a maximum deviation +10% and -10% from an ideal linear
function over a power level range that is between 0.01 milliwatts and 10
milliwatts. The quadratic signal I? is approximately squared to the power level,
wherein the quadratic signal 1> has a maximum deviation +10% and -10% from an
ideal squared function over the power level range. The linear signal | and the
quadratic signal 12 are coupled to the polynomial function circuitries 28-1, 28-2,
28-3, and 28-4.

[0019] The polynomial function circuitry 28-1 provides a first function to the Q
control circuitry 30, wherein the first function is a polynomial function based on
the linear signal | and the quadratic signal I2. The Q control circuitry 30 is
configured to vary the Q of the first tank circuit 16 based on the first function. The
polynomial function circuitry 28-2 provides a second function to the Q control
circuitry 32, wherein the second function is a polynomial function based on the
linear signal | and the quadratic signal I2. The Q control circuitry 32 is configured
to vary the Q of the second tank circuit 20 based on the second function.

The polynomial function circuitry 28-3 provides a third function to the bias
circuitry 34, wherein the third function is a polynomial function based on the
linear signal | and the quadratic signal I%. The bias circuitry 34 is configured to
provide a first bias signal to a gate of the FET Q1 based on the third function,
wherein the first bias signal varies a gain of the FET Q1. The polynomial function
circuitry 28-4 provides a fourth function to the bias circuitry 36, wherein the fourth
function is a polynomial function based on the linear signal | and the quadratic
signal 1. The bias circuitry 36 is configured to provide a second bias signal to a
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gate of the FET Q2 based on the fourth function, wherein the second bias signal
varies a gain of the FET Q2.

[0020] In other embodiments, the power detect circuitry 38 (as shown in
Figure 1) may be replicated for polynomial function circuitries 28-1, 28-2, 28-3,
and 28-4. In other embodiments, the first function may be directly coupled to the
first tank circuit 16, the second function may be directly coupled to the second
tank circuit 20, the third function may be directly coupled to the gate of the FET
Q1, and the fourth function may be directly coupled to the gate of the FET Q2.
[0021] Figure 2 is a block diagram of the power detector circuitry 38. A
capacitor C2 is coupled to the RF input signal. The capacitor C2 is also coupled
to a cathode of a diode D1 and an anode of a diode D2. A cathode of D2 is
coupled to the ground. An anode of diode D1 is coupled to a current source 40
and provides an RF peak detect signal for transconductance circuitry 42. The
current source 40 is also coupled to a voltage source.

[0022] The diodes D1 and D2 are forward biased by the current source 40
and the voltage source. The diode D1 conducts during a negative half cycle of
the RF input signal and the diode D2 conducts during a positive half cycle of the
RF input signal. A capacitor C3 is coupled between the RF peak detect signal
and the ground. The capacitor C3 is configure to hold a voltage of the RF peak
detect signal that is representative of both the positive and negative half cycle of
the RF input signal.

[0023] The transconductance circuitry 42 is configured to convert the voltage
of the RF peak detect signal to a current for the linear signal | and to a current for
the quadratic signal I>. The transconductance circuitry 42 may comprise a
resistor to provide a voltage to current conversion. In other embodiments, a
transconductance amplifier may provide the voltage to current conversion. The
transconductance circuitry 42 may further comprise a Wilson current mirror circuit
to provide the current for the linear signal I. The transconductance circuitry 42
may further comprise a metal oxide semiconductor FET (MOSFET) to provide
the current for the quadratic signal I? based on a square law characteristic of the
MOSFET when in saturation.
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[0024] Figure 3 is a diagram of polynomial function circuitry 28-n and may be
representative of any of polynomial function circuitries 28-1, 28-2, 28-3, and 28-4
of Figure 2. The polynomial function circuitry 28-n is configured to provide an n
function which may be representative of any of the first, second, third, and fourth
polynomial function circuitries 28-1, 28-2, 28-3, and 28-4 of Figure 2. A quadratic
coefficient (QC) digital to analog converter (DAC) 44-1 provides a first constant
current representative of a programmed input A. A linear coefficient (LC) DAC
44-2 provides a second constant current representative of a programmed input
B. A constant coefficient (CC) DAC 44-3 provides a third constant current
representative of a programmed input C. A microprocessor (not shown in Figure
3) may be configured to provide the programmed input A, the programmed input
B, the programmed input C, or a combination hereof.

[0025] A first current multiplier 46-1 is configured to receive the first constant
current and at least a portion of the current for the quadratic signal I%. The first
current multiplier 46-1 is further configured to provide a quadratic term current to
a current summing function 48. A second current multiplier 46-2 is configured to
receive the second constant current and at least a portion of the current for the
linear signal I. The second current multiplier 46-2 is further configured to provide
a linear term current to the current summing function 48. The current summing
function 48 also receives the third constant current and is configured to provide
the n-function, wherein the n function is representative of a polynomial equation
(Ax 1%+ (BxI)+C. In some embodiments, the current summing function 48
may be a summing node. A Wilson current mirror may be used to isolate the
current summing node and provide the n function.

[0026] Those skilled in the art will recognize improvements and modifications
to the present disclosure. All such improvements and modifications are
considered within the scope of the concepts disclosed herein.
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9
Claims
What is claimed is:
1. A power amplifier (PA) system comprising:

a transmit path configured to amplify an input radio frequency (RF) signal,
the transmit path comprising:
a first tank circuit; and
a PA stage;
and
control circuitry configured to detect a power level associated with the
input RF signal and control a first bias signal provided to the PA stage based on
a first function of the power level and control a quality factor (Q) of the first tank

circuit based on a second function of the power level.

2. The PA system of claim 1, wherein the first function and the second

function of the power level are polynomial functions.

3. The PA system of claim 1, wherein the transmit path further comprises a
second tank circuit and the control circuitry is further adapted to control a Q of
the second tank circuit based on a third function of the power level.

4. The PA system of claim 3, wherein the first function, the second function,
and the third function of the power level are polynomial functions.

5. The PA system of claim 3, wherein a first pre-amplifier stage is coupled

between the first tank circuit and the second tank circuit.

6. The PA system of claim 5, wherein the first tank circuit and the second

tank circuit are passive attenuation stages.
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7. The PA system of claim 1, wherein the control circuitry is further adapted
to control a second bias signal provided to the PA stage based on a third function
of the power level.

8. The PA system of claim 7, wherein the first function, the second function,
and the third function of the power level are polynomial functions.

9. The PA system of claim 7, wherein the PA stage is a cascode amplifier
comprising:

a first transistor having one of a gate or base coupled to the first bias
signal; and

a second transistor having one of a gate or base coupled to the second

bias signal.

10.  The PA system of claim 7, wherein the transmit path further comprises a
second tank circuit and the control circuitry is further adapted to control a Q of

the second tank circuit based on a fourth function of the power level.

11.  The PA system of claim 10, wherein the first function, the second function,
the third function, and the fourth function of the power level are polynomial

functions.

12.  The PA system of claim 10, wherein a first pre-amplifier stage is coupled
between the first tank circuit and the second tank circuit.

13.  The PA system of claim 12, wherein the first tank circuit and the second
tank circuit are passive attenuation stages.

14.  The PA system of claim 13, wherein the PA stage is a cascode amplifier

comprising:



10

15

20

25

30

WO 2016/195859 PCT/US2016/029708
11

a first transistor having one of a gate or base coupled to the first bias
signal; and

a second transistor having one of a gate or base coupled to the second
bias signal.

15.  The PA system of claim 14, wherein the first function, the second function,
the third function, and the fourth function of the power level are polynomial

functions.

16.  The PA system of claim 2, wherein:

the first function comprises a linear signal that is approximately linear to
the power level and a quadratic signal that is approximately squared to the power
level; and

the second function comprises the linear signal and the quadratic signal.

17.  The PA system of claim 16, wherein the control circuitry comprises:
a first digital-to-analog converter (DAC) providing a coefficient of the first
function; and

a second DAC providing a coefficient of the second function.

18. The PA system of claim 16, wherein the control circuitry comprises:

a first digital-to-analog converter (DAC) providing a constant coefficient of
the first function;

a second DAC providing a linear coefficient of the first function; and

a third DAC providing a quadratic coefficient of the first function.

19.  The PA system of claim 18, wherein the control circuitry further comprises:
a fourth DAC providing a constant coefficient of the second function;
a fifth DAC providing a linear coefficient of the second function; and
a sixth DAC providing a quadratic coefficient of the second function.
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20. The PA system of claim 15, wherein:
the first function comprises a linear signal that is approximately linear to
the power level and a quadratic signal that is approximately squared to the power
level; and
5 the second function comprises the linear signal and the quadratic signal;
and
the control circuitry comprises:
a first digital-to-analog converter (DAC) providing a constant
coefficient of the first function;
10 a second DAC providing a linear coefficient of the first function;
a third DAC providing a quadratic coefficient of the first function;
a fourth DAC providing a constant coefficient of the second
function;
a fifth DAC providing a linear coefficient of the second function; and
15 a sixth DAC providing a quadratic coefficient of the second function.
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AMENDED CLAIMS
received by the International Bureau on 29 September 2016 (29.09.2016)

Claims
What is claimed is:
1. A power amplifier, PA, system (10) having an input port (P1) configured to
receive a radio frequency, RF, input signal and an output port (P2) configured to provide
an RF output signal based on the RF input signal, wherein the PA system (10)
comprises:
a transmit path configured to amplify the RF input signal and comprising:
a first tank circuit (16) coupled between the input port (P1) and a PA stage
(22); and
the PA stage (22); and
control circuitry configured to detect a power level associated with the input RF
signal, control a first bias signal provided to the PA stage (22) based on a first function
of the power level, and control a quality factor, Q , of the first tank circuit (16) based on

a second function of the power level.

2. The PA system (10) of claim 1, wherein the first function and the second function

of the power level are polynomial functions.
3. The PA system (10) of claim 1, wherein the transmit path further comprises a
second tank circuit (20) and the control circuitry is further adapted to control a Q of the

second tank circuit (20) based on a third function of the power level.

4. The PA system (10) of claim 3, wherein the first function, the second function,

and the third function of the power level are polynomial functions.

5. The PA system (10) of claim 3, wherein a first pre-amplifier stage (18) is coupled

between the first tank circuit (16) and the second tank circuit (20).

6. The PA system (10) of claim 5, wherein the first tank circuit (18) and the second

tank circuit (20) are passive attenuation stages.

AMENDED SHEET (ARTICLE 19)



10

15

20

25

30

WO 2016/195859 PCT/US2016/029708
14

7. The PA system (10) of claim 1, wherein the control circuitry is further adapted to
control a second bias signal provided to the PA stage (22) based on a third function of

the power level.

8. The PA system (10) of claim 7, wherein the first function, the second function,

and the third function of the power level are polynomial functions.

9. The PA system (10) of claim 7, wherein the PA stage (22) is a cascode amplifier
comprising:

a first transistor (Q1) having one of a gate or base coupled to the first bias signal;
and

a second transistor (Q2) having one of a gate or base coupled to the second bias

signal.
10.  The PA system (10) of claim 7, wherein the transmit path further comprises a
second tank circuit (20) and the control circuitry is further adapted to control a Q of the

second tank circuit (20) based on a fourth function of the power level.

11.  The PA system (10) of claim 10, wherein the first function, the second function,

the third function, and the fourth function of the power level are polynomial functions.

12. The PA system (10) of claim 10, wherein a first pre-amplifier stage (18) is

coupled between the first tank circuit (16) and the second tank circuit (20).

13.  The PA system (10) of claim 1, wherein the first tank circuit (16) is configured to

vary a gain of the transmit path.

14.  The PA system (10) of claim 12, wherein the PA stage (22) is a cascode amplifier

comprising:

AMENDED SHEET (ARTICLE 19)



10

15

20

25

30

WO 2016/195859 PCT/US2016/029708

and

signal.

15.

15

a first transistor (Q1) having one of a gate or base coupled to the first bias signal;

a second transistor (Q2) having one of a gate or base coupled to the second bias

The PA system (10) of claim 14, wherein the first function, the second function,

the third function, and the fourth function of the power level are polynomial functions.

16.

power

17.

The PA system (10) of claim 2, wherein:
the first function comprises a linear signal that is approximately linear to the
level and a quadratic signal that is approximately squared to the power level; and

the second function comprises the linear signal and the quadratic signal.

The PA system (10) of claim 16, wherein the control circuitry comprises:

a first digital-to-analog converter, DAC, (44) providing a coefficient of the first

function; and

18.

a second DAC (44) providing a coefficient of the second function.

The PA system (10) of claim 16, wherein the control circuitry comprises:

a first digital-to-analog converter, DAC, (44) providing a constant coefficient of

the first function;

19.

a second DAC (44) providing a linear coefficient of the first function; and

a third DAC (44) providing a quadratic coefficient of the first function.

The PA system (10) of claim 18, wherein the control circuitry further comprises:
a fourth DAC (44) providing a constant coefficient of the second function;
a fifth DAC (44) providing a linear coefficient of the second function; and

a sixth DAC (44) providing a quadratic coefficient of the second function.

AMENDED SHEET (ARTICLE 19)
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20. The PA system (10) of claim 15, wherein:
the first function comprises a linear signal that is approximately linear to the
5 power level and a quadratic signal that is approximately squared to the power level; and
the second function comprises the linear signal and the quadratic signal; and
the control circuitry comprises:
a first digital-to-analog converter, DAC, (44) providing a constant
coefficient of the first function;
10 a second DAC (44) providing a linear coefficient of the first function;
a third DAC (44) providing a quadratic coefficient of the first function;
a fourth DAC (44) providing a constant coefficient of the second function;
a fifth DAC (44) providing a linear coefficient of the second function; and
a sixth DAC (44) providing a quadratic coefficient of the second function.
15

20
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STATEMENT UNDER ARTICLE 19(1)

The Applicant has submitted amendments under Article 19 for the above-referenced
application.

The Applicant has amended claims 1-20 to add reference signs as required by Rule 6.2(b)
(PCT). Further, the Applicant has amended claims 1, 17, and 18 to use commas instead of
parentheses in delineating acronyms. In addition, the Applicant has amended the preamble of
claim 1 to comply with the two-part form as required by Rule 6.3(b). Also, Claim 1, as
amended, includes the limitation of a first tank circuit coupled between an input port and a PA
stage. Claim 1, as amended, further includes control circuitry configured to control a quality
factor, Q , of the first tank circuit. None of the cited art, alone or in combination, teaches or
suggests a first tank circuit or any type of control of a tank circuit. Therefore, claim 1, as
amended, is allowable. Claims 2-20 depend directly or indirectly from claim 1 and are therefore

allowable for at least the same reasons as claim 1.
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