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(57) Abstract: Various examples are directed to a power amplifier circuit, comprising a digital predistortion circuit, first and second
power amplitiers, and a bias feedback circuit. The digital predistortion circuit may be configured to generate a predistorted input signal
based at least in part on an input signal. The first power amplifier may be configured to generate a first amplified signal based at least
in part on the predistorted input signal. The second power amplifier may be configured to generate a second amplitied signal based at
least in part on the predistorted input signal. The bias feedback circuit may be configured to adjust at least one of a bias of the first
power amplifier or a bias of the second power amplifier to align a first nonlinear behavior of the first power amplifier with a second
nonlinear behavior of the second power amplifier.
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DIGITAL PREDISTORTION FOR MULTIPLE POWER
AMPLIFIERS

W

CLAIM OF PRIORITY
The present application claims priornity to U.S. Provisional Patent
10 Application Serial No. 62/440,287 filed December 29, 2016, the complete

subject matter of which is hereby incorporated by reference n its entirety.

TECHNICAL FIELD
This document pertains generally, but not by way of limitation, 1o
15 mtegrated circuits and communication systerns, and particularly, but not by way

of liroitation to digital predistortion for power amplifiers.

BACKGROUND
Radiofrequency (RF) communications, such as for mobile telephony and
20 cable television, may use an RF power amplifier (PA) circuit in an RF
transmitier to produce the R signal for transmission over the air to an RF
recetver. The PA circuit may have a nonlinear gain characteristic, such as gain
compression occutring at higher power output levels, which can lead to signal

distortion at such higher power levels. Digital predistortion (DPD) is used to pre-

Y]
A

distort input to a PA to reduce distortion in the output of the PA.

BRIEF DESCRIPTION OF THE DRAWINGS
In the drawings, which are not necessartly drawn to scale, like numerals
may describe similar components in different views. Like numerals having
30 different letter suffixes may represent different mstances of sinular components.
The drawings illustrate generally, by way of example, but not by way of
fimitation, various embodiments discussed in the present document.
The patent or application file contains at least one drawing executed in

color. Copies of this patent or patent application publication with color
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drawing(s) will be provided by the Office upon request and pavment of the
necessary fee,

FIG. 1 shows a diagram of a circuit including multiple PAs.

FI(3. 2 is a diagram showing one example of a circuit including multiple

5 PAs and multiple DPD circuits.

FIG. 3 is a diagram showing one example of a circuit including moultiple
PAs and a single DPD circuit.

FIG. 4 1s a diagram showing one example of a circuit foruse in a
wireless application including multiple PAs and a single DPD circuit.

10 FIG. 5 1s a diagrarm showing another example of a circuit including
multiple PAs and a single circuit.

FIG. 6 13 a chart showing example nonlinear characteristic curves for
four example PAs.

FIG. 7 is a diagram showing one example of a circuit including multiple

15  PAs and a single DPD circuit where the biasing of the PAs 1s modified to make
their respective distortion characteristics more sumilar.

FIG. 8 is a diagram showing one example of an E&C circuit from the
circuit of FIG. 7 including additional components.

FIG. 913 a diagram showing one example of a portion of the circut of

20 FIG. 7 including the DPD circuit, the PA, and the E&C circuit,

FIG. 10 is a chart showing another example of a PA model circuit shown
in FIGS. 8 and 9 showing additional details and including a memory polynomial
model of the PA behavior.

FIG. 11 1s a chart showing results of a siroulation of an example circuit

25  including a single DPD circuit and two PAs.

FIG. 12 15 a diagram showing one example of a circuit mcluding multiple
P As and a single DPD circunt trained by the output of one of the PAs.

FIG. 13 is a chart ilustrating a simulation of the circuit of FIG. 12.

FIG. 14 1s a diagram showing another example of the circuit with the

30 DPD design circuit receiving a feedback signal that is combined from alf of the
PAs.
FIG. 15 15 a chart illustrating a simulation of a circuit in the example

configuration shown in FIG. 14
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FIG. 16 1s a diagram showing one example of the circuit including
multiple PAs and a DPD circuit where the DPD circuit 15 trained on a feedback
signal that is a combination of the outputs of the most and least linear PAs.

FIG. 17 15 a chart showing characteristics of a circuit in the example
configuration shown i FIG. 16.

FIG. 18 is a chart 1800 illustrating a stmulation of the circuit in the
example configwration shown in FIG. 14

FIG. 19 1s a chart showing example test results for a circuit including two
PAs and one DPD circuit that can provide a predistorted mput signal to both

PAs.

DETAILED DESCRIPTION

Various examples described herein are directed to systems and methods
for using a single digital predistortion (DPD} circuit to predistort input signals
for multiple power amplifiers (PAs). For example, there are many contexts in
which it 1s desirable to provide the same input signal to multiple PAs. One
example is in cable television and related cable communications where the same
input signal (e.g., representing different television channel signals or other
signals) may be transmitted to different customers across different coaxial and/or
fiber trunk hines. Some mobile telephony applications also provide the same
input signal to multiple PAs. For example, some mobile telephony technologies,
such as 5™ Generation (5G) wireless systems, utilize eleciromagnetic
beamforming that involves transmitting the same put signal from different
antennas at different power levels and phases.

FIG. 1 is a diagram of a circuit 100 including multiple PAs 114A-D. A
single digital upconverter (DUC) 102 may upconvert an input signal {o generate
an upconverted input signal. A digital to analog converter (DAC) 104 converts
the upconverted input signal to an analog input signal. Optional pre-amplifiers
106, 108 receive the analog input signal and generate a pre-amplified input
signal. The pre~amplified input signal {or the analog input signal if pre-
aroplifiers are onutted) may be provided to a power splitter 110 that divides the
signal mto four components provided to the respective power amplifiers 114A-
. Bias power source 112 provides direct current (DC) biasing to the amplifiers

114-D. In the exarople circuit 100, each PA 114A-D provides an amplified
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output signal with a power of about 0.4 W, for a total output power of 1.6 W. To
produce that 1.6 W, the DAC 104 consumes about 2.5 W, and the pre-amplifiers
106, 108 consume abowt 8 W, the bias power source consumes about 17.5 W per
power amplifier 114A-D. The total power consumed, then, is about 80.5 W
corresponding to a total sysiem efficiency of aboui 2% (e.g., 1.2 W /805 W)

FIG. 2 is a diagram showing one exarople of a circuit 200 imcluding
multiple PAs 214 A-D and multiple DPD circuits 216A-D. A DUC 202 provides
an input signal {o the respective DPD circuits 216A-D. The DPD circuits 216A-
D may generate respective predistorted signals. The predistorted signals may be
provided to respective DACs 204A-D, pre-amplifiers 206A-D, 208A-D and
ultimately to PAs 214A-D. A bias power source 212 may bias the PAs 214A-D.

In the example circuit 200, the PAs 214A-D may each generate an output
power of 0.4 W, for a total of 1.2 W of output power. The DPD circuits 216A-D
may consume about 2 W each. DACs 204A-D may consume about 2.5 W each.
Pre-amplifiers 206A-D, 208A-D may consume about 1 W each. Because the
DPD circuits 216A-D allow the PAs 214A-D {0 be driven non-linearly, the bias
power source 212 may only consume about 32.8 W, Accordingly, the total
power consumed by the circuit to generate 1.2 W is about 58.8 W, foran
efficiency of about 2.7%.

FIG. 3 is a diagram showing one exaraple of a circuit 300 including
multiple PAs 314A-D and a single DPD circuit 316, A DUC 302 provides an
input signal o the DPE circuit 316, which generates a predistorted input signal.
The predistorted mput signal is converted {o a predistorted analog signal at the
DAC 304, Pre-amplifiers 306, 308 provide amplification to the predistorted
analog signal. A power splitter 310 splits the predistorted analog signal to
provide respective inputs to PAs 314A-D. A bias power supply 312 biases the
PAs 314A-D.

In the example circuit 300, the PAs 314 A-1> may each generate an output
power of 0.4 W, for a total of about 1.2W of output power. The DPD circuit 316
may consume about 2 W. The DAC 304 may consume about 2.5 W, The pre-
amplifiers, collectivelv, may consume about 8 W; and the bias power supply
may consume about 32 8 W. Accordingly, the total power consumed to generate

the 1.2 W output is about 45.3 W, for an efficiency of about 3.5%.
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Although FIGS. 1-3 show examples including four PAs, any suitable
number of PAs may be mcluded in similar example circuits according to the
examples described herein. Also, power consumptions and efficiencies of the
circuits 106, 200, 300 described in FIGS. 1-3 are examples. In some other

S examples, different components with different power consumption may be used.

FIG. 4 is a diagram showing one example of a circuit 400 foruse in a
wireless application including multiple PAs 424 A, 424B, 424M and a single
DPD circuit 416. In some examples, the circuit 400 mav be used in a 5(3 hybrid
beamforming application. The circuit 400 includes a DUC 402 that may provide

10 anioput sigoal to the DPD circuit 416, The DPD circuit 416 may generate a
predistorted input signal, x,. The predistorted input signal x, may be provided to
the DAC 404. An analog predistorted mput signal may be split at splitter 420
inio M input signals for the M PAs 424 A, 4248, 424M. At respective misers
4224, 4228, 422N, the M signals are mixed with respective mixing signals

15 having amplitudes A1, Az, Awm, and phases @1, 2, B For example, the
respective nuxing signals may introduce different amplitudes and phases to the
respective M input signals for the PAs 424 A, 4248, 424M s0 as to implement
beamforming.

In some examaples, utilizing a single DPD circut for multiple PAs can

20 iniroduce challenges, at least because different PAs may exhibit different
distortion characteristics. Therefore, all things being egual, a predistorted signal
that results in an acceptably linear output for one PA mav not result in an
acceptably linear output for another PA, leading to uneven system performance.
For example, FIG. 5 1s a diagram showing another example of a circuit 500

25  mncluding multiple PAs 514A, 5148, 514M and a single DPD circuit. As shown,
gach PA ST4A, S4B, 514M receives an analog predisiorted input xaz The output

of the respective PAs is given by Equations [1]-[3] below:

i = Gy(xy) [1]
30

yo = Gp(x;) {2}

Y = Gy (xa0) {3]
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Equation {1] shows the ouiput characteristics of the PA 514A. Equation
[2] shows the output characteristic of the PA 514B. Fguation {3} shows the
output characteristic of the PA 514M. Because the values of Gy, Go, and Gy may
have different nonlinear components, the outputs vi, y2, yM may not be the same
S for the same predistorted input. An example equation Hustrating the distortion

characteristic Gw for a PA 18 given by Equation [4] below:

v = xa, +x°a; +x a5+ .. 141

10 Dhstortion characteristics for the PA may be represented by the nonlinear terms
of Equation [4]. The various coefficients ¢, as, as. etc., describe the magnitude
of various order nonlinear terms. Although Equation [4], the PA includes only
odd numbered nonlinear terms (e.g., 1, 3, 5, eic), some PAs may include even
numbered nonlinear terms in addition to or instead of odd numbered distortion

15 terms as shown. Also, Equation {4] shows a memoryless model of a PA. For
example, in Equation [4], the output of the PA {y} depends only on the current
value of the model variable x. This model may describe PAs with outputs that
do not sigmificantly depend on past states of the PA. An example model of a PA
with an outpwt that does depend on past states of the PA is given herein, for

20 example, with respect to Equation [ 7]

in some examples, PAs utilizing a comunon DPD circwt the distortion
characteristics of multiple PAs may be made more similar by differentially
modifving the biasing of the PAs. For example, the bias current and/or voltage of
the PAs mav be mmdividually set to make the distortion charactenstics of the PAs

25 wmore simualar. This may include, for example, modifving the bias current
provided to one or more of the PAs, modifving a bias voltage provided to one or
more of the PAs, ete. FIG. 6 13 a chart 600 showing example distortion
characteristic curves 602, 604, 606, 608 for four example PAs. In the chart 600,
the horizontal or x-axis indicates a bias current provided to the PAs (/o). The

30 vertical or y-axis indicates a distortion characteristic. In the example of FIG. 6,
the distortion characteristic 1s measured by a modulation error ratio or MER. For
exarnple, MER roay describe a ratio of the actual output of the PAs over the
ideal or undistorted output. As illustrated, the MER for the PAs may be made

simmalar by selecting bias currents that correspond to the same value for the MER.
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For example, selecting the respective bias currents Inci, Ipez, Ipes, and Ipes for
the respective PAs may cause each PA to have the sarue or a sirmlar MER. This
may enable a single DPD circuit to be used for each of the PAs.
FIG. 7 18 a diagram showing one example of a circuit 700 including
5 multiple PAs 714-1, 714-2, 714-P and a single DPD circuit 716 where the

biasing of the PAs 714-1, 714-2, 714-P is modified to make their respective
distortion characteristics more similar, The DPD circuit 716 generates a
predistorted input signal x that is provided to the various PAs 714-1, 714-2, 714-
P. For example, the signal path from the DPD circuit 716 to the PA 714-1 15

10 shown in FIG 7. The predistorted input signal x 1s provided to a DAC 704-1,
which generates an analog predistorted input signal x. An optional pre-amplifier
716~-1 provides amplification to the analog predistorted input signal x. From the
pre-araplifier 716-1, the signal proceeds to the PA 714-1, which generates an
amplified output yz. Signal paths from the DPD circuit 716 to the other PAs 714-

15 2, 714-P may include similarly DACs and pre-amplifiers.

The PAs 714-1, 714-2, 714-P may be biased by a bias currents Inci, Ince,

Incs, and Ipce provided by Power Supply Units (PSUs) 720-1, 720-2, 720-P.
PS1s 720-1, 720-2, 720-P may receive respective bias control signals wy, uz, up
from respective Estimate & Control (E&C) circunts 718-1, 718-2, 718-P. PSUls

20 720-1, 720-2, 720-F may provide the bias currents Inci, Ince, Incs, and oce based
on the respective hias control signals 1y, 12, up. For example, the current Ipcy
may be proportional to or otherwise based on the bias control signal 7, the
current Incz may be proportional to or otherwise based on the bias control signal

2, and so on. Control signals vz, uz, ur may be analog or digital signals.

Y]
A

E&C circuiis 718-1, 718-2, 718-P may generate the respective bias
control signals uy, 12, up based on {eedback signals vi, vz, ve. Feedback signals
Vi, ¥z, ye may represent the outputs of the vanious PAs 714-1, 714-2, 7i4-P. In
some examples, feedback signals y1, v2, yr received by the E&C circuits 718-1,
718-2, 718-P may be digital signals. For example, the circuit 700 may include
30 one or more analog-to~-digital converters (ADCs) 724 {o digitize the outputs of
the PAs 714-1, 714-2, 714-P. In the example of F1G. 7, a single switched ADC
724 15 shown. The switch 726 may selectively connect the ADC 724 to the
outputs of the PAs 714-1, 714-2, 714-P. For exarnple, the ADC 724 may
sequentially sample the outputs of the PAs 714-1, 714-2, 714-P and provide the
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esulting feedback signals yr, vo, yr 10 the respective E&C circuits 718-1, 718-2,
718-P.
FIG. 8 is a diagram showing one example of the E&C circuit 718-2
including additional components. For example, the feedback signal vz from the
5 PAT714-21s provided to a PA non-linear model (PA model) circuit 730-2. For
exarnple, the PA model circuit 730-2 may implement a model of the PA 714-2,
such as the model described by Equation [4] above. Given the feedback signal
2, the PA model circutt 730-2 may solve for a distortion characteristic a2} of
the PA 714-2. The distortion characteristic a2} mav be any suitable measure of
10 the distortion of the PA 714-2. For example, the distortion characteristic a(2)
may be one or more coefficients of a PA model, such as the model shown in
Equation {4] or Equation [10] below. In other examples, the distortion
characteristic af2) may be a measurement or approximation of the linearity {or
nonlinearity } of the PA such as an MER, intermodulation distortion (1M},
15 signal-to-noise ratio (SNR), error vector magnitude (EVM), third-order intercept
point (IP3}, elc.
The distortion characteristic af2) may be provided to a subtractor 732-2.
The subtractor 732-2 may also receive a target distortion characteristic drarges,
which may be provided to all PAs 714-1, 714-2, 714-P in the circuit 700. The
20 difference between the distortion characteristic af2) and the target distortion
characteristic may be an error signal e that 1s provided to a bias control circuit
734-2. The bias control circuit 734-2 may generate the bias control signal w2,
based on the error signal e. Any suitable controller configuration may be used

for the bias control circuit 734-2. For example, the bias control signal w2 may be

Y]
A

proportional to the error signal e. Although FIG. 8 shows the E&C circwit 718-2,
in some examples, other BE&C circuits 718-1, 718-P may be similarly arranged.
For example, the target distortion characteristic Gurger mav be received by all
E&C circuits 718-1, 718-2. 718-P 1n the circuit 700. In some examples, the
target distortion aureer may be determined by a conirolier, such as an integral
30 controller where the target distortion characterislic duree may be a running sum
of the error signal e.

FIG. 9 15 a diagram showing one example of a portion of the circuit 700
mncluding the DPD circuit 716, the PA 714-1, and the E&C circmt 718-1. For

exarnple, the DPD circuit 716 is shown generating the predistorted input signal x
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that is converted to analog at the DAC 701-4, amplified at pre-amplifier 716-1
and provided to the PA 714-1. The E&C circuit 718-1 includes a PA model
circuit 730-1, a subtractor 732-1, and the bias control circuit 734-1. An ADC 750
is shown connected to the output of the PA 714-1 to generate the feedback signal
5 yiforthe PA 714-1 The ADC 750 may be a dedicated ADC 750 generating the

feedback signal y; only for the PA 714-1, or may be a switched ADC that
samples all of the PAs 714-1, 714-2, 714-P to generate respective feedback
signals vz, o, ve, similar to the ADC 724 and switch 726 shown in FIG. 7.

in the example of FIG. 9, the PAs roay be donunated by third order,

10 memorviess behavior. Accordingly, the behavior of the PAs, including the PA
714-1, may be modeled by Equation {4] above and the third order coefficient as
in Equation {4} may be a good estimate of the distortion characteristic of the
PAs. In FIG. 9, the third order coefficient for the PA 714-1 is shown as as/7). As
shown, an output of the PA model circuit 730-1 1s an indication of the observed

15 thard order coefficient as(/) generated from the feedback signal y;. Similarly, the
target distortion characteristic received by the subtractor 732-1 may be a target
third order coefficient asffarger). In the example shown in FIG. 9, the bias

control circuit 734-1 implements a controller given by Equation {5] below:

20 uy = k; 2, € 151

In Equation {3], % 15 a controller gamn that may be selected, for example to
achieve convergence of the controller. Practically, a given value for the bias
control signal w:(njmay be generated considering that the immediately prior bias
25 control signal value wifn-7) already includes a version of the sum of Equation
[51. Accordingly, for each sample, the bias control circuit 734-1 may find us(n)

as indicated by Equation {6] below:

uy(n) =u(n— 1)+ kieg {6}
30
FIG. 9 also shows a chart 752 illustrating a plot of the third order coetficient a3
versus DC bias current [pe provided to the PA 714-1. For example, the bias
control circuit 734-1 may select the bias control signal ¢/ so as to drive the DC

bias current {or the PA 714-1 10 the value /por shown in the chart 752,
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As described herein, in some examples, the PA model circuits 730-1,
730-1, etc. mav model the distortion characteristic @ of the respective PAs
wtilizing a model similar to that given in Equation {4} above. FIG. 10 is a chart
showing another example of the PA model circuit 730-1 showing additional
5 details and including a memory polvoomial model of the PA behavior, For
exarnple, modeling the P As with a memorv polvnomial may enable memory
effects due to heating of the PA or other physical phenomena to be taken into
account. Again, although one PA model circuit 730-1 is shown, the
configuration shown i FIG. 10 may, i some examples, be reproduced across
[0 the different PAs of the circutt 700. In the example of FIG. 10, the PA model
circuit 730-1 models the PA 714-1 utilizing an example memory polynomial

model provided by Hquation [7] below:

¢ M
y(n) = Z Z ay () x(n — ¥
fe=0 m=0

15 In Equation [7], ym) is the teedback signal received from the PA 714-1 ata

17

given sample n of the ADC 750. The symbol a represents the distortion
characteristic of the PA 714-1, and x represenis the predistoried input generated
by the DPD civcuit 716 {and provided to the BAC 704-1). The vanable &
ndicates the order of considered coetficients. The variable m indicates the

20 memory effects considered by the model. For example, the Equation [7] shows
that the feedback signal at any given sample v(n) depends on a sum over all
relevant past samples, given by m.

The feedback signal y(m) may be provided to a rate match circuit 768-1,

which may match the sampling rate of the ADC 750 with the sampling rate of

25 the predisiorted input provided to the DAC 704-1. A buffer 766-1 may store
values of (1) over various valuss of 12 {e.g. various samples) to generate an
observed vector y. The observed vector y may be providad to the linear solver
760-1. Samples of the predistorted input signal x(»/ may be provided to a time
align circuit 770-1, which may align the sample rate of the predistorted mput

30 signal x(n) with that of the feedback signal vin). A buffer 764 may store values
of x(n) over various values of # (e.g., various samples) 1o generate an input

vecior X,

10
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30

in some examples, the PA model circuit 730-1 may solve the Equation
{71 by formulating it as a OxN linear system, given by Equation [8] below:
y=%a 18]
In Equation {8], y is the observed vector, & 15 the distortion characteristic of the
PA 714-1, and ¥ is a basis vector generated from the input vector x. For
example, ¥ may be a OxN matrix of basis terms. To generate the basis vector ¥
. the mput vector X may be provided to a basis vector generation circuit 762-1,
which may generate the basis vector W for example, as given by Equation [9]
below:
W= [Xg, e, Xy, XG L, X5 ] [9]
In Equation [9], the value x¥ may be a Ox1 basis column vector given by
Equation {10] below:
xK =[x (n—m), o, xFn—m— [10]
Referring back to Equation {8}, the distortion characteristic ¢ may be an Vx/
vecior of unknowns given by Equation {11] below:
a=[a,(0), -, a,(M), -, ag(0), «,ar(M}¥ [11]
The observed vector y and the basis vecior ¥ may be provided to a linear solver
760-1, which may generate the distortion characteristic 4, for example, utilizing
a least squares technique illustrated by Equation |12} below:
a = (§hy) gty 12}
The result oay be provided to the bias control circuit 734-1 to generate the bias
control signal u:, for example, as described herein. The various E&C circuits
718-1, 7T18-2, 718-P, described herein by examples in FIGS. 7-10, may be
implemented in any combination of hardware and software. In some examples,
E&C circutts 718-1, 718-2, 718-P may be implemented in software executed at a
digital signal processor (DSP) or other suitable hardware processor unit.

FIG. 11 is a chart showing results of a stmulation of an example circuit
mncluding a single DPD circuit and two PAs. In the exarople of FIG. 11, the two
P As are memoryless and dominated by third order distortion. For example, the
PA model circuits may generate the observed distortion characteristics ax by
solving Equation [4] above for the third order coefficient as. The third order
error may be linearly related to bias current, for example, similar to the

relationship shown in the chart 752 of FIG. 9.

11
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FIG. 11 includes three plots 1100, 1102, 1104 showing characteristics of
the two PAs over various iterations. [terations are illustrated on the horizontal or
x-axes of the plots 1100, 1102, 1104, An tteration, for example, may correspond
to one sample n of the predistorted input signal and the relevant feedback

S signals. The plot 1100 shows the bias currents provided to the first PA {(current
1106} and the bias current provided to the second PA (current 1108). As shown,
the bias currents 1106, 1108 begin at the same initial value of about 0.5 A, but
diverge in later iterations to about 0.47 A (current 1106} and about 0.4 A
{current 1108).

10 Plot 1102 shows corresponding changes to the distortion characteristic of
the amplifiers. Plot 1102 shows a target distortion characteristic {Grwger) of -40
dBc, or an a5 of about 0.005 V°. In the example of FIG. 11, the distortion
characteristic of the PAs 1s mdicated by the third order coefficient as. Initially,
the distortion characteristic for the first PA 1112 is at about -48 dBc and the

15 distortion characteristic for the second PA 1114 is at about -55 dBc. As
iHustrated, both distortion characteristics 1112, 1114 converge towards the {arget
as additional tterations are performed. This i1s borne out in the plot 1104, which
shows the disiortion characteristics of the first PA (1116) and the second PA
{(1118) with digital predistortion provided by a single BPD circuit. As shown, the

20 distortion characteristics 1116, 1118 of the PAs converge at less than -65 dBc,
indicating that the single DPD circuit may correct for both PAs to an acceptable
distortion level.

When utilizing a single DPD circuit for muldtiple PAs, the single DPD
circuit may be trained based on any suitable combination of outputs from the

25  PAs. For example, FIG. 12 is a diagram showing one example of a circuit 1200
mncluding multiplte PAs 1214-D and a single DPD circuit 1216 trained by the
output of one of the PAs 1214C. For example, a DUC 1202 may generate an
input signal, provided to the DPD circuit 1216. The DPD circuit 1216 may
generate a predistorted input signal that may be converted to analog at DAC

30 1204, pre-amplified at pre-amplifiers 1208, 1206, split at power sphitter 1210 and
provided to the respective PAs 12144, 1214B, 1214C, 1214D.

in the example of FIG. 12, the output of the PA 1214C 1s digitized at
ADC 1250 and provided to a DPD design or adaptation circuit 1252. The DPD

design circuit 1252 may train the DPD 1216 based on the output of the PA
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1214 utilizing any suitable method. FIG. 13 is a chart 1300 illustrating a
sumudation of the circuit 1200, On a horizontal or x-axis, the chart 1300 shows
MER, measured in dBc. On a vertical or v-axis, the chart 1300 shows a
probability distribution function (pdf) illustrating the percentage of simulated
5 trials in which the MER for the respective PAs fell at the indicated positions on
the x-~axis.
The chart 1300 shows a series of simulations run without the DPD circuit
1216. These are illustrated by plot 1302 corresponding to PA 1214A; plot 1304
corresponding 1o PA 1214B; plot 1306 corresponding to PA 1214C, and plot
10 1308 corresponding to PA 1214D. As dlustrated, these plots are clustered at
about 40 dBc on the x-axis, with a plus or minus three standard deviations being
about 3 dBe. The chart 1300 also shows a series of simulations run with the DPD
circuit 1216 active and trained based on a feedback signal from the PA 1214C
only, as shown in FIG. 12, These are illustrated by a plot 1310 corresponding to
15  PA1214A; a plot 1312 corresponding to the PA 1214B, aplot 1314
corresponding 1o PA 1214C and a plot 1316 corresponding to PA 1214D. As
shown, the performance of all PAs traproves, with the performance of the PA
1214C providing the feedback signal improving the most.
FIG. 14 15 a diagram showing another example of the circuit 1200 with
20 the DPD design circuit 1252 receiving a feedback signal that is combined from
all of the PAs 1214A-D. For example, FIG. 14 shows a power combiner 1260
that receives the outputs of the various PAs 1214A-D) and generates a combined
feedback signal that is provided to the ADC 1250 and uvltimately to the DPD
design circunt 1252, FIG. 15 15 a chart 1500 illustrating a simulation of the circuit
25 1200 in the example configuration shown in FIG. 14. The chart 1500 shows a
series of simulations run without the DPD aircuit 1216, These are illustrated by
plot 1502 corresponding to PA 1214A; plot 1504 corresponding to PA 12148
plot 1506 corresponding to PA 1214C, and plot 1308 corresponding to PA
12140, The chart 1500 also shows a series of simulations run with the DPD
30 crcwit 1216 active and trained based on a feedback signal from all of the PAs
1214A-1214C, as shown in FIG. 142, These are dllustrated by a plot 1510
corresponding to PA 1214A; a plot 1512 corresponding to the PA 1214B, aplot
1514 comresponding to PA 1214C and a plot 1516 corresponding to PA 1214D.

13
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As shown, the performance of all PAs improves, with the performance of the PA
1214C, with the performance often approaching the system noise floor.

Another approach to training a DPD circutt for multiple PAs may include
taking a feedback that is a combination of the most linear PA (e g.. the PA with

S the least distortion) and the least linear PA {e.g., the PA with the most
distortion). FIG. 16 1s a diagram showing one example of the circunt 1200
including multiple PAs 1214A-D and a DPD circuit 1216 where the DPD circuit
1216 1s trained on a feedback signal that is a combination of the outputs of the
most and least Hnear PAs. In the example configuration shown in FIG. 16, the

10 circuit 1200 includes the power combiner 1260 with a switch network 1270
positioned between the outputs of the power combiner 1260 and the ADC 1250,
The switch network 1270 may be selectable to connect an output or outputs of
one or more of the PAs to the power combiner 1260. The switch network may be
controlled by a PA selector 1272. Also, in the example configuration showing in

15 FIHG. 16, the circuit 1200 inchides a PA model estimator 1274 that recetves the
predistorted input signal x as shown.

The PA model estimator 1274 may receive the feedback signal from the
ADC 1250 and the predistorted inpwt x from the DPD circuit 1216 and may
generate a distortion vecior d including values for distortion characteristics of

20 the PAs 1214A-D. The distortion vector @ may be determined in any suitable
manner and provided to the PA selector circuit 1272, The PA selector circuit
1272 may select the nuninmum and maxinmm distortion values form the
distortion vector @ and configure the switch network 1270 to provide the ouiputs
of the PAs corresponding to the minimum and maximum distortion values to the
25  power combiner 1260.

FIG. 17 1s a chart 1700 showing characteristics of the circuit 1200 in the
configuration shown in FIG. 16, The chart 1700 includes a horizontal or x-axis
showing a target the distortion characteristic ¢ of the PAs and a vertical or v-axis
showing an actual distortion characteristic for the PAs with the DPD circuit

30 operating. Curve 1702 corresponds to the PA 12148, Curve 1704 corresponds to
the PA 1214A. Curve 1706 corresponds to the PA 1214D. Curve 1708
corresponds to the PA 1214C. As illustrated, the PA 1214B, indicated by the
curve 1702, has the most hnear distortion charactenistic while the PA 1214C

{curve 1708) has the least linear characteristic. Selecting a feedback signal that is
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a combination or average of all of the outputs of the PAs 1214A-D would lead to
a target distortion characteristic ¢ at the value indicated by the line 1710, As
shown, although the observed distortion characteristic for the PA 1214C are
higher than for the other PAs. If the feedback signal is a combination or average
S of only the most and least linear PAs 1214B and 1214C, the target distortion
characteristic 15 at the value indicated by the line 1712, As shown, this
configuration vields a lower overall distortion than the example where the target
distortion characteristic is determined from the outputs of all PAs 1214A-D.

In general, combining the outputs of the PAs with the most and least

10 hnear cutputs may vield lower distortion overall. In soroe cases, however, the
average or combined ouiputs of all PAs can lead to better results (for example, in
the configuration shown in FIG. 14). For example, the PA characternistics shown
in FIG. 17 incluade three PA characteristics clustered around the most inear PA
characteristic. Here the average driven DPD would vield better performance of

15 these PAs but infertor performance for the less linear PA, at least relative to the
configuration shown in FIGS. 16-17.

FIG. 18 15 a chart 1800 tllustrating a simulation of the circutt 1200 in the
example configuration shown in FIG. 14. The chart 1800 shows a series of
simulations run without the DPD cirant 1216. These are illustrated by plot 1802

20 corresponding to PA 1214A; plot 1804 corresponding to PA 12148, plot 1806
corresponding to PA 1214C, and plot 1808 corresponding to PA 12140, The
chart 1800 also shows a series of sinmdations run with the DPD circuit 1216
aclive and trained based on a feedback signal from the average of the PAs
1214A-D, as shown in FIG. 14. These are illustrated by a plot 1810

25  corresponding to PA 1214A; a plot 1812 corresponding to the PA 12148, aplot
1814 comresponding to PA 1214C and a plot 1816 corresponding to PA 1214D.
As shown, the five sigma MER for the PAs 1214A-D 15 greater than 40 dBc.

FIG. 19 is a chart 1900 showing example test results for a circut
including two PAs and one DPD circuit that can provide a predistorted input

30 signal to both PAs. In the chart 1900, the horizontal or x-axis shows MER and
the vertical or v~-axis indicates bias current in mA. Curve 1902 describes the first
PA with the DPD circuit disabled. Curve 1902 describes the second PA with the
DPD circutt disabled. Curve 1906 describes the first PA with the DPD circuit
enabled. Curve 1908 describes the second PA with the DPD circuit disabled.
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As llustrated, without DPD. to achieve a MER of less than -43 dB, the
first PA is provided with a DC bias current (Idcl) of 475 mA and the second PA
is provided with a DC bias current {(Idc2) of 485 mA. If the DPD circuit is
enabled with those bias currenis, the MER drops to -47.5 dB for the first PA and

S -46.5 for the second PA. The chart 1900 also demonstrates that with the DPD
circuit trained as described here, ~43 dB MER may be achieved with lower DC
bias currents {e.g., 407 mA for the first PA and 442 mA for the second PA).

In one example approach, a power amplifier system may include a digital
predistortion circuit configured (o receive an input signal and generale a

10 predistorted input signal; a first power amplifier coupled to receive the
predistorted mmput signal; a second power amplifier coupled to receive the
predistorted input signal; and a bias feedback circuit configured o adjust at least
one of a bias of the first power amphifier or a bias of the second power amplifier
to align a first nonlinear behavior of the first power amplifier with a second

15  nonlinear behavior of the second power amplifier.

In some examples, the power amphiier system also includes a power
combiner and a digital predistortion design circuit. The power combiner mayv be
electrically coupled to receive a first output of the first power amplifier and a
second ouiput of the second power amplifier and generate a combined oulput.

20 The digital predistortion design circuit mayv be configured to receive the
combined output and adjust the digital predistortion circuit based at least in part
on the combined output.

In some examples, the power amphifier systermn also includes a plurality of
power amplifiers, including the first and second power aroplifier, which are

25 coupled to receive the predistorted input signal. The power amplifier system may
also mnclude a digital predistortion design cireuit configured to: select a most
linear power amplifier from the plurality of power aroplifiers; select a least hinear
power amplifier from the plurality of power amplifiers; and adjust the digital
predistortion circuit based at feast in part on a combination of an output of the

30 most hnear power amplifier and an ouiput of the least linear power amplifier.

n another example approach, a power amplifier svstem coroprises a
digital predistortion circuit, a first power amplifier, and a second power
amplifier. The digital predistortion circuit may be configured (o receive an input

signal and generate a predistorted input signal. The first power amplifier be
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coupled io receive the predistoried input signal as the first signal input. The
second power amplifier may be coupled to receive the predistorted input signal
at the second signal input. The power amplifier circuit may also comprise a first
power amplifier bias control circuit configured to: receive the predistorted input
signal; recetve a first feedback signal indicative of the first signal cutput of the
first power amplifier; generate a bias error signal based at least in part on the
predistorted mnput signal and the first feedback signal; and provide a first power
amplifier bias signal to the first power amplifier based at least in part on the bias
error signal.

in some examples, the power amplifier svstern also includes a power
combiner and a digital predistortion design circuit. The power combiner may be
electrically coupled 1o receive a first output of the first power amplifier and a
second output of the second power amplifier and generate a combined output.
The digital predistortion design circuit may be configured to receive the
combined outpui and adjust the digital predistortion circuit based at least in part
on the combined cutput.

in some examples, the power amplifier systern also includes a plurality of
power amplifiers, including the first and second power amplifier, which are
coupled to receive the predisiorted input signal. The power amplifier system may
also include a digital predistortion design circuit configured to: select a most
linear power amplifier from the plurality of power amplifiers; select a least linear
power amplifier from the plurality of power amplifiers; and adjust the digital
predistortion circuit based at east in part on a combination of an output of the
most hinear power arophifier and an output of the least linear power amplifier.

In another approach, a power amplifier system comprises a digital
predistortion circuit, a first power amplifier, and a second power amplifier. The
digital predistortion circuit mav be configured to receive an nput signal and
generate a predistorted mput signal. The first power amplifier and the second
power amplifier may be coupled to receive the predistorted input signal. The
power amplifier system may also comprise a power combiner and a digital
predistortion design circuit. The power combiner may be electrically coupled to
receive a first output of the first power amplifier and a second cutput of the

second power amplifier to generate a combined outpul. The digital predistortion
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esign circuit may be configured 1o receive the combined output and adjust the
digital predistortion circuit based at least in part on the combined output.
In another approach, a power amplifier system comprises a digital
predistortion circuit, a plurality of power amplifiers, and a digital predistortion
S5 design circuit. The digital predistortion circuit may be configured to receive an
input signal and generate a predistorted mput signal. Each of the plurality of
power amplifiers may be coupled to receive the predistorted input signal. The
digital predistortion design circuit may be configured to: select a most linear
power amplifier from the plurality of power amplifiers; select a least hinear
10 power amplifier from the plurality of power amplifiers; and adjust the digital
predistortion circuit based at least in part on a combination of an output of the
most linear power amplifier and an output of the least linear power amplifier.
in another approach, a power amplifier system coroprises a digital
predistortion circuit, a plurality of power amplifiers, a hias feedback circuit, and
15  adigital predistortion design circuit. The digital predistortion circuit may be
configured to receive an input signal and generate a predistorted input signal,
The plurality of power amplifiers may be coupled to receive the predisiorted
input signal. The plurality of power amplifiers mayv also comprise a first power
amplifier and a second power amplifier. The bias feedback ciraunt may be
20 configured to adjust at least one of a bias of the first power amplifier or a hias of
the second power amplifier to align a first nonlinear behavior of the first power
amplifier with a second nonlinear behavior of the second power amplifier. The
digital predistortion design circuit may be configured to select a most hinear
power amplifier from the plurality of power amplifiers and a least linear power
25  amplifier from the plurality of power amplifiers. The digital predistortion design
circuit may also be configured to adjust the digital predistoriion circuit based at
least in part on a combination of an output of the most linear power amplifier
and an output of the least linear power amplifier.
in another approach, a power amplifier system comprises a digital
30 predistortion circuit, a plurality of power amplifiers comprising a first power
arophifier and a second power aroplifier, a first power amplifier bias control
circuit, and a digital predistortion design circuit. The digital predistoriion circuit
may be configured to receive an nput signal and generate a predistorted input

signal. The first power amplifier bias control circuit may be configured to
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receive the predistorted input signal and a first feedback signal mdicative of a
first signal output of the first power aroplifier. The first power amplifier hias
control circuit may also be configured to generate a bias error signal based at
feast in part on the predistorted input signal and the first feedback signal and
provide a first power amplifier bias signal to the first power amplifier based at
least in part on the bias error signal. The digital predistortion design circuit may
be configured to select a most linear power amplifier from the plurality of power
amplifiers and a least inear power amplifier from the plarality of power
aroplifiers. The digital predistortion design circuit may also be configured to
adjust the digital predistortion circuit based at least in part on a combination of
an output of the most hinear power amplifier and an outpwt of the least linear
power amphifier.

in another approach, a power amplifier svstem comprises a digital
predistortion circuit, a plurality of power amplifiers, and a digital predistortion
design circuit. The digital predistortion circuit may be configured to receive an
mput signal and generate a predistorted input signal. Each of the plurality of
power amplifiers mav be coupled to receive the predistorted input signal. The
digital predistortion design circutt may be configured to select a most lingar
power amplhifier from the plurality of power amplifiers and a least linear power
amplifier from the plurality of power arphifiers. The digital predistortion design
circuit may also be configured to adjust the digital predistortion circuit based at
least in part on a combination of an output of the most linear power amplifier
and an output of the least linear power amphifier.

The ahove detatled description includes references 1o the accompanying
drawings, which form a part of the detailed description. The drawings show, by
way of Mlustration, specific embodiments in which the invention can be
practiced. These embodiments are also referred to herein as “exaroples.” Such
examples can include elements in addition to those shown or described.
Howaever, the present inventors also contemplate examples in which only those
elements shown or described are provided. Moreover, the present inventors also
conternplate examples using anv combination or permutation of those elements
shown or described (or one or more aspects thereof), either with respectto a
particular exaraple (or one or more aspects thereof), or with respect to other

exarples {(or one or more aspects thereof) shown or described herein,
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In the event of inconsistent usages between this document and any
documents so incorporated by reference, the usage in this document controls. In
this document, the terms “a” or “an” are used, as is common in patent
documents, to include one or more than one, independent of any other instances
or usages of “at least one” or “one or more.” In this document, the term “or” is
used to refer to a nonexclusive or, such that “A or B” includes “A but not B,” B
but not A,” and “A and B,” unless otherwise indicated. In this document, the
terms “including” and “in which” are used as the plain-English equivalents of
the respective terms “cornprising” and “wherein.” Also, in the following claims,
the terms “including” and “comprising” are open-ended, that 1s, a system,
device, article, composition, formulation, or process that includes elements in
addition {o those listed after such a term in a claim are still deemed to fall within
the scope of that claim. Moreover, 1n the following claims, the terms “first,”
“second,” and “third,” etc. are used merely as labels, and are not intended 1o
impose numerical requirements on their objects.

Geometric terms, such as “parallel”, “perpendicular”, “round”, or
“square”, are not intended fo require absolute mathematical precision, unless the
context indicates otherwise. Instead, such geometric terms allow for vanations
due to manufacturing or equivalent functions. For example, if an element 15
described as “round” or “generally round.” a component that is not precisely
circular {e.g., one that is slightly oblong or is @ many-sided polvgon} is still
encompassed by this description.

The term “circuit” can include a dedicated hardware circuit, a general-
purpose microprocessor, digital signal processor, or other processor circuit, and
may be structurally configured from a general purpose circuit to a specialized
circuit such as using firmware or software.

Any one or more of the techniques (e.g., methodologies) discussed herein
may be performed on a machine. In various embodiments, the machine may
operaie as a standalone device or may be connected {e.g., networked) to other
machines. In a networked deployment, the machine may operate in the capacity
of a server machine, a chient machine, or both in server-chient network
environments. In an example, the machine may act as a peer machine in peer-to-
peer (P2P) (or other distributed) network environment. The machine may be a

personal computer (PC), a tablet PC, a set-fop box (§8TB), a personal digital
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assistant (PDA), a mobile telephone, a web appliance, a network router, switch
or bridge, or any machine capable of executing mstructions {sequential or
otherwise) that specify actions to be taken by that machine. Further, while only a
single machine is llustrated, the term “machine” shall also be taken to include

S any collection of machines that individually or jointly execute a set {or multiple
sets) of mnstructions to perform any one or more of the methodologies discussed
herein, such as cloud computing, software as a service (SaaS), other computer
cluster configurations.

Examples, as described herein, may include, or may operate by, logic or

10 anumber of components, or mecharusis. Circuit sets are a collection of circuits
implemented in tangible entities that include hardware {e.g., simple circuits,
gaies, logic, ete.). Circuit sel membership may be flexible over time and
underlving hardware variability. Circuit sets include members that may, alone or
in combination, perform specifiad operations when operating. In an example,

15 hardware of the circuit set may be immutably designed {0 carry out a specific
operation (e.g., hardwired). In an example, the hardware of the circuit set may
imclude variably connected physical components (e.g., execution units,
transistors, simple circuiis, etc.) including a computer readable medium
physically modified (e 2., magnetically, elecincally, moveable placement of

20 invanant massed particles, stc ) to encode instructions of the specific operation.
In connecting the physical components, the underlying electrical properties of a
hardware constituent are changed, for example, from an insulator {0 a conductor
or vice versa. The mstructions can enable embedded hardware (e.g., the
execution units or a loading mechanism) to create merbers of the circutt set m

25  hardware via the variable connections to carry out portions of the specific
operation when in operation. Accordingly, the computer readable medium is
connunicatively coupled to the other coraponents of the circuit set merober
when the device is operating. In an example, any of the physical components
may be used in more than one member of more than one circuit set. For example,

30 under operation, execution units may be used in a first circuit of a first circuit set
at one point in time and reused by a second circuit in the first circuit set, or by a
third circuitf in a second circuit set at a different time.

Particular implementations of the systems and methods described herein

may mvolve use of a machine (e.g., computer system) that may include a
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hardware processor {e.g., a central processing umt {CPU), a graphics processing
unit (GPL), a hardware processor core, or any combination thereof), a mam
memory and a static memory, some or all of which may communicate with gach
other via an interlink {e.g., bus}. The machine may further include a display unit,
S an alphanumeric input device {e.g., a keyboard), and a user mterface (UT)

navigation device (e.g., a mouse). In an example, the display unit, input device
and Ul navigation device may be a touch screen display. The machine may
additionally include a storage device (e.g., drive unit}, a signal generation device
{e.g.. a speaker), a network interface device, and one or more sensors, such as a

10 global positioning system (GPS) sensor, corapass, accelerometer, or other
sensor. The machine may include an output controlier, such as aserial {e.g..
untversal serial bus (USB), parallel, or other wired or wireless {e.g., infrared
(IR}, near field communication {(NFC), eic.) cormection to conununicate or
control one or more peripheral devices {e.g., a printer, card reader, etc.).

15 The storage device mayv include a machine readable mediim on which is
stored one or more sets of data structures or instractions {(e.g., sofhware)
ernbodying or utilized by any one or more of the techniques or functions
described herein. The instructions may also reside, completely or at least
partially, within the main memory, within static memory, or within the hardware

20 processor during execution thereof by the machine. In an example, one or any
combination of the hardware processor, the maim memory, the static memory, or
the storage device may constitute machine readable media.

While the machine readable medium can include g single medium, the
term "roachine readable medium” may include a single roedium or multiple

25  media{e.g.. a centralized or distributed database, and/or associated caches and
servers) configured to store the one or more msiructions.

The term “machine readable medium” may include any medium that is
capable of storing, encoding, or carrving mstructions for execution by the
machine and that cause the machine to perform any one or more of the

30 techniques of the present disclosure, or that is capable of storing, encoding or
carrying data structures used by or associated with such instructions. Non-
limiting machine readable medium examples may include solid-state memories,
and optical and magnetic media. In an example, a massed machine readable

medium comprises a machine readable medium with a plurality of particles
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having invariant {e.g., rest} mass. Accordingly, massed machine-readable media
are not transitory propagating signals. Specific examples of massed machine
readable media may include: non-volatile memory, such as senmiconductor
memory devices {e.g., Electrically Programmable Read-Only Memory
{(EPROM), Elecinically Erasable Programmable Read-Only Memory
(EEPROM)) and flash memory devices; magnetic disks, such as internal hard
disks and removable disks; magneto-optical disks; and CD-ROM and DVD-
ROM disks.

The instructions may further be transmitted or received over a
communications network using a transmussion medium via the network nterface
device wtilizing any one of a number of transfer protocols (e.g., frame relay,
internet protocol {(IP), transmission control protocol (TCP), user datagram
protocol (UDP), hvpertext transfer protocol (HTTP), etc.). Example
communication networks may include a local area network (LAN}, a wide area
network (WAN), a packet data network (e.g., the Internet), mobile telephone
networks {e.g., cellalar networks), Plain Old Telephone (POTS) networks, and
wireless data networks {e.g., Institute of Elecirical and Electronics Engineers
(IEEE) 802.11 family of standards known as Wi-Fi®, IEEE 802.16 family of
standards known as WiMax®), IEEE 802.15.4 famuly of standards, peer-to-peer
(P2P) networks, among others. Tn an example, the network interface device may
include one or more physical jacks (e.g.. Ethernet, coaxial, or phone jacks) or
one or more antenmas to connect to the communications network. In an example,
the network interface device may include a plurality of antennas to wirelessly
communicate using at least one of single-input multiple~-output (SIMO),
multiple-input multiple-output (MIMO), or multiple-input single-output (MISO)
technigues. The term “transmission mediom” shall be taken to include any
mtangible medium that is capable of storing, encoding or carryving instructions
for execution by the machine, and includes digital or analog communications
signals or other intangible medium to facilitate communication of such software.

Method examples described herein can be machine or computer-
irnplemented at least in part. Some examples can include a computer-readable
medium or machine-readable medium encoded with instructions operable {0
configure an electronic device (o perform methods as described in the above

exarnples. An implerentation of such methods can include code, such as
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microcode, assembly language code, a higher-level language code, or the like.
Such code can include computer readable instructions for performang various
methods. The code may form portions of computer program products. Further, in
an example, the code can be tangibly stored on one or more volatile, non-
transitory, or non-volatile tangible computer-readable media, such as during
execution or at other tirnes. Examples of these tangible corapuier-readable media
can include, but are not limited to, hard disks, removable magneatic disks,
removabie optical disks {e.g., compact disks and digital video disks}, magnetic
casseties, memory cards or sticks, random access memories (RAMs), read only
memories (ROMs), and the hike,

The above description s intended to be tiustrative, and not restrictive.
For example, the above-described examples {or one or more aspects thereof)
may be used in combination with each other. Other embodiments can be used,
such as by one of ordinary skill in the art upon reviewing the above description.
The Abstract is provided to comply with 37 C.F.R. §1.72(b), to allow the reader
to quickly ascertain the nature of the technical disclosure. It is submitted with the
understanding that it will not be used to mterpret or lirnit the scope or meaning
of the claims. Also, in the above Detailed Description, various features may be
grouped ogether to streamliine the disclosure. This should not be interpreted as
intending that an unclaimed disclosed feature 1s essential to any claim. Rather,
inventive subject matter may lie in less than all features of a particular disclosed
embodiment. Thus, the following claims are hereby incorporated into the
Detailed Description as examples or embodiments, with each claim standing on
its own as a separate embodiment, and it is contemplated that such embodirvents
can be combined with each other in various combinations or permwtations. The
scope of the invention should be determuned with reference to the appended

claims, along with the full scope of equivalents to which such clairos are entitled.
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CLAIMS:

We clainy

1. A power amplifier circuit, comprising:
S a digiial predistortion circwt configured to generate a predistorted input

signal based at least 1o part on an input signal;

a first power amplifier configured to generate a first amplified signal
based at least in part on the predistorted mput signal;

a second power amplifier configured to generate a second amplified

10 signal based at least in part on the predistorted input signal; and

a bias feedback circuit configured to adjust af least one of a bias of the
first power amplifier or a bias of the second power amplifier (o align a first
nounlinear behavior of the first power amplifier with a second nonlinear behavior

of the second power amplifier.

2, The power amplifier circunt of claim 1, further comprising:

a power combiner 10 generate a combined output signal based at least
in part on the first amplified signal and the second amplified signal; and

a digital predistortion design circuit configured to adjust the digital

20 predistortion circuit based at least in part on the combined output.

3. The power amplifier circuit of any of claims 1, further comprising:
a plurality of power amplifiers, wherein the plurality of power
amplifiers comprises the first power amplifier and the second power amplifier;
25 and
a digital predistortion design circuit configured to perform operations
comprising:
selecting a most linear power amphifier from the plurality of power
amplifiers;
30 selecting a least linear power amplifier from the plurality of power
amplifiers; and
adjusting the digital predistortion circuit based at least in part on a
cornbination of an output of the most linear power amplifier and an

output of the least linear power amplifier.

142
W
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4. The power amplifier circuit of any of claims 1-3, wherein the bias
feedback circwnt is further configured to perform operations comprising;
receiving the predistorted input signal;
receiving a first feedback signal indicative of the first amplified signal;
5 generating a bias error signal based at least in part on the predistorted
input signal and the first feedback signal; and
providing a first power amplifier bias signal to the first power amplifier

based at least in part on the bias error signal.

JL Y The power amplifier circuit of any of claims 1-3, further comprising:

a first mixer to generate a first mixer ouiput signal based at least in part
on a first nuxing signal and the predistorted mput signal, wherein the first
amplified signal is also based at least in part on the first mixer output signal; and

a second mixer to generate a second mixer ouiput signal based af ieast

IS part on a second mixing signal and the predistorted input signal, wherein the
second amplified signal is also based at least in part on the second mixer output

signal.

6. The power amplifier circutt of any of claims 1-3, wherein the bias
20 feedback circuit further comprises:
a first estimate and control circunt configured (o generate a first bias
control signal;
a first power supply unit configured to generate a first bias current for

the first power amplifier based at least in part on the first bias control signal;

™D
Lh

a second estimate and control circuit configured to generate a second
bias control signal; and

a second power supply unit configured to generate a second bias
current for the second power amplifier based at least i part on the second bias

control signal.

7. The power amplifier circuit of anv of claims 1-3, wherein the bias
feedback circwt further comprises:

a first nonlinear model circuit configured to generate a first distortion
characteristic signal describing the first power amplifier based at least in part on

35 the first aroplified signal; and
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15

20

25

30

a bias control circuit configured to generate a first bias control signal
hased at least 10 part on a first distortion error signal indicating a difference

between the first distortion characteristic and a target distortion characteristic.

8. The power amplifier circuit of any of claims 1-3, wherein the bias
feedback circuit is configured to adjust at least one of the bias of the first power
ampiifier or the bias of the second power amplifier based at least in part on the

first amplified signal.

9. A method for driving first power amplifier and second power
amplifiers with a digital predistortion ciraut, the method comprising:

generating, with the digital predistortion circuit, a predistorted input
signal based at least in part on an input signal;

generating, with the first power amplifier, a first amplified signal based
at least in part on the predistorted input signal;

generating, with the second power amplifier, a second amplified signal
based at least in part on the predistorted input signal; and

adjusting at least one of a bias of the first power amplifier or a bias of
the second power aroplifier to align a first nonlinear behavior of the first power

amplifier with a second nonlinear behavior of the second power amplifier.

10, The method of claim 9, further comprising:

generating a combined output signal based at least in part on the first
arplified signal and the second amplified signal; and

adjusting the digital predistortion circuit based at least in part on the

combined output,

i1, The method of any of claims 9, further comprising:

selecting from a plurality of power amplifiers configured to receive the
predistorted signal, a most linear power amplifier from the plurality of power
amplifiers, wherein the plurality of power amplifiers comprises the first power
amplifier and the second power amplifier;

selecting from the plurality of power amplifiers a least linear power

arophifier; and
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adjusting the digital predistortion circuit based at least in part on a
combination of an output of the most linear power amplifier and an output of the

least linear power amplifier.

5012 The method of any of claims 9-11, further comprising:
receiving the predistorted input signal;
receiving a first feedback signal indicative of the first amplified signal;
generating a bias error signal based at least in part on the predistorted
input signal and the first feedback signal; and
10 providing a first power amplifier bias signal to the first power amplifier

based at least in part on the bias error signal.

13, The method of any of claims 9-11, further comprising:
generating a fivst mixer output signal based at least in part on a first
15 nuxing signal and the predistorted input signal, wherein the furst amplified signal
is also based at least in part on the first mixer output signal; and
generating a second mixer output signal based at least in parton a
second mixing signal and the predistorted input signal, wherein the second

amplified signal is also based af least in part on the second mixer output signal.

20
14. The method of any of claims 9-11, further comprising:
generating a first bias conirol signal;
generating a first bias current for the first power amplifier based at
least in part on the first bias conirol signal;
25 generating a second bias control signal; and
generating a second bias current for the second power amplifier based
at least in part on the second bias control signal.
15. The method of any of claims 9-11, further comprising:
30 generating a first distortion characteristic signal describing the first
power amplifier based at least in part on the first aroplified signal; and
generating a first bias conirol signal based at least in part on a first
distortion error signal indicating a difference between the first distortion
charactenistic and a target distortion characteristic.
35
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16. The method of any of claims 9-11, further comprising adjusting at
least one of the bias of the first power amplifier or the bias of the second power

amplifier based at least in part on the first amplified signal.

5 17 A power amplifier circuit, comprising:
a digital predistortion circuit configured to generate a predistorted input
signal based at feast in part on an input signal;
a pharality of power amplifiers, wherein each of the plurality of power
amplifiers is electrically coupled to receive the predistorted mput signal; and
10 a digital predistortion design circuit configured to perform operations
comprising:
selecting a most linear power amplifier fror the plurality of power
amplifiers;
selecting a least hinear power amplifier from the plurality of power
15 amplifiers; and
adjusting the digital predistortion circuit based at least in part on a
combination of an output of the most linear power amplifier and an

output of the least linear power amplifier.

20 18, The power amplifier circuit of claim 17, wherein the plurality of power
armplifiers comprises a first power amphifier and a second power amplifier,
further comprising;

a bias feedback circuit configured to perform operations comprising
adjusting at least one of a bias of the first power amplifier or a bias of the second

25 power amplifier to align a first nonlinear behavior of the first power amphfier

with a second nonlinear behavior of the second power araplifier.

19, The power amplifier circunt of any of claims 17-18, further comprising
a power amplifier bias control circuit configured to perform operations
30 comprising:
receiving the predistoried input signal;
receiving a first feedback signal indicative of a first signal output of a
first power amplifier of the plurality of power amplifiers;
generating a bias error signal based at least in part on the predistorted

35  nput signal and the first feedback signal; and
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10

15

providing a first power amplifier bias signal to the first power
aroplifier, wherein the first power amplifier bias signal is based at least in part on

the bias error signal.

20, The power amplifier circuit of anv of claims 17-18, further
Comprising:

a first mixer to generate a first mixer ouiput signal based at least in pait
on a first mixing signal and the predistorted input signal, wherein a first
amplified signal generated by a first power amplifier of the plurality of power
amplifiers is based at least in part on the first mixer output signal; and

a second mixer to generate a second mixer output signal based at least
in part on a second mixing signal and the predistorted input signal, wherein a
second amplified signal generated by a second power amplifier of the plurality

of power amplifiers is based at least in part on the second mixer output signal.
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