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(57) ABSTRACT 

One or more embodiments of a method and apparatus taught 
herein provide a predistortion system to compensate for the 
non-linearity of a power amplifier. The system includes an 
outer predistorter, an inner predistorter, and a first adaptation 
circuit. The predistorter predistorts an input signal to generate 
a first output signal, and uses a first memory model that 
models power amplifier memory effects within a first range of 
time constants. The inner predistorter predistorts the first 
output signal to generate a second output signal, and uses a 
second memory model that models power amplifier memory 
effects within a second range of time constants that is greater 
than the first range of time constants. The second output 
signal is provided as an input to the power amplifier, and the 
first adaptation circuit adapts the outerpredistorter responsive 
to feedback from the power amplifier. 

15 Claims, 3 Drawing Sheets 
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1. 

DUAL LOOP ADAPTATION DIGITAL 
PREDISTORTION ARCHITECTURE FOR 

POWER AMPLIFERS 

RELATED APPLICATION 

This application claims the benefit of U.S. Provisional 
Patent Application 61/611,231 filed Mar. 15, 2012, and also 
claims the benefit of U.S. Provisional Patent Application 
61/611,372 filed Mar. 15, 2012, both of which are incorpo 
rated herein by reference. 

BACKGROUND 

The present invention generally relates to power amplifi 
ers, and more particularly relates to methods and apparatus 
for compensating an input signal for distortion introduced to 
the input signal by a power amplifier. 

The design of radio-frequency power amplifiers for com 
munications applications often involves a trade-off between 
linearity and efficiency. Power amplifiers are typically most 
efficient when operated at or near a so-called “saturation 
point. However, the response of the amplifier at or near the 
point of Saturation is non-linear. Generally speaking, when 
operating in the high-efficiency range, a power amplifiers 
response exhibits a nonlinear response and memory effects of 
varying duration. 
One way to improve a power amplifier's efficiency and its 

overall linearity is to utilize a predistorter to digitally predis 
tort the input to the power amplifier to compensate for the 
distortion introduced by the power amplifier. In effect, the 
input signal is adjusted in anticipation of the distortion to be 
introduced by the power amplifier, so that the output signal is 
largely free of distortion products. 

Generally, the predistortion is applied to the signal digi 
tally, at baseband frequencies, (i.e., before the signal is 
upconverted to radio frequencies). Predistortion techniques 
can be quite beneficial in improving the overall performance 
of a transmitter system, in terms of both linearity and effi 
ciency. However, recent advances in power amplifier technol 
ogy have yielded power amplifiers exhibiting more Sophisti 
cated and complex characteristics that current predistortion 
models are inadequate to handle. 

SUMMARY 

Exemplary embodiments of the invention comprise meth 
ods and apparatus for predistorting an input signal to com 
pensate for the non-linearity of a power amplifier. In one 
exemplary embodiment, a predistortion system includes an 
outer predistorter, an inner predistorter, and a first adaptation 
circuit. The outer predistorter predistorts an input signal to 
generate a first predistorted signal, and uses a first memory 
model that models power amplifier memory effects within a 
first range of time constants. The innerpredistorterpredistorts 
the first predistorted signal to generate a second predistorted 
signal, and uses a second memory model that models power 
amplifier memory effects within a second range of time con 
stants that is greater than the first range of time constants. The 
second predistorted signal is provided as an input to the power 
amplifier. The first adaptation circuit adapts the outer predis 
torter responsive to feedback from the power amplifier. 

The predistortion system may also include a second adap 
tation circuit configured to adapt the inner predistorter 
responsive to feedback from the power amplifier. In one 
example, the outer predistorter, inner predistorter, first adap 
tation circuit, and second adaptation circuit are all located 
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2 
within a wireless terminal. In another example, each of the 
outer predistorter, inner predistorter, and first adaptation cir 
cuit are located within a wireless terminal, but the second 
adaptation circuit is external to the wireless terminal. The 
inner predistorter and second adaptation circuit may form an 
inner predistortion loop, while the outer predistorter and first 
adaptation circuit may form an outer predistortion loop. 
The first memory model may include a polynomial-based 

algorithm. The second memory model may include a space 
mapping adaptation algorithm. In one example, the second 
memory model is static or quasi-static. 
A corresponding method of compensating for the non 

linearity of a power amplifier predistorts an input signal using 
an outer predistorter that generates a first predistorted signal. 
The outer predistorter uses a first memory model that models 
power amplifier memory effects within a first range of time 
constants. An inner predistorter is used to predistort the first 
predistorted signal and generate a second predistorted signal. 
The inner predistorter uses a second memory model that 
models power amplifier memory effects within a second 
range of time constants that is greater than the first range of 
time constants. The second predistorted signal is provided as 
an input to a power amplifier, and the outer predistorter is 
adapted via a first adaptation circuit, responsive to feedback 
from the power amplifier. 
The method may also include the step of adapting the inner 

predistorter via a second adaptation circuit, responsive to 
feedback from the power amplifier. In one example, the step 
of adapting the outer predistorter is performed more fre 
quently than the step of adapting the inner predistorter. The 
inner predistorter and second adaptation circuit may form an 
inner predistortion loop, and the outer predistorter and first 
adaptation circuit may form an outer predistortion loop. 
The first memory model may include a polynomial-based 

algorithm. The second memory model may include a space 
mapping adaptation algorithm. In one example, the second 
memory model is static or quasi-static. 
Of course, the present invention is not limited to the above 

features and advantages. Indeed, those skilled in the art will 
recognize additional features and advantages upon reading 
the following detailed description, and upon viewing the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates an example architecture for a pre-distor 
tion circuit. 

FIG. 2 illustrates a dual loop adaptation digital predistor 
tion architecture. 

FIG.3 illustrates an example wireless terminal implement 
ing the architecture of FIG. 2. 

FIG. 4 illustrates a method of compensating for the non 
linearity of a power amplifier. 

FIG. 5 illustrates an example generalized distortion model. 

DETAILED DESCRIPTION 

Referring now to the drawings, FIG. 1 illustrates a conven 
tional pre-distortion system 100 configured to compensate for 
distortion introduced to a communications signal by a power 
amplifier 120. As noted above, a power amplifier is typically 
most efficient when it is operated in a non-linear range. How 
ever, the non-linear response of a power amplifier causes 
unwanted out-of-band emissions and reduces the spectral 
efficiency in a communication system. 
A predistorter 110 may be used to improve the efficiency 

and linearity of the power amplifier 120 by “pre-distorting 
IPR2025-00692 

T-Mobile v. Smart RF 
Smart RF's Exhibit 2016 

Ex. 2016, Page 5 



US 8,633,769 B2 
3 

the power amplifiers input signal to compensate for the non 
linear distortion introduced by the power amplifier 120. The 
cascading of predistorter 110 and power amplifier 120 
improves the linearity of the output signal, even while power 
amplifier 120 is operated at high efficiency. Although pre- 5 
distortion is used in the circuits and systems described herein 
to linearize the output of a power amplifier 120, those skilled 
in the art will appreciate that the techniques described herein 
are more generally applicable to characterizing and/or com 
pensating for distortion caused by any type of non-linear 10 
electronic device. 
As seen in the pre-distortion system 100 pictured in FIG. 1, 

an input signal x(n) is input to a predistorter 110. Predistorter 
110 pre-distorts the input signal X(n) to compensate for the 
distortion introduced by power amplifier 120 when the power 15 
amplifier 120 is operated in its non-linear range. The pre 
distorted input signal Z(n) generated by predistorter 110 is 
then converted to analog form by a digital-to-analog con 
verter 115, and applied to the input of power amplifier 120. 
The power amplifier 120 amplifies the pre-distorted input 20 
signal Z(n) to produce an output signal y(n). If predistorter 
110 is properly designed and configured, then the output 
signaly(n) will contain fewer distortion products and out-of 
band emissions than if the power amplifier 120 were used 
alone. 25 
The signal Z(n) input to power amplifier 120 and a scaled 

version of the amplifier output signal y(n) are applied to an 
adaptation circuit 130 that uses a distortion model to deter 
mine coefficients for the predistorter 110. In one example, the 
adaptation circuit 130 may have an indirect-learning archi- 30 
tecture in which the predistorter models coefficients (param 
eters) are estimated directly from the input and outputs of 
power amplifier 120. In another example, the adaptation cir 
cuit 130 may have a direct-learning architecture in which a 
model for the power amplifier 120 is not derived, but rather, 35 
the non-linear characteristics of the power amplifier 120 are 
learned indirectly through the modeling of the pre-distortion 
necessary to counteract the distortion introduced by power 
amplifier 120. 
The analog power amplifier output signaly(n) is converted 40 

to digital form by an analog-to-digital converter 135, and is 
then scaled via attenuator 140, to reflect the net linear gain G 
that is desired from the combination of predistorter 110 and 
power amplifier 120. Scaling the output signal y(n) by the 
inverse of G permits the non-linearities introduced by power 45 
amplifier 120 to be analyzed independently from its gain. 

Power amplifiers are known to exhibit memory effects, by 
which the gain of a power amplifier lags its corresponding 
input signal by a certain amount. Such memory effects can 
further contribute to the already non-linear nature of power 50 
amplifiers. Additionally, recent advances in power amplifier 
technology, and in particular advances in the transistors used 
in power amplifiers, have yielded power amplifiers exhibiting 
more Sophisticated and complex characteristics that current 
predistortion models are inadequate to handle. 55 

FIG. 2 illustrates an improved dual loop adaptation digital 
predistortion system 200 architecture that is able to 
adequately handle more advanced power amplifiers. The pre 
distortion system 200 includes an outer loop predistorter 210, 
an inner loop predistorter 220, an outer loop predistorter 60 
adaptation circuit 230, an inner loop predistorter adaptation 
circuit 240, and a power amplifier 250. The outer loop pre 
distorter 210 predistorts input signal X(n) to generate a first 
predistorted signal Z(n) as an output. The outer loop predis 
torter 210 uses a first memory model 215 that models power 65 
amplifier memory effects within a first range of time con 
StantS. 

4 
The inner predistorter 220 predistorts the first predistorted 

signal Z(n) to generate a second predistorted signal Z(n) as an 
output. The inner predistorter 220 uses a second memory 
model 225 that models power amplifier memory effects 
within a second range of time constants that is greater than the 
first range of time constants. In one example the first range of 
time constants is on the order of several microseconds, and 
the second range of time constants is on the order of several 
seconds. Of course, this is only a non-limiting example, and 
those of ordinary skill in the art will appreciate that other 
ranges of time constants could be applicable. 
The second predistorted signal Z(n) is converted to analog 

form by a digital-to-analog converter 260, and is presented as 
an input to the power amplifier 250. Responsive to feedback 
from the power amplifier 250, the outer loop adaptation cir 
cuit 230 adapts the outer loop predistorter 210. 
To elaborate, the analog power amplifier output signaly(n) 

is converted to digital form by an analog-to-digital converter 
270, and is then scaled via attenuator 280, to reflect the net 
linear gain G that is desired from the combination of predis 
torters 210, 220 and the power amplifier 250. Scaling the 
output signaly(n) by the inverse of G permits the non-lineari 
ties introduced by power amplifier 120 to be analyzed inde 
pendently from its gain. 
The output of attenuator 280 is provided to the outer loop 

adaptation circuit 230, which adapts the outer loop predis 
torter 210 by computing coefficients for the outer loop pre 
distorter 210. The first memory model 215 is less complex 
than the second memory model 225, enabling the outer loop 
predistorter 210 to be updated more frequently than the inner 
predistorter 220. In one example each of the first and second 
memory models 215, 225 comprise respective polynomial 
based algorithms. However, as polynomial-based algorithms 
can become quite complex for longer memory effects, the 
memory model 225 of the inner predistorter 220 may instead 
comprise a space-mapping adaptation algorithm. Space-map 
ping refers to an optimization technology used to provide a 
bridge between a coarse model (e.g., a simpler polynomial 
based algorithm network) and a fine model (e.g., a neural 
network). In one or more embodiments, the space-mapping 
adaptation algorithm is based on one of the layered memory 
structures disclosed in U.S. Provisional Patent Application 
61/611,372 filed Mar. 15, 2012, which is incorporated by 
reference. 
The inner predistorter 220 may be static, or quasi-static. If 

the inner loop predistorter 220 is static, it may be configured 
during manufacture and may not be adapted thereafter. In this 
example, the coefficients of the inner predistorter 220 may be 
fixed at the factory based on a per-device fine calibration. 
Alternatively, if the inner predistorter 220 is quasi-static (i.e. 
adapted, but over longer time periods), then an optional inner 
loop adaptation circuit 240 may be included to adapt the inner 
loop predistorter 220 using the second memory model. The 
inner predistorter 220 adaptations may occur infrequently, for 
example at startup of a user terminal including the predistor 
tion system 200. 
The outer predistorter 210 and the outer adaptation circuit 

230 collectively form an “outer loop,” while the inner predis 
torter 220 and the optional inner loop adaptation circuit 240 
collectively forman “inner loop.” The outer loop is capable of 
modeling short term characteristics of the power amplifier 
250, while the inner loop is more complex and sophisticated 
and models longer term characteristics of the power amplifier 
2SO. 

In one example, the outer predistorter 210, inner predis 
torter 220, outer loop adaptation circuit 230, and inner loop 
adaptation 240 circuit are all located within a wireless termi 
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nal, Such as a user equipment (UE) or other wireless terminal 
in a wireless communication network). However, as dis 
cussed above the inner loop may be static or quasi-static. 
Therefore, in one or more embodiments, the inner loop adap 
tation circuit 240 may be external to such a wireless terminal, 
and may be located at a manufacturing facility, for example. 

FIG. 3 illustrates an example wireless terminal 300 imple 
menting the predistortion system 200 of FIG. 2. The wireless 
terminal 300 includes a baseband processor 310, a controller 
330, and a transceiver 350. The baseband processor 310 
includes a predistorter 320 (i.e. includes both the outer loop 
predistorter 210 and inner loop predistorter 220), and also 
includes the power amplifier 250. The baseband processor 
outputs signal y(n) to transceiver 350 for wireless transmis 
sion to a receiving device (e.g. a base station in a wireless 
communication network). Controller 330 includes the outer 
loop adaptation circuit 230, and may optionally also include 
the inner loop adaptation circuit 240, to adapt the predistorter 
210. 
The processor 310 and controller 330 each comprise one or 

more processor circuits, including, for example, one or more 
microprocessors, microcontrollers, digital signal processors, 
or the like, and are also each configured with appropriate 
software and/or firmware to carry out one or more of the 
techniques discussed above. 

FIG. 4 illustrates a method of compensating for the non 
linearity of a power amplifier. An input signal is predistorted 
using an outer predistorter 210 that generates a first predis 
torted signal (step 402). The outer predistorter using a first 
memory model 215 that models power amplifier memory 
effects within a first range of time constants. The first predis 
torted signal is then predistorted using an inner predistorter 
220 that generates a second predistorted signal (step 404). 
The inner predistorter uses a second memory model 225 that 
models power amplifier memory effects within a second 
range of time constants that is greater than the first range of 
time constants. For example, the first range of time constants 
may be on the order of several microseconds, while the sec 
ond range of time constants is on the order of several seconds. 
The second predistorted signal is provided as an input to a 
power amplifier 250 (step 406), and the outer predistorter is 
adapted via a first adaptation circuit 230 (step 408), respon 
sive to feedback from the power amplifier. 

FIG. 5 illustrates a generalized distortion model 500, 
which may represent the distortion introduced by the power 
amplifier 250, and which may be used in the predistorters 210, 
220, the adaptation circuits 230, 240, or both. The distortion 
model 500 comprises a structure 510 corresponding to a 
desired basis function set. The model structure 510 includes P 
taps, where each tap corresponds to a basis function. It should 
be noted that, in some embodiments, multiple taps may cor 
respond to the same basis function. In general, a greater the 
quantity of taps Pindicates a model having greater complex 
ity. Thus, for example, the first memory model 215 may have 
fewer taps than the second memory model 225 (see FIG. 2). 
The model structure 510 operates on the input signal x(n) to 

produce data signals {uo(n), u, (n), ... up (n)}. The distortion 
model 500 then computes a weighted sum of the data samples 
{uo(n), u, (n), ... up 1(n)} to obtain a distorted input signal 
d(n). More specifically, the data samples {uo(n), ui (n), . . . 
u-(n)} are multiplied by corresponding weighting coeffi 
cients wo(n), w (n), ... Wei (n)}, and the resulting products 
are added together to obtain d(n). Depending on the location 
of the model 500 (i.e., in a predistorter or in an adaptation 
circuit), the distorted input signal d(n) may correspond to an 
output of one of the predistorters 210, 220, oran output of one 
of the adaptation circuits 230, 240. 
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6 
The distortion model shown in FIG. 5 can be represented 

by: 

P 

d(n) = X wputp(n). 
p=0 

Equation 1 can be written as a linear equation according to: 

where u(n) is a Px1 vector of data samples output by the 
structure at time n, and where w is a Px1 vector of the 
weighting coefficients. 

Thus, the foregoing description and the accompanying 
drawings represent non-limiting examples of the methods 
and apparatus taught herein. As such, the present invention is 
not limited by the foregoing description and accompanying 
drawings. Instead, the present invention is limited only by the 
following claims and their legal equivalents. 
What is claimed is: 
1. A predistortion system to compensate for the non-lin 

earity of a power amplifier, comprising: 
an outer predistorter to predistort an input signal and gen 

erate a first predistorted signal, wherein the outer pre 
distorter uses a first memory model that models power 
amplifier memory effects within a first range of time 
constants; 

an inner predistorter to predistort the first predistorted sig 
nal and generate a second predistorted signal, wherein 
the inner predistorter uses a second memory model that 
models power amplifier memory effects within a second 
range of time constants that is greater than the first range 
of time constants, and wherein the second predistorted 
signal is provided as an input to the power amplifier, and 

a first adaptation circuit to adapt the outer predistorter 
responsive to feedback from the power amplifier. 

2. The predistortion system of claim 1, further comprising: 
a second adaptation circuit configured to adapt the inner 

predistorter responsive to feedback from the power 
amplifier. 

3. The predistortion system of claim 2, wherein the outer 
predistorter, inner predistorter, first adaptation circuit, and 
second adaptation circuit are all located within a wireless 
terminal. 

4. The predistortion system of claim 2, wherein each of the 
outer predistorter, inner predistorter, and first adaptation cir 
cuit are located within a wireless terminal, and wherein the 
second adaptation circuit is external to the wireless terminal. 

5. The predistortion system of claim 2, wherein the inner 
predistorter and second adaptation circuit form an inner pre 
distortion loop, and the outer predistorter and first adaptation 
circuit form an outer predistortion loop. 

6. The predistortion system of claim 1, wherein the first 
memory model comprises a polynomial-based algorithm. 

7. The predistortion system of claim 1, wherein the second 
memory model comprises a space-mapping adaptation algo 
rithm. 

8. The predistortion system of claim 1, wherein the wherein 
the second memory model is static or quasi-static. 

9. A method of compensating for the non-linearity of a 
power amplifier, comprising: 

predistorting an input signal using an outerpredistorter that 
generates a first predistorted signal, wherein the outer 
predistorter uses a first memory model that models 
power amplifier memory effects within a first range of 
time constants; 
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predistorting the first predistorted signal using an inner 
predistorter that generates a second predistorted signal, 
wherein the inner predistorter uses a second memory 
model that models power amplifier memory effects 
within a second range of time constants that is greater 5 
than the first range of time constants; 

providing the second predistorted signal as an input to a 
power amplifier, and 

adapting the outer predistorter via a first adaptation circuit, 
responsive to feedback from the power amplifier. 10 

10. The method of claim 9, further comprising: 
adapting the inner predistorter via a second adaptation 

circuit, responsive to feedback from the power amplifier. 
11. The method of claim 10, wherein said step of adapting 

the outer predistorter is performed more frequently than said 15 
step of adapting the inner predistorter. 

12. The method of claim 10, wherein the inner predistorter 
and second adaptation circuit form an inner predistortion 
loop, and wherein the outer predistorter and first adaptation 
circuit form an outer predistortion loop. 2O 

13. The method of claim 9, wherein the first memory model 
comprises a polynomial-based algorithm. 

14. The method of claim 9, wherein the second memory 
model comprises a space-mapping adaptation algorithm. 

15. The method of claim 9, wherein the wherein the second 25 
memory model is static or quasi-static. 

k k k k k 
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