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Predistortion According to an Artificial Neural Network (ANN)-based Model

TECHNICAL FIELD
The present invention relates generally to predistorting an input signal to a non-linear
electronic device and, more particularly, to predistorting the input signal according to an artificial
neural network (ANN)-based model that dynamically models memory effects with a multi-unit

delay interval between at least one pair of adjacent delays in a tapped delay line.

BACKGROUND

The design of radio-frequency power amplifiers (PAs) for communications applications
often involves a trade-off between linearity and efficiency. Power amplifiers are typically most
efficient when operated at or near the 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 amplifier's response exhibits a nonlinear response and memory
effects.

One way to improve a power amplifier's efficiency and its overall linearity is to digitally
predistort 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, digital predistortion is applied to the signal at baseband frequencies, i.e., before the
signal is upconverted to radio frequencies.

These techniques can be quite beneficial in improving the overall performance of a
transmitter system, in terms of both linearity and efficiency. Furthermore, these techniques can
be relatively inexpensive, due to the digital implementation of the predistorter. In fact, with the
availability of these techniques, power amplifiers may be designed in view of more relaxed
linearity requirements than would otherwise be permissible, thus potentially reducing the costs
of the overall system.

Some techniques realize these advantages by accounting for memory effects, i.e., the
dependence of an output signal on prior states of the input signal as well as on the present
state. One problem associated with adding memory effects to conventional distortion models,
however, is the extra instability added to the model parameter evaluation process due to the
introduction of the memory model terms in the model. A fundamental source of this added

instability is the high correlation among the data samples used in the parameter evaluations.

SUMMARY
One or more embodiments herein employ an artificial neural network (ANN)-based
model that advantageously models memory effects for predistortion in a way that increases the

stability of the model parameter evaluation process, as compared to known approaches. The
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ANN-based model includes a tapped delay line configured to model these memory effects with
a multi-unit delay interval between at least one pair of adjacent delays. The multi-unit delay
interval decreases correlation between successive data samples, as compared to a unit delay
interval. This in turn increases the stability of the model parameter evaluation process.

More particularly, one or more embodiments herein include a method for predistorting an
input signal at a predistorter to compensate for distortion introduced by a non-linear electronic
device (e.g., a power amplifier) operating on the input signal to produce an output signal. The
method entails generating first and second signal samples for each of a plurality of sampling
time instances. The first and second signal samples represent the input and output signals,
respectively, and are spaced at unit-delay intervals. Each of the second signal samples
corresponds in time to one of the first signal samples.

The method further entails calculating, from the first and second signal samples,
parameters for an ANN-based model. In at least some embodiments, these parameters include
at least one of weighting parameters and bias parameters for artificial neurons in the ANN-
based model. Regardless, the ANN-based model includes a tapped delay line and is configured
to dynamically model memory effects of the distortion introduced by the electronic device, or of
the response of the predistorter, with a multi-unit delay interval between at least one pair of
adjacent delays. The method also includes predistorting the input signal according to the ANN-
based model, to produce a predistorted input signal for input to the electronic device.

In some embodiments, the ANN-based model is configured to dynamically model
memory effects of the response of the predistorter. In this case, an input to the ANN-based
model corresponds to the second signal samples and an output of the ANN-based model
corresponds to the first signal samples. Moreover, calculating the parameters from the first and
second signal samples comprises directly estimating the parameters from the first and second
signal samples.

In other embodiments, by contrast, the ANN-based model is configured to dynamically
model memory effects of the distortion introduced by the electronic device. In this case, an input
to the ANN-based model corresponds to the first signal samples and an output of the ANN-
based model corresponds to the second signal samples.

In at least one embodiment, the multi-unit delay interval between the at least one pair of
adjacent delays differs from a delay interval between at least one other pair of adjacent delays.
That is, the delay intervals between different pairs of delays in the tapped delay line are non-
uniform. In other embodiments, though, the ANN-based model models the memory effects with
the same multi-unit delay interval between each pair of adjacent delays, i.e., the delay intervals
between different pairs of delays in the tapped delay line are uniform.

Regardless, the tapped delay line in one or more embodiments is a variable tapped
delay line. In one such embodiment, for example, processing at the predistortion circuit further

includes dynamically selecting the multi-unit delay interval between the at least one pair of
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adjacent delays from a plurality of candidate multi-unit intervals, based on the ratio of the
sampling rate of the first and second samples to a nominal baseband bandwidth of the input
signal. In embodiments where the delay intervals between pairs of adjacent delays are uniform,
this amounts to dynamically selecting the same multi-unit delay interval.

With configurable delay intervals as described above, the ANN-based model according
to one or more embodiments herein dynamically models those of the memory effects that occur
over a first term with a first delay interval between each of one or more first pairs of adjacent
delays, and dynamically models those of the memory effects that occur over a second term with
a second delay interval between each of one or more second pairs of adjacent delays. In one
embodiment, for example, the first term is shorter than the second term, the one or more
second pairs of delays follow the one or more first pairs of delays in the tapped delay line, the
first delay interval comprises a unit delay interval, and the second delay interval comprises a
multi-unit delay interval.

Embodiments herein also include a corresponding apparatus configured to perform the
processing above. In particular, embodiments herein include a predistortion circuit that includes
a sampling circuit, a distortion modeling circuit, and a predistorter configured to operate as
described above.

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

Figure 1 is a block diagram of a predistortion circuit configured according to one or more
embodiments.

Figure 2 is a functional block diagram of an artificial neural network (ANN)-based model
used by the predistortion circuit of Figure 1 according to one or more embodiments where the
ANN-based model has a multilayer perceptron structure.

Figure 3 is a block diagram of a distortion modeling circuit included in the predistortion
circuit of Figure 1 according to one or more embodiments.

Figure 4 is a block diagram of a distortion modeling circuit included in the predistortion
circuit of Figure 1 according to one or more other embodiments.

Figures 5A-5D are block diagrams illustrating details of an ANN-based model according
to one or more embodiments where the model has a feedforward structure.

Figure 6 is a block diagrams illustrating details of an ANN-based model according to one
or more embodiments where the model has a recurrent structure.

Figure 7 is a logic flow diagram of processing performed by a predistortion circuit

according to one or more embodiments.
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Figure 8 is a logic flow diagram of additional processing performed by the predistortion

circuit according to one or more embodiments.

DETAILED DESCRIPTION

Figure 1 illustrates a predistortion system10 that includes a non-linear electronic device
12, such as a power amplifier in a wireless transmitter circuit of a base station or mobile device.
The device 12 introduces distortion to the signal 14 on which it operates and thereby threatens
the integrity of the device’s output signal 16. To address this, the system 10 also includes a
predistortion circuit 18. The predistortion circuit 18 predistorts the input signal 14, in order to
compensate for the distortion that will be introduced by the device 12, and then inputs the
resulting predistorted input signal 14 into the device 12 (as referred to herein, input signal 14A
denotes the input signal 14 before it is predistorted, while input signal 14B denotes the input
signal 14 after it is predistorted). This way, when the device 12 introduces distortion to the
predistorted input signal 14B, the output signal 16 will contain fewer distortion products than
without the predistortion circuit 18.

In at least some embodiments, the predistortion system 10 applies this predistortion to
the input signal 14A at a lower frequency (e.g., at a baseband frequency) and then upconverts
the resulting predistorted input signal 14B to a higher frequency (e.g., a radio frequency) before
inputting that signal 14B to the device 12. In this case, therefore, the predistortion system 10
includes an upconversion / filtering circuit 22 configured to upconvert the predistorted input
signal 14A. This upconversion in frequency is of course reflected in the output signal 16 as well.
Thus, as explained below, because the predistortion circuit 18 determines the predistortion to
apply based on the output signal 16, the predistortion circuit 18 in this case may include a
corresponding downconverter (not shown) in order to shift the output signal 16 back to the lower
frequency.

Moreover, in embodiments where the device 12 comprises a power amplifier, the
predistortion circuit 18 may include an attenuator (not shown) in order to scale the output signal
16 by the inverse of the net linear gain G that results from the combination of the predistortion
circuit 18 and the power amplifier. Scaling the output signal 16 by the inverse of G permits the
non-linearities introduced by the power amplifier to be analysed independently of its gain.

Irrespective of these variations, though, the predistortion circuit 18 in Figure 1 includes a
sampling circuit 24, a distortion modelling circuit 26, and a predistorter 28. The sampling circuit
24 (which in some embodiments includes a downconverter and/or an attenuator as discussed
above) is configured to generate samples of the input signal 14 and the output signal 16 for
each of a plurality of sampling time instances. As used herein, the input signal samples will be
referred to as first signal samples 30 that represent the input signal 14, and the output signal
samples will be referred to as second signal samples 32 that represent the output signal 16. In

embodiments that upconvert the predistorted input signal 14B, the sampling circuit 24 may
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generate the first sighal samples 30 either before or after upconversion of the predistorted input
signal 14B. Regardless, the first signal samples 30 are spaced at unit-delay intervals from the
second signal samples 32, meaning that the first signal samples 30 are delayed by one
sampling time instance relative to the second signal samples 32. Each of the second signal
samples 32 therefore corresponds in time to one of the first signal samples 30.

From these first and second signal samples 30, 32, the distortion modelling circuit 26
calculates parameters for an artificial neural network (ANN)-based model 36 that models either
(1) the distortion introduced by the device 12; or (2) the response of the predistorter 28 to that
distortion. Based on this model 36, the distortion modelling circuit 26 sends a control signal 34
to the predistorter 28 for configuring the predistorter 28 to compensate for or otherwise
effectively reverse the distortion introduced by the device 12. In at least some embodiments, for
example, the control signal 34 indicates adjustments to the parameters of a model or non-linear
transfer function maintained by the predistorter 28 for modelling the predistorter’s response. The
model maintained by the predistorter 28 may be a replica of the ANN-based model 36
maintained by the distortion modelling circuit 36. Regardless, the predistorter 28 predistorts the
input signal 14A according to the ANN-based model 36, to produce the predistorted input signal
14B for input to the device 12.

The ANN-based model 36 functionally comprises an interconnected group of signal
processing elements (referred to as artificial neurons, ANs). As explained in more detail below,
the distortion modelling circuit 26 configures each of a plurality of artificial neurons (e.g., each
artificial neuron forming a hidden layer or an output layer in a multilayer perceptron structure) for
signal processing according to a plurality of weighting parameters (i.e., coefficients or factors)
and a bias parameter. The ANN-based model 36 also includes a tapped delay line for
dynamically modelling memory effects of the device’s distortion or of the predistorter’s
response. Notably, the ANN-based model 36 models these memory effects with a multi-unit
delay interval between at least one pair of delays that are adjacent in the tapped delay line. This
means that the successive data samples corresponding to the adjacent delays are separated by
multiple sampling time instances and therefore have less correlation than if they were separated
by only a single sampling time instance. This decreased correlation advantageously increases
the stability with which the distortion modelling circuit 26 calculates the parameters of the ANN-
based model (e.g., the weighting parameters and bias parameter for each of a plurality of
artificial neurons).

In some embodiments, increasing parameter calculation stability in this way nonetheless
degrades the ANN-based model’s performance, e.g., as manifested in terms of normalized
mean square error (NMSE) between the actual output of the model 36 and the desired output of
the model 36. In this case, therefore, the determination of the multi-unit delay interval between
the at least one pair of adjacent delays is based on the trade-off between parameter calculation

stability and model performance.
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Regardless, in at least some embodiments, the delay intervals between different pairs of
delays in the tapped delay line are uniform, meaning that the ANN-based model 36 models the
memory effects with the same multi-unit delay interval between each pair of adjacent delays. In
other embodiments, by contrast, the delay intervals between different pairs of delays in the
tapped delay line are non-uniform. In this case, therefore, the multi-unit delay interval between
one pair of adjacent delays may differ from the delay interval between a different pair of
adjacent delays. The delay interval between this different pair of adjacent delays, for instance,
may be a unit delay interval rather than a multi-unit delay interval or may be a different multi-unit
delay interval.

With the number of unit delay intervals between adjacent delays configurable in this way,
the ANN-based model 36 in some embodiments models memory effects over one term (e.g., a
short term) with a particular delay interval (e.g., a unit delay interval) between each of one or
more pairs of adjacent delays, and models memory effects over another term (e.g., a long term)
with a different delay interval (e.g., a multi-unit delay interval) between each of one or more
other pairs of adjacent delays. For example, the tapped delay line may have one or more pairs
of adjacent delays with unit delay intervals therebetween, followed by one or more pairs of
adjacent delays with multi-unit delay intervals therebetween. This approach facilitates the fine-
resolution modelling of short-term memory effects, with coarser modelling of longer-term effects.
Other configurations of non-uniform delay intervals are also possible.

Irrespective of whether or not the delay intervals are uniform across different pairs of
adjacent delays in the tapped delay line, the distortion modelling circuit 26 in at least some
embodiments is configured to dynamically select one or more of those delay intervals such that
the tapped delay line is variable. Dynamic selection of delay intervals in this way proves
advantageous, for example, in embodiments where the system 10 is configured to operate with
different input signal 14A bandwidths at different times. Indeed, given a certain sampling rate,
changing the input signal 14A bandwidth causes the ratio between the sampling rate and the
input signal 14A bandwidth to change. This in turn changes the degree of correlation among
successive samples of the input 40 to the ANN-based model 36. The distortion modelling circuit
26 in these embodiments therefore dynamically selects one or more delay intervals (e.g., a
multi-unit delay interval between at least one pair of adjacent delays) responsive to adjustments
in the input signal 14A bandwidth, e.g., in order to achieve a certain balance between the
stability with which the ANN-based model parameters may be calculated and the performance
of the ANN-based model 36.

Figure 2 illustrates additional details of the ANN-based model 36 according to one or
more embodiments where the model 36 has a multilayer perceptron structure. As shown in
Figure 2, the ANN-based model 36 includes a tapped delay line 38 that samples an input 40 to
the model 36 at delays 42 in order to generate different delayed versions or samples of that

input 40. At least one pair of delays 42 that are adjacent in the tapped delay line 38, for example
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pair 44, are separated by a multi-unit delay interval, meaning that the samples from that pair 44
of delays 42 are separated by multiple sampling time instances. Three or more layers L of
interconnected artificial neurons (ANs) 46 process the samples generated from the tapped
delay line 38 according to the parameters of the model 36, namely according to the weighting
parameters and the bias parameter defined for each of a plurality of artificial neurons 46. This
processing produces an output 48 of the model 36.

Note that in at least some embodiments the input 40 and output 48 of the model 36 each
have multiple components, such as an in-phase component and a quadrature component in a
rectangular representation or a magnitude component and a phase component in a polar
representation. In this case, different delays 42 and ANs 46 (shown as dashed lines in Figure 2)
process different signal components. Note also that, although not shown in Figure 2, the model
36 may implement a recurrent ANN that uses feedback, e.g., from the output 48 of the model 36
or from the output of ANs 46 in a particular layer of the model 36.

The input 40 and output 48 of the model 36 depend on whether the model 36 models the
device’s distortion or models the predistorter’s response. In embodiments where the model 36
models the device’s distortion, the output 48 of the model corresponds to the estimated output
of the device 12 and thus corresponds to the second sighal samples 32 (i.e., the samples of the
output signal 16 from the device). The input 40 to the model 36 in this case corresponds to the
first signal samples 30 (i.e., the samples of the predistorted input signal 14B). Figure 3
illustrates one example of these embodiments.

As shown in Figure 3, the ANN-based model 36 receives the first signal samples 30 as
input 40 and produces a signal 50 as output 48. If the ANN-based model 36 properly models the
device’s distortion, then the signal 50 produced by the model 36 as output 48 will exactly
correspond to the second signal samples 32 (i.e., samples of the output signal 16 from the
device 12). In this regard, a device distortion model parameter evaluation circuit 52 included in
the distortion modelling circuit 26 compares signal 50 to the second signal samples 32 and
calculates the parameters of the ANN-based model 36 that best fit the device’s distortion (as
directly observed based on the first and second signal samples 30, 32) to the model 36. Based
on this calculation, the device distortion model parameter evaluation circuit 52 generates a
control signal 54 that directs the ANN-based model 36 to adjust its parameters accordingly and
that informs a predistorter model parameter evaluation circuit 56 of those parameters. The
predistorter model parameter evaluation circuit 56 uses these parameters that model the
device’s distortion in order to determine the corresponding parameters for modelling the
predistorter’s response and to configure the predistorter 28 accordingly via control signal 34.

By contrast, in embodiments where the ANN-based model 36 models the predistorter’s
response to distortions introduced by the device 12, the output 48 of the model 36 corresponds
to the desired output of the predistorter 28 and thus corresponds to the first signal samples 30

(i.e., samples of the predistorted input signal 14B). The input 40 to the model 36 in this case
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corresponds to the second signal samples 32 (i.e., samples of the output signal 16 from the
device 12, which represent the input signal 14A plus any distortions introduced by the device
12). Figure 4 illustrates one example of these embodiments.

As shown in Figure 4, the ANN-based model 36 receives the second signal samples 32
as input 40 and produces a signal 58 as output 48. If the ANN-based model 36 models a
response of the predistorter 28 that properly counteracts distortions introduced by the device
12, then the signal 58 produced by the model 36 as output 48 will contain fewer distortion
products than those contained in the second sighal samples 32 input to the model 36. In this
regard, a predistorter model parameter evaluation circuit 60 included in the distortion modelling
circuit 26 compares the signal 58 to the first signal samples 30 and calculates the parameters of
the ANN-based model 36 that counteract the device’s distortion. The predistorter model
parameter evaluation circuit 60 then configures the predistorter 28 accordingly via control signal
34.

With this understanding, Figures 5A-D illustrate details of one embodiment where the
ANN-based model 36 is structured as a feedforward multilayer perceptron network and where
the input 40 and output 48 of the model 36 each have an in-phase component 40A, 48A
(Z,,1,,)and a quadrature component 40B, 48B (Q,,,(,,, ). The tapped delay line 38 of the

ANN-based model 36 generates a non-delayed version of the input’s in-phase component 40A

as [, (n) and a non-delayed version of the input’s quadrature component 40B as O, (n) fora

current sampling time instance » . The tapped delay line 38 also includes P4 delays 42 that
generate different delayed versions of the input’s in-phase component 40A and includes P,

delays 42 that generate different delayed versions of the input’s quadrature component 40B.

As shown in Figure 5A, for example, a delay z ™ delays the input’s in-phase component

I, with respect to the current sampling time instance » by s,, sampling time instances (i.e., by

s, unit delay intervals) in order to generate a delayed version [, (n—s,,). Similarly, a delay
z ** delays I, (n—s,,) by an additional s,, sampling time instances in order to generate

delayed version [, (n—s,, —s,,) . This generation of delayed versions continues until finally a

delay z ™ imposes an additional delay of Sip sampling time instances in order to generate
A

delayed version 7, (n—>_s, ). Delays z ™, z ™ ...z ™" similarly impose delays of s, ,
p=1

S35+ 8, p S@Mpling time instances in order to generate delayed versions (), (n—s,,),

B
Qin(n_SZ,l _Sz,z) 3o Qn(n_zSZ,p)'
p=1

Because the tapped delay line 36 includes a multi-unit delay interval between at least

one pair of adjacent delays 46, at least one of the delays 46 imposes a delay of multiple

8
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sampling time instances, i.e., at least one of s,,, s,,,... 5, , is> 1. In some embodiments, the

2.5
delay intervals between different pairs of delays 46 are uniform, meaning that s,, = 5,, =... 5.,
= 8y, = 8y, =... 8, 5 - Inother embodiments, though, the delay intervals between different pairs
of delays 46 are non-uniform. For example, the value of s, , may be different for different p

(eg., s, ,=1for p=1and s, =4 for p=F). The same may be said for the value of s, .

Irrespective of whether or not the delay intervals are uniform across different pairs of adjacent
delays 46 in the tapped delay line 38, the multi-unit delay interval between at least one pair of
adjacent delays 46 decreases correlation amongst the different versions of the input 40 and
thus increases the stability with which the parameters of the ANN-based model 36 may be
calculated. In at least some embodiments, these parameters include the weighting parameters
and bias parameter for each of a plurality of artificial neurons 46.

More particularly, the ANN-based model 36 as shown in Figure 5A includes three or

more layers L of artificial neurons (ANs) 46. A first layer of artificial neurons includes £ +1
artificial neurons AN), AN}, AN;,...AN,,, for processing the input's in-phase component 40A

AN!

R+4>°

and P, +1 artificial neurons AN’ _, AN

1 H H ’
pi2s ANg 5, AN}, , ,, for processing the input’s

quadrature component 40B, for a total of M, = F, + P, + 2 artificial neurons where the m -th
artificial neuron in the /-th layer is denoted as AN! for 1</ <L and 1<m <M, . Each artificial
neuron ANL[ in this first layer simply passes a respective version of the input 40 to a second
layer of M, artificial neurons as output 0,1” (n) . In this regard, Figure 5B illustrates an artificial
neuron AN' in the first layer as simply a pass-through neuron, where Input’, (#) corresponds
to a respective version of the input 40 and O (n) = Input’ (n) for 1<m < M, .

Any given neuron Aan in the second layer receives the output 071” (n) from each
neuron ANL[ in the first layer and then processes those outputs 071” (n) according to weighting
parameters w_, and a bias parameter 5. defined for that neuron AN’ in order to generate an
output O (n) . Any given neuron AN in other layers (i.e., for / > 2) does the same, i.e.,
receives the output O (#) from each neuron AN’ in a previous /—1-th layer and processes
those outputs O’,'(n) according to weighting parameters w!, and a bias parameter 4. defined

for that neuron AN! in order to generate an output O, (n) . Figure 5C illustrates details in this
regard.

As shown in Figure 5C, a neuron ANL[ in the [-th layer (for 2 </ < L) functionally

includes a plurality of A, |, multipliers 62, one for each output from the /—1-th layer, a biased

9
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combiner 64, and an activator 66. Each multiplier 62 applies a weighting parameter wiw. toa
respective output OJZ.’l(n) from the /—1-th layer, where 1<m <M, and 1< j<M, . The

biased combiner 64 sums the output from the plurality of multipliers 62 and adds a bias

parameter bfn s0 as to bias or offset the weighted sum according to:
My
Vu(m) =2 W, 07 (n)+ 8. (1)
j=1

Finally, the activator 66 passes the weighted and biased sum ! (n) through an
activation function o(:) to produce:
0, (n) = o(y,(n). (2)
This activation function &(-) is non-linear function and enables the ANN-based model 36

to model non-linear functions. Examples of the activation function o(-) include the sigmoid

function o(y) = 0 the arctangent function o(y) = ltan’l ¥, and the hyperbolic tangent
V4

+e”

e _e*}/
function o(y) =

& +e’

As shown in Figure 5D, any given neuron Aan in the L -th layer also computes a
weighted sum of the output O-"' (1) from each neuron AN’ in the previous L—1-th layer
according to weighting parameters wfn and biases that weighted sum according to a bias

parameter 5. . Indeed, such a neuron AN’ also includes a plurality of A, | multipliers 68, one

for each output from the L —1-th layer, and a biased combiner 70. Rather than passing the

weighted and biased sum y~(n) through an activation function (-), however, the output

O (n) of the neuron AN’ is simply the weighted and biased sum y” (1) . With the example of
Figures 5A-5D including an output 48 that has two different components 48A and 48B, the L -th

layer includes two neurons ANlL and AN; that respectively generate output components 48A

and 48B.

Those skilled in the art will appreciate that although Figures 5A-5D illustrate
embodiments herein with the example of a feedforward network, the embodiments are not so
limited. For example, embodiments herein equally apply to a recurrent network that uses
feedback, e.g., from the output 48 of the model 36 or from the output of ANs 46 in a particular
layer of the model 36.

Figure 6 shows an example of this in the context of a simple extension of the

embodiment in Figures 5A-5D. As depicted in Figure 6, the output components 48A and 48B
(/,, and O

out out

) are fed back to the tapped delay line 38. The tapped delay line 38 generates a
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non-delayed version of the output’s in-phase component 48A as [ (n—1) and a non-delayed

version of the output’s quadrature component 48B as (O

out

(n—1) for a current sampling time

instance n . The tapped delay line 38 also includes P; delays 42 that generate different delayed
versions of the output’s in-phase component 48A and includes P, delays 42 that generate

different delayed versions of the output’s quadrature component 48B.

In particular, a delay z ™' delays the output’s in-phase component 7, by s,, sampling

time instances in order to generate a delayed version [

out

(n—1-s,,). Similarly, a delay z ™
delays /,,,(n—1-s,,) by an additional s, , sampling time instances in order to generate

delayed version [

out

(n—1-s;,—s,,). This generation of delayed versions continues until finally

adelay z ™* imposes an additional delay of S3p, sampling time instances in order to generate
I3
delayed version Im(n—l—lep). Delays z ', z ™ ...z "** similarly impose delays of s,
r
Sy, Sy 5 S@mpling time instances in order to generate delayed versions (), ,(n—1-s,,),
P
O,.(n=1-s5,,-5,,),...0,,(n —1—25*4’},). By extension of Figure 5A-5D, therefore, at least
r

one of the B + P, + B, + F, delays 42 imposes a delay of multiple sampling time instances, i.e.,

atleastone of s, s,,,... is greater than 1.

S4.p,

Regardless, as compared to Figure 5A, the first layer includes P, +1 additional artificial

.AN!

R+PR+P+3

AN!

R+R+52°

AN!

1
neurons AN BaB+4s

R4P3 for processing the output’s in-phase

1
AN p i psoe

component 48A and P, +1 neurons AN AN}

pim i BNE b b s ..ANLI for processing
the input's quadrature component 40B, for a total of M|, = F, + P, + P, + P, + 4 atrtificial neurons.
Each artificial neuron AN; in this first layer simply passes a respective version of the output 48

to the second layer of M, artificial neurons as output O., ().

Those skilled in the art will appreciate that Figures 5A-5D and Figure 6 just depict

examples of embodiments herein and that the present invention is not so limited. For example,

Figure 6 depicts the tapped delay line 38 as including £, delays 42 applied to the input’'s
in-phase component 40A, P, delays 42 applied to the input’s quadrature component 40B, P,
delays 42 applied to the feedback’s in-phase component 48A, and P, delays 42 applied to the
feedback’s quadrature component 48B, where F,P,, P, P, may be different. In at least some
embodiments, though, the number of delays 42 applied to the input’s components 40A, 40B and
the feedback’s components 48A, 48B may be identical, such that £, =F, =P, = P,.

11
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As another example, although Figures 5A-5D and Figure 6 depicts the input 40 and
output 48 of the ANN-based model 36 as including components in a rectangular representation,
those components may alternatively be in a polar representation (i.e., in magnitude/phase).
Moreover, although the figures depict the input 40 and output 48 as being real, at least some
embodiments herein contemplate a complex input 40 and output 48. Still further, although
Figure 6 shows the ANN-based model 36 as being a recurrent network with feedback taken
from the output layer (i.e., Layer L), other embodiments herein include feedback being taken
from one or more of the hidden layers (i.e., 2 </ < L—-1). And although Figure 6 shows the
ANN-based model as being a recurrent network with feedback going to the input layer (i.e.,
Layer 1), one or more other embodiments include feedback going to one or more of the hidden
layers. Finally, although Figure 6 illustrates the ANN-based model 36 as having a multilayer
perceptron structure, the ANN-based model 36 according to other embodiments has any one of
multiple different artificial neural network structures.

Those skilled in the art will also appreciate that, although various figures herein describe
predistortion as being used to linearize the output of a power amplifier, the techniques
described herein are more generally applicable to characterizing and/or compensating for
distortion caused by any type of non-linear electronic device.

Further, those skilled in the art will appreciate that the predistortion circuit 18, and other
circuits herein, may refer to a combination of analog and digital circuits, including one or more
processors configured with software stored in memory and/or firmware stored in memory that,
when executed by one or more processors, perform as described above. One or more of these
processors, as well as the other digital hardware, may be included in a single application-
specific integrated circuit (ASIC), or several processors and various digital hardware may be
distributed among several separate components, whether individually packaged or assembled
into a system-on-a-chip (SoC).

In view of the variations and modifications described above, those skilled in the art will
appreciate that the predistortion circuit 18 generally performs the processing shown in Figure 7
for predistorting an input signal 14 at a predistorter 28 to compensate for distortion introduced
by a non-linear electronic device 12 operating on the input signal 14 to produce an output signal
16. As shown in Figure 7, processing at the predistortion circuit 18 includes generating, for each
of a plurality of sampling time instances, first and second signal samples 30, 32 representing
the input and output signals 14, 16, respectively (Block 100). In this regard, the first and second
signal samples 30, 32 are spaced at unit-delay intervals, and each of the second signal samples
32 corresponds in time to one of the first signhal samples 30. Processing at the predistortion
circuit 18 further entails calculating, from the first and second signal samples 30, 32, parameters
for an artificial neural network (ANN)-based model 36 that includes a tapped delay line 38
configured to dynamically model memory effects of the distortion introduced by the electronic

device 12, or of the response of the predistorter 28, with a multi-unit delay interval between at

12
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least one pair of adjacent delays 42 (Block 110). Processing at the predistortion circuit 18 also
includes predistorting the input signal 14 according to the ANN-based model 36, to produce a
predistorted input signal 14B for input to the electronic device 12 (Block 120).

Also in view of the variations and modifications above, those skilled in the art will
appreciate that processing at the predistortion circuit 18 in at least some embodiments includes
the additional processing shown in Figure 8. As shown in Figure 8, this processing entails
determining the ratio of the sampling rate of the first and second samples 30, 32 to a nominal
baseband bandwidth of the input signal 14 (Block 130). Processing further includes, based on
the determined ratio, dynamically selecting the multi-unit delay interval between the at least one
pair of adjacent delays 42 from a plurality of candidate multi-unit intervals (Block 140).

Those skilled in the art will recognize that the present invention may be carried out in
other ways than those specifically set forth herein without departing from essential
characteristics of the invention. The present embodiments are thus to be considered in all
respects as illustrative and not restrictive, and all changes coming within the meaning and

equivalency range of the appended claims are intended to be embraced therein.
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CLAIMS
What is claimed is:
1. A method for predistorting an input signal at a predistorter to compensate for distortion
introduced by a non-linear electronic device operating on the input signal to produce an output
signal, characterized by:
generating (100), for each of a plurality of sampling time instances, first and second
signal samples representing said input and output signals, respectively, wherein
said first and second signal samples are spaced at unit-delay intervals and
wherein each of the second signal samples corresponds in time to one of the first
signal samples;
calculating (110), from the first and second signal samples, parameters for an artificial
neural network (ANN)-based model that includes a tapped delay line configured
to dynamically model memory effects of the distortion introduced by the
electronic device, or of the response of the predistorter, with a multi-unit delay
interval between at least one pair of adjacent delays; and
predistorting (120) the input signal according to the ANN-based model, to produce a

predistorted input signal for input to the electronic device.

2. The method of claim 1, wherein the ANN-based model is configured to dynamically
model memory effects of the response of the predistorter, and wherein an input to the ANN-
based model corresponds to the second signal samples and an output of the ANN-based model
corresponds to the first signal samples, and wherein calculating the parameters from the first
and second signal samples comprises directly estimating the parameters from the first and

second signal samples.

3. The method of claim 1, wherein the ANN-based model is configured to dynamically
model memory effects of the distortion introduced by the electronic device, and wherein an input
to the ANN-based model corresponds to the first signal samples and an output of the ANN-

based model corresponds to the second signal samples.

4. The method of any of claims 1-3, wherein calculating parameters for the ANN-based
model comprises calculating at least one of weighting parameters and bias parameters for

artificial neurons in the ANN-based model.
5. The method of any of claims 1-4, wherein the multi-unit delay interval between the at

least one pair of adjacent delays differs from a delay interval between at least one other pair of

adjacent delays.
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6. The method of any of claims 1-5, wherein the tapped delay line comprises a variable
tapped delay line, and wherein the method is further characterized by dynamically selecting the
multi-unit delay interval between the at least one pair of adjacent delays from a plurality of
candidate multi-unit intervals, based on the ratio of the sampling rate of the first and second

samples to a nominal baseband bandwidth of the input signal.

7. The method of any of claims 1-4, wherein the ANN-based model is configured to
dynamically model said memory effects with the same multi-unit delay interval between each

pair of adjacent delays.

8. The method of claim 7, wherein the tapped delay line comprises a variable tapped delay
line, and wherein the method is further characterized by dynamically selecting said same multi-
unit delay interval from a plurality of candidate multi-unit intervals, based on the ratio of the
sampling rate of the first and second samples to a nominal baseband bandwidth of the input

signal.

9. The method of any of claims 1-6, wherein the ANN-based model is configured to
dynamically model those of said memory effects that occur over a first term with a first delay
interval between each of one or more first pairs of adjacent delays, and to dynamically model
those of said memory effects that occur over a second term with a second delay interval
between each of one or more second pairs of adjacent delays, wherein the first term differs from

the second term, and wherein the first delay interval differs from the second delay interval.

10. The method of claim 9, wherein the first term is shorter than the second term, wherein
the one or more second pairs of delays follow the one or more first pairs of delays in the tapped
delay line, wherein the first delay interval comprises a unit delay interval, and wherein the

second delay interval comprises a multi-unit delay interval.

11. The method of any of claims 1-10, wherein the electronic device comprises a power

amplifier in a wireless transmitter circuit.

12. A predistortion circuit (18) for predistorting an input signal (14) at a predistorter (28) to
compensate for distortion introduced by a non-linear electronic device (12) operating on the
input signal (14) to produce an output signal (16), the predistortion circuit (18) comprising:
a sampling circuit (24) configured to generate, for each of a plurality of sampling time
instances, first and second signal samples (30, 32) representing said input and
output signals (14, 16), respectively, wherein said first and second signal

samples (30, 32) are spaced at unit-delay intervals and wherein each of the
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second signal samples (32) corresponds in time to one of the first signal samples
(30);

a distortion modeling circuit (26) configured to calculate, from the first and second signal
samples (30, 32), parameters for an artificial neural network (ANN)-based model
(36) that includes a tapped delay line configured to dynamically model memory
effects of the distortion introduced by the electronic device (12), or of the
response of the predistorter (28), with a multi-unit delay interval between at least
one pair of adjacent delays; and

a predistorter (28) configured to predistort the input signal (14) according to the
ANN-based model (36), to produce a predistorted input signal (14B) for input to

the electronic device (12).

13. The predistortion circuit (18) of claim 12, wherein the ANN-based model (36) is
configured to dynamically model memory effects of the response of the predistorter, and
wherein the second signal samples are an input to the ANN-based model (36) and the first
signal samples are the output of the ANN-based model (36), and wherein the distortion
modeling circuit (26) is configured to calculate the parameters from the first and second signal
samples (30, 32) by directly estimating the parameters from the first and second signal samples
(30, 32).

14. The predistortion circuit (18) of claim 12, wherein the ANN-based model (36) is
configured to dynamically model memory effects of the distortion introduced by the electronic
device, and wherein the first signal samples are an input to the ANN-based model (36) and the

second signal samples are an output of the ANN-based model (36).

15. The predistortion circuit (18) of any of claims 12-14, wherein the distortion modeling
circuit (26) is configured to calculate the parameters from the first and second signal samples
(30, 32) by calculating at least one of weighting parameters and bias parameters for artificial
neurons in the ANN-based model (36).

16. The predistortion circuit (18) of any of claims 12-15, wherein the multi-unit delay interval
between the at least one pair of adjacent delays differs from a delay interval between at least

one other pair of adjacent delays.

17. The predistortion circuit (18) of any of claims 12-16, wherein the tapped delay line
comprises a variable tapped delay line, and wherein the distortion modeling circuit (26) is further
configured to dynamically select the multi-unit delay interval between the at least one pair of

adjacent delays from a plurality of candidate multi-unit intervals, based on the ratio of the
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sampling rate of the first and second samples (30, 32) to a nominal baseband bandwidth of the

input signal (14).

18. The predistortion circuit (18) of any of claims 12-15, wherein the ANN-based model (36)
is configured to dynamically model said memory effects with the same multi-unit delay interval

between each pair of adjacent delays.

19. The predistortion circuit (18) of claim 18, wherein the tapped delay line comprises a
variable tapped delay line, and wherein the distortion modeling circuit (26) is further configured
to dynamically select said same multi-unit delay interval from a plurality of candidate multi-unit
intervals, based on the ratio of the sampling rate of the first and second samples to a nominal

baseband bandwidth of the input signal (14).

20. The predistortion circuit (18) of any of claims 12-17, wherein the ANN-based model (36)
is configured to dynamically model those of said memory effects that occur over a first term with
a first delay interval between each of one or more first pairs of adjacent delays, and to
dynamically model those of said memory effects that occur over a second term with a second
delay interval between each of one or more second pairs of adjacent delays, wherein the first
term differs from the second term, and wherein the first delay interval differs from the second

delay interval.

21, The predistortion circuit (18) of claim 20, wherein the first term is shorter than the second
term, wherein the one or more second pairs of delays follow the one or more first pairs of delays
in the tapped delay line, wherein the first delay interval comprises a unit delay interval, and

wherein the second delay interval comprises a multi-unit delay interval.

22, The predistortion circuit (18) of any of claims 12-21, wherein the electronic device

comprises a power amplifier in a wireless transmitter circuit.
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