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POLYPHASE NONLINEAR DIGITAL PREDISTORTION

RELATED APPLICATION(S)

This application is a continuation of U.S. Application No.: 12/987,227, filed
January 10, 2011. The entire teachings of the above application(s) are incorporated

herein by reference.

GOVERNMENT SUPPORT

This invention was made with government support under Grant No. FA8721-
05-C-0002 awarded by the United States Air Force. The government has certain

rights in the invention.

BACKGROUND

A time-interleaved digital-to-analog converter (TIDAC) uses N digital-to-
analog converters (DAC) to produce an analog output signal whose aggregate
bandwidth is N times greater than the output signal bandwidth of any DAC
operating in isolation. In a typical TIDAC, a serial-to-parallel converter couples a
digital signal x(7) with a bandwidth B into the DACs, which are arranged in parallel.
Each DAC samples and holds the digital signal at a rate N/B, producing an analog
voltage or current. A clock coupled to the DACs causes the DACs to operate on the
digital signal at intervals staggered by a period 7'= 1/B, such that the first DAC
samples the digital signal at ¢ = 0, the second DAC samples the digital signal at ¢ =
1/B, and so on. A combiner coupled to the outputs of the DACs interleaves the
outputs from the DACs to produce the fullband analog output.

Unfortunately, nonlinearities in the TIDAC introduce distortion into the
fullband analog output. These nonlinearities include mismatches in gain, phase,
and/or offset (bias level) between different DACs in the TIDAC as well as
nonlinearities of the individual DACs. In some cases, the amount of distortion in the

analog output can fluctuate due to environmental perturbations that affect the
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mismatch(es) between DACs in the TIDAC. At present, there is no way to
compensate effectively for such distortions in the analog output of a TIDAC due to

the nonlinear responses of DACs in the TIDAC.

SUMMARY

Embodiments of the present invention include an apparatus and a
corresponding method of predistorting a digital waveform to compensate for
nonlinearities in digital-to-analog converters (DACs), time-interleaved DACs
(TIDAC:S), and other devices. A processor creates a polyphase nonlinear
compensation term that represents a nonlinear response of at least one DAC in a
TIDAC, and a summer coupled to the processor subtracts the nonlinear
compensation term from a copy of the digital waveform to obtain a predistorted
digital waveform. Converting the predistorted digital waveform with the TIDAC
yields an analog waveform that is substantially free of nonlinear distortion.

In some examples, the processor measures the analog waveform emitted by
the TIDAC to determine the level and character of distortion in analog waveform. If
the processor senses excessive distortion in the analog waveform, then it may adjust
the polyphase nonlinear compensation term accordingly. This is especially useful
when the nonlinear response is due to a gain, offset, or phase mismatch between at
least one pair of DACs in the TIDAC. A delay block can delay the copy of the
digital waveform by a time approximately equal to the time required to create the
polyphase nonlinear compensation term before subtracting the polyphase nonlinear
compensation term from the copy of the digital waveform. This delay improves the
fidelity of the predistortion to the nonlinear response.

Processors can also create a compensation term representative of a linear
mismatch between DACs in the TIDAC, and the summer can subtract this
compensation term from the copy of the digital waveform. The summer can also
subtract offsets from the copy of the digital waveform to compensate for bias errors;
in some cases, the summer may subtract different offsets—e.g., one offset per DAC
in the TIDAC—in a serial fashion to compensate for different offset mismatches and

errors in different DACs in the TIDAC.
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The polyphase nonlinear compensation term can be created using a variety
techniques as readily appreciated by those skilled in the art. For example, the
processor can filter copies of the digital waveform with linear polyphase decimation
filters arranged in parallel. A switch interleaves the down-sampled outputs of the
linear polyphase filters to produce the nonlinear compensation term. If the TIDAC
includes N channels, then the processor may include at least N — 1 linear polyphase
filters. Alternatively, the processor can filter copies of the digital waveform with
linear filters, and mix the linear filter outputs with a tone. For higher-order
distortions, polynomial filters can be used whose outputs are likewise either
downsampled and interleaved or frequency-shifted by a tone. Example processors

can be implemented in software and/or hardware as explained below.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing will be apparent from the following more particular
description of example embodiments of the invention, as illustrated in the
accompanying drawings in which like reference characters refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis
instead being placed upon illustrating embodiments of the present invention.

FIG. 1 is a block diagram of a transmitter that includes a polyphase nonlinear
predistortion processor to mitigate distortions in a TIDAC.

FIG. 2 is a block diagram of a polyphase nonlinear predistortion processor
suitable for use in the receiver of FIG. 1.

FIGS. 3A and 3B are block diagrams of architectures suitable for a
polyphase nonlinear predistortion processor.

FIG. 4 is a diagram that iHustrates differences between TIDACs and time-
interleaved analog-to-digital converters (TIADCs).

DETAILED DESCRIPTION

A description of example embodiments of the invention follows.
FIG. 1 shows a transmitter 100 that converts a digital signal x(n) to a
broadband analog signal x(t) with a TIDAC 300 and transmits an amplified, up-

converted version of the analog signal. A digital signal processor (DSP) 102 or
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other digital signal source provides the digital signal x(n), which is coupled to the
input of a polyphase nonlinear digital predistorter (p)NDP) 120 that compensates for
nonlinearities in the TIDAC 300. A processor 210 in the pNDP 120 operates on one
copy of the digital signal, x(n), to produce a nonlinear compensation term that
represents nonlinearities introduced by the TIDAC 300. A summer 220 subtracts (or
adds, as appropriate) the nonlinear compensation term from another copy of the
digital signal, which is delayed by a delay block 230 to offset the processing time
needed to generate the nonlinear compensation term. In this case, the pNDP 120 can
be operably coupled to the output of the TIDAC 300 in a feedback loop (not shown)

to adaptively compensate for distortion in the analog signal, x(t), emitted by the

"TIDAC 300.

Alternatively, the pNDP 120 may operate using a priori information about
the TIDAC 300, including information derived from training sets or models about
the TIDAC 300 and its behavior. For example, a control computer (not shown)
coupled to the output of the pNDP 120 may compute an expected TIDAC output
based on the pNDP output and a model of the TIDAC behavior for a given digital
input. The control computer computes pNDP processor 210 parameters (e.g., the
filter coefficients described below) and programs the pNDP processor 210
accordingly. This training process can be repeated périodically or as desired to
account for changes in the TIDAC nonlinearities due to environmental
perturbations, drift, etc., as understood by those skilled in the art.

The pNDP 120 transmits a predistorted digital signal x'(n) to the TIDAC
300, which distributes the predistorted digital signal among four parallel DAC
channels using a serial-to-parallel converter 302. (Although the TIDAC 300 shown
in FIG. 1 has only four channels, inventive predistorters can also work with TIDACs
with more or fewer channels.) Each channel includes a (notional) decimator 310,
which decimates the predistorted digital signal, and a DAC 330 that operates on the
decimated output. A clock 350 and a set of phase shifts 320 control the DAC timing
such that the DACs 330 operate in a staggered fashion on the decimated filter
outputs. Each DAC 330 converts its decimated input into a relatively narrowband

analog signal, repeated in frequency over the full bandwidth, which is interleaved
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with the analog outputs of the other DAC channels using a summer 340, switch, or
other device to produce the broadband analog output, x(t).

An optional amplifier 104 boosts the strength of the analog output. An
optional mixer 108 mixes the amplified analog output with a local oscillator from an
optional synthesizer 106 to produce an up-converted analog signal. An antenna 110
transmits the up-converted signal to one or more broadband wireless receivers, such
as the receivers described in U.S. Application No. 12/963,128 filed on December 8,

2010, by Goodman ef al., which is incorporated herein by reference in its entirety.

Distortions in TIDACs

Interleaving N output streams in TIDACs creates distortions at frequencies
other than the frequencies of the original input signal X, (w) which can be seen in
the frequency response of the output, given by:

Y(w) =SV Y16 (w) X, (w — ZTL'k/N)ejan(i—l)/N,

(D
with X, (w) = X, (w + 2mm) for any integer m. In Equation (1), w is the angular
frequency in radians per sample (at the full rate), and G;(w) is the linear frequency
response of the i DAC in the TIDAC, and includes amplitude, phase and delay
distortions. It is assumed here that the frequencies beyond m are removed by an
analog reconstruction filter (not shown) at the output of the TIDAC.

Polynomial distortions associated with each of the DACs are similar to the
distortions associated with time-interleaved ADC distortions, and can be modeled in

a similar fashion, with the output of a pth—order Volterra kernel given by:

jemk(i-1)

Yp(@1, e, @) = T Gy (g, o, ) ey D24 Xa(a)m — 27Tk/N)e—zv_,

)

where G; p, is the frequency-domain representation of the p"-order kernel for the i™
DAC. For a more thorough treatment of similar distortions in TIADCs, see J.
Goodman et al., “Polyphase nonlinear equalization of time interleaved ADCs,”
IEEE J. Sel. Top. Sig. Proc., 3(3):362—3 73 (June 2009), which is incorporated herein

by reference in its entirety.
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FIG. 2 shows an alternative pNDP 200 suitable for mitigating the distortions
formulated in Equations (1) and (2). The pNDP 200 includes both linear filters 240
and nonlinear filters 210 that operate on the digital input x(n) to produce a
predistorted output x’(n). The nonlinear filters 210 generate a series of nonlinear
compensation terms, each of which corresponds to the nonlinear distortion
associated with a particular DAC channel or pair of DAC channels in the TIDAC.
The individual polynomial filters 240 could be, for example, defined as described
below with respect to FIGS. 3A-3B. The filter architecture identification process
can be iterative, and can be implemented using the inverse filter method described in
J. Goodman ef al., “A New Approach to Achieving High-Performance Power
Amplifier Linearization,” in Technical Program for 2007 IEEE Radar Conference,
eds. E. F errafo and D. K. Barton, pp. 840-845, which is incorporated herein by
reference in its entirety.

Digital multipliers 250 coupled to the outputs of the nonlinear filters 210
multiply the nonlinear compensation terms by phase-shifted versions of a repeating
digital sequence (e.g., 100010001000 ... for the first channel, 010001000100 ... for
the second channel, and so on for the TIDAC 300 in FIG. 1). By multiplying the
nonlinear compensation terms with the phase-shifted sequences, the multipliers 250
match each nonlinear compensation term to the bits in the digital signal that will be
converted by the corresponding DAC channel in the TIDAC.

The linear filters 240 create linear mismatch compensation terms, each of
which represents an interleaved distortion due to the mismatch between a pair of
adjacent DAC channels in the TIDAC. Digital multipliers 260 shift the linear
compensation terms up to the frequencies where the interleaved distortions fall. A
summer 220 subtracts the shifted linear compensation terms and the nonlinear
compensation terms from a delayed version of the digital input to produce the
output. The summer 220 may also subtract a dc offset, which is generated by an

offset block 270, to compensate for an overall bias error in the TIDAC.

Example pNDP Architectures
pNDPs can be implemented in a variety of ways, e.g., in software or in

hardware, such as in application-specific integrated circuits (ASICs), field-
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programmable gate arrays (FPGAs), stored program digital signal processors
(DSPs), etc., and/or in a single device. Example pNDPs can have any of many
suitable processor architectures, including the architectures described below with
respect to FIGS. 3A and 3B. In general, the choice of processor architecture
depends on factors including but not limited to computational efficiency, power
consumption, cost, and size.

FIG. 3A shows an alternative pNDP processor 440 that uses linear polyphase
filters 450 coupled in parallel to a tapped delay line 442 to generate linear and
nonlinear compensation terms for predistorting the input to an N-channel TIDAC.
Each linear polyphase filter 450 includes a tapped delay line 452 that splits the
filter’s digital input into N copies staggered at delay intervals equal in duration to
one sample at the full TIDAC sampling rate (e.g., at 1/f;). Downsamplers 454
coupled to the outputs of the tapped delay line 452 decimate the copies of the digital
output by a factor of N. Sub-filters 456 coupled to the downsamplers 454 operate in
parallel on the downsampled outputs of the tapped delay line 452, and their outputs
are combined with summers 458. Decimating the outputs of the tapped delay before
filtering increases the computational efficiency by reducing the total number of
samples filtered by each sub-filter 456. |

The alternative processor 440 shown in FIG. 3A includes N linear polyphase
filters 450 coupled in parallel to an N-output tapped delay line 442, where the delay
between taps is the reciprocal of the TIDAC sampling frequency. Each linear filter
450 produces a reduced-rate output that addresses the distortion for a particular
channel in the TIDAC. For example, the first linear polyphase filter compensates
for the distortion in the first DAC channel, the second linear polyphase filter
compensates for the distortion from the second DAC channel, and so on. A switch
454 interleaves the filter outputs to create a nonlinear compensation term y; (n) that
can be subtracted from a delayed copy of the digital signal, x(n), to form- the
predistorted digital signal, x'(n).

FIG. 3B shows another alternative pPNDP processor 470 that compensates for
nonlinear distortions (e.g., due to linear mismatches) with N—1 linear polyphase
filters 450 coupled in parallel to a tapped delay line 472 with N—1 outputs. As
above, the delay between taps in the tapped delay line 472 is the reciprocal of the
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TIDAC sampliﬁg frequency. Again, each filter 450 operates on the output ofa
particular DAC channel in the TIDAC, and a switch 474 interleaves the filter
outputs to create a nonlinear compensation term y; (n) that can be subtracted from a
delayed copy of the digital signal, x(n), to form the predistorted digital signal,
x'(n). In this case the mismatches between the filters are the same, so the nonlinear
compensation term is the same. For more on the alternative polyphase processors
shown in FIGS. 3A and 3B, see B. Miller et al., “A Polyphase Nonlinear
Equalization Architecture and Semi-blind Identification method,” in Proceedings of
the 42nd Asilomar Conference on Signals, Systems and Computers (October 26-29,
2008).

One unique aspect of polyphase nonlinear predistortion is that it
simultaneously suppresses not only frequency-dependent linear mismatch distortions
in TIDAC:s, but also polynomial distortions and polynomial mismatch distortions in
a computationally efficient fashion. Existing approaches to achieving
computationally efficient polynomial filter architectures for radio-frequency
compensation, principally developed to mitigate distortions generated by power
amplifiers in transmitters, limit the multidimensional signal space over which the
architecture can suppress spectral regrowth and in-band spurs. In contrast, the
processors shown in FIGS. 2 and 3A-3B search over an unrestricted
multidimensional signal space to select polynomial components that yield the
highest equalization performance for a given computational complexity, as
described in U.S. Patent No. 7,808,315 to Goodman et al., incorporated herein by
reference in its entirety.

To see how the pNDP 200 operates, consider the case in which the nonlinear
distortions occur entirely due to mismatches in the linear responses of the TIDAC’s
constituent DACs. Let the linear frequency response of the i™ DAC be G;(w). Each
DAC channel includes a linear filter that operates on data at the full sampling rate f;,
but outputs data at f;/N (i.e., the linear filter in the DAC channel downsamples the
data, as in FIG. 3A). Let the frequency response of this filter be H;(w) and the input
to the system be X(w). The output of the filter X (w) H;(w) is thus decimated by N,

resulting in
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Yilw) = Zﬁgolx(w - an/N)Hi(w - 2nk/]\/) exp(—- 27Tk/]\/) (3)

where X (w) = X(w + 2mm) for any integer m. The DAC operates on the filter
output, which can be represented as the multiplication of ¥;(w) with G;(w), and the

outputs of all DACs are summed, resulting in:
Z(w) = XiL, V(@) Gi(w).

Expanding the expressions for the frequency responses of the filter and the DAC
yields:

ACYED XY Gi(w)X(a) - Z”k/N)Hi(w - 27Tk/N) exp(-— 27Tk/N).
“4)

Since the desired output is Z(w) = X(w), knowing the frequency responses of the

DACs makes it possible to solve the system of equations:

1=3N; G(0)H;(w) (52)
YN exp (—j2nk/N)G;(w)H;(w —2mk/N) =0, 1<k <N  (5b)

for all H;(w). The solution to Equations (5a) and (5b) can be used to invert the
mismatches that cause the dominant nonlinear distortions in the TIDAC.

Suppose that there is a nonlinear impulse response for each DAC. Let the
nonlinear output of each constituent DAC be expressed by a Volterra series, with the
p-order kernel for i DAC given by g,,; (ml' s mp). For an input x(n) to the
TIDAC, the nonlinear output of the DAC is:

yi(n) = 5:22%1=0 nM1p=1 gp,i(ml, ‘--,mp)Hlexi(n —my). (6)

where x;(n) represents the input to the /™ DAC.

Ifn =i — 1 (mod N), the input to the i DAC equals the overall input,
x;(n) = x(n). Otherwise, the input to the i™ DAC is zero, since each DAC in the
TIDAC receives (and transmits) a decimated version of the waveform. This means

that the product H%;lxi (n — m;) will only be nonzero when all m; are equivalent
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mod N. This makes it possible to break each kernel in Equation (6) into N kernels

and rewrite the equation as follows:

o (284 ) = 5o S ST gy o ) T (24

[—1-Nml  (7)

Here gy i (my, .., mp) = gpi(Nmy + (= 1) + k, ..., Nmy, + (i — 1) + k) and k
is a nonnegative integer less than . Since the output of the TIDAC is the sum of

the outputs of the constituent DACs, Equation (7) can be rewritten as:
y ([§]v+ ) = sy (|5 W+ k) =

M M

Z€V=1ZS=ZZ£§J=1 ---ZLflzlgp,i,k(ml,...,mp) M x (5] N+ k= (= 1) — Nmy)
®)

Under the assumption that the nonlinearity is weak (i.e., that NL(x + NL(x)) =

NL(x)), Equation (8) provides a compensation term for the interleaved nonlinear

response. (Weak nonlinearity is not a requirement, but is assumed here to simplify

the analysis.)

Predistortion in TIDACs versus Equalization in TIADCs

The polyphase nonlinear digital predistortion described herein is similar to
the equalization for TIADCs described in U.S. Application No. 12/963,128 to
Goodman et al. Both predistortion and equalization compensate for nonlinearities in
time-interleaved outputs due to mismatches between interleaved channels. There is,
however, a significant difference between TIDACs and TIADCs that affects
predistortion and equalization: each DAC in a TIDAC sees a decimated version of
the digital input signal, whereas each ADC in the TIADC sees a fullband version of
the analog input signal. As a result, the input of a constituent converter in a TIDAC
includes aliased frequency components that are not present in the input to a
constituent converter of a TIADC.

FIG. 4 illustrates the differences between equalization in a two-channel
TIADC 400 and predistortion in a two-channel TIDAC 450. The TIADC 400
includes a pair of ADCs 402a and 402b that operate on a full-bandwidth analog
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signal x(t) in a staggered fashion to produce respective half-rate digital outputs (as
indicated by notional downsamplers 404a and 404b). A switch 406 couples the half-
rate digital outputs to linear filters 408a and 408b that filter the interleaved, full-rate
digital outputs and downsample the resulting waveforms. Another switch 412
interleaves the filter outputs, which are also half-rate digital signal (as indicated by
notional downsamplers 410a and 410b), to produce a distortion-free full-rate digital
output x(1n).

The TIDAC 450 performs the inverse operation: linear filters 452a, 452b and
downsamplers 454a, 454b filter and decimate a full-rate digital input x(n) to yield
two half-rate digital signals. DACs 456a, 456b convert the half-rate digital signals
into half-bandwidth analog signals, which are combined with a summer 458 to yield
a full-bandwidth analog output x(t).

Plots above and below the TIADC 400 show the frequency responses
|G, | and |G| of the component ADCs 402a and 402b, respectively. Although each
component ADC 402a, 402b emits a half-rate output, the frequency response of each
component ADC 402a, 402b is applied to the entire input because each component
ADC 402a, 402b receives the full-bandwidth input. In contrast, the frequency
responses |G| and |G, (plotted above and below the TIDAC 450) of the component
DACs 454a and 454b, respectively is only applied to half of the signal because the
component DACs 454a, 454b receive half-rate inputs. Despite this difference,
similar architectures can be used for equalization and predistortion as described
above.

While this invention has been particularly shown and described with
references to example embodiments thereof, it will be understood by those skilled in
the art that various changes in form and details may be made therein without

departing from the scope of the invention encompassed by the appended claims.
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CLAIMS

What is claimed is;

A method of predistorting a digital waveform, the method comprising:
creating a polyphase nonlinear compensation term representative of a
nonlinear response of at least one digital-to-analog converter (DAC) in a
time-interleaved digital-to-analog converter (TIDAC); and
obtaining a predistorted digital waveform by subtracting the

polyphase nonlinear compensation term from a copy of the digital waveform.

The method of claim 1 further comprising:

generating an analog representation of the predistorted digital
waveform with the TIDAC that is less distorted than an analog
representation of the digital waveform generated by the TIDAC alone.

The method of claim 1 further comprising:

measuring an output of the TIDAC to obtain a distortion
measurement; and

adjusting the polyphase nonlinear compensation term based on the

distortion measurement.

The method of claim 1 wherein the nonlinear response is due to a gain,

offset, or phase mismatch between at least one pair of DACs in the TIDAC.

The method of claim 1 wherein creating the polyphase nonlinear
compensation term includes filtering copies of the digital waveform with

linear filters and down-sampling and interleaving outputs of the linear filters.

The method of claim 1 wherein creating the polyphase nonlinear
compensation term includes filtering copies of the digital waveform with
linear filters and mixing an output of at least one of the linear filters with a

tone.
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The method of claim 1 wherein creating the polyphase nonlinear
compensation term includes filtering copies of the digital waveform with
polynomial filters and down-sampling and interleaving outputs of the

polynomial filters.

The method of claim 1 wherein creating the polyphase nonlinear
compensation term includes filtering copies of the digital waveform with
polynomial filters and mixing an outputs of at least one of the polynomial

filters with a tone.

The method of claim 1 further including:

creating a linear mismatch compensation term representative of the
linear mismatch between DACs in the TIDAC; and

wherein obtaining the predistorted digital signal further includes
subtracting the linear mismatch compensation term from the copy of the

digital waveform.

The method of claim 1 wherein obtaining the predistorted digital signal

further includes subtracting an offset from the copy of the digital waveform.

The method of claim 10 wherein subtracting an offset from the copy of the
digital waveform includes subtracting a plurality of offsets from the copy of
the digital waveform and wherein each offset corresponds to a different DAC
in the TIDAC.

The method of claim 1 further including: -

delaying the copy of the digital waveform by a time approximately
equal to the time required to create the polyphase nonlinear compensation
term before subtracting the polyphase nonlinear compensation term from the

copy of the digital waveform.
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An apparatus for predistorting a digital waveform, the apparatus comprising:
a processor configured to generate a polyphase nonlinear
compensation term representative of a mismatch between digital-to-analog
converters (DACs) in a time-interleaved digital-to-analog converter
(TIDAC); and "
a summer operably coupled to the processor and configured to obtain
a predistorted digital waveform by subtracting the polyphase nonlinear

compensation term from a copy of the digital waveform.

The apparatus of claim 13 in combination with a TIDAC configured to
generate an analog representation of the predistorted digital waveform that is
less distorted than an analog representation of the digital waveform

generated by the TIDAC alone.
The apparatus of claim 13 wherein the processor is further configured to
adjust the polyphase nonlinear compensation term based on distortion

measured in the analog representation of the predistorted digital waveform.

The apparatus of claim 13 wherein the nonlinear response is a gain, offset, or

phase mismatch between at least one pair of DACs in the TIDAC.

The apparatus of claim 13 wherein the processor includes at least N — 1

filters configured to operate in parallel on the digital waveform.
The apparatus of claim 17 wherein the filters are linear filters.
The apparatus of claim 17 wherein the filters are polynomial filters.

The apparatus of claim 17 wherein the processor further includes a switch

configured to interleave outputs of the filters.
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The apparatus of claim 17 wherein the processor further includes a mixer

configured to mix an output of at least one of the filters with a tone.

The apparatus of claim 13 wherein the processor is further configured to
create a linear mismatch compensation term representative of the linear
mismatch between DACs in the TIDAC, and wherein the summer is further
configured to subtract the linear mismatch compensation term from the copy

of the digital waveform.

The apparatus of claim 13 wherein the summer is further configured to

subtract an offset from the copy of the digital waveform.

The apparatus of claim 23 wherein the summer is further configured to
subtract a plurality of offsets from the copy of the digital waveform and

wherein each offset corresponds to a different DAC in the TIDAC.

The apparatus of claim 13 further including:
a delay block configured to delay the copy of the digital waveform by
a time approximately equal to the time required to create the polyphase

nonlinear compensation term.

An apparatus for predistorting a digital waveform, the apparatus comprising:
means for creating a polyphase nonlinear compensation term
representative of at least one of a nonlinear response of a digital-to-analog
converter (DAC) and a mismatch between DACs in a time-interleaved
digital-to-analog converter (TIDAC); and
means for obtaining a predistorted digital waveform by subtracting
the polyphase nonlinear compensation term from a copy of the digital

waveform.
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