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LINEARITY ERROR COMPENSATOR 

RELATED APPLICATIONS 

[0001] This application is a continuation application of 
US. patent application Ser. No. 09/548,069, ?led Apr. 12, 
2000, the contents of Which are incorporated by reference, 
Which in turn claims the bene?t of United States Provisional 
Patent Application Ser. No. 60/129,546, ?led on Apr. 16, 
1999, entitled “Linearity Analyzer,” Which is also hereby 
incorporated by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to a method 
and apparatus for linearity error compensation in electronic 
devices, and more particularly to phase-shift exponential 
processing methods and apparatus for compensating linear 
ity errors (such as harmonic or intermodulation distortion). 

BACKGROUND OF THE INVENTION 

[0003] Linearity errors, also knoWn as nonlinear distor 
tion, in electronic devices are caused by many different 
factors, primarily in the analog electronics of a system, such 
as buffer ampli?ers, poWer ampli?ers, sample-and-hold 
ampli?ers, analog-to-digital converters, digital-to-analog 
converters, or electromechanical components such as micro 
phones and loudspeakers. These devices introduce nonlinear 
effects into the system such as asymmetry in the input/output 
function, clipping, overloading effects, harmonic distortion, 
and intermodulation distortion. 

[0004] For example, although the output y of an ideal 
ampli?er is related to its input X by the linear equation y=gx 
(Where g is the gain of the ampli?er), the relationship 
betWeen the input and output of a real ampli?er is charac 
teriZed by the equation y=a0+a1x+a2x2+a3x3+ . . . , Where the 

exponential terms (e.g., a2x2, a3x3) represent nonlinear dis 
tortion introduced by the real ampli?er. Other real signal 
processing devices introduce similar nonlinear distortion 
into their output. As a result, the outputs of real signal 
processing devices differ from the desired, ideal outputs. 

[0005] Linearity errors in electronics severely limit the 
performance of systems. Linearity errors typically increase 
as the speed or bandWidth of the device is increased, Which 
limits the resolution or dynamic range of the device. Design 
ers typically face the challenge of trading off resolution of 
the device With its speed. Increasing the speed and resolution 
of electronics can offer numerous advantages, including the 
folloWing: improved dynamic range Which increases call 
capacity in cellular communications systems; increased 
modulation density (such as larger Quadrature Amplitude 
Modulation grid spacing) for Wider bandWidth digital com 
munications; Wideband analog-to-digital conversion or digi 
tal-to-analog conversion for compact, universal softWare 
recon?gurable transceivers; improved accuracy of Radar 
systems and medical imaging equipment; improved speech 
recognition by compensating for linearity errors in micro 
phones; and high-performance test equipment such as oscil 
loscopes, spectrum analyZers, or data acquisition systems. 

[0006] Many electronic systems such as receivers and test 
equipment use ?ltering to compensate for gain and phase 
errors across frequency. A pseudo-random noise signal is 
periodically injected into the system and the output is 
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re-calibrated for constant gain and phase performance. Since 
this prior art technique uses a linear ?ltering operation, it 
does not correct nonlinear distortion and therefore does not 
improve the dynamic range. 

[0007] A common prior art technique for reducing linear 
ity errors is by adding noise or “dither” to the system to 
essentially randomiZe the nonlinear distortion. Statistically, 
dither signals can cause the nonlinear distortion to be signal 
independent, uniformly distributed White noise. This tech 
nique can offer up to 10 dB reduction in harmonic and 
intermodulation distortion, but at the expense of increasing 
the noise in the system, Which decreases the signal-to-noise 
ratio. 

[0008] Another prior art technique for linearity error com 
pensation is a static look-up table (such as a read-only 
memory) to correct the digital signal. The static look-up 
table is a tWo-column table, Where the ?rst column contains 
amplitudes of all possible output signals output by the signal 
processing device, and Where the second column contains 
the corresponding desired corrected output signal ampli 
tudes. When the signal processing device produces an output 
signal, the output signal’s amplitude is used as an index into 
the static compensation table, Which outputs the correspond 
ing corrected output value. This technique is effective for 
errors caused by resistor component variance in the com 
parator ladder of analog-to-digital converters and can pro 
vide up to 10 dB reduction in harmonic distortion. HoWever, 
most current high-performance converters use laser trimmed 
resistors, so this type of error is minimal. In addition, 
researchers have realiZed that this type of correction 
improves the dynamic range of the converter only near the 
calibration frequency. The static compensation table can be 
as large as the number of digital states (for example, an n-bit 
analog-to-digital converter has 2D digital states) so a 12-bit 
analog-to-digital converter requires a compensation table of 
up to 4096 memory bins. 

[0009] Referring to FIG. 1, another prior art technique for 
linearity error compensation is phase-plane compensation 
10, Which is a dynamic approach since it accounts for errors 
that are a function of both amplitude and frequency. Like 
static compensation, a look-up table 40 is used to correct the 
digitiZed samples 15, but in this case, the lookup table 40 is 
indexed by the digital signal 15 and the estimated slope 35 
of the signal (to account for frequency), as shoWn in FIG. 1. 
This technique accomplishes all that static compensation 
does but yields improved performance for its ability to 
compensate errors that are a function of frequency. This 
technique typically provides 10-15 dB reduction in har 
monic distortion. This technique is more hardWare-intensive 
than static compensation since it needs to estimate the slope 
of the signal 5 and use the slope to index a larger look-up 
table 40. For this technique, there is essentially one static 
compensation table for each slope. So if there are M slopes, 
each slope getting its oWn static table, then the siZe of the 
table 40 is M><2n. 

[0010] A typical compensation table for an 8-bit device 
may occupy 32,768 memory bins (256 amplitudes, 128 
slopes). Also, inaccurate slope estimates signi?cantly 
degrade the performance. In addition, this technique is not 
suitable for super-Nyquist input frequencies (signals above 
the Nyquist frequency) due to the ambiguity in the slope. 
Super-Nyquist compensation is necessary in receiver appli 
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cations that use intermediate frequency (IF) sampling to 
alias desired signals doWn to baseband Without the use of 
mixers (Which are typically inaccurate and bulky). 

[0011] Another prior art technique for linearity error com 
pensation is polynomial compensation, for example, as 
disclosed in US. Pat. No. 5,594,612 to Henrion. This 
technique uses a polynomial poWer series to compensate for 
linearity errors by adjusting the polynomial coefficients to 
minimiZe the amplitude of the linearity errors. For example, 
the output signal, X, of a device is processed With a poly 
nomial poWer series, y=aO+a1x+a2x2+a3x3 + . . . , to output 

a compensated signal, y; the polynomial coef?cients a0, a1, 
. , are iteratively adjusted and the system output is 

monitored until the linearity errors are beloW a certain 
threshold. HoWever, this technique assumes that the linearity 
errors generated by the device being compensated are accu 
rately modeled With the polynomial poWer series. An impor 
tant parameter missing in this model is the phase-shift of the 
higher-order linearity error distortion terms (e.g., a2x2, a3x3 
); the level of attenuation of the linearity errors suffers 
greatly Without accounting for phase-shift since this tech 
nique assumes that the device generates linearity errors 
Which are either in-phase or out-of-phase With the desired 
fundamental signal. Many devices generate linearity errors 
With arbitrary phase-shift, so accurately accounting for the 
phase-shift of the linearity errors in the device is necessary 
for accurate compensation. In addition, the polynomial 
compensation technique does not accurately compensate 
linearity errors over a Wide range of input frequencies, since 
the polynomial model cannot accurately model linearity 
errors that change over frequency. Also, the polynomial 
compensation technique uses integer exponentials, Which 
may not accurately model the linearity errors of the device. 

SUMMARY OF THE INVENTION 

[0012] Embodiments of the present invention are directed 
to methods and apparatus for providing linearity error com 
pensation that overcome draWbacks of the prior art dis 
cussed above. Unlike the prior art gain/phase calibration, the 
present invention provides gain/phase calibration in addition 
to linearity error compensation. Unlike the prior art dither 
method, the present invention provides linearity error com 
pensation Without increasing the noise. Unlike the prior art 
static compensation, the present invention provides linearity 
error compensation across a Wide range of frequencies. 
Unlike the prior art phase-plane compensation 10, the 
present invention does not require slope estimates and is 
capable of super-Nyquist error compensation; the present 
invention’s kth order phase-shift exponential model uses 
approximately k amplitude factors and k phase-shift factors 
to model the system, Where k is typically in the range of 3 
to 5, Which is much less memory than required by phase 
plane compensation. Unlike prior art polynomial compen 
sation, the present invention uses phase-shift to accurately 
cancel the linearity errors, uses frequency-dependent pro 
cessing to cancel linearity errors over a Wide range of 
frequency, and may use non-integer exponentials to more 
accurately model and cancel the linearity errors. 

[0013] In one general aspect, the invention features a 
compensator for compensating linearity errors in a device 
generating a fundamental signal and linearity error distortion 
signals. The compensator includes an exponentiator for 
generating a compensation signal and a phase-shifting unit 
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for introducing a phase-shift betWeen the fundamental signal 
and the compensation signal such that the linearity error 
distortion signals are canceled and the fundamental signal is 
maintained. 

[0014] In another general aspect, the exponentiator in the 
compensator includes a poWer unit for generating an expo 
nentiated compensation signal. The poWer unit may be used 
to generate an integer or non-integer exponentiated signal. 
Frequency-dependent gain units for adjusting the exponen 
tiated compensation signals amplitude may be connected to 
the poWer unit or to the phase-shift unit or both. An adder 
may be included to combine the exponentiated compensa 
tion signals. 

[0015] In another general aspect, the compensator 
includes a set of adders connected to a set of the phase 
shifting units for adding a set of compensation elements to 
generate a set of factored compensation signals. The expo 
nentiation is accomplished With a multiplier to combine the 
set of factored compensation signals. Frequency-dependent 
gain units for adjusting each factored compensation signal’s 
amplitude may be connected to each phase-shifting unit or 
each adder or both. 

[0016] In yet another general aspect, the compensator 
includes an adder connected to the phase-shifting unit for 
adding a compensation element to generate a factored com 
pensation signal. The exponentiation includes a poWer unit 
for generating an exponentiated compensation signal and a 
multiplier for combining the factored compensation signal 
and the exponentiated compensation signal. 

[0017] In still another general aspect, the invention fea 
tures a frequency-dependent phase-shifting unit. In even 
another general aspect, the phase-shifting unit’s compensa 
tion parameters or the exponentiator’s compensation param 
eters are adjusted according to the amplitude of the funda 
mental signal. 

[0018] In another general aspect, the compensator is con 
nected to the device and the compensator precedes the 
device. The device may include a digital-to-analog con 
verter. Alternatively, in another general aspect, the compen 
sator is connected to the device and the compensator folloWs 
the device. The device may include an analog-to-digital 
converter. 

[0019] In still another general aspect, the compensator’s 
phase-shifting unit’s compensation parameters and the 
exponentiator’s compensation parameters are calibrated 
according to the measured amplitude and phase of the 
fundamental signal and linearity error distortion signals. 

[0020] In even another general aspect, the invention fea 
tures a compensation system for compensating linearity 
errors including a device for generating a fundamental signal 
and linearity error distortion signals, an exponentiator for 
generating a compensation signal, and a phase-shifting unit 
for introducing a phase-shift betWeen the fundamental signal 
and the compensation signal such that the linearity error 
distortion signals are canceled and the fundamental signal is 
maintained. The phase-shifting unit’s compensation param 
eters and the exponentiator’s compensation parameters are 
calibrated according to the measured amplitude and phase of 
the fundamental signal and linearity error distortion signals. 

[0021] In yet another general aspect, the invention features 
a model for modeling linearity errors in a device generating 
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a fundamental signal and linearity error distortion signals 
including an eXponentiator for generating a modeling signal 
and a phase-shifting unit for introducing a phase-shift 
betWeen the fundamental signal and the modeling signal. 
The phase-shifting unit’s model parameters and the eXpo 
nentiator’s model parameters are calculated according to the 
measured amplitude and phase of the fundamental signal 
and linearity error distortion signals. 

[0022] In another general aspect, the invention features a 
method for calibrating a compensation system that cancels 
linearity error distortion signals generated by a device and 
maintains a fundamental signal generated by the device. The 
method of calibrating includes steps of injecting test signals 
into the compensation system, measuring the amplitude and 
phase of the linearity error distortion signals and the fun 
darnental signal, and calculating a set of cornpensator coef 
?cients. The step of calculating the set of cornpensator 
coef?cients includes solving for a set of phase-shifting 
cornpensation parameters and a set of eXponentiator corn 
pensation pararneters. 

[0023] The step of calculating the set of cornpensator 
coef?cients may include a step ignoring linearity error 
distortion signals With arnplitudes smaller than a pre-deter 
rnined threshold. 

[0024] In even another general aspect, the step of calcu 
lating the set of cornpensator coef?cients may include a step 
of repeating the step of calculating the set of cornpensator 
coefficients to generate several sets of cornpensator coef? 
cients for a cascaded cornpensator. The method may include 
a step of rnathernatically combining the several sets of 
cornpensator coef?cients into a single cornbined set of 
cornpensator coefficients for a non-cascaded cornpensator 
having substantially the same performance as the cascaded 
cornpensator. 

[0025] In still another general aspect, the step of calculat 
ing a set of cornpensator coefficients includes a step of 
setting the phase-shifting cornpensation parameters to be 
substantially equivalent to the measured phase of the lin 
earity error distortion signals and setting the amplitudes of 
the corresponding eXponentiator cornpensation parameters 
to be the approximate negative of the measured amplitude of 
the linearity error distortion signal. 

[0026] In another general aspect, the step of injecting test 
signals into the compensation system includes a step of 
injecting one or more sinusoidal test signals, and the step of 
measuring the amplitude and phase of the linearity error 
distortion signals and the fundamental signal includes a step 
of using trigonornetric identities to convert poWers of sinu 
soidal functions to sinusoidal functions of harrnonics. 

[0027] In yet another general aspect, the step of calculat 
ing a set of cornpensator coef?cients includes iteratively 
optimizing the set of phase-shifting cornpensation param 
eters and the set of eXponentiator cornpensation pararneters. 

[0028] In another general aspect, the invention features a 
method of compensating linearity errors in a device gener 
ating a fundamental signal and linearity error distortion 
signals. The method includes steps of eXponentiating a 
compensation signal to generate an eXponentiated compen 
sation signal and phase-shifting the compensation signal or 
the eXponentiated cornpensation signal to introduce a phase 
shift betWeen the fundamental signal and the eXponentiated 
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cornpensation signal such that the linearity error distortion 
signals are canceled and the fundamental signal is main 
tained. 

[0029] In even another general aspect, the step of eXpo 
nentiating comprises a step of using a poWer method to 
generate the eXponentiated cornpensation signal. Also, the 
step of using a poWer method includes using an integer 
poWer method to generate an integer eXponentiated signal or 
using a non-integer poWer method to generate a non-integer 
eXponentiated signal. 

[0030] In still another general aspect, the step of eXpo 
nentiating includes a step of adjusting the amplitude of the 
eXponentiated cornpensation signal based on the frequency 
of the fundamental signal. 

[0031] In yet another general aspect, the step of phase 
shifting includes several steps of phase-shifting and the step 
of eXponentiating includes several steps of using a poWer 
method to generate a several eXponentiated cornpensation 
signals. The method may further a step of adding the several 
of eXponentiated cornpensation signals together. 

[0032] In another general aspect, the step of phase-shifting 
includes several steps of phase-shifting to generate several 
phase-shifted cornpensation signals. The method further 
includes a step of adding several cornpensation elements to 
the several phase-shifted cornpensation signals to generate 
several factored cornpensation signals. The step of exponen 
tiating includes multiplying the several factored compensa 
tion signals. 

[0033] In yet another general aspect, the step of phase 
shifting includes generating a phase-shift based on the 
frequency of the fundamental signal. Also, the step of 
phase-shifting may include adjusting the phase-shift corn 
pensation pararneters according to the amplitude of the 
fundamental signal or the step of eXponentiating may 
include adjusting the eXponentiation cornpensation param 
eters according to the amplitude of the fundamental signal. 

[0034] In even another general aspect, the compensation 
signal is the output of the device. The device may be for 
converting signals from analog to digital. 

[0035] In another general aspect, the invention features a 
method of compensating linearity errors. The method 
includes steps for generating a fundamental signal and 
linearity error distortion signals, eXponentiating a compen 
sation signal to generate an eXponentiated cornpensation 
signal, and phase-shifting the compensation signal or the 
eXponentiated cornpensation signal to introduce a phase 
shift betWeen the fundamental signal and the eXponentiated 
cornpensation signal such that the linearity error distortion 
signals are canceled and the fundamental signal is main 
tained. The phase-shifting cornpensation parameters and the 
eXponentiation cornpensation parameters are calibrated 
according to the measured amplitude and phase of the 
fundamental signal and linearity error distortion signals. 

[0036] In another general aspect, the invention features a 
method of modeling linearity errors in a device generating a 
fundamental signal and linearity error distortion signals. The 
method includes steps of eXponentiating a modeling signal 
to generate an eXponentiated rnodeling signal, and phase 
shifting the modeling signal or the eXponentiated rnodeling 
signal to introduce a phase-shift betWeen the fundamental 
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signal and the exponentiated modeling signal. The phase 
shift model parameters and the exponentiation model param 
eters are calculated according to the measured amplitude and 
phase of the fundamental signal and linearity error distortion 
signals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0037] For a better understanding of the present invention, 
reference is made to the draWings Which are incorporated 
herein by reference and in Which: 

[0038] FIG. 1 is a block diagram of the prior art phase 
plane compensation used to compensate an analog-to-digital 
converter; 

[0039] FIG. 2 is a block diagram of a compensated system 
using a compensator in accordance With an embodiment of 
the present invention; 

[0040] FIG. 3 is a block diagram of a compensated system 
using a post-compensator in accordance With another 
embodiment of the present invention; 

[0041] FIG. 4 is a block diagram of a compensated system 
using a pre-compensator in accordance With yet another 
embodiment of the present invention; 

[0042] FIG. 5 is a block diagram of a compensator in 
accordance With still another embodiment of the present 
invention; 
[0043] FIG. 6 is a block diagram of a direct poWer portion 
of a compensator in accordance With a preferred embodi 
ment of the present invention; 

[0044] FIG. 7 is a block diagram of a direct poWer 
compensator in accordance With a preferred embodiment of 
the present invention and further illustrated in FIG. 6; 

[0045] FIG. 8 is a more detailed block diagram of a direct 
poWer compensator in accordance With a preferred embodi 
ment of the present invention; 

[0046] FIG. 9 is a block diagram of a factor portion of a 
compensator in accordance With another embodiment of the 
present invention; 

[0047] FIG. 10 is a block diagram of a factored compen 
sator in accordance With another embodiment of the present 
invention and further illustrated in FIG. 9; 

[0048] FIG. 11 is a block diagram of a hybrid compen 
sator in accordance With yet another embodiment of the 
present invention; 

[0049] FIG. 12 is a flow chart shoWing a process for 
calibrating compensators in accordance With the present 
invention; 
[0050] FIG. 13 is a flow chart shoWing a step for calcu 
lating compensator coefficients of FIG. 12 in accordance 
With the present invention; and 

[0051] FIG. 14 is a flow chart shoWing an alternative step 
for calculating compensator coefficients of FIG. 12 in 
accordance With the present invention. 

DETAILED DESCRIPTION 

[0052] The present invention is directed to methods and 
apparatus to reduce harmonic and inter-modulation distor 
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tion in devices including, but not limited to, buffer or poWer 
ampli?ers, analog-to-digital converters, digital-to-analog 
converters, sampling circuitry, or electromechanical devices 
such as microphones or loudspeakers. The present invention 
models the linearity errors With a mathematical phase-shift, 
exponential linearity model. The model can be used, for 
example, to predict the errors Which can be subtracted from 
the output of the compensated system. The processing 
technique can be iterated multiple times to cancel residual 
errors. The present invention can be calibrated by optimiZing 
the model parameters (for example, using a squared-error 
optimiZation) to provide maximal cancellation of the errors. 

[0053] In one aspect, the present invention is directed to a 
linearity error compensation system for attenuating nonlin 
ear errors introduced by signal processing devices. The 
linearity error compensation system develops a compen 
sated output signal. The linearity error compensation system 
includes a device to be compensated and a linearity com 
pensator. In one embodiment, the device receives the input 
signal and develops an output signal based on the input 
signal, and the linearity compensator attenuates errors intro 
duced in the output signal by the signal processing device to 
develop the compensated output signal. In another embodi 
ment, the linearity compensator develops a pre-compensated 
input signal, and the signal processing device processes the 
pre-compensated input signal to develop a compensated 
output signal. 

[0054] In one embodiment, nonlinear errors introduced by 
the device are modeled using a phase-shift exponential 
model. In a further embodiment, the phase-shift exponential 
model is used to predict at least some of the nonlinear errors 
introduced by the signal processing device. In yet a further 
embodiment, the phase-shift exponential model is used to 
cancel at least some of the nonlinear errors introduced by the 
signal processing device by subtracting the predicted non 
linear errors from the input signal or the output signal. In a 
further embodiment, the cancellation is repeated at least 
once on the output of the linearity compensator to iteratively 
cancel errors introduced by the device. The attenuation may, 
for example, be repeated until the amplitudes of the errors 
fall beloW a predetermined threshold. The resulting system 
is the original system With a cascade of linearity compen 
sators. The cascade may be collapsed into a single linearity 
compensator by mathematically evaluating the cascaded 
transfer function to calculate the equivalent linearity com 
pensator factors for a single linearity compensator. 

[0055] In another embodiment, the phase-shift exponen 
tial model models the device’s behavior as one or more 
components corresponding to terms of an exponential equa 
tion. In a further embodiment, the phase-shifted exponential 
model may model the behavior of the signal processing 
device using selected orders of the exponential equation. 
Various other embodiments of the linearity error compen 
sation system Will be described in more detail beloW. 

[0056] As described above, linearity errors can cause 
harmonic distortion and intermodulation distortion Which 
can limit the performance of systems such as digital receiv 
ers for Wireless communications, radar, laboratory test 
equipment, medical imaging, and audio/ video compression. 
In one embodiment, the linearity error compensation system 
may be advantageously used to reduce harmonic distortion 
errors to improve the performance of devices such as 
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analog-to-digital converters (ADCs), digital-to-analog con 
verters (DACs), sample-and-hold circuitry, and buffer or 
power ampli?ers. The linearity error compensation system 
may be used to improve the dynamic range of such devices, 
thereby enabling more accurate sampling and/or conversion 
of data at higher intermediate frequencies (IF), higher sam 
pling rates, and/or higher resolutions. 

[0057] Improving the speed and/or resolution of devices 
such as analog-to-digital converters enables Wide bands of 
analog data to be converted to digital form and to be 
processed more accurately and ef?ciently than is possible in 
analog form. If the linearity error compensation system is 
implemented at least partially in softWare, systems incorpo 
rating such softWare may be updated more easily than a 
hardWare-based system by updating the softWare as require 
ments change and neW standards arise. 

[0058] In one embodiment, the linearity error compensa 
tion system may be advantageously implemented Without 
the use of a large amount of memory. In such an embodi 
ment, the linearity error compensation system does not 
require a lookup table that maps actual outputs (or inputs) to 
desired outputs (or inputs). As described herein, the linearity 
error compensation system may use a phase-shift exponen 
tial model in Which nonlinear errors introduced by a device 
are modeled using a relatively small number of parameters, 
such as phase-shift and amplitude. Implementation of such 
a system, therefore, does not require storage of large num 
bers of parameters and may therefore be implemented 
Without a large memory. 

[0059] A further advantage of the linearity error compen 
sation system is that various embodiments of the system 
may easily be upgraded to compensate for nonlinear errors 
introduced by higher performance signal processing devices 
(e. g., ADCs and ampli?ers) as they become available simply 
by re-calibrating the linearity error compensation system to 
model the linearity error pro?le of the neW signal processing 
device. 

[0060] In another embodiment, the linearity error pro?le 
of a device is modeled using a phase-shift exponential model 
in Which both the phase and amplitude of nonlinear errors 
introduced by the signal processing device are modeled. 
This model may then also be used to cancel at least some of 
the nonlinear errors. The linearity error compensation sys 
tem’s use of phase in the modeling of nonlinear errors 
enables the linearity error compensation system to use less 
memory than approaches based on compensation tables and 
alloWs the linearity error compensation system to focus on 
the dominant linearity errors and ignore the other noise, 
Which dilutes the accuracy of conventional error compen 
sation systems. 

[0061] In another embodiment, the linearity error com 
pensation system may be used to attenuate errors corre 
sponding only to selected orders of the phase-shift expo 
nential equation used to model the nonlinearity pro?le of the 
signal processing device. Such selection is made possible by 
the use of the phase-shift exponential model, in Which the 
nonlinear errors introduced by the signal processing device 
are separated into errors of different exponential orders. The 
orders may be selected according to any method, such as by 
selecting predetermined orders or by selecting orders based 
on a function of the severity of the errors introduced in each 
order. The linearity error compensation system may attenu 
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ate errors corresponding only to selected orders to advan 
tageously increase the ef?ciency (e.g., siZe, speed, poWer 
consumption, and/or cost) of the linearity error compensa 
tion system. 

[0062] In one embodiment, the linearity error compensa 
tion system may be advantageously implemented Without 
requiring slope estimation, thus providing potential process 
ing, siZe, and cost savings compared With conventional 
dynamic compensation approaches. In a further embodi 
ment, the linearity error compensation system may be used 
to perform super-Nyquist error compensation (i.e., compen 
sation of signals above the Nyquist frequency), thereby 
providing an advantage over conventional dynamic com 
pensation approaches. 

[0063] In yet a further embodiment, the linearity error 
compensation system may be used to reduce harmonic 
distortion at very high frequencies, enabling accurate pro 
cessing (e.g., conversion) of data at higher intermediate 
frequencies than is achieved by conventional systems. 
Reduction of harmonic distortion at higher frequencies may 
be used to enable the reduction of the image rejection ?lter 
requirements and to reduce the complexity of electronics 
such as that found in radio frequency (RF) receivers, thereby 
reducing cost, improving performance, and facilitating tasks 
such as single-chip integration. 

[0064] In another embodiment, the linearity error com 
pensation system cancels linearity errors Without increasing 
noise in the compensated output signal (i.e., Without 
decreasing the signal-to-noise ratio). In this Way, the linear 
ity error compensation system may provide an advantage 
over systems that decrease the signal-to-noise ratio by the 
introduction of noise into the system. 

[0065] In another embodiment, the linearity error com 
pensation system provides super-attenuation of linearity 
errors by using means for phase-shifting linearity error 
distortion signals With respect to the desired fundamental 
signal, Which provides an advantage over systems that do 
not use phase-shifting. 

[0066] In another embodiment, the linearity error com 
pensation system uses frequency-dependent processing to 
provide cancellation of linearity errors Whose characteristics 
(e.g., amplitude and phase) change With respect to fre 
quency, Which provides an advantage over systems that use 
frequency-independent processing. 

[0067] In even another embodiment, the linearity error 
compensation system uses non-integer exponentiation to 
more accurately model the linearity errors (e.g., phase and 
amplitude) and provide greater cancellation of linearity 
errors Whose characteristics change With input amplitude, 
Which provides and advantage over systems that use integer 
polynomial poWer series processing. 

[0068] Referring to FIG. 2, a compensated system 50 in 
accordance With the present invention consists of a device 
80 exhibiting nonlinear distortion and a compensator 100 to 
compensate for the linearity errors. Nonlinear devices 80 
generate undesired linearity error distortion signals in addi 
tion to the desired fundamental signal. The goal of the 
compensation system is to reduce the amplitude of the 
linearity error distortion signals While maintaining the fun 
damental signal. The compensated system 50 may, for 
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example, be implemented in a post-compensation system 90 
of FIG. 3 or a pre-compensation system 95 of FIG. 4. 

[0069] Referring to FIG. 5, embodiments of the present 
invention include, for example, means for phase-shifting 
120 and means for exponentiation 130. Exponentiation 130 
is used to generate linearity error distortion signals, the 
fundamental signal, or both; phase-shifting 120 is used to 
alter the phase of the linearity error distortion signals, the 
phase of the fundamental signal, or both. For example, the 
phase and amplitude of the distortion signals can be gener 
ated to be out-of-phase With the distortion signals generated 
by the device 80, and the phase and amplitude of the 
fundamental signal can be generated to be in-phase With the 
fundamental signal generated by the device 80, such that the 
linearity error distortion signals are canceled in the output 70 
of the compensated system While maintaining the desired 
fundamental signal in the output 70. 

[0070] The use of phase-shifting 120 in the present inven 
tion greatly simpli?es the linearity model (requiring less 
memory than the prior art look-up tables) and it alloWs the 
compensator to focus on the dominant errors and ignore the 
other noise, Which typically dilutes the accuracy of prior art 
systems. The present invention concentrates on the domi 
nant components of the distortion to provide super-attenu 
ation of the undesired distortion While ignoring the other 
noise. 

[0071] The compensator 100 cancels linearity error dis 
tortion signals (e.g., harmonic distortion and intermodula 
tion distortion) for arbitrary Wideband signals as Well as 
sinusoidal signals. To simplify the computational require 
ments, only the dominant errors (for example, second and 
third order components) can be chosen to be canceled in the 
output. The invention provides an approach that is dynamic 
since it cancels errors for inputs across a Wide range of 

frequencies (unlike prior art static look-up table techniques); 
the approach can use digital ?lters With a response that 
varies across frequency instead of using slope estimation to 
account for frequency-dependent errors more accurately 
than the prior art phase-plane compensation 10 of FIG. 1. 

[0072] Referring to FIG. 3, one embodiment of the com 
pensator 100, for example, is for post-compensation of a 
device 80 Where the compensator 100 folloWs the device 80 
to be compensated. The device 80 receives an input signal 
60; the output of the device 80 contains the desired funda 
mental signal plus undesired linearity error distortion sig 
nals. The compensator 100 receives the output of the device 
80, processes the signal, and outputs a compensated signal 
70. Post-compensated systems 90 are useful, for example, 
for using digital signal processing to perform the compen 
sation on analog devices (such as ampli?ers, sample-and 
hold circuitry, analog-to-digital converters, or microphones) 
Whose signals have been converted to digital format using an 
analog-to-digital converter. 

[0073] Referring to FIG. 8, linearity errors are canceled 
by processing the output of the device 80 With a phase-shift 
exponential approach, for example, 
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(1) 

[0074] Where y[n] is the input to the compensator 110, y[n] 
is the compensator output 215, gU are the exponential 
coef?cients (245A, 245B, 245C, and 245D), U corresponds 
to the poWer exponentiation (235A, 235B, 235C, and 235D), 
pu[n] is a ?lter impulse response that corresponds to a 
phase-shifter (225A, 225B, 225C, 225D), and N is the order 
of the phase-shift exponential compensator. The frequency 
response of pu[n] is a phase shift, pU(ej‘”)=ej¢“, Where J)“ is 
the phase-shift. 

[0075] Each term in the mathematical summation of Equa 
tion 1 corresponds to each processing arm in FIG. 8, Where 
each processing arm may contain, for example, a phase 
shifter (e.g., 225A), a poWer exponentiator (e.g., 235A), and 
an exponential coefficient (e.g, 245A). Each processing arm 
corresponds to either the fundamental signal, a linearity 
error distortion signal, or a combination of both. For 
example, the processing arm corresponding to the term in 
Equation 1 With the exponential U=1 corresponds to the 
fundamental signal and the processing arms corresponding 
to the remaining terms in the mathematical summation of 
Equation 1 represent the linearity error distortion signals. As 
discussed in detail beloW, a properly calibrated phase-shift 
exponential compensator, for example, Will generate an 
in-phase fundamental signal and out-of-phase linearity error 
distortion signals such that the linearity error distortion 
signals are canceled in the output 70 of the compensated 
system. 

[0076] Note that the poWer exponentials (e.g., 235D), U, in 
Equation 1 are not necessarily positive or integer numbers. 
For example, if a poWer exponential U=1.5 is chosen, then 
the corresponding processing arm for that term in the 
summation generates a combination of the fundamental 
signal and a linearity error distortion signal. As described in 
detail beloW, several such terms may be added 275, for 
example, to accurately generate an in-phase fundamental 
signal and out-of-phase linearity error distortion signals such 
that the linearity error distortion signals are canceled in the 
output 70 of the compensated system. 

[0077] Referring back to FIG. 3, in the post-compensation 
system 90, linearity errors in a device 80 can be modeled, for 
example, With a phase-shift exponential model, 

[0078] Where y[n] is the output of the device 80, x[n] is the 
input to the device 80, gu, are the exponential coef?cients in 
the model, U corresponds to exponentiation, and pu[n] is an 
impulse response that corresponds to the phase-shift of each 
exponential factor. The frequency response of pu[n] is a 
phase-shift, Pu(ej‘”)=ejq"’, Where (I)U are the phase shifts of the 
exponential factors. 

[0079] Referring again to FIG. 8, the compensator 100 
can be calibrated (as described in detail beloW), for example, 
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by choosing the exponential coef?cients gu (245A, 245B, 
245C, and 245D) to be the negative of the exponential 
coef?cients measured in the device 80 model described by 
Equation 2 

2.5-8]. for v==1 and §.=g.. <3) 

[0080] and the phase-shifters (225A, 225B, 225C, 225D) 
to have the same phase-shifts measured in the device 80 
model 

¢..=¢..- (4) 

[0081] In other Words, the phase-shift exponential com 
pensator generates an in-phase fundamental signal (since its 
phase-shift and amplitude is chosen to be the same as that 
measured in the device 80, (])1=(])1 and g1=g1), and the 
phase-shift exponential compensator generates out-of-phase 
linearity error distortion signals (since their phase-shifts are 
chosen to be the same as those measured in the device 80 but 
their amplitudes are chosen to be the negative of those 
measured in the device 80, <f>u=q>u and gu=—gu for U#1); 
therefore, the linearity error distortion signals are canceled 
in the output 70 of the compensated system. Referring back 
to FIG. 3, the input of the compensator 100 is operatively 
coupled to the output of the device 80. Equation 2 describes 
the output of the device 80, and Equation 1 describes the 
output of the compensator 100; substituting Equation 2 into 
Equation 1 and using the phase-shifts in Equation 3 yields 
the compensator output 70 

[0082] Since the phase-shifts are relative to the fundamen 
tal signal, the phase-shift of the fundamental component can 
be set to Zero, ¢U=0, With no loss of generality. It is assumed 
that the device 80 to be compensated exhibits linearity errors 
With amplitude much smaller than the fundamental signal 
(this is true for all devices except those exhibiting very large 
nonlinear distortion), 

gu<<gl for u==1. (6) 

[0083] Therefore, many cross-product terms in Equation 5 
are negligible, 

[0084] Referring to both FIG. 8 and FIG. 3, using the 
example solution for the compensation coef?cients gu in 
Equation 3, the linearity error distortion signals cancel When 
they are summed 275 and the compensated output 215 
accurately represents the original input to the device 80, 

?lnl?lnl (8) 

[0085] Referring to FIG. 4, another embodiment of the 
compensator 100, for example, is for pre-compensation of a 
device 80 Where the compensator 100 precedes the device 
80 to be compensated. Pre-compensated systems 95 are 
useful, for example, for using digital signal processing to 
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perform the compensation on analog devices (such as ampli 
?ers, digital-to-analog converters, or loudspeakers) Whose 
signals Will be converted to analog format using a digital 
to-analog converter. Linearity error distortion signals are 
canceled by pre-processing the input signal 60 With a 
phase-shift exponential approach as described above (e.g., 
as shoWn in FIG. 8), such that the linearity error signals are 
canceled in system output 70. 

[0086] The compensation approach for pre-compensation 
95 in FIG. 3 is analogous to that for post-compensation 90 
of FIG. 4 as discussed above. As discussed in detail beloW, 
a properly calibrated phase-shift exponential compensator, 
for example, Will generate an in-phase fundamental signal 
and out-of-phase linearity error distortion signals such that 
the linearity error distortion signals are canceled in the 
output 70 of the compensated system. 

[0087] The phase-shift exponential compensator 100 can 
be implemented using several techniques, including, but not 
limited to, a direct poWer technique (as shoWn in FIG. 6 and 
FIG. 7), a factored technique (as shoWn in FIG. 9 and FIG. 
10), or a hybrid of these techniques (as shoWn in FIG. 11). 
Each of these approaches can be implemented using several 
techniques, including, but not limited to, softWare on a 
computing processor, ?rmWare on a digital signal processor, 
digital hardWare electronics, analog hardWare electronics, or 
a combination of these techniques. 

[0088] Referring to FIG. 6 and FIG. 7, a preferred 
embodiment of the invention uses one or more direct poWer 

portions 200 in parallel to generate the fundamental signal 
and the linearity error signals, and the outputs of each 
portion can be summed 275 to form the compensator output 
215 such that the linearity error signals are canceled and the 
fundamental signal is maintained in the compensated system 
output 70. The direct poWer compensator 250 implements 
the phase-shift exponential compensation approach 
described by Equation 1 by directly calculating the expo 
nential portions 200 and summing 275 them together. 

[0089] FIG. 6 shoWs a direct poWer portion 200 of a 
compensator. Each direct poWer portion 200 contains of a 
phase-shifter 225, a poWer exponentiator 235, and optionally 
amplitude factors 215 or 245. The direct poWer portion 200 
generates the fundamental signal or the linearity error dis 
tortion signals or a combination of both, for example, as 
described by the term Within the summation in Equation 1, 

éu(ylnl*f>ulnl)"> (9) 

[0090] Where y[n] is the input 110 to the compensator 100, 
gU are the exponential coef?cients 245, U corresponds to the 
exponentiator 235, pu[n] is a ?lter impulse response that 
corresponds to the phase-shifter 225. The frequency 
response of pu[n] is a phase shift, PU(eJ‘”)=eJ¢“, Where (1, is 
the phase-shift. Note that the exponentials 235, U, are not 
necessarily positive or integer numbers, as discussed above. 

[0091] Note that the phase-shifts 225(])U may have a phase 
delay that varies With signal frequency to compensate lin 
earity errors Whose response varies With frequency. Also, the 
exponential coef?cients 245 may have gain that varies With 
signal frequency to compensate linearity errors Whose 
response varies With frequency. The exponential coefficients 
215 and 245 can be implemented, for example, With ?nite 
impulse response or in?nite impulse response ?lters, With 
digital hardWare (such as the Graychip 2011 digital ?lter 
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chip), in software, or in ?rmware. Similarly, the phase 
shifter 225 can be implemented, for example, With ?nite 
impulse response or in?nite impulse response ?lters, With 
digital hardWare, in software, or in ?rmWare. The poWer 
exponentiator 235 has a response 

y-xU (10) 

[0092] Where X is the input to the poWer exponentiator 
235, y is the output of the poWer exponentiator 235, and U 
is the exponential, Which is not necessarily a positive 
integer. The poWer exponentiator 235 can be implemented, 
for example, With a set of multipliers. 

[0093] Referring to FIG. 9 and FIG. 10, another embodi 
ment of the invention uses one or more factor portions 300 
in parallel, With the outputs of each portion multiplied 375 
to form the compensator output 215 such that the linearity 
error signals are canceled and the fundamental signal is 
maintained in the compensated system output 70. The fac 
tored compensator 375 implements the phase-shift exponen 
tial compensation approach described by Equation 1 by 
factoring the exponential into ?rst order factors 300 Which 
are multiplied 375 together to form the output 215. The 
exponentiation is accomplished via the multiplication 375 of 
the factors 300. 

[0094] FIG. 9 shoWs a factor portion 300 of a compen 
sator. Each factor portion 300 consists of a phase-shifter 
325, an adder 335, and optionally gain factors 315 and 345. 
The factor portion 300 can generate, for example, the ?rst 
order mathematical factors of Equation 1. Note that the 
phase-shifts 325<f>umay have a phase delay that varies With 
signal frequency to compensate linearity errors Whose 
response varies With frequency. Also, the gain coefficients 
315 and 345 may have gain that varies With signal frequency 
to compensate linearity errors Whose response varies With 
frequency. The gain coefficients 315 and 345 can be imple 
mented, for example, With ?nite impulse response or in?nite 
impulse response ?lters, With digital hardWare (such as the 
Graychip 2011 digital ?lter chip), in softWare, or in ?rm 
Ware. Similarly, the phase-shifter 325 can be implemented, 
for example, With ?nite impulse response or in?nite impulse 
response ?lters, With digital hardWare, in softWare, or in 
?rmWare. 

[0095] In accordance With an alternate embodiment of the 
current invention, FIG. 11 shoWs a hybrid compensator 400, 
Which combines the direct poWer compensator 250 With 
factor portions 300, Which are multiplied 375 together to 
form the compensator output 215. Instead of using only 
single order factor portions 300, the hybrid compensator 400 
can employ a combination of single order factor portions 
300 and higher-order direct poWer compensator factors 250. 

[0096] Embodiments of the current invention may use a 
?lter bank to partition the frequency spectrum of the device 
80 to be compensated into smaller frequency bands Which 
are each processed With a separate compensator 100, this is 
useful if the linearity errors change signi?cantly as a func 
tion of input signal frequency. 

[0097] Embodiments of the current invention may use a 
conditional compensator 100, Which only activates the com 
pensation processing When linearity errors exceed a pre 
scribed threshold. For example, typical devices exhibit 
higher linearity errors When the signal amplitude is 
increased, so a conditional compensator 100 may activate 
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the processing only above a certain amplitude. Additionally, 
different conditional compensators may be activated When 
the amplitude is Within certain amplitudes, for example, if 
the linearity errors change signi?cantly as a function of input 
signal amplitude. 

[0098] Referring to FIG. 12 and FIG. 2, the compensator 
100 can be calibrated, for example, by injecting knoWn test 
signals 500 on the input 60 of the system to measure the 
linearity error pro?le 540 of the device 80 for a Wide range 
of input amplitudes and frequencies covering the operating 
range of the system 50. The knoWn test signals, for example, 
may be pure sinusoidal signals of varying frequencies, or 
dual-tone signals, or multi-tone comb signals. Measurement 
540 of the linearity error pro?le of the device 80 consists, for 
example, of measuring the amplitude and phase-shift of the 
fundamental signal and the linearity error distortion signals 
(e.g., harmonic distortion and intermodulation distortion). 
The amplitudes and phase-shifts can be measured, for 
example, by taking the Discrete Fourier Transform of the 
output of the device 80. As described in detail beloW, these 
amplitudes and phase-shifts can be used to calculate the 
phase-shifts q)“, exponential coefficients guand exponentials 
u in the model of the device 80 described by Equation 2 
above. As described in detail beloW, the compensator coef 
?cients for the compensator 100, are calculated 560 such 
that the linearity error distortion signals are canceled in the 
output 70 of the compensated system While maintaining the 
desired fundamental signal in the output 70. The compen 
sator coefficients consist, for example, of the phase-shifts (])U, 
exponential coef?cients gu, and exponentials u in the phase 
shift exponential compensator described by Equation 1 
above. 

[0099] Since the linearity error pro?le of typical electronic 
devices is relatively constant, re-calibration of the compen 
sator can be performed infrequently, for example, When the 
system hardWare is recon?gured. An auto-calibration pro 
cedure can be implemented by using pseudo-random comb 
signals to quickly generate a broadband model. Systems 
incorporating the compensator 100 can be upgraded to 
higher performance as neW devices 80 become available by 
re-calibrating the compensator 100 to compensate the neW 
hardWare con?guration. 

[0100] FIG. 13 shoWs a ?oWchart for a method to calcu 
late 560 the compensator coef?cients (e.g., the phase-shifts 
(])U, exponential coef?cients gu, and exponentials U in the 
phase-shift exponential compensator described by Equation 
1 above.). The measured linearity error pro?le 540 of the 
device 80 is examined and negligible linearity errors are 
ignored 565, for example, if their amplitudes are beloW a 
prescribed threshold (e.g., —80 dBc for a system With 12-bit 
resolution). The remaining non-negligible linearity errors 
are used to calculate the compensator coef?cients. 

[0101] As discussed above, measurement of the linearity 
error pro?le of the device 80 consists, for example, of 
measuring the amplitude and phase-shift of the fundamental 
signal and the linearity error distortion signals (e.g., har 
monic distortion and intermodulation distortion). This can 
be accomplished by injecting a sinusoidal signal into the 
device 80 and measuring the amplitude and phase-shift of 
the harmonic distortion signals in the output, y[n], of the 
device 80 
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[0102] Where Ak is the amplitude of the kth harmonic and 
(])k is the phase shift of the kth harmonic. The harmonic 
amplitudes Ak and harmonic phase-shifts (])k can be mea 
sured by taking the Discrete Fourier Transform of the output 
of the device 80. By injecting a sinusoidal signal in the input 
to the device 80 (i.e., setting the input in Equation 2 to be a 
sinusoidal signal x[n]=cos(u)1n)) and equating like terms 
With Equation 11, the model’s exponential coef?cients, gu, 
and model’s phase-shifts, (])U, can be determined as functions 
of the measured harmonic amplitudes Ak and harmonic 
phase-shifts (])k. With the sinusoidal input, Equation 2 
becomes, for example, 

w A (12) 

Wt] = Z g.ws”(w1n + a) 

[0103] To equate terms With Equation 11, trigonometric 
identities can be used to convert poWers of sinusoidal 
functions to sinusoidal functions of harmonics; for example, 
the double-angle formula is 

2 _ 1 l (13) 
cos (110- 5 + 5cos(2z1). 

[0104] Speci?c harmonics can be chosen to be compen 
sated While others are ignored by assuming the amplitudes 
Ak of harmonics to be ignored 565 are Zero. 

[0105] One solution 575 to effectively cancel the linearity 
error distortion signals, for example, is to choose the expo 
nential coef?cients gu, to be the negative of the exponential 
coef?cients measured in the device 80 model described by 
Equation 2 

[0106] and the phase-shifters to have the same phase-shifts 
measured in the device 80 model 

‘l’v:¢v- (15) 
[0107] Therefore, the linearity error distortion signals are 
canceled in the output 70 of the compensated system. 

[0108] Optionally, the solution 575 can be repeated 580 to 
compensate for residual linearity errors that still remain. 
This can be repeated, for example, until all the linearity 
errors are beloW a prescribed threshold. The resulting system 
is a cascade of compensators 100. The cascade can be 
optionally collapsed into a single compensator 100 by 
mathematically evaluating the cascaded transfer function to 
calculate the equivalent single compensator 100. For 
example, M cascaded compensators 100 (each With order N; 
the highest exponential order in the system is N) is equiva 
lent to one compensator of order MN. The resulting com 
pensator 100 can be optionally simpli?ed by discarding 
negligible terms. 
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[0109] FIG. 14 shoWs a ?oWchart for an alternate method 
to calculate 560 the compensator coefficients. Negligible 
linearity errors are ignored 565, for example, if their ampli 
tudes are beloW a prescribed threshold (for example, 80 dB 
for a system With 12-bit resolution). Standard optimiZation 
techniques (for example, mean-squared error optimiZations), 
can be used to guess 585 the compensator coef?cients, 
evaluate the performance 590, and iteratively or non-itera 
tively repeat the optimiZation until the linearity errors are 
beloW a prescribed threshold. The performance can be 
evaluated 590, for example, by determining the level of the 
linearity error distortion signals in the system output 70. 

[0110] Various embodiments of the linearity error com 
pensator have a number of useful applications. For example, 
in one embodiment the linearity error compensator may be 
used to generate neW communications signals that lineariZe 
a nonlinear system, thereby increasing signaling capacity. 
These neW communications signals may have the behavior 
of eigenfunctions of nonlinear systems. A comb-like signal 
may be used as an input to the linearity error compensation 
system, Which outputs a phase-shifted, scaled version of the 
input. Such an embodiment of the linearity error compen 
sation system may, for example, be used in conjunction With 
digital subscriber line (DSL) modems. 

[0111] In one embodiment, the linearity error compensator 
may be used to increase signaling capacity in a communi 
cations system or to improve the ef?ciency of signal com 
pression. In another embodiment, the linearity error com 
pensation system may be used to reduce harmonic and 
intermodulation distortion in any of a variety of devices, 
such as buffer or poWer ampli?ers, analog-to-digital con 
verters, digital-to-analog converters, and sampling circuitry. 

[0112] In a further embodiment, the linearity error com 
pensator system may be used to improve communications 
systems by increasing modulation density (thereby increas 
ing system capacity). In another embodiment, the linearity 
error compensator may be used to reduce the bit error rate 
for communications (such as modems, cellular telephones, 
or satellite systems). In yet a further embodiment, Quadra 
ture Amplitude Modulation (QAM) density is improved by 
decreasing linearity errors. 

[0113] Other applications of the linearity error compensa 
tion system include noise cancellation; reduction of linearity 
errors caused by microphones (to enhance speech process 
ing); attenuation of linearity errors caused by audio ampli 
?ers and speakers; pre-compensation processing (e.g., in a 
tape-monitor loop) to reduce distortion introduced by the 
cone and voice coil of speaker drivers and poWer ampli?er 
nonlinearities; and data compression (e.g., for audio, video, 
or still picture compression). 

[0114] Embodiments of the present invention provide sig 
ni?cant advantages and overcome draWbacks of the prior art. 

[0115] It is to be understood that the term “device” as used 
herein is not limited to physical devices or to devices or 
processes that act upon electrical signals. Rather, the term 
“device” as used herein includes any device, process, soft 
Ware, or combination thereof that outputs a signal that 
includes linearity error distortion. Such signal processing 
devices include, for example, sample-and-hold circuitry, 
buffer or poWer ampli?ers, analog-to-digital and digital-to 
analog converters, and other digital, analog, and mixed 
analog-and-digital devices. 
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[0116] Furthermore, it should be understood that the term 
“signal” as used herein is not limited to electrical signals. 
Rather, the term “signal” as used herein includes any signal 
travelling through any tangible medium and any sequence of 
information, Whether continuous or discrete in time, ampli 
tude, or any other parameter. For example, the term “signal” 
as used herein includes, but is not limited to, medical 
electrocardiogram signals, ?ngerprints, photographs, audio 
signals, and video signals. 

[0117] The linearity error compensator described herein is 
not limited to use in conjunction With any particular device 
or other device, softWare, system, process, or combination 
thereof. Illustrative examples of systems in Which embodi 
ments of the linearity error compensation system may be 
used include, but are not limited to: smart radios for Wireless 
communications (cellular and satellite); radar systems; 
medical imaging systems such as ultrasound, MRI, CT Scan, 
PET Scan, and x-ray; sonar systems; test equipment such as 
oscilloscopes, spectrum analyZers, and netWork analyZers; 
Wide bandWidth modems; audio recording and signal pro 
cessing; speech processing; high-de?nition television 
(HDTV); audio and video compression systems; dynamic 
feedback and control systems; scienti?c equipment such as 
microscopes; and imaging hardWare in astronomy. 

[0118] It is to be understood that although the invention 
has been described above in terms of particular embodi 
ments, the foregoing embodiments are provided as illustra 
tive only, and do not limit or de?ne the scope of the 
invention. Other embodiments are also Within the scope of 
the present invention, Which is de?ned by the scope of the 
claims beloW. 

[0119] The techniques described above may be imple 
mented, for example, in hardWare (including analog and/or 
digital circuitry), softWare, ?rmWare, or any combination 
thereof. For example, the linearity error compensator and 
elements thereof may be implemented in analog or digital 
circuitry, a Very Large Scale Integrated Circuit (VLSI), a 
Digital Signal Processor (DSP) chip, or any combination 
thereof. The techniques described above may be imple 
mented in one or more computer programs executing on a 
programmable computer including a processor, a storage 
medium readable by the processor (including, for example, 
volatile and non-volatile memory and/or storage elements), 
at least one input device, and at least one output device. 
Program code may be applied to data entered using the input 
device to perform the functions described and to generate 
output information. the output information may be applied 
to one or more output devices. 

[0120] Each computer program may be implemented in 
any programming language, such as assembly language, 
machine language, a high-level procedural programming 
language, or an object-oriented programming language. The 
programming language may be a compiled or interpreted 
programming language. 

[0121] Each computer program may be implemented in a 
computer program product tangibly embodied in a machine 
readable storage device for execution by a computer pro 
cessor. Method steps of the invention may be performed by 
a computer processor executing a program tangibly embod 
ied on a computer-readable medium to perform functions of 
the invention by operating on input and generating output. 
Suitable processors include, by Way of example, both gen 
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eral and special purpose microprocessors. Generally, the 
processor receives instructions and data from a read-only 
memory and/or a random access memory. Storage devices 
suitable for tangibly embodying computer program instruc 
tions include, for example, all forms of non-volatile 
memory, such as semiconductor memory devices, including 
EPROM, EEPROM, and ?ash memory devices; magnetic 
disks such as internal hard disks and removable disks; 
magneto-optical disks; and CD-ROMs. Any of the foregoing 
may be supplemented by, or incorporated in, specially 
designed ASICs (application-speci?c integrated circuits). A 
computer can generally also receive programs and data from 
a storage medium such as an internal disk or a removable 
disk. These elements Will also be found in a conventional 
desktop or Workstation computer as Well as other computers 
suitable for executing computer programs implementing the 
methods described herein, Which may be used in conjunc 
tion With any digital print engine or marking engine, display 
monitor, or other raster output device capable of producing 
color or gray scale pixels on paper, ?lm, display screen, or 
other output medium. 

[0122] Although elements of the invention may be 
described herein in terms of a softWare implementation, 
aspects of the invention may be implemented in softWare, 
hardWare, ?rmWare, or any combination thereof. 

[0123] Having thus described at least one illustrative 
embodiment of the invention, various alterations, modi?ca 
tions and improvements Will readily occur to those skilled in 
the art. Such alterations, modi?cations and improvements 
are intended to be Within the scope and spirit of the inven 
tion. Accordingly, the foregoing description is by Way of 
example only and is not intended as limiting. The inven 
tion’s limit is de?ned only in the folloWing claims and the 
equivalents thereto. 

What is claimed is: 
1. A compensator for compensating linearity errors in a 

device generating a fundamental signal and linearity error 
distortion signals comprising: 

an exponentiator With a poWer unit for generating an 
exponentiated compensation signal; and 

a phase-shifting unit folloWing the poWer unit for intro 
ducing a phase-shift betWeen the fundamental signal 
and the exponentiated compensation signal such that 
the linearity error distortion signals are canceled and 
the fundamental signal is maintained. 

2. The compensator of claim 1 Wherein the phase-shifting 
unit introduces a frequency-dependent phase-shift based on 
the frequency of the exponentiated compensation signal. 

3. The compensator of claim 1 Wherein the poWer unit is 
operatively coupled to a frequency-dependent gain unit for 
adjusting the exponentiated compensation signal amplitude. 

4. The compensator of claim 1 Wherein the phase-shifting 
unit is operatively coupled to a frequency-dependent gain 
unit for adjusting the exponentiated compensation signal 
amplitude. 

5. The compensator of claim 1 comprising a plurality of 
poWer units and a plurality of phase-shifting units for 
generating a plurality of exponentiated compensation sig 
nals. 

6. The compensator of claim 5 further comprising an 
adder for combining the plurality of exponentiated compen 
sation signals. 
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7. A method of compensating linearity errors in a device 
generating a fundamental signal and linearity error distortion 
signals comprising steps of: 

eXponentiating a compensation signal using a poWer 
method to generate an eXponentiated compensation 
signal; and 

phase-shifting the eXponentiated compensation signal, 
Wherein the phase-shift is based on the frequency of the 
eXponentiated compensation signal, such that the lin 
earity error distortion signals are canceled and the 
fundamental signal is maintained. 

8. The method of claim 7 Wherein the step of exponen 
tiating further comprises a step of adjusting the amplitude of 
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the eXponentiated compensation signal based on the fre 
quency of the fundamental signal. 

9. The method of claim 7 Wherein the step of phase 
shifting further comprises a step of adjusting the amplitude 
of the eXponentiated compensation signal based on the 
frequency of the eXponentiated compensation signal. 

10. The method of claim 7 Wherein the step of phase 
shifting includes a plurality of steps of phase-shifting and 
the step of eXponentiating includes a plurality of steps of 
using a poWer method to generate a plurality of exponenti 
ated compensation signals. 

11. The method of claim 10 further comprising a step of 
adding the plurality of eXponentiated compensation signals. 

* * * * * 


