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Figure 6a
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1
SYSTEMS AND METHODS FOR DISTORTION
MEASUREMENT USING
DISTORTION-TO-AMPLITUDE
TRANSFORMATIONS

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application No. 61/256,547, filed 30 Oct. 2009, the
entire contents and substance of which are hereby incorpo-
rated by reference as if fully set forth below.

FIELD OF THE INVENTION

The present invention relates generally to systems and
methods for amplifier distortion measurement.

BACKGROUND OF THE INVENTION

The increased demand for spectrally efficient wireless
communication chips necessitates the use of high linearity RF
(Radio Frequency) front ends. Among other things, the high
power amplifier in the transmitter is a crucial element which
determines the overall linearity of the transmitted RF signal.
Power Amplifiers exhibit crucial distortion effects at high
power, namely amplitude and phase distortions. These are
characterized as amplitude to amplitude modulation (AM-
AM) and amplitude to phase modulation (AM-PM). More-
over the increasing popularity of Orthogonal Frequency Divi-
sion Multiplexing (OFDM) as the choice of modulation has
increased the linearity requirements of these PAs signifi-
cantly, making AM-AM and AM-PM even more critical.

AM-AM distortion or gain compression causes intermodu-
lation distortion (IMD) resulting in the folding of the out of
band signal onto the desired signal spectrum, thereby result-
ing in higher bit error rate. AM-PM distortion or phase dis-
tortion causes unequal rotation in the received constellation
causing difficulties in signal detection. The sum effect of
AM-AM and AM-PM causes bit errors at the received signal
as well as out of hand interference in the transmitted signal
leading to violation of the defined FCC transmit spectral
mask.

There have been a number of techniques which deal with
modeling and compensation of AM-AM and AM-PM effects.
These range from simple polynomial based models to com-
plex models based on volterra series to model memory effects
in PAs. Amplitude distortion effects (AM-AM) are consider-
ably less challenging to measure. Among other techniques, a
simple technique such as placing a power detector at the PA
output and measuring the output power level while sweeping
the power of the input sine test signal can be used to measure
gain compression. However accurate measurements of AM-
PM effects require high precision instrumentation, and hence,
are expensive and time consuming. A common form of mea-
suring AM-PM is using a Vector Network Analyzer (VNA).
The measured phase of S21 parameter in the swept power S
parameter measurement provides the AM-PM information of
the amplifier. Besides cost and time (setup time and calibra-
tion time) considerations in this particular setup, the measure-
ment is highly sensitive to calibration.

Hence, low cost test method for measuring AM-AM and
AM-PM is desired for production testing solutions.

BRIEF SUMMARY OF THE INVENTION

The presently invention is directed to systems and methods
to accurately measure distortion effects while allowing for the
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possibility of significant reduction in test cost. An exemplary
embodiment of the present invention provides a method for
amplifier distortion measurement including comparing a first
amplitude response of an output signal from a power ampli-
fier to a second amplitude response of a reference input signal
to determine a set of Amplitude-to-Amplitude (“AM-AM”)
distortion values. Additionally, the method for amplifier dis-
tortion measurement includes equalizing the first amplitude
response of the output signal to match the second amplitude
response of the reference input signal based on the set of
AM-AM distortion values and creating a difference signal
based on a comparison of the equalized output signal to the
reference input signal. Furthermore, the method for amplifier
distortion measurement includes calculating a set of Ampli-
tude-to-Phase (“AM-PM”) distortion values based on a third
amplitude response of the difference signal.

In addition to methods for amplifier distortion measure-
ment, the present invention provides amplifier distortion mea-
surement systems. An exemplary embodiment of the ampli-
fier distortion measurement system provides a power
amplifier receiving a reference input signal and providing an
output signal and a power detector in communication with an
output of the power amplifier enabled to create a set of Ampli-
tude-to-Amplitude (“AM-AM”) distortion values based on
the difference between the output signal and the reference
input signal. Furthermore, the amplifier distortion measure-
ment system provides a control module enabled to drive a
variable attenuator in communication with an output of the
power amplifier to create a equalized output signal to match
the second amplitude response of the reference input signal
based on the set of AM-AM distortion values. Additionally,
the amplifier distortion measurement system provides a dif-
ference generator enabled to create a difference signal based
on a comparison of the equalized output signal to the refer-
ence input signal, and a peak detector enabled to calculate a
set of Amplitude-to-Phase (“AM-PM”) distortion values
based on a third amplitude response of the difference signal.

These and other objects, features and advantages of the
present invention will become more apparent upon reading
the following specification in conjunction with the accompa-
nying drawing figures.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1a shows a sine wave with zero phase and four other
sine waves with increasing phase shift (0=-10, -30, —60 and
-90).

FIG. 15 shows the difference between the zero phase signal
and the four signals with different phase values.

FIG. 2a provides an illustration of a portion of an amplifier
distortion measurement system 200 in accordance with an
exemplary embodiment of the present invention.

FIG. 256 provides an illustration of an amplifier distortion
measurement system 200 in accordance with an exemplary
embodiment of the present invention.

FIG. 3 provides an illustration of a block diagram of the
method of amplifier distortion measurement 300 in accor-
dance with an exemplary embodiment of the present inven-
tion.

FIG. 4 provides an illustration of a PA 206 in accordance
with an exemplary embodiment of the present invention.

FIG. 5a shows the input reference signal and the output
signal from PA 206 for different input power levels.

FIG. 5b illustrates how the exemplary embodiment of the
amplifier distortion measurement system 200 can accurately
remove the AM-AM distortion effects from the output signal.
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FIG. 6a provides an illustration of the graph from FIG. 554
which has been zoomed in at the zero crossing.

FIGS. 65 illustrates the output of the difference generator
216, V ;4 for increasing input power levels in an exemplary
embodiment of the amplifier distortion measurement system
200.

FIG. 6c illustrates the output of the peak detector 216,
IV 445 for increasing input power levels in an exemplary
embodiment of the amplifier distortion measurement system
200.

FIG. 7 provides a plot of the actual AM-PM distortion
values for comparison purposes.

FIG. 8a provides a plot of the set of AM-AM distortion
values measured by an exemplary embodiment of the ampli-
fier distortion measurement system 200.

FIG. 8b provides a plot of the set of AM-PM distortion
values measured by an exemplary embodiment of the ampli-
fier distortion measurement system 200.

FIG. 9 provides a schematic of a difference generator 216
in accordance with an exemplary embodiment of the present
invention.

FIG. 10 provides an illustration of the output voltage of an
exemplary embodiment of the peak detector 218 is propor-
tional to the phase difference between the two inputs to the
difference generator 216.

FIG. 11 provides an illustration of alternative embodiment
of the amplifier distortion measurement system 200 that does
not include a high frequency difference generator or a vari-
able attenuator.

FIG. 12 illustrates the down converted reference input sig-
nal and the output signal of the PA 206 in accordance with an
alternative embodiment of the amplifier distortion measure-
ment system 200.

FIG. 13 provides a plot of the measured gain values versus
the original gain over the input power range.

FIG. 14 provide a plot of the a set of AM-PM distortion
values of an alternative embodiment of the amplifier distor-
tion measurement system 200.

FIG. 15a provides a plot of the set of AM-AM distortion
values measured by the alternative embodiment of the ampli-
fier distortion measurement system 200.

FIG. 155 provides a plot of the set of AM-PM distortion
values measured by the alternative embodiment of the ampli-
fier distortion measurement system 200.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The present invention addresses the deficiencies in the
prior art concerning the lack of a relatively low cost device or
system to accurately measure amplitude and phase distortion
in an amplifier. Significantly, the present invention provides
methods and apparatus for providing cost efficient and effec-
tive amplifier distortion measurement systems using phase-
to-amplitude conversion techniques. An amplifier distortion
measurement system provided in accordance with the present
invention is enabled to provide accurate measure of ampli-
tude distortion and phase distortion with relatively simple
hardware and/or software components compared to tradi-
tional network analyzers. Additionally, the present invention
overcomes the drawbacks of the conventional methods and
systems in the prior art and provides some embodiments of
the systems and methods, which are enabled to utilize soft-
ware and minimal hardware to calculate amplitude distortion
and phase distortion in real-time.
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An exemplary embodiment of the present invention pro-
vides a method for amplifier distortion measurement includ-
ing comparing a first amplitude response of an output signal
from a power amplifier to a second amplitude response of a
reference input signal to determine a set of Amplitude-to-
Amplitude (“AM-AM”) distortion values. Additionally, the
method for amplifier distortion measurement includes equal-
izing the first amplitude response of the output signal to match
the second amplitude response of the reference input signal
based on the set of AM-AM distortion values and creating a
difference signal based on a comparison of the equalized
output signal to the reference input signal. Furthermore, the
method for amplifier distortion measurement includes calcu-
lating a set of Amplitude-to-Phase (“AM-PM”) distortion
values based on a third amplitude response of the difference
signal.

In addition to methods for amplifier distortion measure-
ment, the present invention provides amplifier distortion mea-
surement systems. An exemplary embodiment of the ampli-
fier distortion measurement system provides a power
amplifier receiving a reference input signal and providing an
output signal and a power detector in communication with an
output of the power amplifier enabled to create a set of Ampli-
tude-to-Amplitude (“AM-AM”) distortion values based on
the difference between the output signal and the reference
input signal. Furthermore, the amplifier distortion measure-
ment system provides a control module enabled to drive a
variable attenuator in communication with an output of the
power amplifier to create a equalized output signal to match
the second amplitude response of the reference input signal
based on the set of AM-AM distortion values. Additionally,
the amplifier distortion measurement system provides a dif-
ference generator enabled to create a difference signal based
on a comparison of the equalized output signal to the refer-
ence input signal, and a peak detector enabled to calculate a
set of Amplitude-to-Phase (“AM-PM”) distortion values
based on a third amplitude response of the difference signal.

An amplifier distortion measurement system in accordance
with an exemplary embodiment of the present invention can
reduce the costs of testing Amplitude-to-Amplitude (“AM-
AM”) distortion and Amplitude-to-Phase (“AM-PM”) distor-
tion while maintaining or increasing the accuracy of the mea-
surement over prior art methods and systems. Inan exemplary
embodiment, the amplifier distortion measurement system
includes a test circuit in conjunction with hardware and/or
software based difference generation and peak detection sys-
tems. An exemplary embodiment of the amplifier distortion
measurement system provides highly accurate distortion
measurement without the complex and expensive hardware
of a traditional network analyzer, such as a Vector Network
Analyzer (“VNA”).

One of the significant advancements provided by the
present invention is that it enables phase distortion to be
calculated as a function of signal amplitude analysis. Phase
deviation and distortion analysis is a complicated task that has
traditionally required a complex instrument such as a VNA.
An exemplary embodiment of the amplifier distortion mea-
surement system in accordance with the present invention can
calculate AM-PM distortion without engaging in a direct
phase analysis of transmission signal. The present invention
relies upon a phase-to-amplitude conversion process. Specifi-
cally, the present invention relies upon a key observation that
the difference of two sine waves with identical amplitude and
frequency but different phase is another sine wave with the
same frequency whose amplitude is proportional to the phase
difference of the two sine waves. Therefore, an exemplary
embodiment of the amplifier distortion measurement system
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can convert the phase difference between two signals of the
same frequency to amplitude and detect phase deviation and
distortion through relatively low cost test techniques of
amplitude analysis rather than complicated phase analysis.

Those of'skill in the art will appreciate that the methods and
systems of distortion measurement disclosed herein can be
used to measure distortion exhibited by a wide variety of
amplifiers in a wide variety of implementations. For example,
and not limitation, the methods and systems of distortion
measurement disclosed herein can be used on a power ampli-
fier in wireless transmission systems, such as mobile phone,
cellular base station, WiFi router, or other wireless transmis-
sion device. Additionally, the methods and systems of distor-
tion measurement disclosed herein can be used on wireline
amplifiers and optical amplifiers.

RF Power Amplifiers (“PA”s) are large signal devices that
exhibit non linear effects with increasing input power. The
performance of an RF Power Amplifier can be quantified by
its gain, phase deviation, 1-dB compression point, AM-AM
distortion, and AM-to-PM distortion.

Power Gain can be described as the ratio of the output
power delivered to the load of the power amplifier to the
power available at the source of the amplifier. Phase deviation
can be described as the constant phase difference between the
output of the PA and the input of PA due to the delay added by
the PA circuitry. With regards to gain compression, with
increasing input power levels, the output power is progres-
sively compressed, and hence, output power fails to increase
linearly with input power. This reduction in gain is known as
gain compression and is characterized by the 1 dB compres-
sion point (P1 dB) of the amplifier, or, in other words, the
output power level for which the gain reduces by 1 dB from its
small signal value.

AM-AM distortion can define the manner in which the
amplitude of the PA output is affected by gain compression of
the power amplifier input-output transfer function at high
output power levels. AM-PM distortion can define the manner
in which the phase of the output signal at a particular fre-
quency is affected by nonidealities in the power amplifier
input-output transfer function in relation to the phase of the
signal at the same frequency that is input to the device.

AM-AM distortion can be defined as the change in gain per
dB increase of input power and characterized by dB/dB.
Similarly AM-PM can be defined as the phase change per dB
increase of input power and is expressed in degrees/dB.

The above PA performance characteristics are typically
determined from gain and phase deviation measurements
obtained by sweeping the PA input power across a range of
values. The conventional form of this measurement is per-
formed using a VNA and can be performed by calibrating the
VNA for the measurement setup, measuring the gain vs. input
power, and then measuring the phase deviation vs. input
power. An exemplary embodiment of the amplifier distortion
measurement system provided by the present invention can,
however, calculate the PA performance characteristics with-
out direct phase deviation measure but rather with phase-to-
amplitude conversion.

The phase-to-amplitude conversion performed by an
exemplary embodiment of the amplifier distortion measure-
ment system relies upon the key observation that the differ-
ence of two sine waves with identical amplitude and fre-
quency but different phase is another sine wave with the same
frequency whose amplitude is proportional to the phase dif-
ference of the two sine waves. The following derivation
proves this key observation. Where  is the frequency of the
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two sine waves, A is their amplitude, @ is the phase difference
between them, and V . is the difference between the two
waveforms.

Assuming both are cosine waves we get:

Vaig = Acos(wr) — Acos(wr + ¢) [¢8]

= Alcos(wr) — cos(wr)cos(g) + sin(w)sin(p)]
= Alcos(wi){l — cos(¢)} + sin(wr)sin(¢)]

= 2Asin(¢ /2) X sin(wi + $/2)
Similarly for sine waves it can be shown that

Vaigr = Asin(wr) — Asin(w? + @) 2)

= —2Asin(¢/2) X cos(wi + ¢ /2)

In both the cases, it is found that

IV, p=24 sin(2) 3)

As illustrated by Equation (3), the amplitude of the difference
of'the two waves is dependent on the phase difference of the
original waveforms, more accurately, is proportional to the
sin( ) of half of the phase difference between them.

FIGS. 1a and 15 illustrate the relationship of Equation (3)
in graphical form. FIG. 1a shows a sine wave with zero phase
and four other sine waves with increasing phase shift (0=-10,
-30, =60 and -90). FIG. 15 shows the difference between the
zero phase signal and the four signals with different phase
values. As derived in Equation (2), the difference between the
waveforms is a cosine wave with same frequency, /2 phase
delay (evident from the delayed zero crossing) and an ampli-
tude given by -2A sin(J/2) (since © is negative, this term is
positive).

Traditional RF power amplifiers typically have a power
detector (PD) at the output of the amplifier. An exemplary
embodiment of the amplifier distortion measurement system
relies on a PD for low-cost measurement of gain compres-
sion. Furthermore, an exemplary embodiment of the ampli-
fier distortion measurement system calibrates the AM-AM
distortion effect “out” of the AM-PM distortion measurement
procedure. Then the AM-PM distortion can be mapped by an
exemplary embodiment of the amplifier distortion measure-
ment system into amplitude variations of a “difference” sig-
nal, as shown in FIG. 15. In one embodiment, the amplifier
distortion measurement system can measure the amplitude
response of the “difference” signal using peak detection cir-
cuitry and software. In some embodiments, once the peak
value of the “difference” signal is determined, the underlying
AM-PM distortion of the RF PA device being tested may be
readily calculated.

In accordance with an exemplary embodiment of the
amplifier distortion measurement system, AM-AM distortion
and AM-PM distortion measurements may be performed
directly in the RF domain using an amplitude equalizer, such
as a variable attenuator, and difference generator that per-
forms phase-to-amplitude conversion. FIGS. 2a and 2b are
exemplary and non-limiting system diagrams illustrating
example systems that may be used according to the presently
disclosed subject matter.

FIG. 2a provides an illustration of a portion of an amplifier
distortion measurement system 200 in accordance with an
exemplary embodiment of the present invention. The portion
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of'the exemplary embodiment of the amplifier distortion mea-
surement system shown in FIG. 24 illustrates the components
used to calculate AM-AM distortion. The power detector 210
can be used to measure the gain and AM-AM distortion
effects of the PA. As shown in FIG. 2a, a controllable output
power RF signal source 202 can be used in an exemplary
embodiment of the amplifier distortion measurement system
to generate an RF sinusoidal input signal. A power divider
204, such as a Wilkinson Power Divider (WPD), can be used
in an exemplary embodiment of the amplifier distortion mea-
surement system to split the RF sinusoidal input signal into
two signals with equal output power. One signal is used to
drive RF PA 206 input and the other signal, the reference input
signal, is used as a reference for distortion measurement.
Those of skill in the art will appreciate that although the PA
206 is depicted inside the exemplary embodiment of the
amplifier distortion measurement system 200 shown in FIG.
2a, it is not a component of the system 200 but rather the
device for which AM-AM and AM-PM distortion is to be
calculated. Furthermore, those of skill in the art will appreci-
ate that the amplifier distortion measurement system 200 can
be integrated with the PA 206 in some embodiments or pro-
vided as a separate stand alone testing device from the PA 206
in other embodiments.

The power detector 210 can be used to measure the PA
output power across different input power levels. An exem-
plary embodiment of the amplifier distortion measurement
system can measure the difference between the output signal
from the PA 206 and the reference input signal and determine
gain at lower power levels and gain compression, hence AM-
AM distortion, at higher power levels. Therefore, the power
detector 210 can be used by an exemplary embodiment of the
amplifier distortion measurement system 200 to create a set of
AM-AM distortion values for the output signal of the PA 206
at various input power levels.

FIG. 2b provides an illustration of an amplifier distortion
measurement system 200 in accordance with an exemplary
embodiment of the present invention. The reference input
signal derived from the output of the power divider 204, in an
exemplary embodiment of the amplifier distortion measure-
ment system 200, is preferably as “clean” as possible. In an
exemplary embodiment, the optional band pass filter 220 at
the RF test frequency can be used for providing a clean
reference input signal, as shown in FI1G. 2b. Variable attenu-
ator 212 can be implemented in an exemplary embodiment of
the amplifier distortion measurement system 200 at the output
of PA 206 to equalize the output signal from the PA 206 with
the reference input signal; thereby, the variable attenuator 212
can create an equalized output signal. An exemplary embodi-
ment of the amplifier distortion measurement system 200,
provides a software control module 214. The software control
module 214 in the exemplary embodiment of the amplifier
distortion measurement system 200 can set the attenuation
value for each input power value, as per the set of AM-AM
distortion values measured by the power detector 210. In one
embodiment in which case band pass filter 220 is used, band
pass filter’s 220 input-to-output power loss is accounted for in
setting the attenuation values of the variable attenuator 212 so
that the correct “difference” signal is produced at the output
of'the test setup. In an exemplary embodiment of the amplifier
distortion measurement system 200, the variable attenuator
212 can rely upon the set of AM-AM distortion values to
create an equalized output signal, in which the equalized
output signal and the reference input signal are the same for
all input power levels, thereby removing the AM-AM distor-
tion effects.
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An exemplary embodiment of the amplifier distortion mea-
surement system 200 also provides a difference generator
216. In an exemplary embodiment of the amplifier distortion
measurement system 200, the difference generator 216 pro-
duces a difference signal, as per Equation (1), V,,~A cos
(ot)-A cos(wt+d). Finally, an exemplary embodiment of the
amplifier distortion measurement system 200 can provide a
peak detector 218 to measure the peak values of the difference
signal, [Vdiff], from which the phase shift @ can be calculated
using Equation (4) below:

Q=sin' (1V541/24) (©)]

For IVdiffl to be due to the phase shift introduced by
AM-PM distortion of the PA 206 in an exemplary embodi-
ment, both the output signal from the PA 206 and the refer-
ence input signal should have sufficiently the same amplitude
response (amplitude values across input power range). Those
of'skill in the art will appreciate that the output signal and the
reference input signal do not have to be identically matched in
amplitude response, rather some embodiments may require a
tighter tolerance in amplitude response matching than others,
depending on the requirements for the amplifier distortion
measurement system 200. If the amplitude response of the
output signal of the PA 206 and the reference input signal are
not sufficiently matched, the peak difference signal 1Vdiff]
will be a function of the amplitude mismatch between the two
signals, and hence, phase distortion measurement can be
inaccurate. In one embodiment, the software control module
214 can be configured to rely upon the set of AM-AM distor-
tion values to operate the variable attenuator 212 to appropri-
ately match the output signal amplitude response to the ref-
erence signal input amplitude response. The difference
generator 215 in an exemplary embodiment of the amplifier
distortion measurement system 200 can be linear across the
range of signal power values provided by the reference input
signal. In other embodiments, certain degrees of nonlinearity
in difference generator 216 can be characterized and the test
procedure can be calibrated to achieve correct phase distor-
tion measurement.

FIG. 3 provides an illustration of a block diagram of the
method of amplifier distortion measurement 300 in accor-
dance with an exemplary embodiment of the present inven-
tion. In an exemplary embodiment of the method of amplifier
distortion measurement 300, step 302 involves measuring the
amplitude of the output signal from the PA 206 for a range of
input power of interest. Step 302 further involves comparing
the amplitude of the output signal to the amplitude of the
reference input signal and determining a set of AM-AM dis-
tortion values. Additionally, an exemplary embodiment ofthe
method of amplifier distortion measurement 300 involves
step 304 of using the set of AM-AM distortion values from
step 302 to set the attenuation value depending on the input
power such that the amplitude of the reference input signal
and the output signal from the PA 206 after attenuation are
sufficiently similar. Therefore, step 304 preferably removes
the AM-AM distortion effect from the output signal of the PA
206, yet the phase deviation remains in the output signal. The
exemplary embodiment of the method of amplifier distortion
measurement 300 further includes step 306, in which the
difference generator 216 generates a sinusoid whose ampli-
tude is dependent (by Equation (3)) on the phase difference of
the output signal of PA 206. Using Equation (4), an exemplary
embodiment of the method of amplifier distortion measure-
ment 300 can provide a set of AM-PM distortion values.
Accordingly, the exemplary embodiment of the method of
amplifier distortion measurement 300 can effectively provide
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a set of accurate AM-AM distortion values and a set of accu-
rate AM-PM distortion values.

FIG. 4 provides an illustration of a PA 206 in accordance
with an exemplary embodiment of the present invention. FIG.
4 illustrates an exemplary embodiment of two stage PA 206
using CMOS 0.35u technology for simulation purposes. In
this exemplary embodiment, input matching can be provided
before the driver stage so that maximum power could be
transferred from the signal source. The driver stage in this
exemplary embodiment of the PA 206 is designed to provide
a gain of 13 dB whereas the power stage is designed to deliver
a gain of around 9 dB at 2.4 GHz. The driver stage and the
power stage can be connected in this exemplary embodiment
of'the PA 206 through an interstage matching network of band
pass type. Output matching is provided to match the output to
50 ohm in this exemplary embodiment of the PA 206. Fur-
thermore, the exemplary embodiment of the PA 206 provides
a harmonic termination network at the output to provide
suppression at harmonic frequencies. The exemplary
embodiment of the PA 206 shown FIG. 4 can be designed
from a 3.3V supply to have a gain of 21 dB, output 1 dB
compression point (P1 dB) of 26.92 dBm and Power Added
Efficiency (PAE) greater than 40%. The exemplary embodi-
ment of the PA 206 can be used for both the methods for
simulation purposes as well as for process and temperature
simulations. The input P1 dB of the PA is around 6 dBm
(26.91-21=5.92).

FIGS. 5a-10 provide illustrative measurements of various
embodiments amplifier distortion measurement system 200.
These figures illustrate the step by step results for an exem-
plary embodiment of the method of amplifier distortion mea-
surement 300. For the exemplary embodiment of the method
of'amplifier distortion measurement 300 used to generate the
FIGS. 5a-10, an exemplary embodiment of the amplifier dis-
tortion measurement system 200 is used on a PA 206 with an
input P1 dB of 6 dBm and the PA 206 has been characterized
with an reference input power signal with a RF power sweep
from -20 dBm to 10 dBm to cover both linear and compres-
sion region within a certain degree.

FIG. 5a shows the input reference signal and the output
signal from PA 206 for different input power levels. The
difference in the power levels is due to the gain of PA 206.
FIG. 55 shows the output of the equalized output signal from
avariable attenuator 212 of an exemplary embodiment of the
amplifier distortion measurement system 200 and the refer-
ence input signal for several input power levels. The graphs in
FIG. 5b illustrate how the exemplary embodiment of the
amplifier distortion measurement system 200 can accurately
remove the AM-AM distortion effects from the output signal,
such that the equalized output signal and the reference input
signal have same amplitude for all the input power levels
(amplitude response). If a constant attenuation (equal to the
linear gain of the PA) were used in an exemplary embodiment
of'the amplifier distortion measurement system 200, then the
output signal of the PA 206 would have been lesser in ampli-
tude than the reference for higher input power due to gain
compression.

FIG. 6a provides an illustration of the graph from FIG. 554
which has been zoomed in at the zero crossing. As shown in
FIG. 6a, zero crossing of the reference remains same for all
input powers as expected from an exemplary embodiment of
the amplifier distortion measurement system 200. In accor-
dance with an exemplary embodiment of the amplifier distor-
tion measurement system 200, the difference in zero crossing
values is equivalent to the phase difference between the two
waves. The changing zero crossing shown in FIG. 6a of the
equalized output signal from a variable attenuator 212 of an
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exemplary embodiment of the amplifier distortion measure-
ment system 200 reflects the actual phase distortion occurring
in the PA 206 as amplitude increases in the reference input
signal. Therefore, FIG. 6a illustrates that phase distortion is
present in the equalized output signal before difference gen-
eration, and can be calculated by an exemplary embodiment
of'the amplifier distortion measurement system 200 to reflect
in the difference signal V

FIGS. 65 and 6c¢ illustrate the output of the difference
generator 216, V ;, , and the output of the peak detector 216,
IV 44, respectively, for increasing input power levels in an
exemplary embodiment of the amplifier distortion measure-
ment system 200. In FIG. 55, the original two signals are
cos(wt) and cos(wt+A) with @ negative. The difference signal
created by an exemplary embodiment of the amplifier distor-
tion measurement system 200 shown in FIG. 65 is sin(wt+@/
2), following Equation (1). The amplitude of this difference
signal from an exemplary embodiment of the amplifier dis-
tortion measurement system 200 is given by Equation (3).

The exemplary embodiment of the amplifier distortion
measurement system 200 can execute Equation (4), to pro-
vide the set of AM-PM distortion values plotted in FIG. 7.
Additionally, FIG. 7 provides a plot of the actual AM-PM
distortion values for comparison purposes. The set of AM-
PM distortion values measured by the exemplary embodi-
ment of the amplifier distortion measurement system 200
graphed in FIG. 7 have an rms error of only 0.18% over the
total input power range.

The set of AM-AM distortion values and the set of AM-PM
distortion values measured by an exemplary embodiment of
the amplifier distortion measurement system 200 are plotted
in FIGS. 8a and 85, respectively. The AM-PM distortion
values from an exemplary embodiment of the amplifier dis-
tortion measurement system 200 plotted in FIG. 85 provide
an rms error of only 5.8%.

An exemplary embodiment of the amplifier distortion mea-
surement system 200 provides a difference generator 216 that
generates the difference between the equalized output signal
and the reference input signal of identical frequency. An
exemplary embodiment of the amplifier distortion measure-
ment system 200 provides the following properties: (1) the
output is proportional to the difference of the two input sig-
nals; (2) the difference generator should preferably have wide
bandwidth as both inputs and outputs are of RF frequency; (3)
and the difference generator should be as linear as possible for
the input range concerned.

FIG. 9 provides a schematic of a difference generator 216
in accordance with an exemplary embodiment of the present
invention. A resistive loaded common source amplifier is
used for an exemplary embodiment of the difference genera-
tor 216. DC biasing can be provided in an exemplary embodi-
ment of the difference generator 216 through inductors (L) at
both gate and source, whereas the RF input signals are AC
coupled through capacitors (C). R,,,, can set the current
through an exemplary embodiment of the difference genera-
tor 216, as well as the gain. The AC coupled output of an
exemplary embodiment of the difference generator 216 can
beequaltoV ;4 as per Equation (1), if the inputs are given by
V,,..=A sin(wt) and V,,,=A sin(wt+d). The gain (G) of an
exemplary embodiment of the difference generator 216 can
add a scaling factor to V , which is accounted for by modi-

fying (4) as

@=sin'(IV;,;1/24G) ©)

The RF input port (V,,,;) of an exemplary embodiment of
the difference generator 216 can be matched to 50 ohm to
match the PA output impedance. The other input port (V,,,,) of
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an exemplary embodiment of a difference generator 216 can
be a high impedance input which samples the signal from a 50
ohm termination on the reference signal path.

FIG. 10 provides an illustration of the output voltage of an
exemplary embodiment of the peak detector 218, which is
proportional to the phase difference between the two inputs to
the difference generator 216. FIG. 10 shows IV ;| with © for
several values of the input power as calculated by an exem-
plary embodiment of the amplifier distortion measurement
system 200. FIG. 10 also illustrates that an exemplary
embodiment of amplifier distortion measurement system 200
behaves very linearly from RF power levels from -20 dBm to
7 dBm for phase shifts up to even 60 degrees. For smaller
phase shift values, the exemplary embodiment of the ampli-
fier distortion measurement system 200 shows the output is
linear even at higher input power levels.

FIG. 11 provides an illustration of alternative embodiment
of the amplifier distortion measurement system 200 that does
not include a high frequency difference generator or a vari-
able attenuator. The alternative embodiment of the amplifier
distortion measurement system 200 enables real time distor-
tion measurement and can be incorporated into a System on a
Chip (“SOC”) to dynamically and accurately account for
distortion present in a power amplifier. The alternative
embodiment of the amplifier distortion measurement system
200 utilizes down conversion and sampling of the high fre-
quency signals and performs the amplitude equalization and
difference generation in software. The exemplary embodi-
ment of the amplifier distortion measurement system 200
shown in FIG. 11 provides a variable output power RF source
202 to generate the input signal. The input signal can then be
divided into two equal parts using a power divider 202 in an
exemplary embodiment of the amplifier distortion measure-
ment system 200, one of which is used as the input to PA 206
and the other provides the reference input signal. An optional
band pass filter 220 can be used in an exemplary embodiment
of the amplifier distortion measurement system 200 to
increase the purity of the reference as described above. An
exemplary embodiment of the amplifier distortion measure-
ment system 200 provides a fixed attenuator 1102 with an
attenuation equal to the nominal linear gain of the PA 206.
The fixed attenuator 1102 enables both the output signal of PA
206 and the reference input signal to be at similar power
levels, but does not remove AM-AM distortion effect from the
attenuated output. An exemplary embodiment of the amplifier
distortion measurement system 200 provides two matched
linear down conversion mixers 1104 and 1106 are used to
down convert both the attenuated output signal from the PA
206 and the reference input signal to relatively low frequency
signals, such as 50 MHz signals. In an exemplary embodi-
ment of the amplifier distortion measurement system 200, a
single RF source 1108 is used as the Local Oscillator (LO)
signal of both the mixers by dividing it using a power splitter
(WPD) 204). Two matched analog-to-digital converters
(“ADC”s) 1110 and 1112 can be used in an exemplary
embodiment of the amplifier distortion measurement system
200 to sample these signals.

The alternative embodiment of amplifier distortion mea-
surement system 200 is capable of executing an alternative
embodiment of the method of amplifier distortion measure-
ment 300. The alternative embodiment of the method of
amplifier distortion measurement 300 involves equalizing the
amplitude of the down converted output signal from the PA
206 and the reference input signal for the lowest input power
level. At a lower input power, the PA 206 should not exhibit
gain compression and the attenuator attenuates by the same
amount (linear gain of a nominal PA 206); thus in an exem-
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plary embodiment of the amplifier distortion measurement
system 200, there should not be any sufficient amplitude
difference between the two signals being compared. Any
amplitude mismatch at this low input power level reflects the
amplitude mismatch in both the signal paths (path of refer-
ence input signal and path of the output signal from the PA
206) arising from the presence of a non-nominal PA 206, non
exact attenuation, non-matched mixers and ADCs. In amajor-
ity of embodiments, this mismatch is constant across all
power levels and hence, if any mismatch exist, all the down
converted output signals from the PA 206 should be equalized
for the respective amount of power gain or loss. Thereby
removing any amplitude mismatch arising from all effects
except gain compression. After this step of an exemplary
embodiment of the method of amplifier distortion measure-
ment 300, the signals corresponding to lower input power
levels for which the PA does not exhibit gain compression can
have equal or nearly equal amplitude, as well as the corre-
sponding down converted signals for the same RF input signal
power.

The alternative embodiment of the method of amplifier
distortion measurement 300 involves equalizing the digital
output signal and the digital reference input signal with an
equalize amplitude module 1114. In accordance with the
alternative embodiment of the method of amplifier distortion
measurement 300, there are residual amplitude differences
present between the digital output signal from ADC 1110 and
the digital reference input signal from ADC 1112 for higher
input power levels due to AM-AM distortion effects.

In the alternative embodiment of the amplifier distortion
measurement system 200, the equalize amplitude module
1114 can digitally equalize the digital output signal with the
digital reference input signal and as a by-product, the amount
of'the equalization at each power level corresponds to the gain
compression at that input power value. Therefore, the outputs
of the equalize amplitude module 1114 of an alternative
embodiment of the amplifier distortion measurement system
200 are (1) two signals with sufficiently matched amplitudes
(phase difference still preserved) and (2) a set of AM-AM
distortion values for the PA 206 over all input power levels. In
an alternative embodiment of the amplifier distortion mea-
surement system 200, the gain ofthe PA 206 can be written as:
Gain of PA=Attenuation of fixed attenuator (linear gain of
nominal PA)+power equalization amount (dBs, gain differ-
ence due to non-nominal PA, constant over all power levels)+
power equalization by the equalize amplitude module 1114
(dBs, different for different power levels in the compression
region).

Next, the alternative embodiment of the amplifier distor-
tion measurement system 200 can provide a difference gen-
erator module 1116 to compare the difference between the
equalized digital output signal and the digital reference input
signal. In the alternative embodiment of the amplifier distor-
tion measurement system 200, the difference generator mod-
ule 1116 can create a difference signal, V , for which the
amplitude is proportional to the phase difference of the two
input signals. The alternative embodiment of the amplifier
distortion measurement system 200 further includes a peak-
to-phase conversion module 1118 that applies Equation (4) to
calculate a set of AM-PM distortion values between the sig-
nals being compared at all input power levels. The alternative
embodiment of the method of amplifier distortion measure-
ment 300 relies upon the fact that phase deviation is preserved
by frequency translation and provides accurate phase infor-
mation as long as the mixers 1104 and 1106 are operating in
the linear range of input power concerned. In some embodi-
ments, an issue can be created by the amount of attenuation to
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be programmed in the “fixed” attenuator, but this can be
solved by setting the attenuation to be the same as the linear
expected gain of the PA 206 (in dBs). In embodiments where
the attenuation is not exact, the equalize amplitude module
1114 can compensate for any subsequent amplitude mis-
match effects. In some embodiments, the fixed attenuator
1102 attempts to ensure that both the signals being compared
are in the same power range so that the dynamic range
requirements of components of devices in both the reference
signal and PA 206 signal paths are the same and hence,
matched mixers and ADCs can be used.

FIG. 12 illustrates the down converted reference input sig-
nal and the output signal of the PA 206 in accordance with an
alternative embodiment of the amplifier distortion measure-
ment system 200. As shown in the alternative embodiment of
the amplifier distortion measurement system 200 used to
generate the plots in FIG. 12, the down converted signals have
a frequency of 50 MHz. The plots shown in FIG. 12 illustrate
the signals output from the equalize amplitude module 1114.
In one embodiment, the output signal has same amplitude as
the reference input signal for lower power levels, whereas, for
higher powers it exhibits gain compression. Therefore, the
equalize amplitude module 1114 of an alternative embodi-
ment of the amplifier distortion measurement system 200 can
provide for the ability to measure a set of AM-AM distortion
values. For example, the in an alternative embodiment of the
method of amplifier distortion measurement 300 the gain
values are measured using Equation (5). FIG. 13 provides a
plot of the measured gain values versus the original gain over
the input power range. As shown in FIG. 13, the alternative
embodiment of the amplifier distortion measurement system
200 can accurately measure gain, with only 0.03% rms error
over all power levels. The alternative embodiment of the
method of amplifier distortion measurement 300 further pro-
vides the difference generator module 1116 and the peak-to-
phase conversion module 1118 to calculate a set of AM-PM
distortion values, providing the original phase deviation,
using Equations (3) and (4). As shown in FIG. 14, the alter-
native embodiment of the amplifier distortion measurement
system 200 can calculate a set of AM-PM distortion values
with an rms error of 0.22%.

FIG. 15a provides a plot of the set of AM-AM distortion
values measured by the alternative embodiment of the ampli-
fier distortion measurement system 200. As shown in FIG.
15a, the alternative embodiment of the amplifier distortion
measurement system 200 can calculate a set of AM-AM
distortion values with an rms error of 1%. FIG. 155 provides
aplot of the set of AM-PM distortion values measured by the
alternative embodiment of the amplifier distortion measure-
ment system 200. As shown in FIG. 155, the alternative
embodiment of the amplifier distortion measurement system
200 can calculate a set of AM-PM distortion values with an
rms error of 4.74%.

The various systems, methods, and techniques described
herein may be implemented with hardware or software or,
where appropriate, with a combination of both. Thus, the
methods and apparatus of the present invention, or certain
aspects or portions thereof, may take the form of program
code (i.e., instructions) embodied in tangible media, such as
floppy diskettes, CD-ROMs, hard drives, or any other
machine-readable storage medium, wherein, when the pro-
gram code is loaded into and executed by a machine, such as
a computer, the machine becomes an apparatus for practicing
the invention. In the case of program code execution on pro-
grammable computers, the computer will generally include a
processor, a storage medium readable by the processor (in-
cluding volatile and non-volatile memory and/or storage ele-
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ments), at least one input device, and at least one output
device. One or more programs are preferably implemented in
a high level procedural or object oriented programming lan-
guage to communicate with a computer system. However, the
program(s) can be implemented in assembly or machine lan-
guage, ifdesired. In any case, the language may be a compiled
or interpreted language, and combined with hardware imple-
mentations.
The methods and apparatus of the present invention may
also be embodied in the form of program code that is trans-
mitted over some transmission medium, such as over electri-
cal wiring or cabling, through fiber optics, or via any other
form of transmission, wherein, when the program code is
received and loaded into and executed by a machine, such as
an EPROM, a gate array, a programmable logic device (PLD),
a client computer, a video recorder or the like, the machine
becomes an apparatus for practicing the invention. When
implemented on a general-purpose processor, the program
code combines with the processor to provide a unique appa-
ratus that operates to perform the functionality of the present
invention.
While the present invention has been described in connec-
tion with the preferred embodiments of the various figures, it
is to be understood that other similar embodiments may be
used or modifications and additions may be made to the
described embodiments for performing the same functions of
the present invention without deviating therefrom. Therefore,
the present invention should not be limited to any single
embodiment, but rather construed in breadth and scope in
accordance with the appended claims.
What is claimed is:
1. A method for amplifier distortion measurement, the
method comprising:
comparing a first amplitude response of an output signal
from a power amplifier to a second amplitude response
of a reference input signal to determine a set of Ampli-
tude-to-Amplitude (“AM-AM”) distortion values;

equalizing the first amplitude response of the output signal
to match the second amplitude response of the reference
input signal based on the set of AM-AM distortion val-
ues;
creating a difference signal based on a comparison of the
equalized output signal to the reference input signal; and

calculating a set of Amplitude-to-Phase (“AM-PM”) dis-
tortion values based on a third amplitude response of the
difference signal.

2. The method for amplifier distortion measurement of
claim 1, wherein an equalize amplitude module equalizes the
first amplitude response of the output signal to match the
second amplitude response of the reference input signal.

3. The method for amplifier distortion measurement of
claim 2, wherein an equalize amplitude module removes the
AM-AM distortion effects from the output signal.

4. The method for amplifier distortion measurement of
claim 1, wherein a difference generator module creates the
difference signal based on the comparison of the equalized
output signal to the reference input signal.

5. The method for amplifier distortion measurement of
claim 1, wherein a peak-to-phase conversion module calcu-
lates the set of AM-PM distortion values based on the third
amplitude response of the difference signal.

6. The method for amplifier distortion measurement of
claim 1, wherein a power detector compares the first ampli-
tude response of the output signal from the power amplifier to
the second amplitude response of the reference input signal.

7. The method for amplifier distortion measurement of
claim 1, wherein a control module drives a variable attenuator
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to equalize the first amplitude response of the output signal to
match the second amplitude response of the reference input
signal.

8. The method for amplifier distortion measurement of
claim 1, wherein a variable attenuator removes the AM-AM
distortion effects from the output signal.

9. The method for amplifier distortion measurement of
claim 1, wherein a difference generator creates the difference
signal based on the comparison of the equalized output signal
to the reference input signal.

10. The method for amplifier distortion measurement of
claim 1, wherein a peak detector calculates the third ampli-
tude response of the difference signal.

11. An amplifier distortion measurement system compris-
ing:

a power amplifier receiving a reference input signal and

providing an output signal;

a power detector in communication with an output of the
power amplifier enabled to create a set of Amplitude-to-
Amplitude (“AM-AM”) distortion values based on the
difference between the output signal and the reference
input signal;

a control module enabled to drive a variable attenuator in
communication with an output of the power amplifier to
create a equalized output signal to match the second
amplitude response of the reference input signal based
on the set of AM-AM distortion values;

a difference generator enabled to create a difference signal
based on a comparison of the equalized output signal to
the reference input signal; and

a peak-to-phase conversion module enabled to calculate a
set of Amplitude-to-Phase (“AM-PM”) distortion values
based on a third amplitude response of the difference
signal.

12. The amplifier distortion measurement system of claim
11, wherein the variable attenuator removes the AM-AM
distortion effects from the output signal.

13. The amplifier distortion measurement system of claim
12, wherein equalized output signal created by the variable
attenuator equalizes the output signal and the reference input
signal for a plurality of input power levels provided by the
reference input signal.

14. The amplifier distortion measurement system of claim
13, wherein the peak detector is enabled to measure the peak
values of the difference signal.

15. The amplifier distortion measurement system of claim
11, wherein the peak-to-phase conversion module is enabled
to calculate the set of Amplitude-to-Phase (“AM-PM”) dis-
tortion values from the peak values of the difference signal.

5

10

15

30

40

45

16

16. An amplifier distortion measurement system compris-
ing:

a power amplifier receiving a reference input signal and

providing an output signal;

a memory to store and microprocessor to execute an equal-
ize amplitude module, a difference generator module,
and a peak-to-phase conversion module;

a fixed attenuator in communication with an output of the
power amplifier enabled to create an attenuated output
signal;

a first linear mixer in communication with fixed attenuator
to receive the attenuated output signal and output a down
converted output signal;

a first Analog-to-Digital Convertor (“ADC”) to receive the
down converted output signal and create a digital output
signal;

a second linear mixer to receive the reference input signal
and output a down converted reference input signal;

a second Analog-to-Digital Convertor (“ADC”) to receive
the down converted reference input signal and create a
digital reference input signal; and

wherein the equalize amplitude module is enabled to
equalize the digital output signal to match the amplitude
of the digital reference input signal and create a set of
Amplitude-to-Amplitude (“AM-AM”) distortion values
based on the difference between the digital output signal
and the digital reference input signal;

wherein the difference generator module is enabled to cre-
ate a difference signal based on a comparison of the
equalized digital output signal to the digital reference
input signal; and

wherein the peak-to-phase conversion module is enabled to
calculate a set of Amplitude-to-Phase (“AM-PM”) dis-
tortion values based on an amplitude of the difference
signal.

17. The amplifier distortion measurement system of claim
16, wherein an equalize amplitude module equalizes the
amplitude of the digital output signal to match the amplitude
of the digital reference input signal.

18. The amplifier distortion measurement system of claim
16, wherein an equalize amplitude module removes the AM-
AM distortion effects from the digital output signal.

19. The amplifier distortion measurement system of claim
16, wherein a difference generator module creates the differ-
ence signal based on the comparison of the equalized digital
output signal to the digital reference input signal.

20. The amplifier distortion measurement system of claim
16, wherein a peak-to-phase conversion module measures a
plurality of peak amplitudes of the difference signal.
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