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MODEL BASED TESTING FOR ELECTRONIC
DEVICES

CLAIM OF PRIORITY

[0001] This application claims priority under 35 USC
§119(e) of pending U.S. provisional patent application No.
60/643,315 filed 11 Jan. 2005.

BACKGROUND

[0002] World markets have seen a tremendous increase in
demand for electronic devices that employ analog or radio-
frequency (RF) circuitry such as cellular phones, wireless
LAN and WiFi components, oscilloscopes, and navigation
systems. There is a corresponding demand for analog or RF
components such as mixers, amplifiers, analog switches,
converters, and transceivers. This increase in demand is
forcing the industry to find cost effective ways to manufac-
ture these devices. Device integration has been used to make
manufacturing more efficient by reducing manufacturing
and material costs, while at the same time improving reli-
ability. While the fabrication costs of integrated devices are
becoming less expensive, the cost of testing such devices
remains high. Test costs for a given production device
include a share of the cost of any test instrumentation
required, as well as the time required for testing using that
instrumentation. Pressure to keep test costs low will increase
with the integration of devices into consumer applications,
which must have low overall cost.

[0003] The current high cost of analog or RF device
testing is caused by a lack of good test methods. Unlike
digital device testing, where structural test methods are used
for device testing, most analog or RF device testing applies
lengthy functional tests requiring expensive equipment. For
example, time consuming and expensive functional tests
include adjacent channel power measurement, channel
selectivity, bit error rate (BER), and error vector magnitude
(EVM). Each functional test checks compliance of the
resulting performance metric with the corresponding per-
formance specification for the device design. Furthermore,
because functional tests often attempt to recreate the actual
working environment of the device to measure performance
metrics, simultaneous testing of multiple metrics can be
difficult in functional testing protocols. Many current func-
tional metric tests must run sequentially and/or use expen-
sive equipment, which incurs very high costs. Also, the
coverage that these metric tests provide is not well under-
stood, which results in possibly redundant tests being
included in the test flow. This increases costs and adds
redundancy.

[0004] FIG. 1 shows a flow diagram of a conventional
method for testing for the effect of process parameter
variations on the performance metrics of a production
device. The conventional test method does not specifically
target defects. Instead, it directly measures the performance
metrics of each production device and compares them to
respective performance specifications of the device design to
make a decision as to whether the production device is good
or bad. In FIG. 1, in block 102, a first stimulus is applied to
the production device. In block 104, the response of the
production device to the first stimulus is measured. In block
106, a first performance metric for the production device is
determined from the response measured in block 104. In
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block 106, the performance metric is typically determined
by the automatic tester also used to perform above-described
blocks 102 and 104. Alternatively, the determination is made
by other known means. In block 108, test is performed to
determine whether the first performance metric meets a first
performance specification. If the test result is NO, the
production device is classified as bad (block 110). If the test
result in block 108 is YES, the process just described is
repeated using a different stimulus to test a different perfor-
mance metric. In all, N stimuli are sequentially applied to
each production device and N responses are measured. A
production device for which all N performance metrics
tested meet respective performance specifications is classi-
fied as good and is released for sale (block 112). Alterna-
tively, all N performance metrics may be determined before
the compliance of the performance metrics with respective
performance specifications is determined.

[0005] Other methods have been proposed that attempt to
use a single measurement or a small set of measurements to
derive a larger set of performance metrics for the production
device. In these methods, alternative (non-functional) mea-
surements of the production device are taken. The alterna-
tive measurements are meant to provide a signature for the
production device. The signature is then regressed over the
conventional performance metrics. The alternative measure-
ments are designed to give required resolution in the regres-
sion for the targeted performance metrics. However, such
prior art methods may miss some of the behaviors that may
be relevant for detecting device defects. Also, because some
prior art methods have used linear relationships to derive
performance metrics, they have been inherently limited to
production devices whose behavior is capable of being
modeled using linear modeling. Also, prior art methods that
use stimulus-response measurements must be carefully
designed with full knowledge of the tests that will be used
select a tuned stimulus, and are not readily adaptable to
additional measurements of performance metrics.

SUMMARY

[0006] In a first aspect, the invention provides a model-
based method for testing compliance of production devices
with the performance specifications of a device design. The
production devices are manufactured in accordance with the
device design by a manufacturing process. The method
comprises developing a simple model form based on the
device design and the performance specifications, specifying
a stimulus for testing the production devices and testing each
production device. The model form comprises a basis func-
tion and model form parameters for the basis function. The
model form parameters are dependent on the manufacturing
process and differ in value among the production devices.
The testing comprises measuring the response of the pro-
duction device to the stimulus, using the model form to
extract the values of the model form parameters for the
production device from the measured response and the
stimulus, and checking compliance of the production device
with the performance specifications using the extracted
values of the model form parameters.

[0007] Inasecond aspect, the invention provides a method
of generating a model-based testing protocol for testing
compliance of production devices with the performance
specifications of a device design. The performance devices
are manufactured in accordance with the device design by a
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manufacturing process. The method comprises developing a
model form based on the device design and the performance
specifications, using the model form to specity a stimulus for
use in testing the production devices, and incorporating the
model form and a specification of the stimulus into the
testing protocol. The model form comprises a basis function
and model form parameters for the basis function. The
model form parameters are dependent on the manufacturing
process and differ in value among the production devices.

[0008] In a third aspect, the invention provides a method
for performing model-based testing of compliance of pro-
duction devices with the performance specifications of a
device design. The performance devices are manufactured in
accordance with the device design by a manufacturing
process. The method comprises receiving a test protocol for
testing the production devices and testing each production
device in accordance with the test protocol. The testing
protocol comprises a simple model form based on the device
design and the performance specifications, model form
parameters for the model form, and a specification of a
stimulus for use in testing the production devices. The model
form parameters are dependent on the manufacturing pro-
cess and differ in value among the production devices.
Testing the production device comprises measuring the
response of the production device to the stimulus, using the
model form to extract values of the model form parameters
for the production device from the measured response and
the stimulus, and checking compliance of the production
device with the performance specifications using the values
of the model form parameters.

[0009] In contrast with the conventional testing method
described above with reference to FIG. 1, in accordance
with the method, no more than a single stimulus is typically
applied to each production device and a corresponding
response is measured. The simple model form enables a
single set of stimulus/response data to be used to check
whether each production device complies with its perfor-
mance specifications. Reducing the number of stimulus
applications and corresponding response measurements per-
formed for each production device substantially increases
the productivity of production line testers and hence reduces
the cost of testing the production device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is a flow diagram showing a conventional
method for testing a production device.

[0011] FIG. 2A is a flow diagram providing an overview
of a model-based testing process in accordance with an
embodiment of the invention.

[0012] FIG. 2B is a flow diagram of a first example of a
model-based testing process in accordance with an embodi-
ment of the invention.

[0013] FIG. 2C is a flow diagram of a second example of
a model-based testing process in accordance with an
embodiment of the invention.

[0014] FIG. 2D is a flow diagram of a third example of a
model-based testing process in accordance with an embodi-
ment of the invention.

[0015] FIG. 3A is a flow diagram of an embodiment of a
method in accordance with the invention that develops a
model form for testing production devices.

Jul. 13,2006

[0016] FIG. 3B is a flow diagram of an exemplary
embodiment of the model form generation block of the
method shown in FIG. 3A.

[0017] FIG. 3C is a flow diagram of an exemplary
embodiment of the fit error determination block of the
method shown in FIG. 3A.

[0018] FIG. 4 is a flow diagram showing an embodiment
of'a method in accordance with the invention for specifying
a stimulus.

[0019] FIG. 5 is a flow diagram of an embodiment of a
method in accordance with the invention for defining the
projection functions used in the example shown in FIG. 2C.

[0020] FIG. 6 is a flow diagram illustrating an embodi-
ment of a model-based testing method in accordance with
the invention for testing production devices.

DETAILED DESCRIPTION

[0021] As used in this disclosure, the term device will be
used to denote an electronic module having more than one
functional block. A device may be an electronic product in
the form in which such product is sold to an end-user or may
be part of such electronic product. A device has a structure
defined by a device design. A manufacturing process defined
by process parameters is used to manufacture devices in
accordance with the device design. Such devices are referred
to herein as production devices.

[0022] The performance of a device design is specified by
performance specifications of the device design. Production
devices are each tested to determine whether performance
metrics of the production device comply with the corre-
sponding performance specifications of the device design. A
production device whose performance metrics all comply
with the corresponding performance specifications is clas-
sified as GOOD by the production testing and is released for
sale.

[0023] Embodiments of the method in accordance with the
invention allow compliance of each production device with
the performance specifications of the device design to be
determined without the need to test each performance metric
individually. This significantly increases the productivity of
production line test equipment and reduces the cost of
testing the production devices.

[0024] Electronic devices may fail to work as designed for
numerous reasons. Generally, these reasons fall into two
categories. First, a device may have a random defect that
causes it to fail completely. Second, the device may gener-
ally operate as designed but does not meet at least one
performance specification for its operation. For example, a
device may transmit at a desired frequency, but may not
produce power above a specified threshold at that frequency.
This defect type is typically the result of a process parameter
variation, i.e., a variation in one of the parameters of the
process used to manufacture the device. As used herein, the
term defect refers to both a random defect and a defect
resulting from process parameter variations.

[0025] Tt is known in the art to generate a mathematical
model of an electronic device and to use such mathematical
model to predict performance metrics for the device. An
example of such mathematical model is known as SPICE.
Known mathematical models are complex: a typical model
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has tens of thousands of parameters. Known mathematical
models are far too computationally intensive to be useable
for testing electronic devices in mass production. Moreover,
although such mathematical models can determine the
effects of process parameter variations on the performance
metrics of a modeled device, the use of such models requires
a determination of the values of the actual process param-
eters applicable to each production device. Determining the
values of such process parameters is often difficult. There-
fore, conventional mathematical models are impractical for
use in testing production devices.

[0026] Embodiments of the invention are based on two
discrete concepts. The first concept is that, for a given device
design, a simple model form can be developed using no
more than a few tens of model form parameters. Such model
form is sensitive to process parameter variations and is
capable of modeling the device design to a specified accu-
racy with respect to the performance specifications of the
device design. Even complex device designs, including such
non-linear device designs as transmitters and transceivers,
can be modeled with sufficient accuracy for production line
testing using a model form having fewer than 100 model
form parameters. The simple model form mathematically
models the behavior of the device design with respect to the
performance specifications of the device design. Hence, the
simple model form additionally mathematically models the
behavior of production devices fabricated in accordance
with the device design. The model form comprises a basis
function of non-linear equations and model form parameters
for the basis function. The basis function and the model form
parameters are the same for all production devices made in
accordance with the device design. The model form param-
eters differ in value among the production devices.

[0027] The second concept is that a single test (as opposed
to the many tests performed in the conventional testing
described above with reference to FIG. 1) can be performed
on each production device, values of the model form param-
eters can be extracted from the results of the single test using
the simple model form, and the simple model form with the
values of the extracted model form parameters inserted
models the device design with an accuracy sufficient to
allow compliance of the performance metrics of the produc-
tion device with the performance specifications of the device
design to be reliably determined.

[0028] FIG. 2A is a flow diagram that provides an over-
view of a model-based testing method in accordance with an
embodiment of the invention. Three examples of the model-
based testing method in accordance with an embodiment of
the invention will be described below with reference to
FIGS. 2B-2D. Elements of the flow diagrams shown in
FIGS. 2B-2D that correspond to elements of the flow
diagram shown in FIG. 2A are indicated using the same
reference numerals and will not be described again in the
descriptions of FIGS. 2B-2D.

[0029] Referring first to FIG. 2A, model-based testing
method 200 has a development phase 210 and a production
phase 220. In development phase 210, a test protocol for use
in model-based testing compliance of production devices
with the performance specifications of the device design is
developed. The production devices are manufactured in
accordance with a device design by a manufacturing pro-
cess. In the production phase 220, each production device
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manufactured by the manufacturing process in accordance
with the device design is tested in accordance with the test
protocol developed in the development phase 210. Each
production device is tested to determine whether it complies
with the performance specifications of the device design.

[0030] Development phase 210 comprises a block 212 and
a block 214. In block 212, a simple model form for the
device design is developed. The simple model form is for
use in testing production devices manufactured in accor-
dance with the device design for compliance with the
performance specifications of the device design. The simple
model form is based on the device design and the perfor-
mance specifications of the device design, and comprises a
basis function and model form parameters. The basis func-
tion is a set of non-linear equations. With appropriate values
of the model form parameters inserted, the model form
mathematically models the behavior of one or more devel-
opment devices in accordance with the device design.
Simple device designs may be modeled using a model form
whose basis function is composed of a single non-linear
equation. The development devices used to develop the
model form in block 212 can be actual devices manufactured
in accordance with the device design or can be one or more
simulated devices in accordance with the device design.

[0031] In block 214, a stimulus for use in testing produc-
tion devices manufactured in accordance with the device
design is specified.

[0032] Development phase 210 generates a test protocol
for use in testing production devices. The test protocol
comprises the model form developed in block 212 and the
stimulus specified in block 214.

[0033] Production phase 220 is composed of a block 222,
ablock 224 and a block 226. Production phase 220 is applied
to each production device. Aspects of the production phase
are defined by the test protocol developed in development
phase 210.

[0034] 1Inblock 222, the stimulus specified in block 214 is
applied to the production device and the response of the
production device to the stimulus is measured.

[0035] In block 224, the model form developed in block
212 is used to extract values of the model form parameters
of the model form from a set of stimulus data representing
the stimulus specified in block 214 of development phase
210 and a set of response data representing the measured
response of the production device to the stimulus. The model
form and a fitting process are used to extract the values of
model form parameters from the stimulus data and the
response data. The values of the model form parameters
extracted are those that, when incorporated in model form to
form a simple model of the production device, give a close
match between a calculated response of the model of the
production device to the stimulus and the measured response
of the production device to the stimulus.

[0036] In block 226, compliance of the production device
with the performance specifications of the device design is
checked using the values of the model form parameters. In
the examples described below with reference to FIGS. 2B
and 2C, compliance of the production device with the
performance specifications of the device design is checked
by checking compliance of performance metrics projected
from the values of the model form parameters extracted in
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block 224 with respective ones of the performance specifi-
cations. The example described below with reference to
FIG. 2B projects the performance metrics in a different way
from the example described below with reference to FIG.
2C. In the example described below with reference to FIG.
2D, compliance of the production device with the perfor-
mance specifications of the device design is checked by
checking compliance of the values of the model form
parameters with the performance specifications of the device
design transformed into the model form parameter space.

[0037] FIG. 2B is a flow diagram of a first example of a
model-based testing process in accordance with an embodi-
ment of the invention. In the production phase 220 of the
example shown in FIG. 2B, a behavioral model of each
production device is generated and the performance metrics
of'the production device are determined using the behavioral
model.

[0038] As noted above, in production phase 220, the
processes described above with reference to blocks 222, 224
and 226 are applied to each production device. The embodi-
ment of block 226 in the example shown in FIG. 2B is
composed of blocks 230, 232 and 234. In block 230, the
values of the model form parameters extracted in block 224
for the production device are inserted into the model form to
generate a simple model of the production device. In block
232, performance metrics for the production device are
projected using the simple model. Typically, the projection
involves calculating responses of the simple model to one or
more simulated stimuli. The calculated responses, or values
derived from the calculated responses, then constitute the
projected performance metrics for the production device. In
block 234, compliance of the performance metrics projected
in block 232 with respective ones of the performance
specifications is checked. A production device whose pro-
jected performance metrics all comply with their respective
performance specifications is classified as good and is
accepted.

[0039] Modeling each production device in block 230
using a simple model form with fewer than a few tens of
model form parameters enables the performance metrics of
the production device to be projected in a time comparable
with the time needed to measure the response of the pro-
duction device in block 222. The projection process uses
computational power comparable with that available in
current automatic testers or that can conveniently be added
to and supported by such testers. Alternatively, the perfor-
mance metrics can be projected using a computer or other
computing device external of the automatic tester.

[0040] FIG. 2C is a flow diagram of a second example of
a model-based testing process in accordance with an
embodiment of the invention. The example shown in FIG.
2C uses a less computationally-intensive way of projecting
the performance metrics from the extracted values of the
model form parameters than that shown in FIG. 2B.

[0041] The development phase 210 of the example shown
in FIG. 2C additionally comprises a block 216 in which
projection functions are developed for use in production
phase 220 for projecting the performance metrics of each
production device from the extracted values of the model
form parameters for the production device. The projection
functions constitute an additional component of the test
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protocol generated by development phase 210. Development
of the projection functions will be described in more detail
below.

[0042] In the production phase 220 of the example shown
in FIG. 2C, the embodiment of block 226 is composed of a
block 240 and block 234. In block 240, the projection
functions developed in block 216 are used to project the
performance metrics for each production device from the
values of the model form parameters extracted in block 224
for the production device. Projecting the performance met-
rics using projection functions is computationally less inten-
sive than projecting the performance metrics using the full
simple model, as described above with reference to block
232 of FIG. 2B. In block 234, compliance of the perfor-
mance metrics projected in block 240 with respective ones
of the performance specifications is checked as described
above with reference to block 234 of FIG. 2B.

[0043] FIG. 2D is a flow diagram of a third example of a
model-based testing process in accordance with an embodi-
ment of the invention. In the example shown in FIG. 2D, the
computational intensity is further reduced compared with
that of FIG. 2D by eliminating the projection of perfor-
mance metrics from the values of the model form parameters
extracted for each production device.

[0044] The development phase 210 of the example shown
in FIG. 2D additionally comprises block 218 in which the
performance specifications of the device design are trans-
formed into the model form parameter space. Convention-
ally, and in the examples described above with reference to
FIGS. 2B and 2C, the performance specifications define the
properties of an acceptable production device in terms of
limits on the performance metrics of the production device.
In the example shown in FIG. 2D, the performance speci-
fications are transformed into the model form parameter
space and the properties of an acceptable production device
are defined in terms of limits on the values of the model form
parameters of the production device. Thus, the performance
specifications transformed into model form parameter space
constitute limits for the values of the model form param-
eters. The transformations of the performance specifications
of the device design into model form parameter space
constitute an additional component of the test protocol
generated by development phase 210.

[0045] In the production phase 220 of the example shown
in FIG. 2D, the embodiment of block 226 is composed of a
block 250. In block 250, compliance of the values of the
model form parameters extracted for each production device
in block 224 with the performance specifications trans-
formed into model form parameter space is checked. A
production device for which the model form parameters
have values that all comply with the respective limits
defined by the performance specifications transformed into
model form parameter space is classified as good and is
accepted.

[0046] Production devices that can be tested according to
embodiments of the present invention are typically analog or
RF devices. However, production devices with a mixture of
analog components and digital components may be tested,
and predominantly digital devices may be tested to the
extent that their physical behavior comprises analog behav-
ior.

[0047] To develop a behavioral model for a device design,
a model form comprising a basis function and model form
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parameters for the basis function is developed for the device
design using one or more development devices. The devel-
opment devices can be sample production devices made in
accordance with the device design or one or more simulated
devices based on the device design. Alternatively, both
sample production devices and simulated devices can be
used.

[0048] A set of non-linear equations is initially selected as
the basis function of the model form. To develop the model
form, an appropriate stimulus is applied to each develop-
ment device and a respective response of the development
device to the stimulus is measured. The stimulus and the
respective response of the development devices are used to
determine whether the model form accurately models the
behavior of the development devices with respect to the
performance specifications of the device design. The ini-
tially-selected equations are used to extract values of the
model form parameters from data representing the stimulus
and the response of the development devices to the stimulus.
The values of the model form parameters extracted are those
that, when inserted into the initially-selected equations pro-
duce a model that most closely fits the measured behavior of
the development devices with respect to the performance
specifications of the device design. If the fit between the
behavior of the model based on the initially-selected equa-
tions and the behavior of the development devices is unac-
ceptable, the initially-selected equations are modified and
the process just described is iterated until a behavioral model
based on the non-linear equations and appropriate values of
the model form parameters, accurately matches the mea-
sured or calculated behavior of the development devices.
Once the behavioral model based on non-linear equations
can accurately model the measured or calculated behavior of
the development devices with respect to the performance
specifications of the device design, they can be used as the
basis function of the model form.

[0049] In many cases, embodiments of the invention allow
the compliance of each production device with the perfor-
mance specifications of the device design to be checked by
applying a single stimulus to the production device and
performing a single set of measurements of the response of
the production device to the stimulus. This reduces the time
and cost of production testing compared to conventional test
systems and methods in which multiple stimuli are sequen-
tially applied to each production device and respective
measurements of the responses of the production device to
the stimuli are made. Such conventional testing may need an
iterative process to determine compliance of each produc-
tion device with the multiple conditions constituting its
performance specifications.

[0050] The processes described above with reference to
the flow diagrams shown in FIGS. 2A-2D will now be
described in greater detail. Model development occurs at
block 212. Here, a behavioral mathematical model, known
as the model form, is developed to represent the physical
behavior of a device design. The model form developed in
block 212 is a function of the device design, the acceptable
ranges the parameters of the process used to manufacture the
production devices and the performance specifications of the
device design. The capabilities of the test equipment used to
provide the stimulus and measure the response of the
production devices to the stimulus may also be taken into
account in developing the model form. In an exemplary
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embodiment of the invention, the model form is developed
in block 212 by taking input-output time domain samples of
development devices. The development devices, also called
training devices, are selected to cover the acceptable range
of process parameter variations. Using such development
devices enables a structure for the model form to be devel-
oped that is responsive to the process parameter variations
expected in production devices based on the device design.

[0051] The model form developed in block 212 comprises
a non-linear basis function and model form parameters. The
non-linear basis function can be a polynomial function, or
can be a basis function such as a radial basis function
(RBFs), a neural net, etc. The basis function and model form
parameters are the same for all production devices manu-
factured in accordance with a given device design, but the
model form parameters differ in value among the production
devices. In some embodiments, the model form is developed
using the method of producing a behavioral model of a
nonlinear device from embeddings of time-domain measure-
ments described in U.S. Pat. No. 6,775,646, issued Aug. 10,
2004, and incorporated by reference. Other embodiments
use other methods to develop the model form.

[0052] The model form development process is typically
performed only once for each device design. However, the
quality of the behavioral model is typically periodically
validated from time-to-time during production. A process
that can be used for validation of the model form will be
described below with reference to FIG. 3A.

[0053] Physics-inspired model forms are used in certain
embodiments of the present invention. An example of a
physics-inspired model form is the following mathematical
model for an amplifier:

n

VouD=ag+a; v_ (O+a, v (P+a+; v (D3+ . . . +a
V(D"

representing a Taylor expansion about v, . The model form

is made up of model form parameters, a,, a,, . . ., a,, and

a polynomial basis function. The model form exemplified

above is non-linear due to the higher-order terms in v, (t).

The model form development process is described in greater

detail below in the description of FIG. 3A.

[0054] Once the model form is developed in block 212, a
stimulus is specified in block 214. A stimulus is typically an
electronic signal that is applied to each production device.
The stimulus specified is one that, when applied to the
production device, produces a response that can be measured
to produce a measurement from which can be efficiently
extracted the values of the model form parameters (e.g.,
values of ay, a,, . . ., a,) for the model form generated in
block 212. Specifying the stimulus in block 214 also
involves specifying a measurement of the response of the
production device to the stimulus. The measurement speci-
fication takes into account the capabilities of the available
test equipment.

[0055] Insome embodiments, a stimulus rich in frequency
content is specified. For example, a broad-band excitation
waveform may be specified as the stimulus. A stimulus with
sufficient frequency and phase content will allow the
dynamic behavior of the production device to be accurately
projected. In another example, a band-limited noise stimulus
is specified. Other types of stimulus may be used.

[0056] Typically, a stimulus and corresponding response
measurement are specified such that, when the stimulus is



US 2006/0155411 Al

applied to each production device in block 222, the mea-
surement of the response of the production device to the
stimulus will produce response data that, together with
stimulus data representing the stimulus, allows the values of
the model form parameters to be extracted efficiently, i.e.,
quickly, accurately and without using excessive computa-
tional resources. In many cases, the stimulus specified in
block 214 is the stimulus or one of the stimuli used in block
212 to develop the model form.

[0057] The efficiency or optimality with which production
devices are tested in accordance with embodiments of the
invention depends at least in part on the stimulus used, and
the corresponding equipment required to provide such
stimulus, the time and/or computational resources needed to
extract the values of the model form parameters from the
stimulus data representing the applied stimulus and the
response data representing the measured response of the
production device to the stimulus, and the accuracy of the
extracted values of the model form parameters.

[0058] Stimulus specification in block 214 is typically
performed in parallel with the model form development
performed in block 212. Alternatively, the stimulus specifi-
cation and the model form development may be interleaved
in an iterative process.

[0059] Once a model form has been developed in block
212 and a stimulus has been specified in block 214, the
model form and the stimulus can immediately become parts
of a test protocol used for testing production devices in the
production phase 220. More typically, the test protocol,
comprising the model form and the stimulus specification, is
stored, for example, on a computer-readable medium, for
use later and, typically, elsewhere, in production phase 220.
In one example, the model form is developed in block 212,
the stimulus is specified in block 214 and the model form
and the stimulus specification are then saved for use later
and, typically, elsewhere, in the production phase to test the
production devices manufactured in accordance with the
device design.

[0060] The stimulus specification produced in block 214
typically describes the properties of the specified stimulus.
The stimulus specification may alternatively be a set of
waveform data that defines the waveform of the stimulus. In
another possibility, the stimulus specification may constitute
a set of instructions that cause a given piece or range of test
equipment to generate a stimulus having the properties of
the specified stimulus. The stimulus specification is typically
stored in a machine-readable medium.

[0061] In the production phase 220, the processes
described with reference to blocks 222, 224 and 226 are used
to test the production devices. The processes described with
reference to blocks 222, 224 and 226 are each applied to
each production device.

[0062] In block 222, the stimulus specified in block 214 is
applied to the production device and the response of the
production device to the stimulus is measured to generate
response data representing the response of the production
device to the stimulus. The measurement performed in block
222 is also specified in block 214. One piece of test
equipment applies the specified stimulus to the production
device and another piece of test equipment measures the
response to the production device to the stimulus. Alterna-
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tively, the stimulus is generated and the response is mea-
sured by respective modules of a single piece of test equip-
ment, such as an automatic tester. In some cases, the
specified stimulus is applied to more than one production
device at a time and the responses of the production devices
to the stimulus are measured simultaneously or sequentially.

[0063] In block 224, the model form developed in block
212 is used to extract values of the model form parameters
for the production device from the stimulus data represent-
ing the stimulus and the response data generated by the
measurement performed in block 222 of the response of the
production device to the specified stimulus. The model form
and a fitting process are used to extract the values of model
form parameters from the stimulus data and the response
data. In the example above using the classical mathematical
model for an amplifier,

vom(zr)‘=ao+a1 VO v (P +as vi(D3+ . . . +a,

v, (D7,

in

the values of model form parameters, a,, a;, . . . , a, are
extracted from the stimulus data and the response data in
block 224.

[0064] In block 226, compliance of the production device
with performance specifications of the device design is
checked using the values of the model form parameters
extracted in block 224. A production device that complies
with all the performance specifications is classified as good
and is released for sale. Otherwise the production device is
classified as bad and is returned for rework, or is scrapped.

[0065] In some embodiments, such as in the example
described above with reference to FIG. 2D, compliance of
the values of the model form parameters with the perfor-
mance specifications of the device design transformed into
the model form parameter space is checked in the embodi-
ment 250 of block 226 shown in FIG. 2D. A production
device having model form parameter values that all comply
with the performance specifications transformed into the
model form parameter space is classified as good and is
accepted. A production device having one or more model
form parameter values that fall outside the respective per-
formance specification transformed into model form param-
eter space is classified as bad and is rejected. A production
device having one or more of model form parameter values
that are marginal with respect to the corresponding perfor-
mance specification transformed into model form parameter
space may be subject to further testing. The performance
specifications transformed into model form parameter space
are those produced in block 218 of development phase 210.

[0066] In other embodiments, such as in the examples
shown in FIGS. 2B and 2C, performance metrics are
projected from the values of the model form parameters in
blocks 230 and 232 of the example shown in FIG. 2B or in
block 240 of the example shown in FIG. 2C. In an exem-
plary RF device, examples of performance metrics that can
be projected from the values of the model form parameters
include power in the targeted channel, channel resistance,
modulation quality, input intercept point 3 (IIP3), adjacent
channel power ratio (ACPR). Compliance of the projected
performance metrics with respective performance specifica-
tions is then checked in the block 234. A production device
whose projected performance metrics all comply with the
respective performance specifications is classified as good
and is accepted. A production device having one or more
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performance metrics that fail to meet their respective per-
formance specifications is classified as bad and is rejected.
A production device having one or more performance met-
rics that are marginal with respect to their corresponding
performance specifications may be subject to further testing.

[0067] As an example, one of the performance metrics
projected in block 232 of FIG. 2B or in block 240 of FIG.
2C is the minimum transmission frequency of the device
design. The projection determines that the production device
can only transmit signals at frequencies above 830 MHz,
whereas the corresponding performance specification for the
device design specifies a minimum transmission frequency
limit of 824 MHz. In this example, the production device
would be classified in block 234 as bad and would be
rejected. A log of performance metrics may additionally be
generated in block 234. In an example, the log includes an
entry recording the projected minimum transmission fre-
quency of 830 MHz and the respective performance speci-
fication of 824 MHz. The log may additionally indicate that
the production device is bad when the projected perfor-
mance metric does not meet the respective performance
specification.

[0068] Block 224, in which the values of the model form
parameters are extracted using the model form, and block
226, in which compliance of the production device with its
performance specifications is checked, are typically per-
formed in real time using, for example, an automatic tester
or other test instrumentation that is also used in block 222 to
apply the stimulus to each production device and measure
the response of the production device to the stimulus.
Alternatively, one or both of blocks 224 and 226 may be
performed by an external computer or other suitable test
equipment. Performing one or both of blocks 224 and 226
offline further speeds the testing process by allowing the
automatic tester to attend to other tasks, such as performing
block 222 on the next production device. Commodity com-
puting clusters can be used to perform one or both of blocks
224 and 226.

[0069] Inexamples in which an automatic tester performs
blocks 224 and 226 in real time, a conventional automatic
tester may be enhanced with the hardware necessary to
enable the automatic tester to perform the operations
involved. For example, an automatic tester may be adapted
to perform the model-based testing process described above
with reference to FIG. 2B by equipping it with a modelling
engine. The modelling engine receives the values of the
model form parameters for each production device, popu-
lates the model form with the values of the model form
parameters for each production device to form a behavioral
model of the production device and then projects the per-
formance metrics of the production device using the behav-
ioral model of the production device. More than one mod-
elling engine can be installed in the automatic tester with the
aim of ensuring that the rate at which the automatic tester
tests production devices is limited by the rate at which the
tester performs block 222 rather than the rate at which the
tester performs block 226.

[0070] Similarly, the automatic tester can be equipped
with one or more extraction engines. Each extraction engine
extracts values of the model form parameters from the
stimulus data and the response data. This ensures that the
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production test rate is limited by the rate at which the tester
performs block 222 rather than the rate at which the tester
performs block 224.

[0071] The time taken to apply the production phase 220
of model-based testing method 200 to each production
device is less than the time required to perform the set of
conventional tests in the conventional test process illustrated
in FIG. 1. The production phase 220 of the model-based
testing method 200 uses test equipment comparable in cost
with the test equipment used to perform the set of conven-
tional tests in the conventional test process illustrated in
FIG. 1. On a fully-occupied automatic tester, halving, for
example, the time taken to test each production device is
equivalent to installing another automatic tester at no cost.
Despite the reduction in the time taken to test each produc-
tion device, the accuracy with which the production phase
220 characterizes the performance of the production device
against the performance specifications of the device design
is comparable to that provided by the set of conventional
tests performed in the conventional test process illustrated in
FIG. 1.

[0072] Further advantages of embodiments of the model-
based testing method 200 in accordance with the invention
over conventional production test techniques include the
ability to test larger circuits with a greater accuracy and in
a shorter test time. Also, the model form can be adjusted to
trade off accuracy and speed. Also, versatile test equipment
can often be used in place of or in addition to test-specific
test equipment.

[0073] In accordance with the invention, a simple model
form is developed for use in connection with testing pro-
duction devices made in accordance with a device design.
Model form development (block 212 of FIG. 2A) begins
with the initial selection of a set of non-linear mathematical
equations as the basis function of the model form. The
initially-selected equations are equations that model the
behavior of one or more development devices in accordance
with the device design with respect to the performance
specifications of the device design. The equations can be
selected with the assistance of a computer-aided design
(CAD) program. For example, the equations can be selected
with the assistance of a CAD program that uses a conven-
tional, complex model of the device design.

[0074] The simplicity of the model form comes from
modelling the behavior of the device design with respect to
the performance specifications of the device design, and
ignoring behaviors of the device design that are not specified
by the performance specifications. Model form parameters
that have little or no relevance to the performance specifi-
cations can be ignored.

[0075] Inoneembodiment, the initially-selected equations
are specific to a nominal device in accordance with the
device design. The initially-selected equations are then
tested using development devices and typically are modified
to enable them to represent the behavior of the development
devices with respect to the performance specifications of the
device design. The behavior of the development devices
typically differs, at least in part, from that of the nominal
device.

[0076] A development device is a device in accordance
with the device design. Preproduction samples made in
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accordance with the device design can be used as the
development devices. Special pre-production samples can
be made in accordance with the device design with various
combinations of process parameters at the extremes of their
allowed ranges. Such samples constitute what is known as a
skewed lot or a rainbow lot. Simulated devices, simulated,
for example, on a computer using simulation software may
additionally or alternatively be used as development
devices. Examples of simulation software include CAD
software, SPICE software and ADS, an advanced design
system sold by Agilent Technologies, Inc, Palo Alto, Calif.
Again, process parameters at the extremes of their allowed
ranges may be used in the simulations.

[0077] Model form development using development
devices from skewed lots will be described next with
reference to FIG. 3A.

[0078] FIG. 3A is a flow diagram showing an embodi-
ment of a model form development method in accordance
with the invention in which a model form for use in
connection with testing production devices manufactured in
accordance with a device design is developed using devel-
opment devices from a skewed lot. In block 302, a sensi-
tivity analysis is performed using a device netlist, e.g., a
SPICE deck, for the device design and using process param-
eters obtained from the process data kit of the fabrication
process that will be used to fabricate the production devices.
The sensitivity analysis determines a subset of the process
parameters to which the performance of the device design is
most sensitive. The model form will be developed such that
the model-based testing method will target the subset of the
process parameters identified by the sensitivity analysis. In
some embodiments, block 302 is omitted.

[0079] Inblock 304, development devices are prepared for
use in the model form development process. Typically,
development devices are prepared by performing manufac-
turing runs in which process parameters are intentionally
skewed to cover the range of variations in the process
parameters identified in block 302. This produces respective
skewed lots of development devices. The range of variations
is defined in the process data kit for the target manufacturing
process.

[0080] In block 306, a stimulus is applied to the develop-
ment devices prepared in block 304. The stimulus is char-
acterized by a set of stimulus data that typically represents
the waveform of the stimulus. The response of each mea-
sured development device to the stimulus is then measured
and is represented a respective set of response data. Each set
of response data typically represents the waveform of the
response of the respective development device to the stimu-
lus.

[0081] The development devices are then divided into two
groups; a training group for use in developing the model
form and a validation group for use in validating the model
form. The development devices in the training group will be
called training devices; the development devices in the
validation group will be called validation devices. The
stimulus and response data for the training devices are used
in the process performed in block 308 to generate the model
form and those for the validation devices are used in the
process performed in block 310 to validate the model form,
as will be described below.

[0082] A model form for the device design is generated in
block 308. In block 308, initial equations are selected, the
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development devices are modeled using the equation set and
values of the model form parameters extracted from stimu-
lus/response data obtained from the development devices
using the equations, and a determination is made of whether
the modeling models behavior of the development devices
with acceptable accuracy. When the accuracy is unaccept-
able, the equations are modified and the modeling and
accuracy determination are repeated until the accuracy of the
modeling is acceptable.

[0083] FIG. 3B is a flow diagram illustrating an exem-
plary embodiment of the processing performed in block 308.
In block 342, initial non-linear equations are selected that
represent the behavior of a nominal device in accordance
with the device design. The initial equations constitute an
initial basis function for the model form. Specifically, the
selected initial non-linear equations represent aspects of the
behavior of the nominal device specified in the performance
specifications of the device design. The nominal device may
be an actual device or a simulated device. Alternatively,
non-linear equations that represent the behavior of other
devices such as production devices or selected ones of the
development devices are initially selected.

[0084] The stimulus data and response data gathered in
block 306 for the training devices are then used to determine
whether the initially-selected equations can accurately pre-
dict the measured responses of the training devices to the
stimulus. In block 344, the initially-selected equations are
used to extract values of the model form parameters from the
stimulus data and the response data for each training device.
The values of the model form parameters are extracted by
applying a form-fit process as described above using the
initially-selected equations. In block 346, the extracted
values of the model form parameters for each training device
are then inserted into the equations to produce a behavioral
model of the training device. In block 348, the response of
the behavioral model of each training device to the stimulus
data is calculated. In block 350, the calculated response of
the behavioral model of each training device is compared
with the measured response of the training device. In block
352, a test is performed to determine whether the calculated
responses of the behavioral models of the training devices
accurately match the measured responses of the respective
training devices.

[0085] When the result in block 352 is NO, the initially-
selected equations are modified in block 354, and the values
of the model form parameters are then extracted using the
modified equations in block 344, responses of the modified
models of the training devices to the stimulus are calculated
in block 346, the calculated responses of the modified
models are compared with the measured responses of the
training devices in block 350 and the accuracy of the match
is re-tested in block 352. The process just described is
iterated until the modified equations accurately represent
one or more desired aspects of the response of the training
devices to the stimulus, i.e., until a YES result is obtained in
block 352. When the result obtained in block 352 is YES,
execution advances to block 356 where the equations in their
current state of modification and the model form parameters
are output as the model form for the device design.

[0086] Returning now to FIG. 3A, in block 310, the model
form generated in block 308 is validated using the validation
devices. The validation devices are development devices
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different from the training devices used in block 308 to
develop the model form. The validation process gives a
measure of the quality of the model form developed in block
308 in terms of a fit error with respect to the validation
devices. The responses to the stimulus of the validation
devices were measured in block 306, described above.

[0087] FIG. 3C is a flow diagram illustrating an embodi-
ment of the validation process performed in block 310. In
block 360, values of the model form parameters are
extracted from the stimulus data and the response data for
each validation device. The values of the model form
parameters are extracted by applying a fitting process as
described above using the model form. In block 362, the
extracted values of the model form parameters for each
validation device are then inserted into the model form to
produce a model of the validation device. In block 364, the
response of the model of each validation device to the
stimulus data is calculated. In block 366, a fit error for the
model form is determined. The calculated response of each
validation device is compared with the measured response of
the validation device. Any difference between the response
predicted using the model of the validation device and the
measured response of the validation device constitutes a fit
error of the model form with respect to the validation device.
The fit errors for the validation devices constitute a cumu-
lative fit error for the model form. The cumulative fit error
provides a measure of the accuracy of the model form.

[0088] Returning again to FIG. 3A, in block 312, a test is
performed to determine whether the fit error generated in
block 310 for the model form generated in block 308 is
acceptable. When the result obtained in block 312 is YES,
execution advances to block 314, where the model form is
added to the test protocol for use in testing production
devices manufactured in accordance with the device design.

[0089] When the test result obtained in block 312 is NO,
execution advances to block 316, where either or both the
model form developed in block 308 and the stimulus used in
block 306 is modified. Execution returns to block 310, and
the model form validation process of blocks 310, 312, 314
and 316 is iterated until an acceptable fit error is obtained,
i.e., until the test result obtained in block 312 is YES.

[0090] The validation process of blocks 310, 312, 314 and
316 may be omitted in some embodiments. The validation
process just described may alternatively be performed using
simulated development devices as will described below.

[0091] Validation processes different from that described
above with reference to FIG. 3C may be performed in block
310. For example, each validation device may be fully
characterized using a set of conventional tests similar to that
described above with reference to FIG. 1 to generate respec-
tive performance metrics. The above-described behavioral
models of the validation devices are also characterized by
calculating their responses to stimuli corresponding to those
used in the conventional tests, and calculating respective
performance metrics from the stimuli and the calculated
responses. Differences between the calculated performance
metrics and the corresponding measured performance met-
rics are determined. The differences for the test devices
provide a measure of the accuracy of the model form. The
accuracy measure is then used instead of the fit error in block
312.

[0092] The model form development process described
above with reference to FIG. 3A may be performed using
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simulated development devices. In block 304, development
device simulations are generated using a simulator, such as
a CAD software program. The simulator generates the
development device simulations using a complex model of
the device design. The complex model typically has thou-
sands of parameters. The device simulations are typically
performed with process parameters intentionally skewed to
cover the range of variations in the process parameters
identified in block 302. The range of variations is defined in
the process data kit for the target manufacturing process.

[0093] 1In block 306, a set of stimulus data is applied to
each simulated development device and the response of the
simulated development device to the set of stimulus data is
calculated to generate a respective set of response data. The
set of stimulus data typically represents the waveform of a
stimulus. Each set of the response data typically represents
the waveform of the calculated response of the simulated
development device to the set of stimulus data.

[0094] The simulated development devices are then
divided into two groups as described above, i.e., training
devices for use in developing the model form and validation
devices for use in validating the model form. In block 308,
the model form for the device design is generated using the
simulated training devices and a model form generation
process similar to that described above with reference to
FIG. 3B. In block 310, the model form generated in block
308 is validated using the simulated validation devices and
a process similar to that described above with reference to
FIG. 3C. The validation process gives a measure of the
quality of the model form developed in block 308 in terms
of'a fit error with respect to the simulated validation devices.
The model form generation and the model form validation
process just described are iterated until an acceptable fit
error is obtained, i.e., the test result obtained in block 312 is
YES.

[0095] In an embodiment in which the model form gen-
eration process of block 308 is performed using simulated
development devices, the model form validation process of
block 310 may alternatively be performed using real devel-
opment devices as described above with reference to FIG.
3A

[0096] FIG. 4 is a flow diagram showing an embodiment
of the processing performed in accordance with the inven-
tion in block 214 of FIGS. 2A-2D to specify the stimulus.
In block 402 a library of sets of waveform data is provided.
Each set of waveform data represents a respective wave-
form. For example, the waveforms represented by the wave-
form data are characterized by respective frequencies,
amplitudes, phases and envelopes. Examples of the wave-
forms represented by the sets of waveform data include sine
waves, noise, shaped noise, piecewise linear waveforms,
step functions and pulses.

[0097] 1In block 404, at least one of the sets of waveform
data is selected as a potential stimulus. When more than one
set of waveform data is selected, the sets of waveform data
are additionally merged to generate a set of waveform data
representing a composite wavetform. For example, sets of
waveform data representing a carrier signal and a modula-
tion signal may be merged to generate a set of waveform
data representing a modulated carrier.

[0098] 1In block 406, the fitness of the potential stimulus
generated in block 404 is evaluated. The set of waveform
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data is converted to a stimulus and the stimulus is applied to
one or more development devices. The response of each
development device to the stimulus is measured to provide
response data. Alternatively, the set of waveform data rep-
resenting the potential stimulus is applied to a one or more
simulated development devices and the response of each
simulated development device to the waveform data is
calculated. The measured or calculated response data is then
evaluated.

[0099] Selected sets of waveform data are deemed to be
“fit” when the stimulus waveform generated in response to
the waveform data is optimized for the extraction of the
values of the model form parameters from the stimulus and
the response of the production devices to the stimulus. Such
a stimulus waveform enables the values of the model form
parameters to be extracted that enable the behavioral model
obtained by inserting the values of the model form param-
eters into the model form to predict accurately the properties
of each production device with the simplest and fastest
possible measurement process. As noted above, the stimulus
can be specified to provide a specified balance between
speed, accuracy and complexity. One aspect of the accuracy
of the prediction provided by the behavioral model is
characterized in terms of the responsiveness of the predic-
tion to the process parameter variations identified in process
302 of FIG. 3A.

[0100] In block 408, a test is performed to determine
whether the results of the evaluation performed in block 406
are acceptable. When the test result obtained in block 408 is
YES, execution advances to block 410, where the stimulus
specification defining the stimulus evaluated in block 406 is
added to the test protocol produced by development phase
210. When the test result obtained in block 408 is NO,
execution advances to block 412, where the selection of the
sets of waveform data is modified in block 412, and blocks
404, 408 and 412 are repeated until the test result obtained
in block 408 is YES.

[0101] FIG. 5 is a flow diagram of an embodiment 500 of
the method in accordance with the invention performed in
block 216 of the model-based testing method in accordance
with the invention described above with reference to FIG.
2C for defining the projection functions used in block 240.
The method is typically performed using the development
devices used in the embodiments of the model form devel-
opment process described above with reference to FIG. 3A.
The method 500 will be described next with reference to an
example in which the development devices are real devel-
opment devices. The method can alternatively use simulated
development devices. The method can alternatively use
devices different from the development devices used to
develop the model form.

[0102] Inblock 502, the stimulus specified in block 214 of
FIG. 2C and represented by a set of stimulus data is applied
to each development device.

[0103] In block 504, the response of each development
device to the stimulus is measured to provide a respective set
of response data.

[0104] In block 506, the model form developed in block
212 of FIG. 2C is used to extract the values of the model
form parameters for each development device from the set
of stimulus data and the set of response data for the
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development device. The development devices are then
divided into training devices and validation devices, as
discussed above.

[0105] The values of the model form parameters of the
development devices may be available from their use in
developing the model form in block 212. In this case, the
values of the model form parameters can be re-used and
blocks 502, 504 and 506 omitted from method 500.

[0106] In block 508, each development device is fully
characterized using a set of conventional tests similar to that
described above with reference to FIG. 1 to generate respec-
tive measured performance metrics.

[0107] In block 510, initial projection functions for pro-
jecting the performance metrics of production devices from
values of the model form parameters are defined. For
example, projection functions that correlate the model form
parameters of a real or simulated nominal development
device to the measured or simulated performance metrics of
such nominal development device can be used. [Ajay-any
other thoughts on how this would be done?].

[0108] In block 512, the initial projection functions are
applied to the values of the model form parameters of each
training device to project respective performance metrics for
the training device.

[0109] In block 514, the projected performance metrics of
each training device are compared to the corresponding
performance metrics measured in block 508. Differences
between the projected performance metrics and the corre-
sponding measured performance metrics are determined.

[0110] In block 516, the projection accuracy of the pro-
jection functions is tested. In the test, the accuracy with
which the projection functions project the performance
metrics of the training devices is compared with an accept-
ability standard. The differences generated in block 514 for
all the training devices are analyzed to determine the pro-
jection accuracy.

[0111] When the test result obtained in block 516 is NO,
execution advances to block 518, where the projection
functions are modified with the aim of increasing the pro-
jection accuracy provided by the projection functions.
Blocks 512, 514, 516 and 518 are then iterated until the test
result obtained in block 516 is YES.

[0112] When the test result obtained in block 516 is YES,
execution advances to block 520, where the projection
functions that produce the YES result in block 516 are
validated using the validation devices. Processes similar to
those described above with reference to blocks 512, 514 and
516 are performed using the validation devices.

[0113] In block 522, the projection accuracy of the pro-
jection functions that produce the YES result in block 516 is
tested in a manner similar to that described above with
reference to block 516. The same or different acceptability
limits may be used.

[0114] When the test result obtained in block 522 is NO,
execution advances to block 518, where the projection
functions are modified with the aim of increasing the pro-
jection accuracy provided by the projection functions with
respect to the validation devices. Blocks 512, 514, 516 and
518 are iterated using the training devices until the test result
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obtained in block 516 is YES. Then, blocks 520 and 522 are
repeated using the validation devices. This process just
described is repeated until the test result obtained in block
522 is YES.

[0115] When the test result obtained in block 522 is YES
execution advances to block 524, where the projection
functions are added to the test protocol generated by devel-
opment phase 210.

[0116] In some embodiments, validation processes 520
and 522 are omitted. In this case, the projection functions
found acceptable in block 516 are added to the test protocol
in block 524.

[0117] FIG. 6 is a flow diagram of an exemplary embodi-
ment 600 of a model-based method in accordance with the
invention for testing production devices.

[0118] In block 602, a test protocol for testing the pro-
duction devices is received. The test protocol comprises a
model form based on the device design. The model form
comprises a basis function and process-dependent model
form parameters. The model form parameters differ in value
among the production devices. The test protocol additionally
comprises a specification of a stimulus to be used to test the
production devices and a specification of measurements to
be performed on the response of the productions devices to
the stimulus.

[0119] In block 610, a stimulus in accordance with the
stimulus specification is applied to a production device.

[0120] Inblock 612, the response of the production device
to the stimulus is measured.

[0121] In block 614, the model form is used to extract
values of the model form parameters for the production
device from the stimulus and the response, or, more typi-
cally, a stimulus data set representing the stimulus and a
response data set representing the response of the production
device to the stimulus.

[0122] In block 616, a test is performed to determine
whether the production device complies with the perfor-
mance specifications of the device design using the values of
the model form parameters. Block 616 may be embodied in
accordance with any one of the examples of block 226
described above with reference to FIGS. 2B, 2C and 2D.
Alternatively, block 616 may be differently embodied. In
one embodiment, compliance of the production device with
its performance specifications is directly checked using the
values of the model form parameters extracted in block 614.
In this case, the test protocol received in block 602 addi-
tionally comprises the performance specifications of the
device design transformed into the model form parameter
space and, in block 616, compliance of the model form
parameters with the performance specifications transformed
into the model form parameter space is tested. In another
embodiment, the test protocol received in block 602 addi-
tionally comprises projection parameters for projecting per-
formance metrics from the model form parameters. In this
case, compliance of the production device with the perfor-
mance specifications of the device design is checked in
block 616 using performance metrics projected the projec-
tion functions from the values of the model form parameters
of the production device. In another embodiment, compli-
ance of the production device with the performance speci-
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fications of the device design is checked in block 616 using
performance metrics projected from the values of the model
form parameters by inserting the values of the model form
parameters extracted in block 614 into the model form to
form a behavioral model of the production device.
Responses of the behavioral model to one or more stimuli
are calculated and the performance metrics are projected
from the stimulus data and respective response data calcu-
lated using the behavioral model.

[0123] When the test result obtained in block 616 is NO,
execution advances to block 618, where the production
device is classified as BAD. Execution then advances to
block 622. When the test result obtained in block 616 is
YES, execution advances to block 620, where the produc-
tion device is classified GOOD. Execution then advances to
block 622. In block 622, a test is performed to determine
whether all production devices have been tested in accor-
dance with the test protocol.

[0124] When the test result obtained in block 622 is NO,
execution advances to block 624, where the next production
device is selected for testing. Execution then returns to block
610 to test the next production device. When the test result
obtained in block 622 is YES, execution advances to block
626, where it stops.

[0125] This disclosure describes the invention in detail
using illustrative embodiments. However, the invention
defined by the appended claims is not limited to the precise
embodiments described.

We claim:

1. A model-based method for testing compliance of pro-
duction devices with performance specifications of a device
design, the production devices manufactured in accordance
with the device design by a manufacturing process, the
method comprising:

developing a simple model form based on the device
design and the performance specifications, the model
form comprising a basis function and model form
parameters for the basis function, the model form
parameters being manufacturing process dependent and
differing in value among the production devices;

specifying a stimulus for testing the production devices;
and

testing each production device, the testing comprising:

measuring a response of the production device to the
stimulus,

using the model form, extracting the values of the
model form parameters for the production device
from the measured response and the stimulus, and

checking compliance of the production device with the
performance specifications using the extracted val-
ues of the model form parameters.

2. The method of claim 1, additionally comprising defin-
ing projection functions for projecting performance metrics
for the production device from the extracted values of the
model form parameters.

3. The method of claim 2, in which the checking com-
prises:



US 2006/0155411 Al

using the projection functions, projecting the performance
metrics for the production device from the extracted
values of the model form parameters; and

checking compliance of the performance metrics with
respective ones of the performance specifications.
4. The method of claim 1, in which:

the method additionally comprises:

inserting the extracted values of the model form param-
eters for the production device into the model form
to form a behavioral model of the production device,
and

projecting performance metrics for the production
device using the behavioral model; and

the checking comprises checking compliance of the per-
formance metrics with respective ones of the perfor-
mance specifications.
5. The method of claim 4, in which the projecting com-
prises:

applying a conventional stimulus to the behavioral model;

determining a response of the behavioral model to the
conventional stimulus; and

determining one of the performance metrics from the
stimulus and the response.
6. The method of claim 4, in which:

the conventional stimulus is simulated; and

the determining comprises calculating the response of the
behavioral model to the simulated stimulus to provide
the one of the performance metrics.

7. The method of claim 1, in which:

the method additionally comprises transforming the per-
formance specifications of the device design into a
model form parameter space; and

the checking comprises checking compliance of the
extracted values of the model form parameters with the
performance specifications transformed into the model
form parameter space.

8. The method of claim 1, in which the basis function
comprises a non-linear equation.

9. The method of claim 1, in which the basis function has
fewer than one hundred model form parameters.

10. The method of claim 1, additionally comprising
verifying the model form.

11. The method of claim 10, in which the developing and
the verifying are performed using different sets of devices in
accordance with the device design.

12. The method of claim 10, in which the verifying is
performed using simulated devices in accordance with the
device design.

13. A method of generating a model-based testing proto-
col for testing compliance of production devices with per-
formance specifications of a device design, the production
devices manufactured in accordance with the device design
by a manufacturing process, the method comprising:

developing a model form based on the device design and
the performance specifications, the model form com-
prising a basis function and model form parameters for
the basis function, the model form parameters being
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manufacturing process dependent and differing in value
among the production devices;

using the model form, specifying a stimulus for use in
testing the production devices; and

incorporating the model form and a specification of the
stimulus into the testing protocol.
14. The method of claim 13, additionally comprising:

defining projection functions for projecting performance
metrics for the production devices from the values of
the model form parameters; and

adding the projection functions to the testing protocol.
15. The method of claim 13, in which the defining
comprises:

providing development devices;
defining an initial projection function;

determining whether a performance metric projected for
the development devices using the initial projection
function matches a corresponding performance metric
measured on the development devices with acceptable
accuracy;

modifying the projection function when the accuracy is
unacceptable; and

iterating the determining and the modifying until the
accuracy is acceptable.
16. The method of claim 13, additionally comprising:

transforming the performance specifications of the device
design into a model form parameter space; and

adding the transformed performance specifications to the
test protocol.
17. The method of claim 13, in which the developing
comprises:

providing development devices;

selecting an initial non-linear equation set based on the
device design, the equation set comprising model form
parameters;

modeling the development devices using the equation set
and values of the model form parameters extracted
from stimulus/response data obtained from the devel-
opment devices using the equations;

determining whether the modeling models behavior of the
development devices with acceptable accuracy.
18. The method of claim 17, additionally comprising:

modifying the initial equation set when the accuracy is
unacceptable; and

iterating the modeling, the determining and the modifying
until the accuracy is acceptable.
19. The method of claim 17, in which the modeling
comprises:

obtaining stimulus/response data for the development
devices;

extracting values of the model form parameters from the
stimulus/response data using the equation set; and

inserting the extracted values of the model form param-
eters into the equation set to create behavioral models.
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20. The method of claim 17, in which:

the manufacturing process is characterized by process
parameters having respective ranges; and

the development devices are devices manufactured using
the manufacturing process with ones of the process
parameters having different values within the respec-
tive ranges.

21. The method of claim 17, in which:

the manufacturing process is characterized by process
parameters having respective ranges; and

the development devices are simulated devices defined to
account for the ranges of the process parameters.
22. The method of claim 13, in which the specifying
comprises:

selecting initial stimulus waveforms;

determining whether a stimulus defined by the initial
stimulus waveforms is capable of generating stimulus/
response data from which the values of the model form
parameters can be extracted with acceptable efficiency;

modifying the selection of the stimulus waveforms when
the efficiency is unacceptable; and

iterating the determining and the modifying until the

efficiency is acceptable.

23. The method of claim 13, in which the basis function
comprises a non-linear equation.

24. The method of claim 13, in which the basis function
has fewer than one hundred model form parameters.

25. A method for model-based testing of compliance of
production devices with performance specifications of a
device design, the production devices manufactured in
accordance with the device design by a manufacturing
process, the method comprising:

receiving a test protocol for testing the production
devices, the protocol comprising a simple model form
based on the device design and the performance speci-
fications, the model form comprising a basis function
and model form parameters for the basis function, and
a specification of a stimulus for use in testing the
production devices, the model form parameters being
manufacturing process-dependent and differing in
value among the production devices; and

testing each production device in accordance with the test
protocol, the testing comprising:

measuring a response of the production device to the
stimulus;

using the model form, extracting values of the model
form parameters for the production device from the
measured response and the stimulus, and

checking compliance of the production device with the
performance specifications using the values of the
model form parameters.
26. The method of claim 25, in which:

the testing additionally comprises projecting the perfor-
mance metrics for the production device from the
extracted values of the model form parameters; and
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the checking comprises checking compliance of the per-
formance metrics with respective ones of the perfor-
mance specifications.
27. The method of claim 26, in which the projecting
comprises:

inserting the extracted values of the model form param-
eters for the production device into the model form to
form a behavioral model of the production device;

projecting the performance metrics using the behavioral
model.

28. The method of claim 27, in which the projecting
comprises:

applying a conventional stimulus to the behavioral model;
and

determining a response of the behavioral model to the
conventional stimulus to obtain one of the performance
metrics.

29. The method of claim 28, in which:

the conventional stimulus is simulated; and

the determining comprises calculating the response of the
behavioral model to the simulated stimulus to provide
the one of the performance metrics.

30. The method of claim 26, in which:

the test protocol additionally comprises projection func-
tions for projecting the performance metrics for the
production device from the extracted values of the
model form parameters; and

the projecting comprises projecting the performance met-
rics for the production device using the projection
functions.

31. The method of claim 26, in which:

the measuring is performed using an automatic tester; and

the projecting is performed externally of the automatic
tester.
32. The method of claim 26, in which the measuring and
the projecting are performed using an automatic tester.
33. The method of claim 25, in which:

the test protocol additionally comprises the performance
specifications of the device design transformed into a
model form parameter space; and

the checking comprises checking compliance of the
extracted values of the model form parameters with the
performance specifications transformed into the model
form parameter space.

34. The method of claim 25, in which, in the measuring,
no more than one stimulus is applied to the production
device.

35. The method of claim 25, in which the testing is
performed using an automatic tester.

36. The method of claim 25, in which:

the testing is performed using an automatic tester; and

the extracting is performed externally of the automatic
tester.
37. The method of claim 25, in which the testing and the
extracting are performed using an automatic tester.
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