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YIELD, MEASUREMENT, ACCURACY S TEST TIME

T esting is an important and essential phase in the manufacturing process of integrated circuits.
In fact, the only way that manufacturers- can deliver high-quality ICs in a reasonable time is
through clever testing procedures. The IC manufacturing process involves three major steps: fab-
rication, testing, and packaging. Today, manufacturing costs'associated with mixed-signal ICs is
being dominated by the test phase (i.e., separating bad dies from good ones), although packaging
costs are becoming quite significant in some large ICs. In order to create clever test procedures,
one needs to have a clear understanding of the tradeoffs.involved. In particular, the test engineer
needs to understand the needs of their business (making ICs for toys or the automotive industry),

the cost of test, and the quality of the product produced. It is the intent of this chapter to outline
these tradeoffs, beginning with a discussion on manufacturing yield, followed by a discussion on
measurement accuracy, and then moving to a discussion of test time. As the needs of a business is
highly variable, we will make comments throughout this chapter where appropriate.

5.1 YIELD

The primary goal of a semiconductor manufacturer is to produce large quantities of ICs for sale
to various electronic markets-that is, cell phones, ipods, HDTVs, and so on. Semiconductor
factories are highly automated, capable of producing millions of ICs over a 24-hour period,
every day of the week. For the most part, these ICs are quite similar in behavior, although
some will be quite different from one another. A well-defined means to observe the behavior
of a set of large elements, such as ICs, is to categorize their individual behavior in the form
of a histogram, as shown in Figure 5.1. Here we illustrate a histogram of the offset voltage
associated with a lot of devices. We see that 15% of devices produced in this lot had an offset
voltage between -0.129 V and -0.128 V. We can conjecture that the probability of another lot
producing devices with an offset voltage in this same range is 15%. Of course, how confident
we are with our conjecture is the basis of all things statistical; we need to capture more data
to support our claim. This we will address shortly; for now, let us consider the "goodness" of
what we produced.
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In general, the component data sheet defines the "goodness" of an analog or mixed-signal
device. As a data sheet forms the basis of any contract between a supplier and a buyer, we avoid
any subjective argument of why one measure is better or worse than another; it is simply a matter
of data sheet definition. Generally, the goodness of an analog and mixed-signal device is defined
by a range of acceptability, bounded by a lower specification limit (LSL) and an upper specifica-
tion limit (USL), as further illustrated in Figure 5.1. These limits would be found on the device
data sheet. Any device whose behavior falls outside this range would be considered as a bad
device. This particular example considers a device with a two-sided limit. Similarly, the same
argument applies to a one-sided limit; just a different diagram is used.

Testing is the process of separating good devices from the bad ones. The yield of a given lot
of material is defined as the ratio of the total good devices divided by the total devices tested:

-eld — total good devices . loom,

y )
total devices tested

3.1

If 10,000 parts are tested and only 7000 devices pass all tests, then the yield on that lot of 10,000
devices is 70%. Because testing is not a perfect process, mistakes are made, largely on account
of the measurement limitations of the tester, noise picked up at the test interface, and noise pro-
duced by the DUT itself. The most critical error that can be made is one where a bad device is
declared good, because this has a direct impact on the operations of a buyer. This error is known
as an escape. As a general rule, the impact that an escape has on a manufacturing process goes up
exponentially as it moves from one assembly level to another. Hence, the cost of an escape can
be many orders of magnitude greater than the cost of a single part. Manufacturers make use of
test metrics to gauge the goodness of the component screening process. One measure is the defect
level (DL) and it is defined as

DI= total bad devices declared goodx  100% (5.2)
total devices declared good )

Figure 5.1. Histogram showing specification limits and regions of acceptance and rejection.
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or, when written in terms of escapes, we write

DI= total escapes x 100%
. 5.3
total devices declared good

Often DL is expressed in the number of defects-per-million or what is more commonly stated as
parts per million (ppm).

It is important to note that a measure of defect level is a theoretical concept based on a prob-
ability argument and one that has no empirical basis, because if we knew which devices were
escapes, then we would be able to identify them as bad and remove them from the set of good
devices. Nonetheless, companies do estimate their defect levels from various measures based on
their field returns, or by analyzing the test data during the test process using a secondary screening
procedure.

Exercises

5.1. If 15,000 devices are tested with a yield of 63%, how many devices
passed the test? ANS. 9450 devices.

5.2. A new product was launched with 100,000 sales over a one-year
time span. During this time, seven devices were returned to the
manufacturer even though an extensive test screening procedure
was in place. What is the defect level associated with this testing
procedure in parts per million? ANS. 70 ppm.

5.2 MEASUREMENT TERMINOLOGY

The cause of escapes in an analog or mixed-signal environment is largely one that is related to the
measurement process itself. A value presented to the instrument by the DUT will introduce errors,
largely on account of the electronic circuits that make up the instrument. These errors manifest
themselves in various forms. Below we shall outline these errors first in a qualitative way, and then
we will move onto a quantitative description in the next section on how these errors interrelate and
limit the measurement process.

5.2.1 Accuracy and Precision

In conversational English, the terms accuracy and precision are virtually identical in meaning.
Roget's Thesaurus'lists these words as synonyms, and Webster's Dictionary? gives almost identical
definitions for them. However, these terms are defined very differently in engineering textbooks.3>
Combining the definitions from these and other sources gives us an idea of the accepted technical
meaning of the words:

Accuracy: The difference between the average of measurements and a standard sample for
which the "true" value is known. The degree of conformance of a test instrument to absolute
standards, usually expressed as a percentage of reading or a percentage of measurement range
(full scale).

Precision: The variation of a measurement system obtained by repeating measurements on
the same sample back-to-back using the same measurement conditions.
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According to these definitions, precision refers only to the repeatability of a series of mea-
surements. It does not refer to consistent errors in the measurements. A series of measurements
can be incorrect by 2 V, but as long as they are consistently wrong by the same amount, then the
measurements are considered to be precise.

This definition of precision is somewhat counterintuitive to most people, since the words
precision and accuracy are so often used synonymously. Few of us would be impressed by a
"precision" voltmeter exhibiting a consistent 2-V error! Fortunately, the word repeatability is far
more commonly used in the test-engineering field than the word precision. This textbook will use
the term accuracy to refer to the overall closeness of an averaged measurement to the true value
and repeatability to refer to the consistency with which that measurement can be made. The word
precision will be avoided.

Unfortunately, the definition of accuracy is also somewhat ambiguous. Many sources of error
can affect the accuracy of a given measurement. The accuracy of a measurement should probably
refer to all possible sources of error. However, the accuracy of an instrument (as distinguished
from the accuracy of a measurement) is often specified in the absence of repeatability fluctuations
and instrument resolution limitations. Rather than trying to decide which of the various error
sources are included in the definition of accuracy, it is probably more useful to discuss some of the
common error components that contribute to measurement inaccuracy. It is incumbent upon the
test engineer to make sure all components of error have been accounted for in a given specifica-
tion of accuracy.

5.2.2 Systematic or Bias Errors

Systematic or bias errors are those that show up consistently from measurement to measurement.
For example, assume that an amplifier's output exhibits an offset of 100 mV from the ideal value
of O V. Using a digital voltmeter (DVM), we could take multiple readings of the offset over time
and record each measurement. A typical measurement series might look like this:

101 mV, 103 mV, 102 mV, 101 mV, 102 mV, 103 mV, 103 mV, 101 mV, 102 mV ...

This measurement series shows an average error of about 2 mV from the true value of 100
mV. Errors like this are caused by consistent errors in the measurement instruments. The errors
can result from a combination of many things, including DC offsets, gain errors, and nonideal
linearity in the DVM's measurement circuits. Systematic errors can often be reduced through
a process called calibration. Various types of calibration will be discussed in more detail in
Section 5.4.

5.2.3 Random Errors

In the preceding example, notice that the measurements are not repeatable. The DVM gives read-
ings from 101 to 103 mV. Such variations do not surprise most engineers because DVMs are rela-
tively inexpensive. On the other hand, when a two million dollar piece of ATE equipment cannot
produce the same answer twice in a row, eyebrows may be raised.

Inexperienced test engineers are sometimes surprised to learn that an expensive tester can-
not give perfectly repeatable answers. They may be inclined to believe that the tester software is
defective when it fails to produce the same result every time the program is executed. However,
experienced test engineers recognize that a certain amount of random error is to be expected in
analog and mixed-signal measurements.

Random errors are usually caused by thermal noise or other noise sources in either the DUT
or the tester hardware. One of the biggest challenges in mixed-signal testing is determining
whether the random errors are caused by bad DIB design, by bad DUT design, or by the tester
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itself. If the source of error is found and cannot be corrected by a design change, then averag-
ing or filtering of measurements may be required. Averaging and filtering are discussed in more
detail in Section 5.6.

5.2.4 Resolution (Quantization Error)

In the 100-mV measurement list, notice that the measurements are always rounded off to the
nearest millivolt. The measurement may have been rounded off by the person taking the mea-
surements, or perhaps the DVM was only capable of displaying three digits. ATE measurement
instruments have similar limitations in measurement resolution. Limited resolution results from
the fact that continuous analog signals must first be converted into a digital format before the ATE
computer can evaluate the test results. The tester converts analog signals into digital form using
analog-to-digital converters (ADCs).

ADCs by nature exhibit a feature called quantization error. Quantization error is a result
of the conversion from an infinitely variable input voltage (or current) to a finite set of possible
digital output results from the ADC. Figure 5.2 shows the relationship between input voltages
and output codes for an ideal 3-bit ADC. Notice that an input voltage of 1.2 V results in the same
ADC output code as an input voltage of 1.3 V. In fact, any voltage from 1.0 to 1.5 V will produce
an output code of 2.

If this ADC were part of a crude DC voltmeter, the meter would produce an output reading
of 1.25 V any time the input voltage falls between 1.0 and 1.5 V. This inherent error in ADCs and
measurement instruments is caused by quantization error. The resolution of a DC meter is often
limited by the quantization error of its ADC circuits.

If a meter has 12 bits of resolution, it means that it can resolve a voltage to one part in 2'* 1
(one part in 4095). If the meter's full-scale range is set to =2 V, then a resolution of approximately
1 mV can be achieved (4 V/4095 levels). This does not automatically mean that the meter is accu-
rate to 1 mV, it simply means the meter cannot resolve variations in input voltage smaller than
1 mV. An instrument's resolution can far exceed its accuracy. For example, a 23-bit voltmeter
might be able to produce a measurement with a 1-uV resolution, but it may have a systematic
error of 2 mV.

Figure 5.2. Output codes versus input voltages for an ideal 3-bit ADC.
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131



132

AN INTRODUCTION TO MIXED-SIGNAL IC TEST AND MEASUREMENT

5.2.5 Repeatability

Nonrepeatable answers are a fact oflife for mixed-signal test engineers. A large portion of the time
required to debug a mixed-signal test program can be spent tracking down the various sources of
poor repeatability. Since all electrical circuits generate a certain amount of random noise, mea-
surements such as those in the 100-mV offset example are fairly common. In fact, if a test engi-
neer gets the same answer 10 times in a row, it is time to start looking for a problem. Most likely,
the tester instrument's full-scale voltage range has been set too high, resulting in a measurement
resolution problem. For example, if we configured a meter to a range having a 10-mV resolution,
then our measurements from the prior example would be very repeatable (100 mV, 100 mV, 100
mV, 100 mV, etc.). A novice test engineer might think that this is a terrific result, but the meter
is just rounding off the answer to the nearest 10-mV increment due to an input ranging problem.
Unfortunately, a voltage of 104 mV would also have resulted in this same series of perfectly
repeatable, perfectly incorrect measurement results. Repeatability is desirable, but it does not in
itself guarantee accuracy.

5.2.6 Stability

A measurement instrument's performance may drift with time, temperature, and humidity. The
degree to which a series of supposedly identical measurements remains constant over time, tem-
perature, humidity, and all other time-varying factors is referred to as stability. Stability is an
essential requirement for accurate instrumentation.

Shifts in the electrical performance of measurement circuits can lead to errors in the tested
results. Most shifts in performance are caused by temperature variations. Testers are usually
equipped with temperature sensors that can automatically determine when a temperature shift has
occurred. The tester must be recalibrated anytime the ambient temperature has shifted by a few
degrees. The calibration process brings the tester instruments back into alignment with known
electrical standards so that measurement accuracy can be maintained at all times.

After the tester is powered up, the tester's circuits must be allowed to stabilize to a constant
temperature before calibrations can occur. Otherwise, the measurements will drift over time as
the tester heats up. When the tester chassis is opened for maintenance or when the test head is
opened up or powered down for an extended period, the temperature of the measurement elec-
tronics will typically drop. Calibrations then have to be rerun once the tester recovers to a stable
temperature.

Shifts in performance can also be caused by aging electrical components. These changes
are typically much slower than shifts due to temperature. The same calibration processes used
to account for temperature shifts can easily accommodate shifts of components caused by
aging. Shifts caused by humidity are less common, but can also be compensated for by periodic
calibrations.

5.2.7 Correlation

Correlation is another activity that consumes a great deal of mixed-signal test program debug time.
Correlation is the ability to get the same answer using different pieces of hardware or software.
It can be extremely frustrating to try to get the same answer on two different pieces of equipment
using two different test programs. It can be even more frustrating when two supposedly identical
pieces of test equipment running the same program give two different answers.

Of course correlation is seldom perfect, but how good is good enough? In general, it is a
good idea to make sure that the correlation errors are less than one-tenth of the full range between
the minimum test limit and the maximum test limit. However, this is just a rule of thumb. The
exact requirements will differ from one test to the next. Whatever correlation errors exist, they
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must be considered part of the measurement uncertainty, along with nonrepeatability and sys-
tematic errors.

The test engineer must consider several categories of correlation. Test results from a mixed-
signal test program cannot be fully trusted until the various types of correlation have been verified.
The more common types of correlation include tester-to-bench, tester-to-tester, program-to-pro-
gram, DIB-to-DIB, and day-to-day correlation.

Tester-to-Bench Correlation

Often, a customer will construct a test fixture using bench instruments to evaluate the quality of
the device under test. Bench equipment such as oscilloscopes and spectrum analyzers can help
validate the accuracy of the ATE tester's measurements. Bench correlation is a good idea, since
ATE testers and test programs often produce incorrect results in the early stages of debug. In
addition, IC design engineers often build their own evaluation test setups to allow quick debug of
device problems. Each of these test setups must correlate to the answers given by the ATE tester.
Often the tester is correct and the bench is not. Other times, test program problems are uncovered
when the ATE results do not agree with a bench setup. The test engineer will often need to help
debug the bench setup to get to the bottom of correlation errors between the tester and the bench.

Tester-to-Tester Correlation

Sometimes a test program will work on one tester, but not on another presumably identical tester.
The differences between testers may be catastrophically different, or they may be very subtle. The
test engineer should compare all the test results on one tester to the test results obtained using
other testers. Only after all the testers agree on all tests is the test program and test hardware
debugged and ready for production.

Similar correlation problems arise when an existing test program is ported from one tester
type to another. Often, the testers are neither software compatible nor hardware compatible with
one another. In fact, the two testers may not even be manufactured by the same ATE vendor. A
myriad of correlation problems can arise because of the vast differences in DIB layout and tes-
ter software between different tester types. To some extent, the architecture of each tester will
determine the best test methodology for a particular measurement. A given test may have to be
executed in a very different manner on one tester versus another. Any difference in the way a
measurement is taken can affect the results. For this reason, correlation between two different test
approaches can be very difficult to achieve. Conversion of a test program from one type of tester
to another can be one of the most daunting tasks a mixed-signal test engineer faces.

Program-to-Program Correlation

When a test program is streamlined to reduce test time, the faster program must be correlated
to the original program to make sure no significant shifts in measurement results have occurred.
Often, the test reduction techniques cause measurement errors because of reduced DUT settling
time and other timing-related issues. These correlation errors must be resolved before the faster
program can be released into production.

D/8-to-DIB Correlation

No two DIBs are identical, and sometimes the differences cause correlation errors. The test engi-
neer should always check to make sure that the answers obtained on multiple DIB boards agree.
DIB correlation errors can often be corrected by focused calibration software written by the test
engineer (this will be discussed further in Section 5.4).
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Exercises

5.3. A 5-mV signal is measured with a meter 10 times, resulting in the
following sequence of readings: 5 mV, 6 mV, 9 mV, 8 mV, 4 mV,
7mV, 5mV, 7 mV, 8 mV, 11 mV. What is the average measured
value? What is the systematic error? ANS. 7mV, 2 mV.

5.4. A meter is rated at 8-bits and has a full-scale range of £5 V. What is
the measurement uncertainty of this meter, assuming only quan-
tization errors from an ideal meter ADC? ANS. £19.6 mV.

5.5. A signal is to be measured with a maximum uncertainty of +0.5 pV.
How many bits of resolution are required by an ideal meter having
a =1V full-scale range? ANS. 21 bits.

Day-to-Day Correlation

Correlation of the same DIB and tester over a period of time is also important. If the tester and
DIB have been properly calibrated, there should be no drift in the answers from one day to the
next. Subtle errors in software and hardware often remain hidden until day-to-day correlation is
performed. The usual solution to this type of correlation problem is to improve the focused cali-
bration process.

5.2.8 Reproducibility

The term reproducibility is often used interchangeably with repeatability, but this is not a correct
usage of the term. The difference between reproducibility and repeatability relates to the effects of
correlation and stability on a series of supposedly identical measurements. Repeatability is most
often used to describe the ability of a single tester and DIB board to get the same answer multiple
times as the test program is repetitively executed.

Reproducibility, by contrast, is the ability to achieve the same measurement result on a given
DUT using any combination of equipment and personnel at any given time. It is defined as the
statistical deviation of a series of supposedly identical measurements taken over a period of time.
These measurements are taken using various combinations of test conditions that ideally should
not change the measurement result. For example, the choice of equipment operator, tester, DIB
board, and so on, should not affect any measurement result.

Consider the case in which a measurement is highly repeatable, but not reproducible. In such
a case, the test program may consistently pass a particular DUT on a given day and yet consis-
tently fail the same DUT on another day or on another tester. Clearly, measurements must be both
repeatable and reproducible to be production-worthy.

5.3 AMATHEMATICAL LOOK AT REPEATABILITY,
BIAS, AND ACCURACY

To gain a better understanding of the meaning of accuracy and its impact on a measurement,® con-
sider the circuit diagram of a voltage-reference-voltmeter arrangement shown in Figure 5.3. Here
we model the reference level with a DC voltage source with value vrer. The voltmeter is modeled
with an ideal meter with reading Vimeasurep and two voltage sources in series with the reference.
One voltage source represents the offset introduced by the voltmeter (V/ rr. and the other repre-
sents the noise generated by the voltmeter (V . ). By KVL, we can write the voltmeter value as
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V measurep =V rer +Vorr +V noise (5.4)

If we repeat a sequence of measurements involving the same reference, we would obtain a set
of values that would in general be all different on account of the noise that is present. To eliminate
the effects of this noise, one could instead take the average value of a large number of samples as
the measurement. For instance, if we take the expected or average value of each side of Eq. (5.4),
we write

£ IYMEASURED]:f IY REF +V 0FF +V noise] (5.5)
Recognizing that the expectation operation distributes across addition, we can write
£ IY MEASURED |=£ IY REF]+£ |Y OFF]+£ IY noise] (5'6)

Assuming that the noise process is normal with zero mean, together with the fact that vrer and
V,rr are constants, we find that the expected measured value becomes

E (yMEASURED J=V  REF +V OFF (5'7)

As long as the sample set is large, then averaging will eliminate the effects of noise. However,
if the sample size is small, a situation that we often find in practice, then our measured value will
vary from one sample set to another. See, for example, the illustration in Figure 5.4a involving two
sets of samples. Here we see the mean values uM | and uM , are different. If we increase the total
number of samples collected to, say, N, we would find that the mean values of the two distributions
approach one another in a statistical sense. In fact, the mean of the means will converge to vrer
+V pr with a standard deviation of cuu / -Jli as illustrated by the dashed line distribution shown in
Figure 5.4b. We should also note that the distribution of means is indeed Gaussian as required by
the central limit theorem.

Metrology (the science of measurement) is interested in quantifying the level of uncertainty
present in a measurement. Three terms from metrology are used in test to describe this uncer-
tainty: repeatability, accuracy, and bias.

Figure 5.3. Modeling a measurement made by a voltmeter with offset and noise component.
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Assume that N samples are taken during some measurement process and that these samples
are assigned to vector x. The mean value of the measurement is quantified as

l N
o VZ (5.8)

The repeatability of a measurement refers to the standard deviation associated with the measure-
ment set, that is,

Oy = \/Niki (c [k]-m ) (5.9)

For the example shown in Figure 5.4b, repeatability refers to the spread of the measurement sam-
ples about the sample mean value - The larger the spread, the less repeatable the measurement
will be. We can now define repeatability as the variation (quantified by M) of a measurement
system obtained by repeating measurements on the same sample back-to-back using the same
measurement conditions.

Bias error or systematic error is the difference between the reference value and the average of
a large number of measured values. Bias error can be mathematically described as

v rer -E (yMEASURED/ (5.10)

where E (yMEASURED] is derived through a separate measurement process involving a (very) large
number of samples, that is,

Iy
E [VMEAsuRED ]:— L [k] (5.11)
N

N LARGE

This step is usually conducted during the characterization phase of the product rather than during

a production run to save time. In essence, E (yMEASURED] converges to v rer +v orr (the noiseless
value) and equals the negative of the instrument offset, that is,

/3 = vomr (5.12)

Finally, we come to the term accuracy. Since test time is of critical importance during a produc-
tion test, the role of the test engineer is to make a measurement with just the right amount of
uncertainty-no more, no less. This suggests selecting the test conditions so that the accuracy of
the measurement is just right.

Like bias error, accuracy is defined in much the same way, that being the difference between
the known reference value and the expected value of the measurement process. However, accuracy
accounts for the error that is introduced due to the repeatability of the measurement that is caused
by the small sample set. Let us deflne the dlffe]:FnCG between the reference level vrer and an esti-

mate of the mean value, given by vmeasurep =- L. yx K ] , as the measurement error:
N k2 N SMALL
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E =V rer- 'V meAsURED (5.13)

Absolute accuracy of a measurement is then defined in terms of a range of possible errors as

Ewv :: accuracy ::; Ewvax (5.14)

Figure 5.4. [a) Small sets of different measurements will have different mean values. [b) The mean
value of a large sample set will converge to VREF with an offset Vorr [cl Distribution of measurement
errors.
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where

EMIN = min{ VREF - min[ VMEASURED], VREF - max{ VMEASURED]}
Ewx =max [VREF - min] VMEASURED]'" VREF - max| VMEASURED])

It is common practice to refer to the range bounded by £ max and £ mw as the uncertainty range of
the measurement process, or simply just accuracy, as shown in Figure 5.4c. Clearly, some measure
of the distribution of measurement errors must be made to quantify accuracy. We have more to say
about this in a moment.

As areference check, if the measurement process is noiseless, then we have

max [V MEASURED]= Tin [ V MEASURED]- V REF + VoFF (5.15)

and the accuracy of the measurement process would simply be equal to the offset term, that is,
accuracy = -V orr (5.16)

At this point in the discussion of accuracy, it is important to recognize that measurement offset
plays an important role in the role of accuracy in a measurement. We have a lot more to say about
this in a moment.

Absolute accuracy is also expressed in terms of the center value and a plus-minus difference
measure defined as

EMAX +EMIN  IEMAX  -ENYNI (5.17)
accuracy —=----- e St it LA :

2 2

It is important that the reader be aware of the meaning of the notation used in Eq. (5.17) and how
it maps to the error bound given by Eq. (5.14).

Sometimes accuracy is expressed in relative terms, such as a percentage of reference value,
that is,

accuracyorf [1 e_pac + £ mn+ | IEMAX £ uN ux 100%

(5.18)
2 V Rer 2 V rer J
or a percentage of the full-scale measurement range (denote VF's) as
accuracy = [_!_e pac + £ #l IEMAX £ w 11 x 100%
%FS 2 %4 2 74 (5.19)

FS FS
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EXAMPLE 5.1

A measurement of a 1-V reference level is made 100 times, where the minimum reading is 0.95 V
and the maximum reading is 1.14 V. What is the absolute accuracy of these measurements? What
is the relative accuracy with respect to a full-scale value of 5 V?

Solution:
According to Eq. [5.14]. the smallest and largest errors are

EM,N = min{1-0.95,1-1.14}= -0.14
EMAx = max{1-0.95,1-1.14}= 0.05

leading to an absolute accuracy bound of
-0.14 accuracy 0.05

or expressed with respect to the center as

20.14+0.05 , :0.14- 0.051 __ 0 045,0 095V
2 2

accuracy=

In terms of a relative accuracy referenced to the 5-V full-scale level, we obtain

accuracy¥Fs - 0045 1%0.095v 10001, - 09,1 90}

It is interesting to observe the statistics of this estimator, V wmeasurep, when noise is present.
Regardless of the nature of the noise, according to the central limit theorem, the estimator
Vimswem will follow Gaussian statistics. This is because the estimator is a sum of several ran-
dom variables as described in the previously chapter. The implications of this is that if one were to
repeat a measurement a number of times and create a histogram of resulting estimator values, one
would find that it has a Gaussian shape. Moreover, it would have a standard deviation of approxi-
mately v/ INf- As a first guess, weycould place the center of the Gaussian distribution at the

value of the estimator Vweasvrep = 'Ix [k]. Hence, the pdf of the estimator values would

appear as N e

g(v)= _IN ) (5.20)
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Consequently, we can claim with a 99.7% probability that the true mean of the measurement will

lie between VMEASUREDA 3 and VMEASURED‘t3_ . One can introduce an a term to the

previous range term and generalize the result to a set of probabilities-for example,

P( MEASURED @ ,Jll - I measurep - MmEASUReD + @ ,Jll - 6)96568’ 2:212 (5.21)
-y - iw <EN, I<-v i
0.997, a= 3

One can refer to the a term as a confidence parameter, because the larger its value, the greater our
confidence (probability) that the noiseless measured value lies within the range defined by

i

..... 3 i | |. , 3
V MEASURED -Q J / l.,, El VMEASURED]:,; V MEAsURED+ A (5.22)

In the statistical literature this range is known as the confidence interval (Cl). The extremes of
measurement estimator can then be identified as

N I

_ - i
Max; V MEASURED = v MEASURED +d

(5.23)

where wveasurep is any one estimate of the mean of the measurement and <Jv is the standard devi-
ation of the measurement process usually identified during a characterization phase. Substituting
Eq. (5.23) into Eq. (5.17), together with definitions given in Eq. (5.14), we write the accuracy

expression as J’/°

- ;
accuracy =v Rer v MEASURED * (5.24)

As a first-order approximation, let us assume

Veee  Vweasurep = /3 (5.25)

Then Eq. (5.24) becomes
dqd's
accuracy = /3 +a .J, / l (5.26)

This is the fundamental equation for measurement accuracy. It illustrates the dependency of
accuracy on the bias error, repeatability, and the number of samples. It also suggest several ways
in which to improve measurement accuracy:
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1. Remove the bias error P by calibrating to a known reference value.

2. Decrease the intrinsic amount of noise au associated with a measurement by purchasing
more expensive instruments with a lower noise floor or by improving the device interface
board (DIB) design and test interface.

3. Increase the size of the sample set N to reduce the influence of measurement repeatability;
increase the time of test; or alter the algorithm that is used to extract the mean value.

The next few sections will address these three points in greater detail.

EXAMPLE 5.2

A DC offset measurement is repeated 100 times, resulting in a series of values having an average
of 257 mV and a standard deviation of 27 mV. In what range does the noiseless measured value
lie for a 99.7% confidence? What is the accuracy of this measurement assuming the systematic
offset is zero?

Solution:
Using EQ. (5.22) with a= 3, we can bound the noiseless measured value to lie in the range defined by

257 mV- 3 27 % E [VMEAsuREo]:::; 257 mV +3 zrmy
mV - 3 x pis suREo]:::; 257 mV + 3 X
700

or

The accuracy of this measurement (where a measurement is the average of 100 voltage samples)
would then be +8.1 mV with a 99.7% confidence. Alternatively, if we repeat this measurement
1000 times, we can expect that 997 measured values (i.e., each measured value corresponding to
100 samples) will lie between 248.9 mV and 265.1 mV.

Exercises

5.6. A series of 100 measurements is made on the output of an op- 1253107
amp circuit whereby the distribution was found to be Gauss- s g(-v)—(lOJ e 20
ian with mean value of 12.5 mV and a standard deviation of 10

mV. Write an expression for the pdf of these measurements? B =125 WV <=100 mY,

5.7. Aseries of 100 measurements is made on the output of an op-
amp circuit whereby the distribution was found to be Gauss- :
ian with mean value of 12.5 mV and a standard deviation of = 1 . =
1 mV. If this experiment is repeated, write an expression for 10-}1&
the pdf of the mean values of each of these experiments? p=12.5 mV;<J=1 mV.
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Exercises

5.8. A series of 100 measurements is made on the output of an
op-amp circuit whereby the distribution was found to be
Gaussian with mean value of 12.5 mV and a standard devia-
tion of 1 mV. If this experiment is repeated and the mean value

--2.5x10~%,
is compared to a reference level of 10 mV, what is the mean  ans. i(v)= 1 e 200~]
and standard deviation of the error distribution that results? (102}fin
Write an expression for the pdf of these errors? 4=25mV;a= 1mV.

5.9. A series of 100 measurements is made on the output of an
op amp circuit whereby the distribution was found to be
Gaussian with mean value of 12.5 mV and a standard deviation
of 1 mV. If this experiment and the mean value is compared
to a reference value of 10 mV, in what range will the expected aNs. -0.5mV  E[error]
value of the error lie fora 99.7% conference interval. 55mV

5.4 CALIBRATIONS AND CHECKERS

Measurement accuracy can be improved by eliminating the bias error P associated with a mea-
surement process. This section will look at the several ways in which to remove this error so that
the tester is performing with maximum accuracy at all times during its operation.

5.4.1 Traceability to Standards

Every tester and bench instrument must ultimately correlate to standards maintained by a central
authority, such as the National Institute of Standards and Technology (NIST). In the United States,
this government agency is responsible for maintaining the standards for pounds, gallons, inches,
and electrical units such as volts, amperes, and ohms. The chain of correlation between the NIST
and the tester's measurements involves a series of calibration steps that transfers the "golden"
standards of the NIST to the tester's measurement instruments.

Many testers have a centralized standards reference, which is a thermally stabilized instrument
in the tester mainframe. The standards reference is periodically replaced by a freshly calibrated
reference source. The old one is sent back to a certified calibration laboratory, which recalibrates
the reference so that it agrees with NIST standards. Similarly, bench instruments are periodically
recalibrated so that they too are traceable to the NIST standards. By periodically refreshing the
tester's traceability link to the NIST, all testers and bench instruments can be made to agree with
one another.

5.4.2 Hardware Calibration

Hardware calibration is a process of physical "knob tweaking" that brings a piece of measurement
instrumentation back into agreement with calibration standards. For instance, oscilloscope probes
often include a small screw that can be used to nullify the overshoot in rapidly rising digital edges.
This is one common example of hardware calibration.

One major problem with hardware calibration is that it is not a convenient process. It gener-
ally requires a manual adjustment of a screw or knob. Robotic screwdrivers might be employed
to allow partial automation of the hardware calibration process. However, the use of robotics is
an elaborate solution to the calibration problem. Full automation can be achieved using a simpler
procedure known as software calibration.
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Figure 5.5. [a) Modeling a voltmeter with an ideal voltmeter and a nonideal component in cascade.
[b) Calibrating the nonideal effects using a software routine.
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5.4.3 Software Calibration

Using software calibration, ATE testers are able to correct hardware errors without adjusting any
physical knobs. The basic idea behind software calibration is to separate the instrument's ideal
operation from its nonidealities. Then a model of the instrument's nonideal operation can be con-
structed, followed by a correction of the nonideal behavior using a mathematical routine written
in software. Figure 5.5 illustrates this idea for a voltmeter.

In Figure 5.5a a "real" voltmeter is modeled as a cascade of two parts: (1) an ideal voltmeter
and (2) a black box that relates the voltage across its input terminals vwr to the voltage that is
measured by the ideal voltmeter, v, +This relationship can be expressed in more mathematical
terms as

V measured :f (V DUT) (5'2’7)

where/(-) indicates the functional relationship between » a-and wur

measure

The true functional behavior/(+) is seldom known; thus one assumes a particular behavior or
model, such as a first-order model given by

Vmeasured =GV pur + Offset (5.28)

where G and offset are the gain and offset of the voltmeter, respectively. These values must be
determined from measured data. Subsequently, a mathematical procedure is written in software
that performs the inverse mathematical operation

Vealibrated :f-1 Vmea.mred) (5-29)

where veaibrarea Teplaces vvur as an estimate of the true voltage that appears across the terminals of
the voltmeter as depicted in Figure 5.5b. If JO is known precisely, then veasibrared = vvur

In order to establish an accurate model of an instrument, precise reference levels are nec-
essary. The number of reference levels required to characterize the model fully will depend
on its order-that is, the number of parameters used to describe the model. For the linear or
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firstorder model described, it has two parameters, G and offset. Hence, two reference levels will
be required.

To avoid conflict with the meter's normal operation, relays are used to switch in these refer-
ence levels during the calibration phase. For example, the voltmeter in Figure 5.6 includes a pair
of calibration relays, which can connect the input to two separate reference levels, Y nand V p-
During a system level calibration, the tester closes one relay and connects the voltmeter to vrrand
measures the voltage, which we shall denote as vmeasurea. Subsequently, this process is repeated for
the second reference level V, 2 and the voltmeter provides a second reading, v = -

Based on the assumed linear model for the voltmeter, we can write two equations in terms of
two unknowns

V measured! — GV ref1 + Offset

(5.30)
V measured2 — GV ref 2 + Offset
Using linear algebra, the two model parameters can then be solved to be
G: VmgaxuregiZ -V megsured! (5 31)
Vref? - V ref1 ’
and
offset  VueaswreadV ez -V measweaz V ren (5.32)

14 Vv

ref2 Y ref1

The parameters of the model, G and offset, are also known as calibration factors, or cal factors
for short.

When subsequent DC measurements are performed, they are corrected using the stored cali-
bration factors according to

-offse t

v
"4 =m easu e
calibrated e L6 (5-33)

This expression is found by isolating vour on one side of the expression in Eq. (5.28) and replacing
it by vV

.
calibrated

Figure 5.6. DC voltmeter gain and offset calibration paths.
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Of course, this example is only for purposes of illustration. Most testers use much more
elaborate calibration schemes to account for linearity errors and other nonideal behavior in the
meter's ADC and associated circuits.. Also, the meter's input stage can be configured many ways,
and each of these possible configurations needs a separate set of calibration factors. For example,
if the input stage has 10 different input ranges, then each range setting requires a separate set of
calibration factors. Fortunately for the test engineer, most instrument calibrations happen behind
the scenes. The calibration factors are measured and stored automatically during the tester's peri-
odic system calibration and checker process.

5.4.4 System Calibrations and Checkers

Testers are calibrated on a regular basis to maintain traceability of each instrument to the tester's
calibration reference source. In addition to calibrations, software is also executed to verify the
functionality of hardware and make sure it is production worthy. This software is called a checker
program, or checker for short. Often calibrations and checkers are executed in the same program.
If a checker fails, the repair and maintenance (R&M) staff replaces the failing tester module with
a good one. After replacement, the new module must be completely recalibrated.

There are several types of calibrations and checkers. These include calibration reference
source replacement, performance verification (PV), periodic system calibrations and check-
ers, instrument calibrations at load time, and focused calibrations. Calibration reference source
replacement and recalibration was discussed in Section 5.4.1. A common replacement cycle time
for calibration sources is once every six months.

Exercises

5.10. A meter reads 0.5 mV and 1.1 V when connected to two precision  ans. 0.5 mV,
reference levels of 0 and 1 V, respectively. What are the offset and  1.0995 vy,

vealibrated

gain of this meter? Write the calibration equation for this meter. = (Vmeasured- 0.9
mV)/1.0995.
5.11. A meter is assumed characterized by a second-order equation of
the form: vmeasurea =OFfS€t+ G vcativrated + G2v:ativraea - HOW many pre-
cision DC reference levels are required to obtain the parameters of
this second-order expression? ANS. Three.

5.12. A meter is assumed characterized by a second-order equation
of the form Vueusurea = Offset + G,v,N + G2v . Write the calibra-
tion equation for this meter in terms of the unknown calibration

factors.
ANS JG 2 e
' -G, +,JG F4G2 offset)
—_— (v_ measured-
V calibrated = 2G or
2
2

G- JG +4G20 wws offset)

V calibrated — G

2 2

depending on the data conditions.

To verify that the tester is in compliance with all its published specifications, a more extensive
process called performance verification may be performed. Although full performance verifica-
tion is typically performed at the tester vendor's production floor, it is seldom performed on the
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production floor. By contrast, periodic system calibrations and checkers are performed on a regu-
lar basis in a production environment. These software calibration and checker programs verify that
all the system hardware is production worthy.

Since tester instrumentation may drift slightly between system calibrations, the tester may
also perform a series of fine-tuning calibrations each time a new test program is loaded. The extra
calibrations can be limited to the subset of instruments used in a particular test program. This
helps to minimize program load time. To maintain accuracy throughout the day, these calibrations
may be repeated on a periodic basis after the program has been loaded. They may also be executed
automatically if the tester temperature drifts by more than a few degrees.

Finally, focused calibrations are often required to achieve maximum accuracy and to compen-
sate for nonidealities of DIB board components such as buffer amplifiers and filters. Unlike the
ATE tester's built-in system calibrations, focused calibration and checker software is the respon-
sibility of the test engineer. Focused calibrations fall into two categories: (1) focused instrument
calibrations and (2) focused DIB calibrations and checkers.

5.4.5 Focused Instrument Calibrations

Testers typically contain a combination of slow, accurate instruments and fast instruments that
may be less accurate. The accuracy of the faster instruments can be improved by periodically
referencing them back to the slower more accurate instruments through a process called focused
calibration. Focused calibration is not always necessary. However, it may be required if the test
engineer needs higher accuracy than the instrument is able to provide using the built-in calibra-
tions of the tester's operating system.

A simple example of focused instrument calibration is a DC source calibration. The DC
sources in a tester are generally quite accurate, but occasionally they need to be set with minimal
DC level error. A calibration routine that determines the error in a DC source's output level can
be added to the first run of the test program. A high-accuracy DC voltmeter can be used to mea-
sure the actual output of the DC source. If the source is in error by 1 mV, for instance, then the
requested voltage is reduced by 1 mV and the output is retested. It may take several iterations to
achieve the desired value with an acceptable level of accuracy.

A similar approach can be extended to the generation of a sinusoidal signal requiring an accu-
rate RMS value from an arbitrary waveform generator (AWG). A high-accuracy AC voltmeter is
used to measure the RMS value from the AWG. The discrepancy between the measured value and
the desired value is then used to adjust the programmed AWG signal level. The AWG output level
will thus converge toward the desired RMS level as each iteration is executed.

EXAMPLE 5.3

A 2.500-V signal is required from a DC source as shown in Figure 5.7. Describe a calibration pro-
cedure that can be used to ensure that 2.500 V + 500 pV does indeed appear at the output of the
DC source.

Solution:

The source is set to 2.500 V and a high-accuracy voltmeter is connected to the output of the
source using a calibration path internal to the tester. Calibration path connections are made
through one or more relays such as the ones in Figure 5.6. Assume the high-accuracy voltme-
ter reads 2.510 V from the source. The source is then reprogrammed to 2.500 V - 10 mV and the
output is remeasured. If the second meter reading is 2.499 V, then the source is reprogrammed
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to 2.500 V - 10 mV + 1 mV and measured again. This process is repeated until the meter reads
2.500 V [plus or minus 500 pV). Once the exact programmed level is established, it is stored as a
calibration factor [e.g., calibration factor=2.500 V - 10 mV + 1 mV = 2.491 V). When the 2.500-V
DC level is required during subsequent program executions, the 2.491 V calibration factor is used
as the programmed level rather than 2.500 V. Test time is not wasted searching for the ideal level
after the first calibration is performed. However, calibration factors may need to be regenerated
every few hours to account for slow drifts in the DC source. This recalibration interval is depen-
dent on the type of tester used.

Figure 5.7. DC source focused calibration.

DUT
o———=0 .
input
Programmable
DC
source -+
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voltmeter

Another application of focused instrument calibration is spectral leveling of the output of
an AWG. An important application of AWGs is to provide a composite signal consisting of N
sine waves or fones all having equal amplitude at various frequencies and arbitrary phase. Such
waveforms are in a class of signals commonly referred to as multitone signals. Mathematically, a
multitone signal y(t) can be written as

N

y(t) = A, +Asin(2,1f/ +@ )++AN sin(2,7f Nt +(j)N )= A, + LAk sin(2,rifkt+ (j)k) (5.34)

k=1

where Ak, fk, and (j)k denote the amplitude, frequency, and phase, respectively, of the kth tone. A
multitone signal can be viewed in either the time domain or in the frequency domain. Timedomain
views are analogous to oscilloscope traces, while frequency-domain views are analogous to spec-
trum analyzer plots. The frequency-domain graph of a multitone signal contains a series of vertical
lines corresponding to each tone frequency and whose length* represents the root-mean-square
(RMS) amplitude of the corresponding tone. Each line is referred to as a spectral line. Figure 5.8
illustrates the time and frequency plots of a composite signal consisting of three tones of frequen-
cies 1, 2.5, and 4.1 kHz, all having an RMS amplitude of 2 V. Of course, the peak amplitude of
each sinusoid in the multitone is simply”2 >r 2.82 V, so we could just as easily plot these
values as peak amplitudes rather than RMS. This book will consistently display frequency-domain
plots using RMS amplitudes.

*Spectral density plots are commonly defined in engineering textbooks with the length of the spectral line
representing one-half the amplitude of a tone. In most test engineering work, including spectrum analyzer
displays, it is more common to find this length defined as an RMS quantity.

147



148 AN INTRODUCTION TO MIXED-SIGNAL IC TEST AND MEASUREMENT

Figure 5.8. Time-domain and frequency-domain views of a three-tone multitone.
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Figure 5.9. Modeling an AWG as a cascaded combination of an ideal source and frequency-
dependent gain block.
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The AWG produces its output signal by passing the output of a DAC through a low-pass
antiimaging filter. Due to its frequency behavior, the filter will not have a perfectly flat magni-
tude response. The DAC may also introduce frequency-dependent errors. Thus the amplitudes of
the individual tones may be offset from their desired levels. We can therefore model this AWG
multitone situation as illustrated in Figure 5.9. The model consists of an ideal source connected
in cascade with a linear block whose gain or magnitude response is described by G(f), where fis
the frequency expressed in hertz. To correct for the gain change with frequency, the amplitude of
each tone from the AWG is measured individually using a high-accuracy AC voltmeter. The ratio
between the actual output and the requested output corresponds to G(f) at that frequency. This
gain can then be stored as a calibration factor that can subsequently be retrieved to correct the
amplitude error at that frequency. The calibration process is repeated for each tone in the multi-
tone signal. The composite signal can then be generated with corrected amplitudes by dividing
the previous requested amplitude at each frequency by the corresponding AWG gain calibration
factor. Because the calibration process equalizes the amplitudes of each tone, the process is called
multitone leveling.

As testers continue to evolve and improve, it may become increasingly unnecessary for the
test engineer to perform focused calibrations of the tester instruments. Focused calibrations were
once necessary on almost all tests in a test program. Today, they can sometimes be omitted with
little degradation in accuracy. Nevertheless, the test engineer must evaluate the need for focused
calibrations on each test. Even if calibrations become unnecessary in the future, the test engi-
neer should still understand the methodology so that test programs on older equipment can be
comprehended.

Calibration of circuits on the DIB, on the other hand, will probably always be required. The
tester vendor has no way to predict what kind of buffer amplifiers and other circuits will be placed
on the DIB board. The tester operating system will never be able to provide automatic calibration
of these circuits. The test engineer is fully responsible for understanding the calibration require-
ments of all DIB circuits.
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Exercises

5.13. A DC source is assumed characterized by a third-order equation
of the form vwmeasurep = 0.005 + verocrammep - 0.003 v.rocrammen and
is required to generate a DC level of 2.6 V. However, when pro-
grammed to produce this level, only 2.552 V is measured. Using
iteration, determine a value of the programmed source voltage
that will establish a measured voltage of 2.6 V to within a £ 1-mV
accuracy. ANS. 2.651 V.

2
5.14. An AWG has a gain response described by ( 1+ (1/, o) r and is

to generate three tones at frequencies of 1, 2, and 3 kHz. What are ANs. 0.707, 0.447,
the calibration factors? and 0.316.

5.4.6 Focused DIB Circuit Calibrations

Often circuits are added to a DIB board to improve the accuracy of a particular test or to buffer
the weak output of a device before sending it to the tester electronics. As the signal-conditioning
DIB circuitry is added in cascade with the test instrument, a model of the test setup is identical to
that given in Figure 5.5a. The only difference is that functional block Vmeasurea = f (V pur) includes
both the meter and the DIB's behavior. As a result, the focused instrument calibrations of Section
5.4.3 can be used with no modifications. Conversely, the meter may already have been calibrated
so that the functional block/(-) covers the DIB circuitry only. One must keep track of the extent of
the calibration to avoid any double counting.

EXAMPLE 5.4

The op-amp circuit in Figure 5.10 has been added to a 01B board to buffer the output of a OUT.
The buffer will be used to condition the DC signal from the OUT before sending it to a calibrated
DC voltmeter resident in the tester. If the output is not buffered, then we may find that the OUT
breaks into oscillations as a result of the stray capacitance arising along the lengthy signal path
leading from the OUT to the tester. The buffer prevents these oscillations by substantially reduc-
ing stray capacitance at the OUT output. In order to perform an accurate measurement, the be-
havior of the buffer must be accounted for. Outline the steps to perform a focused DC calibration
on the op-amp buffer stage.

Solution:

To perform a DC calibration of the output buffer amplifier, it is necessary to assume a model for
the op-amp buffer stage. It is reasonable to assume that the buffer is fairly linear over a wide
range of signal levels, so that the following linear model can be used:

Vmeasured = GVout + offset

Subsequently, following the same procedure as outlined in Section 5.4.3, a pair of known voltages
are applied to the input of the buffer from source SRC1 via the relay connection and the output of
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