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IEEE Standards documents are developed within the Technical Com-
mittees of the IEEE Societies and the Standards Coordinating Committees
of the IEEE Standards Board. Members of the committees serve volun-
tarily and without compensation. They are not necessarily members of the
Institute. The standards developed within IEEE represent a consensus of
the broad expertise on the subject within the Institute as well as those
activities outside of IEEE which have expressed an interest in participating
in the development of the standard.

Use of an IEEE Standard is wholly voluntary. The existence of an IEEE
Standard does not imply that there are no other ways to produce, test,
measure, purchase, market, or provide other goods and services related to
the scope of the IEEE Standard. Furthermore, the viewpoint expressed at
the time a standard is approved and issued is subject to change brought
about through developments in the state of the art and comments received
from users of the standard. Every IEEE Standard is subjected to review at
least once every five years for revision or reaffirmation. When a document
is more than five years old, and has not been reaffirmed, it is reasonable to
conclude that its contents, although still of some value, do not wholly
reflect the present state of the art. Users are cautioned to check to deter-
mine that they have the latest edition of any IEEE Standard.

Comments for revision of IEEE Standards are welcome from any inter-
ested party, regardless of membership affiliation with IEEE. Suggestions
for changes in documents should be in the form of a proposed change of
text, together with appropriate supporting comments.

Interpretations: Occasionally questions may arise regarding the meaning
of portions of standards as they relate to specific applications. When the
need for interpretations is brought to the attention of IEEE, the Institute
will initiate action to prepare appropriate responses. Since IEEE Standards
represent a consensus of all concerned interests, it is important to ensure
that any interpretation has also received the concurrence of a balance of
interests. For this reason IEEE and the members of its technical commit-
tees are not able to provide an instant response to interpretation requests
except in those cases where the matter has previously received formal
consideration.

Comments on standards and requests for interpretations should be
addressed to:

Secretary, IEEE Standards Board
345 East 47th Street

New York, NY 10017

USA

IEEE Standards documents are adopted by the Institute of Elec-
trical and Electronics Engineers without regard to whether their
adoption may involve patents on articles, materials, or processes.
Such adoption does not assume any liability to any patent owner, nor
does it assume any obligation whatever to parties adopting the
standards documents.
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Foreword

(This Foreword is not a part of IEEE Std 1057, IEEE Trial-Use Standard Digitizing Waveform Recorders.)

Work on this trial-use standard unofficially began with the “Seminar on Waveform Recorder Measure-
ment Needs and Techniques for Evaluation/Calibration,” hosted by the National Bureau of Standards in
1981. Dissatisfied with the state of measurement standards and test techniques for waveform recorders,
a group of concerned users, manufacturers, and researchers who attended the seminar formed a com-
mittee to crystalize waveform recorder specifications and achieve consensus on them. This effort
gathered additional members and became affiliated with the IEEE Instrumentation and Measurement
Society in 1983. Work was substantially completed on the trial-use standard in 1988.

The purpose of this trial-use standard is to provide common terminology and test methods for describ-
ing the performance of waveform recorders. Since these devices give only digital answers that are
intended to be sent to a computer for analysis, a highly analytical approach has been taken, perhaps
more than other instrumentation standards committees. A report on the user’s reaction to this approach
and also any additional information needed to make it work will be welcomed.

At the time this standard was approved for trial-use the members of the working group had the
following membership:

Thomas Souders, Chairman

William Boyer Thomas Linnenbrink Edward Platner
Philip Crosby Pei-hwa Lo William Sapankevych
John Kuffel Terrence McComb Mohamed Saba
Robert Lawton* Martin Miller Stuart Streiff

Bruce Peetz

*Chairman 1982 - 1986

The following persons were on the balloting committee that approved this document for submission to
the IEEE Standards Board:

William Boyer Thomas Linnenbrink Edward Platner
Philip Crosby Pei-hwa Lo William Sapankevych
Fred Katzmann Terrence McComb Mohamed Saba
John Kuffel Martin Miller Thomas Souders
Robert Lawton Bruce Peetz Stuart Streiff

When the IEEE Standards Board approved this standard on October 20, 1988, it had the following

membership:
Donald C. Fleckenstein, Chairman Marco Migliaro, Vice Chairman
Andrew G. Salem, Secretary
Arthur A. Blaisdell John W. Horch L. Bruce McClung
Fletcher J. Buckley Jack M. Kinn Donald T. Michael®
James M. Daly Frank D. Kirschner Richard E. Mosher
Stephen R. Dillon Frank C. Kitzantides L. John Rankine
Eugene P. Fogarty Joseph L. Koepfinger* Gary S. Robinson
Jay Forster* Irving Kolodny Frank L. Rose
Thomas L. Hannan Edward Lohse Helen M. Wood
Kenneth D. Hendrix John E. May, Jr Karl H. Zaininger
Theodore W. Hissey, Jr Lawrence V. McCall Donald W. Zipse

*Member Emeritus
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Draft American National Standard

IEEE Trial-Use Standard for
Digitizing Waveform Recorders

1. Scope

1.1 Coverage. Instruments covered by this trial-
use standard are electronic digitizing waveform
recorders, waveform analyzers, and digitizing
oscilloscopes with digital outputs. This trial-use
standard is directed toward, but not restricted to,
general-purpose waveform recorders and analyz-
ers. Special applications may require additional
manufacturer information and verification tests.

1.1.1 Comments on Equivalent-Time Sam-
pling. Waveform recorders and digital oscilloscopes
may employ either real-time or equivalent-time
sampling, or both, at different times. With real-
time sampling, samples of the input signal are
acquired sequentially, at the stated sampling rate.
However, with equivalent-time sampling, the
samples may be acquired sequentially or other-
wise, at a rate usually much lower than the stated
equivalent-time sampling rate. Equivalent-time
sampling requires that input waveforms be repet-
itive, since a waveform sampled in equivalent time
is reconstructed from samples taken over many
repetitions. This restriction does not apply for
recorders employing real-time sampling.

In this trial-use standard, the recommended
test methods were designed with real-time sam-
pling instruments specifically in mind. Neverthe-
less, the test methods will generally still be valid
when applied to recorders that use equivalent-
time sampling. A few additional points should be
kept in mind in such cases.

A common feature of equivalent-time sampling
instruments is the ability to perform waveform
averaging. This is useful in reducing noise compo-
nents, both originating in the waveform source
and also in the recorder. Therefore, tests that in
some way measure the recorder’s noise processes
will be affected by the amount of averaging app-
lied in the recorder. Examples of such tests are
effective bits, signal-to-noise ratio, peak error,
random noise, and aperture uncertainty. The
results of any such tests performed on recorders
employing equivalent-time sampling should in-
clude the number of samples or records averaged.

As noted in 4.9.2, the use of equivalent-time
sampling also affects the time over which the
aperture uncertainty is measured. Therefore, the
results of this measurement should include the
time required to capture a record, or equivalently,
the real sampling rate and the record length.

Finally, some tests of equivalent-time sampling
recorders will actually be easier to perform, or will
have less uncertainty because the sampling is
often phase-locked to the trigger signal. As an
example, the measurement of trigger delay and
jitter may be more accurate (see 4.10.1.3).

1.1.2 References. The following publications
shall be used in conjunction with this trial-use
standard:

[1] ANSI/IEEE Std 181-1977, IEEE Standard on
Pulse Measurement and Analysis by Objective
Techniques.

[2] CARRIER, PHIL. A Microprocessor Based
Method for Testing Transition Noise in Analog to
Digital Converters. Proceedings 1983 IEEE Inter-
national Test Conference, Oct 1983.

[3] DOERNBERG, LEE, and HODGES. Full-Speed
Testing of A/D Converters. IEEE Journal of Solid-
State Circuits, vol SC-19, no 6, Dec 1984, Appen-
dix A, pp 826-827.

[4] HAMMING, R. W. Digital Filters. Englewood
Cliffs, NJ: Prentice Hall 1983, 2nd ed.

[6] HARRIS, FREDRIC J. On the Use of Windows
for Harmonic Analysis with the Discrete Fourier
Transform. Proceedings of the IEEE, vol 66, no 1,
Jan 1978.

[6] KUFFEL, McCOMB, and MALEWSKI. Com-
parative Evaluation of Computer Methods for
Calculating the Best Fit Sinusoid to the High-
Purity Sine Wave. IEEE Transactions on Instru-
mentation and Measurement, vol IM-36, no 2,
June 1987.

[7] LINNENBRINK, THOMAS. Effective Bits: Is
That All There Is? IEEE Transactions on Instru-
mentation and Measurement, vol IM-33, no 3, Sep
1984.
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[8] NUTTALL, ALBERT H. Some Windows with
Very Good Side Lobe Behavior. IEEE Transac-
tions on Acoustics, Speech, and Signal Processing,
vol ASSP-29, no 1, Feb 1981.

[9] SOUDERS, T. M. and FLACH, D. R. Accurate
Frequency Response Determinations from Dis-
crete Step Response Data, IEEE Transactions on
Instrumentation and Measurement, vol IM-36, no
2, June 1987.

[10] STEARNS, S. D. Digital Signal Analysis.
Rochelle Park: Hayden Book Co. 1975.

[11] STRICKLAND, J. A. Time-Domain Reflec-
tometry Measurements. Beaverton: Tektronix Inc.
1970.

1.2 Purpose. The purpose of this trial-use stan-
dard is to provide common terminology and test
methods for describing the performance of wave-
form recorders. It is meant for users and manufac-
turers of these devices. The main body presents
many performance features, sources of error, and
test methods. The tests are meant to be used by
manufacturers to locate and, it is hoped, correct
sources of error in the hardware.

They can also be applied by users to correct
some of the errors by software processing after
the signal has been recorded. Another planned
use for this trial-use standard is for users when
writing specifications for purchasing new or exist-
ing waveform recorders.

This trial-use standard presents a large number
of possible waveform recorder error sources and
test methods for quantifying them. Some of these
methods are cumbersome in that they require
sophisticated test equipment and signal process-
ing, or they require a considerable amount of
time. It is generally not necessary to perform all
of these tests to adequately characterize a par-
ticular waveform recorder for a particular appli-
cation. Also, the existence of some errors can
preclude measuring others. For many applica-
tions, the two relatively easy tests for determining
effective bits and step response may suffice or at
least point the user in a direction to pursue other
tests. These tests require a high purity sine-wave
source and a clean, fast leading-transition step
generator. A recommended algorithm for perform-
ing the sine fit used in determining effective bits is
described in 4.1.3.

The sine-fit test will show the effect of such
errors as noise, nonlinearities, and aperture un-
certainty. A qualitative feel for the magnitude of
these errors may be gained by examining a plot of
the residuals and of the Fourier transform of the

IEEE TRIAL-USE STANDARD FOR

digitized sine wave. When the errors are concen-
trated near the peaks of the sine wave, the errors
are probably due to nonlinearities. When the
errors are concentrated near the zero crossings,
then they are probably due to aperture uncer-
tainty. Nonlinearities cause harmonics of the
original sine wave to appear in the residuals and
in the Fourier transform. An estimate of the
recorder’s noise floor may be made by examining
its Fourier transform well away from the funda-
mental and harmonic lines.

The sine-fit test does not measure amplitude
flatness and phase linearity. Deviations from the
ideal in these parameters will show up as aberra-
tions in the recorder’s step response. The step
response parameters should be determined over
a range of levels to detect amplitude nonlinearity
and slew limit effects. When the recorder is not
too noisy, the impulse response may be approxi-
mated by differentiating the step response.

Waveform recorders often have various con-
trollable settings such as gain, offset, filtering,
sampling rate, trigger level, and trigger slope. The
performance parameters and test methods de-
scribed in this trial-use standard apply to a single
set of settings. Changing a setting can affect the
recorder’s performance. This is particularly true
of gain, offset, and sampling rate. Thus a wave-
form recorder should be characterized over the
range of settings at which the instrument will be
used.

Drift in performance over time and tempera-
ture are not specifically addressed for most
parameters in this trial-use standard. An excep-
tion is long-term sample time drift. The manufac-
turer should specify the operating temperature
range and recalibration intervals.

Many test methods call for test equipment
whose performance is better than that expected
from the waveform recorder being measured. The
required test equipment may not be available.
This is especially the case for recorders at the
state of the art in sampling speed or accuracy,
or both. A paradox may exist in that high-
performance waveform recorders are required to
develop and evaluate new test equipment. When
this is the case, clever engineering is required to
develop techniques to measure the parameters of
interest using available equipment.

2. Manufacturer Supplied Information

2.1 General Information. Manufacturers should
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DIGITIZING WAVEFORM RECORDERS

supply the following general information:
(1) Model number
(2) Dimensions and weight
(3) Power requirements
(4) Environmental conditions: Safe operating,

IEEE
Std 1057

(24) Crosstalk

(25) Monotonicity

(26) Hysteresis

(27) Overvoltage recovery
(28) Word error rate

nonoperating, and specified performance
temperature range; altitude limitations;
humidity limits, operating and storage;
vibration tolerance; and compliance with
applicable electromagnetic interference
specifications
(5) Any special or peculiar characteristics
(6) Compliance with military specifications
(7) Available options and accessories, includ-
ing their impact on equipment perform-
ance. code bin k. A digital output that corresponds to
(8) Exceptions to the above parameters where a particular set of input values.
applicable
(9) Calibration interval, if required Code Code
Transition Code Bin
2.2 Performance Specifications (See appropri- Level Bin Width
ate sections for definitions).
2.2.1 Minimum Specifications 2N-1
(1) Number of digitized bits T[2V-1]
(2) Sample rates oN_9
(3) Memory length -
(4) Input impedance T[2N-2]
(5) Analog bandwidth .
(6) Input signal ranges
2.2.2 Additional Specifications
(1) Gain
(2) Offset T[k+2] N
(3) Differential nonlinearity k+1 Wlk+1]
(4) Harmonic distortion and spurious response Tlk+1]
(5) Integral nonlinearity
(6) Maximum static error
(7) Signal-to-noise ratio T[k]
(8) Effective bits k-1
(9) Peak error
(10) Random noise
(11) Frequency response
(12) Settling time
(13) Transition duration of step response (rise . .
time)
(14) Slew limit T(2] )
(15) Overshoot and precursors 1 w(1]
(16) Aperture uncertainty (short-term time- T[1]
base stability)
(17) Long-term time-base stability i
(18) Fixed error in sample time . .Fxg 1 ..
(19) Trigger delay and jitter Definitions Pertaining to Input Quantization
(20) Trigger sensitivity
(21) Trigger hysteresis band
(22) Trigger minimum rate of change
(23) Trigger coupling to signal

(29) Cycle time

3. Definitions

3.1 Definitions of Common Terms

amplitude flatness. The variation in output
amplitude as a function of frequency in response
to a constant amplitude sine-wave input.

W[2N-2]

L)

k Wk]

L )

W(k-1]
T[k-1] r

code bin width W[k]. The difference of the code
transition levels that delimit the bin. Wik] =
T[k+1]-T[k].
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code transition level T[k]. The value of the re- €[f,] = measured error in input
corder input parameter at the transition point reference frequency
between two given, adjacent code bins. The tran- e[k] = difference between T [k] and
sition point is defined as the input value that ideal value of T[k] com-
causes 50% of the output codes to be greater than puted from G and V,
or equal to the upper code of the transition, and 0 = phase, expressed as radians
50% to be less than the upper code of the transi- m = constant, ratio of the cir-
tion. The transition level T'[k] lies between code cumference of a circle to
bin k and code bin k-1. the diameter
p = reflection coefficient
data window. A set of coefficients with which o = standard deviation; some-
corresponding samples in the data record are times used as noise ampli-
multlplled so as to more accurate.ly estimate tude, which is the standard
certain properties of the signal, particularly fre- deviation of the random
quency domain properties. Generally, the coeffi- component of a signal
cient values increase smoothly toward the center o, = standard deviation of the
of the record. standard deviation (for
full-scale. A full-scale signal is one whose peak- examp le, stqndard Qev1a—
. . - tion of the noise amplitude)
to-peak amplitude spans the entire amplitude _ .
range of the instrument o; = aperture uncertainty
: 7 = sampling period, the inverse
ideal code bin width Q. The ideal full-scale input of fs ) )
range divided by the total number of code states. ®[X] = cumulative density function
for a Gaussian distribution
large signal. One whose peak-to-peak amplitude (The fraction of the total
is as large as practical but is recorded by the distribution covered from
instrument within, but not including, the maxi- negative infinity to X)
mum and minimum amplitude data codes. As a = phase estimate, expressed
minimum, the signal must span at least 90% of the in radians
amplitude range of the instrument. Q) = frequency estimate, ex-
pressed in radians per
noise. Unwanted disturbances superimposed on second
a signal that tend to obscure its information con- w = frequency, expressed in
Fent. Unless referred Fo as.random, no-ise may radians per second
include systematic distortion or spurious re- A = amplitude, usually of a sine
sponse. wave
phase nonlinearity. The deviation in phase from Acos = amplitude of a cosine wave
f R Ap = amplitude denominator,
a perfectly phase-linear response as a function of .
when A is expressed as a
frequency. The phase response of a perfectly .
. S . fraction
phase-linear system is directly proportional to _ .
frequency. Ay = amplitude numerator, when
A is expressed as a fraction
A[t] = average of a record whose

3.2 Symbols Used in this Trial-Use Standard

a1y, A12, A1, Qo2

dc input is identified by ¢
linear equation matrix ele-

a, = cos(wt,*+0) ments for four parameter
a = average of o, over M fit iteration

samples B = test tolerance in fractions of

Br = sin(wt,+6) a least significant bit (Isb).

B = average of B, over M Also used as an amplitude

samples Bp = amplitude denominator,

e = error, used for total error when B is expressed as a
and error band fraction

€rms = root-mean-square value of e By = amplitude numerator, when

e[fs] = error in sampling rate B is expressed as a fraction
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DIGITIZING WAVEFORM RECORDERS

C =
Clk] =

offset
number of samples accumu-
lated in code bin k

IEEE
Std 1057

= error parameter
R+ R- =

rising and falling regions of
a sine wave

DNL = maximum differential non- S = set of samples collected over
linearity over all k& more than one record, also
DNL [k] = differential nonlinearity of used as an error parameter
code k S’ = qualified subset of S
E = number of effective bits snr = signal-to-noise ratio
ENBW = effective noise bandwidth At = interval between equivalent
en [f] = aliasing and first differenc- time samples
ing magnitude errors T[k] = code transition level be-
ep [f] = aliasing and first differenc- tween code k and code k-1
ing phase errors T, = ideal value of T[1]
f = frequency, Hz Tvin = minimum trigger delay re-
Jeo = upper frequency for which quired for a large pulse
the amplitude response is Top = trigger delay for a pulse
_3 dB value Vgp
Jeq = equivalent sampling rate t, = discrete sample times
S[k] = correction function con- u = confidence level expressed
verting sine-wave probabil- as a fraction
ity distribution function to V = full-scale input range of
uniform distribution func- waveform recorder
tion Viyst = the trigger hysteresis level
S+ = input signal reference fre- V(s) = magnitude spectra (from
quency the DFT of a time record)
Js = sampling frequency V(t) = the settled value after a
G = gain of waveform recorder, specified time
ideally = 1 Vop = a small trigger pulse level
hn(?) = hanning window time co- Vi = minimum level that will
efficients trigger the recorder
INL = integral nonlinearity V,s = input offset of waveform
© = general purpose index recorder, ideally = 0
K = number of data records W (k] = code bin width of code bin &
k = code bin w = estimated word error rate
L = equivalent time sampling w’ = worst-case word error rate
parameter w(%) = window function (for a DFT)
l = general-purpose factor X = number of standard devia-
M = number of sequential tions of a Gaussian dis-
samples tribution
M. = number of input sine-wave x = number of errors detected
cycles § = average of y, over M sam-
MSE = maximum static error ples
m = average of rising and falling Yy, = data samples within a
slopes of selected portions record
of a waveform Y, = best fit points to a data
mse = mean square error record
N = number of digitized bits Zy = transmission line imped-
n = sample index within a ance
record Z,. = waveform recorder input
P+ P- = maximum and minimum impedance
peak regions of a sine wave Z,,;> = number of standard devia-
P = probability tions that encompass 100
@ = ideal code-bin width, ex- (1-u)% of a Gaussian dis-

pressed in input units

tribution about the center
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4. Test Methods

4.1 General Methods

4.1.1 Taking a Record of Data. A record of
data is a sequential collection of samples acquired
by the waveform recorder. The action of taking a
record of data is defined as creating the record of
data in the recorder by making a measurement,
and then transferring the data record to a com-
puter for analysis.

4.1.2 Locating Code Transition Levels. Since
a waveform recorder digitizes the signal for
storage, many of the specifications describe the
fidelity of the digitization process. The fidelity of
digitization depends on how well the code bins
into which the samples fall match the ideal. The
only way of directly measuring the code bins is to
identify the end points of the bins. The end points
are called code transition levels. Measurement of
the code transition levels is used to determine
conformance to several specifications.

The integer k is the recorder’s output code,
which ranges from 0 to 2¥-1, where N is the
number of digitized bits. The ktt code transition
level T'[k] is defined to be the input value corre-
sponding to the transition between codes k and
k-1. Therefore T [k] is the input value for which
50% of the output codes will be less than k, and
50% will be greater than or equal to k.

4.1.2.1 Test Method. A programmable source
(for example, a digital to analog converter) is
required whose range and output parameter (volt-
age or current) is compatible with the waveform
recorder, and whose resolution is at least four
times that of the waveform recorder. The static
transfer characteristic of the source should be
known. The code transition levels are then deter-
mined as follows:

The output of the source is connected to the
input of the waveform recorder. Perform the fol-
lowing steps:

(1) Begin with k=1.

(2) Apply an input level slightly lower than the
expected code transition level. For k=1,
begin with a value slightly lower (for
example 2%) than the minimum level
recordable by the waveform recorder.
Take a record of data. Evaluate the record
to determine the percentage of codes in the

3)

IEEE TRIAL-USE STANDARD FOR

and repeat (3), updating the stored input
value and percentage.

The first time the percentage drops to 50%
or less, the transition has been crossed. The
code transition level is computed by linear
interpolation based on the recorded per-
centages at this level and the previous level.
Record the interpolated value as the code
transition level T [k].

After finding T[k], repeat (2) to find
T[k+1] [The final level of Step (5) for the
kth code transition level will generally be a
satisfactory starting point for code transi-
tion level k+1, Step (2)].

(7) Repeat Step (6) until all 7 have been found.

Care should be taken to ensure the impedance
of the source and the input impedance of the
recorder do not affect this measurement.

4.1.2.2 Significance of Record Length and
the Presence of Noise. The location of code tran-
sition levels is a probabilistic process because of
the inevitable presence of noise. As a consequence,
the percentages estimated by the measurements
of 4.1.2.1 have an associated standard deviation.
Corresponding uncertainties in the estimates of
the code transition levels result. The uncertainties
can be reduced by choosing larger record lengths.

Assuming the noise to have zero mean and a
normal distribution, the size of the record re-
quired for a given precision in the estimates of
code transition levels can be computed. Table 1
gives the precision with a 99.9% (3¢) confidence
level, expressed as a percentage of the root-mean-
square (rms) noise value, computed for several
record lengths.

If the precision must be known absolutely (that
is, in terms of input units) rather than as a per-
centage of the noise, then the noise level must be
determined. Section 4.5.5 gives procedures for

(5

(6)

Table 1

Precision of
Estimates of Code

record that are less than k. Temporarily Record Length Transition Level
store the percentage along with the cor- (samples) (times o-noise)
responding input value. 64 45%

(4) If the percentage from Step (3) is greater 256 23%
than 50%, then raise the input value by ‘11852)?5 129‘2

Y Isb (of the waveform recorder) or less,
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