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INTERNATIONAL ELECTROTECHNICAL COMMISSION

TRANSITIONS, PULSES AND RELATED WAVEFORMS -
TERMS, DEFINITIONS AND ALGORITHMS

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization
comprising all national electrotechnical committees (IEC National Committees). The object of IEC is to
promote international co-operation on all questions concerning standardization in the electrical and electronic
fields. To this end and in addition to other activities, IEC publishes International Standards, Technical
Specifications, Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to
as “IEC Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee
interested in the subject dealt with may participate in this preparatory work. International, governmental and
non-governmental organizations liaising with the |IEC also participate in this preparation. IEC collaborates
closely with the International Organization for Standardization (ISO) in accordance with conditions determined
by agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an
international consensus of opinion on the relevant subjects since each technical committee has
representation from all interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated
in the latter.

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6)  All users should ensure that they have the latest edition of this publication.

7)  No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage
or other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

International Standard IEC 60469 has been prepared by IEC technical committee 85:
Measuring equipment for electrical and electromagnetic quantities.

This first edition of IEC 60469 cancels and replaces the second edition of IEC 60469-1 and
the second edition of IEC 60469-2, both published in 1987. It constitutes a technical revision.

This first edition of IEC 60469:

e combines the contents of IEC 60469-1:1987 and IEC 60469-2:1987;
e updates terminology;

e adds algorithms for computing values of pulse parameters;

e adds a newly-developed method for computing state levels.

The text of this standard is based on the following documents:

CDV Report on voting
85/409/CDV 85/433/RVC
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Full information on the voting for the approval of this standard can be found in the report on
voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.
All terms defined in Clause 3 are italicized in this document.

The committee has decided that the contents of this publication will remain unchanged until
the stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data
related to the specific publication. At this date, the publication will be

* reconfirmed,

* withdrawn,

* replaced by a revised edition, or
*+ amended.

IMPORTANT - The 'colour inside’ logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.
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INTRODUCTION

The purpose of this standard is to facilitate accurate and precise communication concerning
parameters of transition, pulse, and related waveforms and to establish the techniques and
procedures for measuring them. Because of the broad applicability of electrical pulse
technology in the electronics industries (such as computer, telecommunication, and test
instrumentation industries), the development of unambiguous definitions for pulse terms and
the presentation of methods and/or algorithms for their calculation is important for
communication between manufacturers and consumers within the electronics industry. The
availability of standard terms, definitions, and methods for their computation helps improve
the quality of products and helps the consumer better compare the performance of different
products. Improvements to digital waveform recorders (including oscilloscopes) have
facilitated the capture, sharing, and processing of waveforms. Frequently these waveform
recorders have the ability to process the waveform internally and provide pulse parameters.
This process is done automatically and without operator intervention. This standard can be
applied in many more scientific and engineering applications than mentioned above, such as
optics, cosmology, seismology, medicine, etc., and ranging from single events to highly
repetitive signals and from signals with bandwidths less than 1 Hz to those exceeding 1 THz.
Consequently, a standard is needed to ensure that the definitions and methods of
computation for pulse parameters are consistent.

IEC 60469-1 dealt with terms and definitions for describing waveform parameters and
IEC 60469-2 described the waveform measurement process. The purpose of this standard is
to combine the contents of IEC 60469-1 and IEC 60469-2, update terminology, correct errors,
add algorithms for computing values of pulse parameters, and add a newly-developed method
for computing state levels. This standard reflects two major changes compared to
IEC 60469-1 and IEC 60469-2, which are the parameter definitions and algorithms. Changes
to the definitions included adding new terms and definitions, deleting unused terms and
definitions, expanding the list of deprecated terms, and updating and modifying existing
definitions. This standard contains definitions for approximately 100 terms commonly used to
describe the waveform measurement and analysis process and waveform parameters. Many
of the terms in standards IEC 60469-1 and IEC 60469-2 have been deleted entirely or
deprecated. Deprecated terms were kept in this standard to provide continuity between this
standard and IEC 60469-1 and IEC 60469-2. Terms are deprecated whenever they cannot be
defined unambiguously or precisely. Development of a set of agreed-upon terms and
definitions presented the greatest difficulty because of the pervasive misuse,
misrepresentation, and misunderstanding of terms. Legacy issues for instrumentation
manufacturers and terms of common use also had to be addressed. This standard also
resulted in the development of algorithms for computing the values of certain waveform
parameters in all cases where these algorithms could be useful or instructive to the user of
the standard. The purpose of adding these algorithms, which are recommended for use, was
to provide industry with a common and communicable reference for these parameters and
their computation. Heretofore, this was not available and there existed much debate and
misunderstanding between various groups measuring the same parameters. Similarly, this is
the reason for including several examples of basic waveforms, with formulae, in Annex A. The
algorithms focus on the analysis of two-state, single-transition waveforms. The analysis of
compound waveforms (waveforms with two or more states and/or two or more transitions) is
accomplished by first decomposing the compound waveform into its constituent two-state
single-transition waveforms. A method for performing this decomposition is provided.

Algorithms for the analysis of fluctuation and random jitter of waveforms were also introduced
into this standard. These algorithms describe the computation of the mean and standard
deviation of jitter and fluctuation. This standard also contains methods to estimate the
accuracy of the standard deviation and to correct its value.
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TRANSITIONS, PULSES AND RELATED WAVEFORMS -
TERMS, DEFINITIONS AND ALGORITHMS

1 Scope

This International Standard provides definitions of terms pertaining to transitions, pulses, and
related waveforms and provides definitions and descriptions of techniques and procedures for
measuring their parameters. The waveforms considered in this standard are those that make
a number of transitions and that remain relatively constant in the time intervals between
transitions. Signals and their waveforms for which this standard apply include but are not
limited to those used in: digital communications, data communications, and computing;
studies of transient biological, cosmological, and physical events; and electrical, chemical,
and thermal pulses encountered and used in a variety of industrial, commercial, and
consumer applications.

This standard does not apply to sinusoidally-varying or other continuously-varying signals and
their waveforms.

The object of this standard is to facilitate accurate and precise communication concerning
parameters of transitions, pulses, and related waveforms and the techniques and procedures
for measuring them.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable for its application. For dated references, only the edition cited applies. For
undated references, the Ilatest edition of the referenced document (including any
amendments) applies.

None.

3 Terms, definitions and symbols

3.1 General

Along with the recommended terms and their definitions, this clause also contains a number
of deprecated but widely used terms. These deprecated terms and the reason for their
deprecation are given after the definition of the recommended term.

Throughout this standard, time is taken to be an independent variable, symbolized with the
letter t. "Waveform value" is used to refer to the dependent variable, symbolized by y(z). For
particular waveforms, "waveform value" will be synonymous with terms such as "voltage",
"current", "power", or some other quantity. All defined terms are italicized in this document.

3.2 Terms and definitions

For the purposes of this document, the following terms and definitions apply.
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3.21
aberration region

3.21.1

post-transition aberration region

interval between a user-specified instant and a fixed instant, where the fixed instant is the first
sampling instant succeeding the 50 % reference level instant for which the corresponding
waveform value is within the state boundaries of the state succeeding the 50 % reference
level instant

Note 1 to entry: The user-specified instant occurs after the fixed instant and is typically equal to the fixed instant
plus three times the transition duration.

3.21.2

pre-transition aberration region

interval between a user-specified instant and a fixed instant, where the fixed instant is the first
sampling instant preceding the 50 % reference level instant for which the corresponding
waveform value is within the state boundaries of the state preceding the 50 % reference level
instant.

Note 1 to entry: The user-specified instant occurs before the fixed instant and is typically equal to the fixed instant
minus three times the transition duration.

3.2.2

accuracy

closeness of agreement between a measured quantity value and a true quantity value of a
measurand

[ISO/IEC Guide 99:2007, 2.13]

3.2.3
amplitude

3.2.3.1

impulse amplitude

difference between the specified level corresponding to the maximum peak (minimum peak) of
the positive (negative) impulse-like waveform and the level of the state preceding the first
transition of that impulse-like waveform

3.2.3.2
waveform amplitude
difference between the levels of two different states of a waveform

Note 1 to entry: Two different definitions for amplitude are authorized by this standard because they are both in
common use (see 3.2.3.2.1.. In all applications of this standard, the chosen definition shall be clearly identified.:

3.2.3.3

signed waveform amplitude,

level of the state succeeding a transition minus the level of the state preceding the same
transition

3.2.3.4
unsigned waveform amplitude
absolute value of the signed amplitude

3.2.4

correction

operation combining the results of the conversion operation with the transfer function
information to yield a waveform that is a more accurate representation of the signal
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Note 1 to entry: Correction may be effected by a manual process by an operator, a computational process, or a
compensating device or apparatus. Correction shall be performed to an accuracy that is consistent with the overall
accuracy desired in the waveform measurement process.

Note 2 to entry: See 4.2 concerning the conversion operation.

3.2.5
cycle
portion of a periodic waveform with a duration of one period

3.2.6
delaying
process in which the time of arrival of a signal is caused to occur later in time

3.2.7

differentiation

shaping process in which a waveform is converted to a waveform whose shape is or
approximates the time derivative of that waveform

3.2.8
duration
difference between two specified instants

3.2.9

duty factor

DEPRECATED: duty cycle

unless otherwise specified, for a periodic pulse train, the ratio of the pulse duration to the
waveform period

Note 1 to entry: The term duty cycle is a deprecated term because the word cycle in this standard refers to the
period of a signal.

3.2.10

fluctuation

variation (dispersion) of a level parameter of a set of repetitive waveforms with respect to a
reference amplitude or a reference level

Note 1 to entry: Unless otherwise specified by a mathematical adjective, root-mean-square (rms) fluctuation is
assumed.

3.2.11
frequency
reciprocal of the period

Note 1 to entry: The period is the waveform period.

[IEC 60050-103:2009, 103-06-02, modified — the note to entry has been replaced.]

3.2.12

glitch

transient that leaves an initial state, enters the boundaries of another state for a duration less
than the duration for state occurrence, and then returns to the initial state

3.2.13

instant

particular time value within a waveform epoch that, unless otherwise specified, is referenced
relative to the initial instant of that waveform epoch

3.2.13.1
final instant

last sample instant in the waveform Documents
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instant at which a user-specified approximation to the maximum peak (minimum peak) of the

positive (negative) impulse-like waveform occurs

3.2.13.3
initial instant
first sample instant in the waveform

3.2.13.4
pulse center instant
average of the two instants used to calculate the

3.2.13.5
reference level instant

pulse duration

instant at which the waveform intersects a specified reference level

3.2.13.6
transition occurrence instant

first 50 % reference level instant, unless otherwise specified, on the transition of a step-like

waveform

SEE: Figure 1, Figure 2, Figure 3, and Figure 4.

10 % level reference instant
50 % level reference instant
| 90 % level reference instant

s2

Waveform
amplitude

S1

Base state

— 1
————— 90 % reference level ——+4

————— 50 % reference level- —

—_——— - —_— — e —_

_____ 10 % reference level- — 5

Transition duration

Waveform epoch

IEC 852/13

Figure 1 — Single positive-going transition

Full document details: IEC 60469 2013
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90 % level reference instant |
5? % level reference instant |

|

: 10 I% level reference instant |

|

|
|
|
|
S2 R - B

1
|
i |
l |
l |
|
Waveform | I
FOg S S VS B — R—
amplitude : 50 % reference level |
i |
l |
l |
l |
|
oy N 10 % reference level- —-:
S1 Yl N T _-x —
Transition occurrence instant———> \ . .
! Transition duration Offset

Base state

. Waveform epoch
0
IEC 853/13

Figure 2 — Single negative-going transition

Note 1 to entry: See 5.3.4 concerning reference level instants.

3.2.14

integration

shaping process in which a waveform is converted to a waveform whose shape is or
approximates the time integral of that waveform

3.2.15

interval

set of all values of time between a first instant and a second instant, where the second instant
is later in time than the first.

Note 1 to entry: These first and second instants are called the endpoints of the interval. The endpoints, unless
otherwise specified, are assumed to be part of the interval.

3.2.16

jitter

variation (dispersion) of a time parameter between successive cycles of a repetitive signal
and/or between successively acquired waveforms of a repetitive signal for a given reference
level instant or duration.

Note 1 to entry: Unless otherwise specified by a mathematical adjective, rms jitter is assumed.

3.2.16.1

cycle-to-n'"-cycle jitter

jitter between specified reference level instants of any two specified cycles of a repetitive
signal

3.2.16.2
period jitter
jitter in the period of a repetitive signal or its waveform

3.2.16.3
pulse duration jitter
jitter in the pulse duration of a signal or its waveform
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3.2.16.4

trigger jitter

jitter between a repetitive signal and the trigger event that is used to generate or measure that
signal

3.2.17
level
constant value having the same units as y

3.2171
average level
pertaining to the value of the mean of the waveform level

If the waveform takes on n discrete values Yps all equally spaced in time, the average level is,

If the waveform is a continuous function of time y(t),

y= [ : jTy(t)dt-

L 4

Note 1 to entry: The summation or integral extends over the waveform epoch for which the average level is desired
or, if the function is periodic, over any integral number of periodic repetitions of the function.

3.2.17.2
average absolute level
pertaining to the mean of the absolute waveform value

If the waveform takes on n discrete values Yps all equally spaced in time, the average absolute
level is,

Y;

EREY

ns -

If the waveform is a continuous function of time y(t),

BE [ 1 jT|y(t)|df-

L- 4

Note 1 to entry: The summation or the integral extends over the waveform epoch for which the average absolute
level is desired or, if the function is periodic, over any integral number of periodic repetitions of the function.

3.2.17.3
percent reference level
reference level specified by:

YVivo = Vo T L(yloo% - yo%)a
100

where
0% <x<100 %

Yoo = level of low state
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Y100 % = level of high state

Yo % Y100 %> and y, o, are all in the same unit of measurement.

SEE: Figure 1, Figure 2, Figure3, and Figure 4.

Note 1 to entry: Commonly used reference levels are: 0 %, 10 % , 50 %, 90 %, and 100 %.

Pulse center instant |
99— ———— —— — L

+ 90 % reference level- !
|

|

|

|
Waveform |
amplitude @ 4 —4——————

—50 % reference level

_—

| |

s1——
) " I |
First transition : Ve Offset !
ocurrence instant 1 :
First transition duration£Second transition duration| |
Second transition occurrence instant———>! |
Base state :
Waveform epoch |

fo

IEC 854/13
Figure 3 — Single positive pulse waveform
First transition duration Second transition duration
/s |
|
S TTNAC TN\t h T

Waveform
amplitude Y J_________ —-50 % reference IeveII

S —f—— Y ————

o P

I
I .
| Pulse center instant |

|

|

|

First transition Offset |

occurrence instant ! : :

- . |

Second transition occurrence instant ——>: |

Base state :

Waveform epoch >t

to

IEC 855/13

Figure 4 — Single negative pulse waveform

3.217.4

reference level

DEPRECATED: mesial, proximal, distal

user specified level that extends through all instants of the waveform epoch

Note 1 to entry:  Mesial, proximal, and distal lines are deprecated terms because
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(a) line refers to consideration of and computations using a pictorial waveform representation, whereas
waveforms today are primarily stored in digital waveform representations and computation and viewing are
done using a computer;

(b) the terms mesial, proximal, and distal refer to user-defined reference levels and it is not necessary to have
redundant definitions for these reference levels;

(c) the terms proximal and distal cannot be used unambiguously to describe lines or points on either side of a
transition of a step-like waveform because they depend on whether the step-like waveform is for a positive
pulse or a negative pulse. In other words, for (3), the proximal line and points if referenced to the 10 %
reference level will appear to the left of a transition for a positive pulse and to the right for a negative pulse.

3.2.17.5

root-mean-square (rms) level

pertaining to the value of the square root of the average of the squares of the waveform
values

If the waveform takes on n discrete values Yps all equally spaced in time, the root-mean-square
level is,

1 \f
tz_tl

yn‘ns =

The summation or the integral extends over the waveform epoch for which the rms level is
desired or, if the function is periodic, over any integral number of periodic repetitions of the
function.

3.2.17.6

root sum of squares level

rss level

pertaining to the value of the square root of the arithmetic sum of the squares of the waveform
values

If the waveform takes on n discrete values Y all equally spaced in time, the root sum of
squares level is,

Note 1 to entry: The summation or the integral extends over the waveform epoch for which the root sum of squares
level is desired.

3.2.18
offset
algebraic difference between two specified levels.

SEE: Figure 1, Figure 2, Figure 3, and Figure 4.
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3.2.19

overshoot

waveform aberration within a post-transition aberration region or pre-transition aberration
region that is greater than the upper state boundary for the associated state level

SEE: Figure 5 and Figure 6.

Note 1 to entry: If more than one such waveform aberration exists, the one with the largest magnitude is the
overshoot unless otherwise specified.

; Post-transition overshoot |
Post-transition undershoot |
|
|

~Upper (s2) .

s
|
Lower (s2) }
|
\ | \
I | I
I | I
I | \
I | I
I | I
‘ Pre-transition ‘ iti |
I U ! | _ Post-transition |
| aberration region ‘(_ aberration region <
| | |
| | —Upper (s1)
|
S’] Sr—— - === \7 77777777777777 J
I T~ | w }
! / Pre-transition undershoot “ Lower (s1) |
/ |
£__Pre-transition overshoot }
|
Waveform epoch 1 >
to IEC 856/13

Figure 5 — Overshoot and undershoot in single positive-going transition

Pre-transition overshoot

0y

Pre-transition undershoot

‘ 2 ~—Upper (s2)

Sp1 o

" ower (s2)

Post-transition

|

|

|

|

|

\

|

Pre-transition |
aberration region <

|

|

|

— aberration region
[ . Upper (s1)

“—lower (s1) \

/

Post-transition overshoot

Post-transition undershoot

< Waveform epoch >

to IEC 857/13

Figure 6 — Overshoot and undershoot in a single negative-going transi chments
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3.2.20
parameter
any value (number multiplied by a unit of measure) that can be calculated from a waveform

3.2.20.1
level parameter
parameter whose units are the same as the units of levels

3.2.20.2
time parameter
parameter whose units are a unit of time

3.2.21
maximum peak
pertaining to the greatest value of the waveform

3.2.22
minimum peak
pertaining to the least value of the waveform

3.2.23
peak-to-peak
pertaining to the value of the difference between the extrema of the specified waveform

3.2.24
periodic
identically recurring at equal intervals of the independent variable (IEV)

Note 1 to entry: The independent variable is often time.

[IEC 60050-103:2009,103-05-09, modified — the note to entry has been replaced.]

3.2.25
aperiodic
not recurring at equal intervals of the independent variable

Note 1 to entry: The independent variable is often time.

3.2.26

precision

closeness of agreement between indications or measured quantity values obtained by
replicate measurements on the same or similar objects under specified conditions

[ISO/IEC Guide 99:2007, 2.15, modified — the notes in the original definition have been
deleted.]

3.2.27

pulse duration

DEPRECATED: pulse width

difference between the first and second transition occurrence instants

SEE Figure 3 and Figure 4.

Note 1 to entry Pulse width, as well as full width at half maximum (FWHM) and half width at half maximum (HWHM)
are, in general, deprecated terms, because width is a word that denotes a spatial parameter whereas the
parameter of interest is time. However, in some applications it may be desireable to discuss the spatial location of
a propagating pulse and its spatial distribution, i.e., pulse width in matter or space. FWHM, HWHM, and full
duration at half maximum (FDHM) are deprecated terms because of the reference to the maximu alue of the
waveform, where the waveform amplitude may be either positive or negative and the waveform may gdwusm ents
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3.2.28

pulse separation

duration between the 50 % reference level instant, unless otherwise specified, of the second
transition of one pulse in a pulse train and that of the first transition of the immediately
following pulse in the same pulse train

3.2.29

pulse train

repetitive sequence of pulse waveforms. Unless otherwise specified, all of the pulse
waveforms in the sequence are assumed to be identical

SEE: Figure 7 and Figure A.12.

Pulse period —=

Pulse separation

—

50 % reference level

Pulse duration

S1

Base state
Waveform epoch

to
IEC 858/13

Figure 7 — Pulse train

3.2.30

pulse waveform

DEPRECATED: leading edge

DEPRECATED: trailing edge

waveform whose level departs from one state, attains another state, and ultimately returns to
the original state

SEE: Figures 3 and Figure 4.

Note 1 to entry: As defined here, a pulse waveform consists of two transitions and two states. (See Clause 4.)
Alternatively, a pulse waveform can be described as a compound waveform consisting of the sum of a positive
(negative) step-like waveform and a delayed negative (positive) step-like waveform both having the same unsigned
waveform amplitude.

Note 2 to entry: Leading edge and trailing edge are deprecated because 1) the word edge describes the property
of a geometric figure, which is not contained by or representative of the physical signal that corresponds to the

waveform and 2) the terms first and second adequately and unambiguously describe the meanings of leading and
trailing.
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3.2.30.1
negative pulse waveform
pulse waveform whose first transition is a negative-going transition

SEE: Figure 4.

3.2.30.2
positive pulse waveform
pulse waveform whose first transition is a positive-going transition

SEE: Figure 3.

3.2.31

reference

of or pertaining to a time, level, waveform feature, or waveform that is used for comparison
with, or evaluation of, other times, levels, waveform features, or waveforms.

Note 1 to entry: A reference entity may, or may not, be an ideal entity.

3.2.32

repetitive

of or pertaining to a series of specified waveform features or waveforms that repeat or recur in
time

3.2.33

non-repetitive

of or pertaining to a series of specified waveform features or waveforms that do not repeat or
recur in time

3.2.34
resolution
smallest distinguishable increment into which a measured quantity is divided

3.2.35

ringing

aberration in the form of a superimposed oscillatory waveform that, when present, usually
follows a transition

3.2.36

runt

transient that leaves an initial state, does not attain the /evel of another state, and returns to
the initial state

3.2.37
sampling
the process of taking samples of a signal, usually at equal time intervals

Note 1 to entry: These samples represent waveform levels and are taken at selected instants.

[IEC 60050-704:1993, 704-23-02, modified — the note to entry has been replaced.]

3.2.38

signal

a physical phenomenon, one or more of whose characteristics may vary to represent
information

Note 1 to entry: This phenomenon is a function of time.
[IEC 60050-701:1988, 701-01-02, modified — the note to entry has been replaced.].
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3.2.39

spike

transient that leaves an initial state, exceeds the farthest state boundary of any other state,
and returns to the initial state

3.2.40

state

particular level or, when applicable, particular /evel and upper and lower limits (the upper and
lower state boundaries) that are referenced to or associated with that /level

Note 1 to entry: Unless otherwise specified, multiple states are ordered from the most negative /evel to the most
positive level, and the state levels are not allowed to overlap. The most negative state is called state 1. The most

positive state is called state n. The states are denoted by s,, s,, ..., s,; the state levels are denoted by /evel(s,),
level(s,), ..., level(s,); the upper state boundaries are denoted by upper(s,), upper(s,), ..., upper(s,); and the lower
state boundaries are denoted by lower(s,), lower(s,), ..., lower(s ).

Note 2 to entry: States, levels, and state boundaries are defined to accommodate pulse metrology and digital
applications. In pulse metrology, the levels of a waveform are measured and states (with or without associated
state boundaries) are then associated with those /evels. In digital applications, states are defined (with state
boundaries) and the waveform values are determined to either lie within a state or not.

3.2.40.1
base state
state of a waveform that, unless otherwise specified, possesses a level closest to zero

SEE: Figure 1, Figure 2, Figure 3, and Figure 4.

3.2.40.2
high state
the most positive state within the waveform epoch, unless otherwise specified

Note 1 to entry: For waveforms with exactly two states, such as the single transition waveform, the terms low
state and high state may be used in lieu of the terms state 1 and state 2, respectively.

3.2.40.3
low state
the most negative state within the waveform epoch, unless otherwise specified

Note 1 to entry: For waveforms with exactly two states, such as the single transition waveform, the terms low
state and high state may be used in lieu of the terms state 1 and state 2, respectively.

3.2.40.4
positive state
state whose level is greater than zero

3.2.40.5
negative state
state whose level is less than zero

3.2.41
state boundaries
upper and lower limits of the states of a waveform

Note 1 to entry: All values of a waveform that are within the boundaries of a given state are said to be in that state.
The state boundaries are defined by the user.

3.2.42

state occurrence

contiguous region of a waveform that is bounded by the upper and lower state boundaries of a
state, and whose duration equals or exceeds the specified minimum duration for state
attainment. The state occurrence consists of the entire portion of the waveform that remains

within the boundaries of that state
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Note 1 to entry: State occurrences are numbered as ordered pairs (s,n), where s; refers to the i" state, and n is the
number of the occurrence of that particular state within the waveform epoch. In a given waveform epoch, when the
waveform first enters a state s, that state occurrence is (s, 1). If and when the waveform exits that state, that
state occurrence is over. If and when the waveform next enters and remains in state s,, that state occurrence
would be labeled (s;, 2); and so on. Thus, the state occurrences for a single pulse, as shown in Figures 3 and 4,
are (s, 1), (s,, 1), (84, 2). The state occurrences for the compound waveform shown in Figure 8 are (s,, 1), (s4, 1),
(s, 1), (s5 1), (s4, 1). Note that a waveform can exit one state occurrence without (necessarily) immediately
entering another state occurrence, that is, the waveform state between state occurrences can be undefined for
some time interval, for example, during transitions and in the case of transients (such as, runt pulses).

3.2.43

synchronizing

process of aligning the fransition occurrence instant of one pulse or other event with the
transition occurrence instant of another pulse or event

Note 1 to entry: If two series of events, such as two pulse trains, are synchronized, then their periods shall be
integer multiples of one another.

3.2.44

terminal feature

any contiguous region of a waveform that is neither a state occurrence, nor a transient, nor a
transition

Note 1 to entry: This feature, if present, occurs only at the beginning and/or end of a waveform.

3.2.45

tilt

DEPRECATED: droop

a distortion of a waveform state wherein the overall slope over the extent of the waveform
state is essentially constant and other than zero.

Note 1 to entry: Tilt may be of either polarity.

Note 2 to entry: The term droop is a deprecated term because it implies a negative slope and, therefore, cannot
be applied unambiguously to both positive pulse waveforms and negative pulse waveforms.

3.2.46

transient

any contiguous region of a waveform that begins at one state, leaves and subsequently
returns to that state, and contains no state occurrences

3.2.47

transition

contiguous region of a waveform that connects, either directly or via intervening transients,
two state occurrences that are consecutive in time but are occurrences of different states

3.2.471

negative-going transition

DEPRECATED: falling edge

a transition whose terminating state is more negative than its originating state

Note 1 to entry: The endpoints of the negative-going transition are the last exit of the waveform from the higher
state boundary and the first entry of the waveform into the lower state boundary.

Note 2 to entry: Falling edge is a deprecated term because 1) the word edge describes the property of a
geometric figure, which is not contained by or representative of the physical signal that corresponds to
the waveform and 2) falling refers to motion or position of physical objects.

3.2.47.2

pass through transition

transition from an initial state to a non-consecutive state through any number of other states
where the duration in these other states is less than the duration for state occurrence
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3.2.47.3

positive-going transition

DEPRECATED: rising edge

transition whose terminating state is more positive than its originating state.

Note 1 to entry: The endpoints of the positive-going transition are the last exit of the waveform from the lower state
boundary and the first entry of the waveform into the higher state boundary.

Note 2 to entry: Rrising edge is a deprecated term because 1) the word edge describes the property of a
geometric figure, which is not contained by or representative of the physical signal that corresponds to
the waveform and 2) rising refers to motion or position of physical objects.

3.2.48

transition duration

DEPRECATED: risetime, falltime, transition time

difference between the two reference level instants of the same transition

SEE: Figure 1 and Figure 2.

Note 1 to entry: Unless otherwise specified, the two reference levels are the 10 % and 90 % reference levels.

Note 2 to entry: The terms risetime, falltime, and transition time, although widely used, are deprecated because
they are ambiguous and confusing. First, the use of the word time in this standard refers exclusively to an instant
and not an interval. Also, if the first transition of a waveform within a waveform epoch happens to be a negative
transition, some users may refer to its transition duration as its risetime, and some others may refer to its transition
duration as its falltime. If the use of these deprecated terms is required, then risetime is synonymous with the
transition duration of a positive-going transition, and falltime is synonymous with the transition duration of a
negative-going transition. If the upper and lower state boundaries of the two states are not the user-defined
reference levels (for example, the 10 % and 90 % reference levels), then the duration of a transition is not equal to
the transition duration.

3.2.49

transition settling duration

DEPRECATED: settling time

time interval between the 50 % reference level instant, unless otherwise specified, and the
final instant the waveform crosses the state boundary of a specified state in its approach to
that state

Note 1 to entry: The term settling time is a deprecated term because the word time in this standard refers
exclusively to an instant and not an interval.

3.2.50

transition settling error

maximum error between the waveform value and a specified reference level within a user-
specified interval of the waveform epoch. The interval starts at a user-specified instant
relative to the 50 % reference level instant

3.2.51

triggering

process in which a step-like waveform, pulse, or compound waveform initiates a
predetermined event or response

3.2.52
true value
quantity value consistent with the definition of a quantity

[SOURCE: ISO/IEC Guide 99:2007, definition 2.11, modified — the wording of the definition
has been changed and the original notes to the definition have not been retained.]
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3.2.53

undershoot

DEPRECATED: preshoot

waveform aberration within a post-transition aberration region or pre-transition aberration
region that is less than the lower state boundary for the associated state level. If more than
one such waveform aberration exists, the one with the largest magnitude is the undershoot
unless otherwise specified

SEE: Figure 5 and Figure 6.

Note 1 to entry: Preshoot is a deprecated term because “pre” is a temporal prefix and “shoot,” in this context,
refers to a level parameter.

3.2.54

waveform

representation of a signal (for example, a graph, plot, oscilloscope presentation, discrete time
series, equations, or table of values).

SEE: Figure 1, Figure 2, Figure 3, Figure 4, and the figures of Annex A.

Note 1 to entry: Note that the term waveform refers to a measured or otherwise-defined estimate of the physical
phenomenon or signal.

3.2.54.1
compound waveform
waveform which may be completely represented by m states and n transitions where

(m+n)>4
SEE: Figure 8.
First transition duration Third transition duration
‘ Second transition duration Fourth transition duration
S5t ———————— —— —
Amplitude, 3" transition
St —p— — —
Amplitude, 2" transition
ST —|——————————— r

Sz—%

M|t — —— ——

) ” ) |
First transition occurrence |nstant>| I
Second transition occurrence instant —> |
Third transition occurrence instant ——>! | |
Fourth transition occurrence instant ———>| |
|

< Waveform epoch >

IEC 859/13

The dots indicate the intersection of the waveform with the 10 %, 50 %, and 90 % reference levels. The term
“amplitude” is used in place of the defined term waveform amplitude because of space constraints. References to
transition durations and transition occurrence instants for the transitions are abbreviated by, for example, “second
transition duration” instead of the more accurate reference “transition duration, second transition.”

Figure 8 — Compound waveform
Note 1 to entry: Any compound waveform can be parsed (see 5.5) into n two-state waveforms.
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3.2.54.2

impulse-like waveform
waveform that, when convolved with an ideal step, yields a step-like waveform

SEE: Figure A.4.

3.2.54.3
reference wavefo

rm

- 23—

waveform against which other waveforms are compared.

Note 1 to entry: Clause 7 contains figures that depict different reference waveforms.

3.2.54.4
step-like wavefor

m

waveform whose level departs from one state and attains another state.

SEE: Figure 1 and Figure 2.

Note 1 to entry: Unless otherwise specified, multiple transitions are ordered from the earliest transition occurrence
instant to the latest occurrence in time.

3.2.54.5
transition wavefo

rm

waveform consisting of a transition and the two states joined by that transition

3.2.55

waveform aberration
algebraic difference in waveform values between all corresponding instants in time of a
waveform and a reference waveform in a specified waveform epoch

SEE: Figure 9.

3.2.55.1

Trapezoidal pulse
Pulse waveform reference waveform

< A—DI<B >I<—— C—>I<— D—>i<—A,—>

Peak-to-peak
waveform
aberration

N s A s P
N

V4

1

Extent of data included in pulse waveform aberration
A1 and A2 state occurrences of sq
B transition, s1 to s2
C state occurrence of s2

D Transition, s2 to s1
IEC 860/13

Figure 9 — Calculation of waveform aberration

percent waveform aberration
for a two-state waveform, the waveform aberration expressed as a percentage of the
waveform amplitude of the reference waveform, unless otherwise specified

Full document details: IEC 60469 2013
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Note 1 to entry: Compound waveforms may be parsed (see 5.5) into a set of two-state waveforms after which
percent waveform aberration may be defined for each two-state waveform of that set.

3.2.56
waveform delay (advance)
duration between the first transition occurrence instant of two waveforms

3.2.57

waveform epoch

interval to which consideration of a waveform is restricted for a particular calculation,
procedure, or discussion. Except when otherwise specified, the waveform epoch is assumed
to be the span over which the waveform is measured or defined

SEE: Figure 1, Figure 2, Figure 3, and Figure 4.

3.2.58
waveform feature
specified portion or segment of a waveform

3.2.59

waveform measurement process

realization of a method of waveform measurement in terms of specific devices, apparatus,
instruments, auxiliary equipment, conditions, operators, and observers

Note 1 to entry: In this process, a value (a number multiplied by a unit) of measurement is assigned to the
elements of the waveform.

3.2.60
waveform period
the minimum duration after which a periodic waveform repeats

Note 1 to entry: The period of a repetitive two-state waveform is the duration between specified reference level
instants for the same transition, either the negative-going transition or the positive-going transition, of two
consecutive pulses in a pulse train. The period is equal to the sum of the pulse separation and the pulse duration.

3.2.61
waveform representation

3.2.61.1
pictorial waveform representation
graph, plot, or display in which a waveform is presented for observation or analysis

Note 1 to entry: Any of the waveform formats defined in 3.2.61.2 to 3.2.61.2.2 may be presented in the pictorial
format.

3.2.61.2

sampled waveform representation

waveform which is a series of sample numerical values taken sequentially or nonsequentially
as a function of time

Note 1 to entry: It is assumed that nonsequential samples may be rearranged in time sequence to yield either
aperiodically sampled waveform representations (3.2.61.2.1) or periodically sampled waveform representations
(3.2.61.2.2).

3.2.61.2.1

aperiodically sampled waveform representation,

format which is identical to the periodically sampled format, above, except that the sampling
in real time is not periodic and wherein the data exists as coordinate instant pairs, t; , y4. tp,

Yoi -ty Yn
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3.2.61.2.2

periodically sampled waveform representation

a finite sequence of levels y5 , ¥4 , ¥» , ... , ¥, each of which represents the value of the
waveform at times ty, fo + At, ty + 24t, ..., ty + nAt, respectively, wherein the data may exist

in a pictorial format or as a list or table of numbers

3.3 Symbols

A: waveform amplitude

d: duty factor

i discrete time index

n: number of elements in a waveform

Opost:  Overshoot in the post-transition aberration region of a waveform

Opre overshoot in the pre-transition aberration region of a waveform
Sy: state level k

t continuous time

ty o x % reference level instant

to: initial instant

T: waveform period

ty: transition duration

Tp: waveform delay

Tp: pulse duration

Ts: pulse separation

Upost:  Undershoot in the post-transition aberration region of a waveform
Upre: undershoot in the pre-transition aberration region of a waveform
W,: waveform aberration, given as percentage of waveform amplitude
y(t): waveform amplitude values for a continuous-time signal

7 waveform amplitude values for a discrete-time waveform, with discrete time index i
Yrms- root-mean-square (rms) level (see 3.2.17.5)

Yrss- root sum of squares (rss) level (see 3.2.17.6)

Yxo%: X % reference level

y: average level (see 3.2.17.1)

Vi mean over a collection of waveforms y, ;, where k is the waveform index
2 the standard deviation of a set of standard deviations

3.4 Deprecated terms

The terms listed below on the left are the deprecated terms in alphabetical order and the
terms on the right are the accepted terms:

Droop tilt

Duty cycle duty factor

Preshoot overshoot or undershoot in the pre-transition aberration region

Pulse width pulse duration

Falltime (fall time) transition duration

Falling edge negative-going transition

Leading edge first transition

Risetime (rise time) transition duration Documents
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Rising edge positive-going transition
Trailing edge second transition
Transition transition duration,

NOTE transition is deprecated when used to refer to an interval within a waveform epoch. Transition, when
referring to an event, as defined in 3.44, is not deprecated.

4 Measurement and analysis techniques

4.1 General

This clause provides descriptions of the techniques and procedures for time-domain waveform
measurements. The descriptions provided are independent of specific devices, apparatus,
instruments, or computing devices that may be used in these measurements and are
prerequisite to:

a) efficient communication of the results of transition, pulse, and compound waveform
measurements;

b) development and use of physical artifact standards for transition, pulse, and compound
waveform apparatus;

c) development and use of procedures for apparatus that employ ftransition, pulse, and
compound waveform techniques.

4.2 Method of waveform measurement

A method of making a waveform measurement comprises:

a) the complete specification of all relevant functional characteristics of the devices,
apparatus, instruments, and auxiliary equipment to be used:

b) the specification of all essential corrections required to compensate or adjust for departure
of the measurement process from ideality;

c) the procedures to be used in making essential corrections;
d) the operations to be performed and their sequence;
e) the conditions under which all operations are to be carried out.
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Figure 10 — Waveform acquisition and measurement process

4.3 Description of the waveform measurement process

The object of any waveform measurement process is the determination to some accuracy,
either expressed or implied, of the value of one or more parameters of a waveform. Figure 10
shows the constituent steps of any waveform measurement process where, as indicated, the
process involves two distinct sequential subprocesses: signal-to-waveform conversion and
waveform analysis. Thus, the waveform measurement process involves:

a) the conversion of a signal into its transform, which is called its waveform;
b) analysis of the waveform to determine the value of one or more parameters;

c) the assertion or assumption that the value of the waveform parameter thus determined is,
to some accuracy, identical to the value of the signal parameter.

The validity of the final assertion or assumption is dependent on the combined validity of the
first two steps.

The vast array of devices, apparatus, instruments, and techniques which may be configured in
virtually limitless combinations to provide signal-to-waveform conversion renders the
discussion of specific implementations beyond the scope of this standard. Such discussion is
deferred to other standards, documents, or specifications that describe or define the
characteristics or methods of specific devices, apparatus, instruments, or techniques.
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4.4 Waveform epoch determination
4.41 Selection of waveform epoch

A waveform epoch shall contain the waveform features under analysis. The waveform epoch
shall contain sufficient data to yield all necessary state levels to the desired accuracy
prescribed in the measurement process. These data may be augmented by reference levels
that are determined using another waveform epoch.

4.4.2 Exclusion of data from analysis

A waveform may include waveform features or events that are non-pertinent in the
circumstances of, or to the application of, the waveform. Non-pertinent data may be excluded
from analysis, however, the basis for any such exclusion shall be stated.

When data within a waveform epoch are excluded from analysis the following shall be
specified:

a) the extent, in time or waveform value, of the excluded data;

b) the basis for excluding the data;

c) whether the excluded data is ignored (that is, the waveform that is analyzed is
discontinuous) or replaced (that is, the excluded data are replaced with other assumed or
derived data).

5 Analysis algorithms for waveforms

5.1 Overview and guidance
The analysis of a two-state waveform requires the sequential determination of the following:

a) low or first state level and high or second state level;
b) transition or waveform amplitude;

c) necessary percent reference levels and corresponding reference level instants (unless
otherwise specified, these are assumed to be the 10 %, 50 %, and 90 % reference levels
and reference level instants);

d) values of all other waveform parameters as computed from level or instant pairs;

e) parameters contributing to the uncertainty in the computation of the waveform parameters
should be identified and their relative importance assessed.

5.2 Selecting state levels

5.2.1 General

In the following sections, algorithms for determining state levels are described. There is no
requirement that the same algorithm be used for determining different state levels. (These
algorithms are described for single transition waveforms or single pulse waveforms, but they
may also be applied to compound waveforms if desired.)

5.2.2 Data-distribution-based methods - Histograms
5.2.2.1 General

A histogram is an amplitude density representation of a signal whereas, for comparison, a
waveform is an amplitude-versus-time representation of a signal. The amplitude density
representation shows the number of occurrences of a given amplitude versus amplitude. To
generate a histogram, the amplitude range must be divided into M unique, but not necessarily
equal, amplitude intervals. For simplicity, however, we will consider only the equal-amplitude-
interval case. The amplitude interval is called the histogram bin width and M is theﬂ%’mber of
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bins or the histogram size. The histogram is formed by counting the number of times a
waveform value fits within a particular histogram bin; this is referred to as the bin count.

5.2.2.2 Algorithm:

a) Determine the maximum and minimum amplitude values, y.,, and yq, of the waveform
or data using a)1) or a)2).

1) Search the waveform or data for y,;, and ¥4«

2) Set ynqin and y,,4x from criteria specified by the user of this standard or knowledge of
the waveform or data.

b) Calculate the amplitude range, yg, of the waveform or data using: yr = ¥max = Ymin-

c) Calculate the bin width:
1) For equal sized bins, Ay is found by dividing yg by M (selection of M is discussed

below):
Yr Ymax ~ ¥min
Ay = = , 1
Y= I (1)
where
Ay is the histogram bin width
M is the number of histogram bins,
Ymax is the maximum amplitude value of the signal, y
Ymin is the minimum amplitude value of the signal, y,
YR is the range of the signal values.

2) For unequal-sized bins, the user of this standard specifies an array of bin widths, Ay;.

d) Initially set B; = 0 for j = 1...M, where B; is the count for the j”’ histogram bin. Sort through
the waveform or data values, y;, i = 1, N, where N is the number of waveform values, and
if y; lies within the range of a bin, that is if: (y, + [/ = 1Ay) < y; < (Ymn +jAy) for 1 <j < M, for
equal size bins, or (Vi +Ay; )< ¥; < (Vmn + Ay, ) for 1 <j < M for unequal-size bin widths,

then set B; = B; +1, where B is the count in the /" histogram bin. If a data value equals the
value of a bin boundary, that data value must be assigned to one of the bins located on
either side (below or above) of that bin boundary. The side that is selected must be
consistently applied to all such data values and specified by the user of this standard.

5.2.2.3 Selection of the number of histogram bins, M
5.2.2.3.1 General

Two methods are described in this section to select M for a waveform that exhibits a bimodal
amplitude distribution and contains one transition. Ng-state waveforms (Ng>2) and
N+-transition waveforms (Nt > 1) can also be operated on with the techniques mentioned
here, however, these techniques will require that the waveform be parsed (see 5.5) into
subwaveforms where each subwaveform contains one ftransition and two states. The
limitations of each method for determining M are indicated. All of these methods are based on
the requirement that the extracted pulse parameters agree with observation. The value of M
has an upper and lower limit. The value of M should be large enough so that the desired
amplitude resolution of the parameters that are derived from the histogram is not degraded or
reduced. The value of M should not be so large that the histogram bin width is smaller than
the amplitude quantization of the waveform. The amplitude quantization is dependent on the
input range of the instrument over which the input range of the analog-to-digital converter
(ADC) is applied, the number of bits in the ADC, and whether or not signal averaging was
performed.

If the data for which a histogram is being made is obtained from an ADC, then ii is usually

important to make the histogram bin width compatible with the width of the quant uments
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of the analog-to-digital converter. The width of the quantization bin of an analog-to-digital
converter is the interval of input values that produce a single output value, that is, the interval
between transition /evels of the analog-to-digital converter. If the data is the average of N
readings of the analog-to-digital converter, then each analog-to-digital-converter bin is
effectively divided into N equal-sized smaller bins. (Averaging effectively reduces the bin size
of the analog-to-digital converter.)

Each histogram bin width shall be an integer number of ADC bin widths. If the histogram bin
width used in 5.2.2.2 is equal to (n + x) analog-to-digital-converter bin widths, where n is an
integer and x is less than 1, then each histogram bin will actually have a width of either n
analog-to-digital-converter bin widths or (n + 1) analog-to-digital-converter bin widths. If n is
very large, so that the relative difference between n and n + 1 is small, then this error in
histogram bin width is not important.

There is an additional consideration if the selection of state levels is based on the mode of a
histogram. Bin widths, which are intended to be equal, can be unequal due to the differential
nonlinearity of the analog-to-digital converter. In this case, the mode may occur in the widest
bin rather than in its correct bin. When this is a possibility, the histogram counts (the number
of waveform values that lie within each histogram bin) should be corrected for the bin widths
before the histogram is analyzed.

5.2.2.3.2 Method 1

Select a fixed value of M. The selection of M may be based on observation, common practice,
or some other valid means.

5.2.2.3.3 Method 2

A large (or small) value of M is selected as initial value. The value of M is then decremented
(or incremented) until a particular histogram criterion is attained. One criterion that has been
used is that the least populated of the two mode bins contains a count that is equal to at least
1 % of the number of elements, Ng, in the waveform. This method assumes the waveform
exhibits a bimodal amplitude distribution and that it is positioned such that the bin
corresponding to /evel(s,) and level(s,) has a count greater than or equal 0.01N,. Typically
this latter requirement is assured by positioning the waveform such that either the duration of
level(s,) or level(s4) is no less than 10 % of the waveform epoch. (Although shorter durations
may work, this has not been tested.) This method can be adapted to apply to waveforms
containing more than one fransition and more than two modes in the amplitude distribution if
the waveform is appropriately parsed. However, for each segment, the duration of the the
level(s,) or level(s,) in that waveform segment must provide at least 0,01N, amplitude
occurrences. If this method is implemented automatically, that is, without operator intervention,
it requires that the Jevel(s,) and level(s,) are located in opposite halves of yr. An
implementation of this method using equal sized bins is described in [1]1, which also shows
the effects of varying bin width on computed pulse parameters.

5.2.2.4 Splitting the bimodal histogram into two parts (subhistograms)

This procedure conceptually separates the histogram, computed as described in 5.2.2, into
upper and lower histograms from which the modes for each are computed and subsequently
used to determine waveform state levels. This procedure is based on the values of two
parameters, f; and f,, where f; < f,, defined by the user of this standard Typical values for
this pair of variables are ( f4, f, ) = (0,5, 0,5) or (f4, f, ) = (0,4, 0,6). Let B;, for j = 1...M, be the
bin counts in a histogram as defined in 5.2.2. Let j,,, be the smallest value of j for which
B; >0, and let j,5, be the largest value of j for which B; > 0. The range of the lower histogram

iS Jiow <J<H (jh,-gh —j,ow). The range of the upper histogram is (j,ow +1, [jhigh —j,ow])s J < Jnigh-

1 Numbers in square brackets refer to the Bibliography.
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Waveform aberrations and/or other spurious artifacts may adversely affect the ability of
automated algorithms to find the appropriate waveform level around which the histogram is
split. On the other hand, manual (operator) selection of the appropriate waveform level will
not be confounded by spurious content

5.2.2.5 Determining state levels from the histogram

Split the bimodal histogram into two parts as described in 5.2.2.4. Find the means or modes
of the two subhistograms found in 5.2.2.4. The low state level is given by the mode or mean
of the lower histogram and the high state level is given by the mode or mean of the upper
histogram. Solomon et al [2] examine the effect of different histogram methods on the values
of the state levels.

5.2.3 Data-distribution-based methods - Shorth estimator

This discussion will address step-like waveforms. The shorth of a finite collection of data
values is the shortest interval comprising a certain fraction, fg, of the data values. The fraction
fs = Y2 unless otherwise specified. The shorth estimator is a location estimator, similar to the
least median of squares (LMS) estimator [3]. The first step in the shorth estimator method is
to label or group waveform values as belonging to a particular state. The k-means method (4)
is an effective approach for grouping the waveform values. In this method, the waveform
values are grouped according to their difference relative to a particular average level, where
in this case average levels are computed for the two state occurrences of the step-like
waveform.

a) Grouping waveform values:

1) Initialize the average levels, y, and y,, for the two states occurrences, (s4,1) and (s,,1)
(note that in a step-like waveform, there are only two state occurrences):

i) yq= Ymin, OF @s otherwise specified by the user of this standard

i) Y27 Ymax, OF @s otherwise specified by the user of this standard,

where Yy, and yqax are the minimum and maximum amplitude values of the
waveform, y.

2) Segregate each waveform value, y;, into (s4,1) or (s,,1) based on the difference in
amplitude between y; and the average levels. The average levels are then updated by
calculating the average values of the y; assigned to each state occurrences. The
process continues until the y; values no longer switch state occurrences, or,
equivalently, until the average levels no longer change. The following algorithm is now

given:
do
Yioid = V1
Yoo =Y2
fori=1..N
if | yi- Y4l <|y;j- y,|then assign y; to (s4,1)
else assign y; to (s,,1)
endfor

yi=average level of (s4,1)

y,= average level of (s,,1)
while y; —yi0q =0and y, —ype #0
where N is the number of samples in y.

After the algorithm converges, typically in two or three iterations, it yields (s4,1) and
(sp,1), the two state occurrences of the step-like waveform.. The sat of N cibments
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values in (s4,1) (the first state occurrence) is given by (81,1)2 {yﬁ”,y?’,...,yﬂf}and the
set of N, waveform values in (s,,1)is given by (32,1): {yﬁ”,yf’,...,yﬁ;}.

The next step in this process is to obtain the shorth and the corresponding shorth
collection for both (s4,1) and (s,,1). The shorth collection comprlses the data values
that are contained in the shorth. As used here, the shorth of the i state occurrence |s
the shortest interval containing the specified fraction of the values assigned to the i"
State occurrence.

b) Determining the shorth collection. The shorth collection is computed independently for
(s4,1) and (s,,1) per the following procedure:

1) Reorder (s4,1) into a non-decreasing sequence to give (31,1)nd = y(q)) < y((;)) <...< y((&),

2) Reorder (s,,1) into a non-decreasing sequence to give (82,1)nd = y((f)) < y((g)) <...< y((,%,i),

where
N, is the number of samples in (s4,1) and

N, is the number of samples in (s,,1). For clarity, yf” is not necessarily equal to yéf))
and y(2) is not necessarily equal to yés).

3) Perform the following to compute the shorth collection for (s4,1):
h= LfSN1J+1, where | x|is the greatest integer less than or equal to x

d=N;—h+1
min_diff = 10°
fori=1..d

diff = (s, s —Yg))

if (diff < min_diff) then
min_diff = diff
m=ij

endif

endfor

The shorth collection for (s4,1): = (y“) ’y((:v)+m—1))

(m)’
4) Perform the following to compute the shorth collection for (s,,1):
k =|fNy |+1
d=Ny, -k +1
min_diff = 10°
fori=1..d
diff = Yffi,q) _yéiz))
if (diff < min_diff) then
min_diff = diff
n=ij
endif
endfor

The shorth collection for (s5,1): = (y((,z,;,...,y((,fln_ﬂ) Documents
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NOTE The algorithm in Steps 3 and 4 produces a shorth collection that, if two or more successive
intervals qualify for the shorth, selects the first interval. If the user of this standard implements a shorth
collection criterion different from that used here, the user of this standard shall indicate the criterion used.
c) Finally, the mean of the value, unless otherwise specified, of the shorth collection is used
to estimate /evels of each state(5).
1 h+m-1 1
1) The level of s, is computed using: level(s,)= — Zy((j))_
h &
1k+n—1 )
2) The level of s, is computed using: level(s,)= m Zy((j)).
j=n

As a simple illustration, suppose N, = 11 and
M ,0 )
...y ) )= 10455053.56.58,60626365.75).

Then, h=|11/2]+1=6, and the smallest of the differences in the corresponding set of
differences, 58-10, 60-45, 62-50, 63-53, 65-56, and 75-58 is 9, which corresponds to the
interval (56, 65), which is the shorth. The values contained in the shorth are 56, 58, 60, 62,
63, and 65. Level(s,) is calculated as level(s) = (56+58+60+62+63+65)/6 = 60,67.

5.2.4 Other methods
5.2.41 Peak magnitude

Determine the maximum peak and minimum peak values of the single transition waveform or
the single pulse waveform:

a) take the minimum peak value as the low or first state level;

b) take the maximum peak value as the high or second state level.

This algorithm is best suited to the analysis of waveforms with state levels of negligible or
relatively short duration.

5.2.4.2 Initial (final) instant

For a single fransition waveform, determine the values of the initial instant and the final
instant. Take the value at either the initial instant or the final instant, whichever is the more
negative, as the low or first state level. Then, take the value at either the initial instant or the
final instant, whichever is the more positive, as the high or second state level.

For a single pulse waveform, only one of the two state levels can be determined by the initial
(final) instant method. In this case, determine the value of the initial (final) instant. For a
positive pulse waveform take this value as the low or first state level. For a negative pulse
waveform take this value as the high or second state level.

5.2.4.3 User defined

This method is based on assumptions made by, or expectations of, the user of this standard
regarding the behavior of the waveform generator. These assumptions or expectations should
be based on knowledge of, for example, the waveform generator circuitry, the interaction
between the waveform generator and the load (measurement instrument), and/or previous
observations. Using this information, the user of this standard states what the values are for
the low and high states of the waveform.

5.24.4 Use of other waveform epochs

Two or more waveform epochs may be necessary because the waveform from which a given
parameter is to be computed may not contain enough information for that computation. For
example, in computing transition duration, if the waveform has not settled o its fi QCiHments
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states within a shorter waveform epoch from which transition duration can be computed, and
the waveform of longer epoch(s) does not have the temporal resolution required to accurately
compute the transition duration, then two or more epochs are necessary to compute transition
duration. At least two waveforms will be required, one or more having a long epoch from
which the state levels will be obtained, and one having a short epoch from which the transition
duration will be computed.

a) lIdentify the waveform epochs to be used, E;, E, and possibly E;. Three waveforms are
necessary if the low state and high state are to be computed from different waveforms.

b) Acquire the waveform(s) from which the low state and high state are to be determined.

c) Compute the low state and high state of the appropriate waveforms by a method specified
by the user of this standard.

The low state and high state thus determined are the low state and high state of the waveform.

5.2.4.5 Static levels

This method requires that the pulse generator used to generate the step-like waveform can be
operated such that it also provides two static (constant-valued) levels, one corresponding to
the low state of the pulse to be measured and the other to the high state of the same pulse.
Furthermore, these static levels shall be supplied at the same connector from which the pulse
is output and that these levels can be uniquely selected.

a) Operate the pulse generator so that it outputs a static level that is equal to the Jevel of the
low state of the pulse.

b) Acquire a waveform of this low state level and compute its value by a method specified by
the user of this standard; this is the low state of the waveform.

c) Operate the pulse generator to output a static level that is equal to the high state of the
pulse and measure this level.

d) Acquire a waveform of this high state level and compute its value by a method specified
by the user of this standard; this is the high state of the waveform.

5.2.5 Algorithm switching

The above methods may be dynamically chosen based upon the input waveform. For example,
some algorithms use a histogram method or a peak magnitude method depending upon the
shape of the histogram. If several methods are combined or employed, the criteria for when a
particular method is used should be stated.

5.3 Determination of other single transition waveform parameters
5.3.1 General

After the low or state 1 level and the high or state 2 level of a single transition waveform or a
single pulse waveform have been determined, all other transition or pulse waveform
parameters defined in this standard are calculable directly from the definitions of those
parameters presented in this standard.

Some waveform recorders contain internal hardware or firmware for calculating waveform
parameters. In the process of calculating these waveform parameters, the recorder may filter
the waveform prior to interpolation. Consequently, the user of this standard should be aware
of any internal filtering performed by the waveform recorder because this filtering may affect
the value of the parameter. If filtering is performed in the process of calculating waveform
parameters, the type of filter and its defining variables shall be specified.

5.3.2 Algorithm for calculating signed waveform amplitude
a) Determine sy and s, using a method described in 5.2.
b) The waveform amplitude, A, is the difference between level(s,) and level(s) Documents
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1) For positive-going transitions, A is given by:

A =level(s,)—level(s,), (2)

where

A is the amplitude of the waveform,
level(s) is the state level of s, and
level(s,) is the state level of s,.

2) For negative-going transitions, A is given by:
A =level(s,)—level(s, ). (3)

5.3.3 Algorithm for calculating percent reference levels
a) Calculate the waveform amplitude, A, as described in 5.3.2.
b) Calculate the value for the percent reference level, y, o, using:

Yo = level(s )+ﬂx% (4)
X% 1 100 ,
where
Y %> is the value of the percent reference level,
X represents the percentage for the percent reference level specified by the user

of this standard, and
level(s4) is the state level of s,.

NOTE y, . may or may not equal the value of a sample in the waveform.
5.3.4 Algorithms for calculating reference level instants
5.3.4.1 General

The algorithms for calculating reference level instants use linear interpolation between the
instants at which the waveform is sampled. If the interval between successive waveform
samples is too large for linear interpolation to be sufficiently accurate, the accuracy of the
computed reference levels and associated reference level instants will be reduced. If this
limitation causes errors in parameter values that are larger than a tolerance specified by the
user of this standard, then a more sophisticated interpolation method based on more than two
adjacent samples may be used. The selection of an alternate interpolation method depends
on knowledge of the waveform and is beyond the scope of this standard. The interpolation
method and the conditions in which it is used shall be specified.

5.3.4.2 Algorithm for calculating the 50 % reference level instant
a) Calculate the 50 % reference level as described in 5.3.3.
b) Calculate the 50 % reference level instant for ygq o, using linear interpolation:

t50% _t50%—
ts09 = ts09- +[+— (Y50% —Y5o%f) (5)
Y 50%+ — ¥Y50%-
where
ts50 9 is the 50 % reference level instant,
t50 .. and tgq o, are two consecutive sampling instants corresponding to data nearest in

value to ygq o, such that ygq o, < y50 o, < Y50 o4+, and Documents
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Y50 %- and ysq o4 ?re the two consecutive waveform values corresponding to tgq o, and
50 %+

If there is more than one 50 % reference level instant, the first one is the 50 % reference level
instant, unless otherwise specified.

5.3.4.3 Algorithm for calculating other reference level instants

a) Supply a reference level, y, o, by either calculating the y, o, as described in 5.3.3 for a
value of x or of y, o, specified or provided by the user of this standard

b) Calculate the reference level instant for y, o, using linear interpolation:

t -1
x%+ x%—
tx% = tx%f + ( _ j(yx% - yx%f)9 (6)
yx%+ yx%—
where
ty o is the reference level instant for the reference level selected by the user of
this standard,
Yx % is the reference level specified by the user of this standard

t,o.andt, o, are two consecutive sampling instants corresponding to data nearest in
value to y, o, such that y, o,_ < ¥, o, < ¥y o4, @nd

Yy %- and y, o, are the two consecutive waveform values corresponding to t, o,
and f, o .

If there is more than one reference level instant, the reference level instant closest to the 50 %
reference level instant (see 5.3.4.2) is used, unless otherwise specified.

5.3.5 Algorithm for calculating transition duration between x1 % and x2 % reference
levels

a) Calculate the reference level instant, t.4 o, for the x1 % reference level in accordance
with 5.3.4 that is nearest to the 50 % reference level instant, unless otherwise specified.

b) Calculate the reference level instant, t,, o, for the x2 % reference level in accordance
with 5.3.4 that is nearest to the 50 % reference level instant, unless otherwise specified.

c) Calculate the transition duration, t,4 o _yo o,:

Lorvo-xa = |Ex1os = Ly s (7)

where

ty1 %-x2 o is the duration between the x1 % reference level and the x2 % reference level,

t1 % is the reference level instant for the x1 % reference level, and

tyo o is the reference level instant for the x2 % reference level.

5.3.6 Algorithm for calculating the undershoot and overshoot aberrations of step-like
waveforms

a) Determine level(s,) and level(s,) using a method described in 5.2 and define the upper
boundary and lower boundary for the states corresponding to these levels.

b) Determine the maximum and minimum waveform values, y,ax and ymin-
c) Calculate the waveform amplitude, A, as described in 5.3.2.

d) Calculate the x1 % and x2 % reference levels and the 50 % reference level as described
in 5.3.3. Typically used reference levels are the 10 % and 90 % reference levels.
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e) Calculate the reference level instants, t,4 o, t5q o,and t,, o, as described in 5.3.4, for the
reference levels determined in step (d).

f) Calculate the transition duration, for the reference levels instants determined in step (e),
as described in 5.3.5.

g) Calculating the overshoot and undershoot in the pre-transition aberrations region.

1) Calculate the last instant, t,., which occurs before t5, ., when the waveform exits the
upper (lower) state boundary of the low state (high state) for a positive-going
(negative-going) transition using the method described in 5.3.4.

2) Define the pre-transition aberration region as that between f,.o - 315,99 ¢ and f,
(or as specified by the user of this standard).

3) Search the pre-transition aberration region for the maximum value, ¥,y gre, @nd the
minimum value, Ymin ore- Ymax,pre 1S the maximum y; in the pre-transition aberration
region and Yy ore i the minimum y; in the pre-transition aberration region.

If Ymax pre 1S €qual to or less than the upper state boundary of s, (s,) for a positive-
going (negative-going) transition then the overshoot in the pre-transition aberration
region, Opre, is zero; otherwise compute the percentage overshoot in the pre-transition
aberration region using:

ymax,pre - /eve/(sk)

Opre (%) = | A|

100%, (8)

where

Opre is the overshoot value in the pre-transition aberration region,

Ymax,pre IS the maximum waveform value in the pre-transition aberration region,
A is the waveform amplitude,

level(sy) is the state level of the k" state. Level(sy) = level(s,) for a positive-going
transition and level(sy)= level(s,) for a negative-going transition.

5) If Yminore IS €qual to or greater than the lower state boundary s (s,) for a positive-
going (negative-going) transition, then the undershoot in the pre-transition aberration
region, Upre, is zero, otherwise compute the percentage undershoot in the pre-
transition aberration region using:

Ievel(sk ) - ymin,pre

Upre (%) = |A| 100%, (9)
where
Upre is the undershoot value in the pre-transition aberration region,
Ymin,pre 1S the minimum waveform value in the pre-transition aberration region,
A is the waveform amplitude,

level(sy) is the state level of the k" state. Level(sy) = level(s,) for a positive-going
transition and level(sy)= level(s,) for a negative-going transition.

h) Calculating the overshoot and undershoot in the post-transition aberration region.
1) Calculate the first instant, t, s, that occurs after t5, o, when the waveform enters the

lower (upper) state boundary of the high state (low state) for a positive-going
(negative-going) transition using the method described in 5.3.4.

2) Define the post-transition aberration region as that between f,,¢; and f,,st + 3t10 9,90 9
(or as specified by the user of this standard).

3) Search the post-transition aberration region for the maximum value, yay nost @nd the
minimum value, ymin post- Ymax,post 1S the maximum y; in the post-transition aberration
region and Yy host IS the minimum y; in the post-transition aberration region.
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4) If Ymax, post is equal to or less than the upper state boundary of s, (s4) for a positive-
going (negative-going) transition then the overshoot in the post-transition aberration
region, Oqs, is zero, otherwise compute the percentage overshoot in the post-
transition aberration region using:

ymax,post - Ieve/(sk)

Opost (%) = A 100%, (10)
where
Opost is the overshoot value in the post-transition aberration region,
Ymax,pre 1S the maximum waveform value in the post-transition aberration region,
A is the waveform amplitude,

level(sy) is the state level of the k" state. Level(sy) = level(s,) for a positive-going
transition and level(sy)= level(s,) for a negative-going transition.

5) If ¥min,post IS €qual to or greater than the lower state boundary s, (s4) for a positive-
going (negative-going) transition, then the undershoot in the post-transition aberration
region, U, is zero, otherwise compute the percentage undershoot in the post-
transition aberration region using:

level(s )= ¥ minpost

Al

100%, (11)

Upost (%) =

where

Upost
Ymax,pre is the minimum waveform value in the post-transition aberration region,

is the undershoot value in the post-transition aberration region,

A is the waveform amplitude,
level(sy) is the state level of the k" state. Level(sy) = level(s,) for a positive-going
transition and level(sy)= level(s,) for a negative-going transition.

5.3.7 Algorithm for calculating waveform aberrations

a) Calculate the x1 % and x2 % reference levels as described in 5.3.3. Typically used
reference levels are the 10 % and 90 % reference levels.

b) Calculate the reference level instants, t . and t,,o, as described in 5.3.4, for the
reference levels determined in step (a).

c) Determine the pre-transition aberration region and post-transition aberration region as
described in 5.3.6 and exclude those regions in the calculation of waveform aberration.

d) Calculate the parameters for generating the reference waveform, r(t). Unless otherwise
specified, the trapezoidal pulse waveform (see Fig. A.6) will be used as the reference
waveform for calculating waveform aberrations.

1) Calculate the slope through the reference levels and reference level instants of the
waveform using:

S-— [YXz% —Yx1% j
tx2% _tx1%

2) Calculate the reference level instants, ty o, and tyyq o, that will be used to generate r(t)
in step (e).

i) The reference levels and their associated reference level instants of the reference
waveform should be chosen such that the slope of the line through these points is a
close fit to the corresponding waveform values.

ii) Compute the t,qq o, reference level instant using:
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level(sy) — ¥ xou

tio0% = txow + S

iii) Compute the t; o, reference level instant using:

level(s;) ~ Yy

to =ty + S

e) Generate the trapezoidal reference waveform, r(t), using:

Y0%> for tge,
S(t, —tos )+ Yoo for oy, <t <ti00% -
Y100% for &, > t100%

f) The waveform aberrations are calculated as the maximum positive and negative deviation
of the measured waveform from the reference waveform and are presented as a
percentage of the waveform amplitude. Calculate waveform aberration using:

max{yn - r(tn)} .

©

= 1100%
Y100% ~ Yoo

min{y, - r(tn)}Tab ’ (12)
100%
Y100% ~ Yo%
where
W, is the waveform aberration,
max{...} return the maximum value of its argument,
min{...} returns the minimum value of its argument,
Yi00% IS the value of the 100 % reference level,
Yo % is the value of the 0 % reference level,
r(t,) is the reference waveform,
n is the discrete time index of the waveform,
Tab is the interval over which the waveform aberration is being calculated.

5.3.8 Algorithm for calculating transition settling duration

a) Calculate the 50 % reference level, as described in 5.3.3.

b) Calculate the 50 % reference level instant as described in 5.3.4.

c) Specify the state boundaries of the specified state (usually state 2).

d) Determine the instant at which the waveform enters and subsequently remains within the

specified state boundary.

1) Starting at the end of the waveform epoch, check each waveform value against the

specified state boundaries.

2) Record the sampling instant of the first waveform value encountered that is found

outside the state boundary.

3) Calculate the instant that the waveform crosses the state boundary using the method

described in 5.3.4.

4) Calculate the transition settling duration by finding the difference between the instant

determined in step (d)3) and the 50 % reference level instant determined in 6e
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