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This tutorial is the first part of a two-part series on pulse 
metrology. Part one provides a brief introduction to the 
field of metrology in general and to pulse metrology. 
Metrology involves the important concepts of trace-
ability to fundamental units, measurement uncertainty, 
and reproducibility and repeatability of measure-
ment. These aspects are not automatically  
included in measurements. 

Introduction
Pulse metrology is the 
science of the measure-
ment of pulses. It is the 
ability to measure pulse 
signals in a repeatable 
and reproducible man-
ner and to do this with 
defensible measurement 
uncertainties. Measurement 
uncertainty, as defined in [1], is 
the “non-negative parameter characterizing the dis-
persion of the quantity values being attributed to a 
measurand, ‘a quantity intended to be measured’, 
based on the information used.” Many scientists and 
engineers perform pulse measurements, but very few 
actually know their measurement uncertainties or 
even know how to perform a measurement uncertainty 

analysis. One of the very useful outcomes of an uncer-
tainty analysis (also known as a sensitivity analysis) is 
a set of coefficients that describes the sensitivity of the 
measurand to various parameters and effects. An ac-
curate uncertainty analysis shows the path to improve 
your measurements!

Pulse metrology affects a plethora of in-
dustries. Obvious industries are 

the ubiquitous telecommunica-
tions, data communications, 

and computing industries. 
And, of course, all the ‘in-
formation’ we receive on 
our digital entertainment 
devices (radios, televisions) 
is encoded in pulse signals. 

The spark that drives our 
vehicles is an impulse. Many 

phenomena in nature are pulses – pul-
sar emissions, solar flares, earthquakes, nerve 

impulses, heartbeats, etc. Pulses and their measure-
ment are important to our lives in many different and 
diverse ways. 

However, pulse metrology is primarily directed 
to the measurement of high-speed electrical and op-
tical signals because of the commercial importance of 
our communications, computing, and entertainment 
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industries. Consequently, the bias in this article is towards 
high-speed pulse metrology, although the concepts apply 
equally well from ultra-fast pulse signals to ultra-slow pulse 
signals. Here the words “ultra-fast” and “ultra-slow” refer to 
the rate of the amplitude transition in the pulse and not pulse 
propagation velocity.

The pulses we use in our communication and entertain-
ment devices are either impulse-like or step-like. Impulse-like 
signals are used, for example, in optical links in data com-
munications and telecommunications equipment, whereas 
step-like signals are used in electrical links. The accurate mea-
surement of pulse parameters is critical for the viability of 
these industries. That is, the amplitude levels, amount of aber-
ration, and transient characteristics must be known to achieve 
the design and performance goals of the electronics and pho-
tonics devices, systems, and instruments. 

In digital systems, the parameters that describe a pulse 
(amplitude, transition duration, etc.) at its point-of-use (tran-
sistor gate, optical detector, etc.) can vary by a few percent 
from the nominal values and still be useful. However, the 
verification of the design 
and performance of devices 
and circuits that generate 
or use these pulses requires 
much more accuracy and 
less uncertainty than do 
the measurements for their 
point-of-use application. Furthermore, the characterization 
of measurement systems that do the verification requires 
even more accuracy and smaller uncertainties than does the 
design verification measurement. Finally, the national metrol-
ogy institute (NMI) that supports these industries requires the 
greatest accuracy, smallest uncertainties, and best measure-
ment repeatability and reproducibility. The perspective of this 
paper is that of an NMI.

Metrology in General
Metrology is the science of measurement and its applica-
tion [1]. Metrology is multi-disciplinary. The measurement 
process is studied for the purpose of having a better under-
standing of the limits of the measurement process and of the 
sensitivity of the measurand to measurement variables. The 
measurement process includes instruments, components, 
analyses, human operation, and anything else required to ob-
tain a value for the measurand. Improving the understanding 
of the measurement process increases the accuracy of the mea-
surand. Metrology can include considerations of any or all 
of test methods, test systems, data analyses, calibration pro-
cedures, calibration artifacts, design of measurement, and 
traceability.

Metrology is a science pursued by very few scientists and 
engineers for several reasons. One of the biggest reasons is 
that very few institutions support metrology because of its 
high cost and uncertain return on investment. There is rarely 
any product to sell except for calibration or measurement 
services that provide traceability to fundamental or derived 

units and reference materials, devices, and data, and the reve-
nue from these services rarely covers the cost of the research. 
Consequently, most metrology is performed at NMIs. NMIs 
offer or provide reference materials and data freely avail-
able to the public to promote commerce. Another reason 
metrology is not typically pursued is that it is not considered 
(except by the authors) very glamorous or flashy. As a result, 
most laboratories do not engage in metrology programs un-
less it is absolutely essential to a product line and accredited 
calibration service providers are not readily available. Last, 
metrology is often an arduous endeavor, requiring very ded-
icated individuals who are willing to spend long hours, days, 
weeks, or years (many of these) to glean fractional improve-
ments in accuracy and uncertainties. Metrology, however, 
is one of the few sciences where one can determine whether 
one’s laboratory is world-class or not.

In metrology, all possible and identifiable physical pro-
cesses involved in a measurement process are studied to 
know how each affects the measurand. These processes may 
include the responses of sensors and instrumentation, back-

ground effects (temperature, 
humidity, electromagnetic 
interference), data extraction 
algorithms, and human vari-
ability for manually-operated 
systems. Few researchers 
actually take the time to iden-

tify all these relationships and to try to understand their effect 
on the measurand. Typically a simple root-sum-of-squares 
approach of some of the important measurement variables is 
used to estimate measurement uncertainty. Although this is 
an acceptable approach, it does not help the researchers un-
derstand their measurement system and process. In the worst 
case, measurement uncertainty is simply estimated by the 
standard deviation of the values of the measurand. This ap-
proach is simply not acceptable, because there are so many 
other contributors to measurement uncertainty.

Understanding a measurement process means a person 
can write down the functional relationships that describe 
the effect of measurement variables on the measurand and 
on intermediate and calibration factors. Intermediate and 
calibration factors are the factors obtained from any and all 
auxiliary measurements necessary to provide uncertainties 
for the measurand. From these functional relationships and 
associated measurements, the uncertainty in the measurand 
can be determined. These functional relationships provide 
the path and formulas for propagating uncertainties from 
the measurement variables and intermediate factors to the 
uncertainty in the measurand. If the measurement process 
includes a traceability path to fundamental units, then the 
functional relationships will allow the measurand to be trace-
able to fundamental units. For an NMI, uncertainty analyses 
are paramount for providing traceability. In other words, 
there can be no traceability without considering the measure-
ment uncertainties of the entire calibration chain back to the 
NMI.

The accurate measurement of 
pulse parameters is critical for the 

viability of these industries.
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What is Traceability?
Metrological traceability is the “property of a measurement re-
sult whereby the result can be related to a reference through a 
documented unbroken chain of calibrations, each contributing 
to the measurement uncertainty” [1]. Consequently, traceabil-
ity is not a path to a scientific discipline, such as physics, but to 
a reference, such as a measurement system or to a fundamen-
tal unit (kilogram, candela, ampere, Kelvin, meter, second, and 
mole). This may seem like an obvious statement and not worth 
saying, but it is, because the authors have often heard and read 
the phrase “traceable to fundamental physics” made by col-
leagues. This statement provides no useful information. For 
example, consider the operation of the fuel level indicator in a 
car. It may use a float connected to a variable resistor. The op-
eration of the float is based on physics, and the operation of 
the variable resistor is based on physics. Ergo, the fuel indi-
cator in your car is “traceable to fundamental physics,” but so 
what? You still do not know the uncertainty in fuel level indi-
cation. Traceability to fundamental units and derived units is 
provided by NMIs to other laboratories via transfer artifacts 
(standard test objects) and calibration services. 

Uncertainties in Measurement
The number of uncertainty contributors in a measurement 
sometimes appears limitless (which may explain the authors’ 
obsession with uncertainty analyses). This is because the 
metrologist must constantly be searching for potential weak-
nesses in previously developed uncertainty analyses: looking 
for overlooked measurement effects, inaccurate or erroneous 
simplifying assumptions, and errors in computational steps. 
Uncertainty is not the same as measurement variation or vari-
ability, as mentioned before, and a couple of simple examples 
can illustrate this point. 

Example 1: A voltage measured with a voltmeter: The mea-
sured voltage Vmeas is the result of an input voltage Vin applied 
to the terminals of the imperfect voltmeter:

where g describes the transfer ratio of applied voltage to ob-
served voltage (this is, in effect, a gain coefficient) and Voff is 
the offset of the voltmeter. The estimate of the input voltage 
Vest , is given by:

Using this formula, the uncertainty in Vest can be obtained:

where  represents the standard deviation of a measurement, 
a Type A uncertainty, and u represents the uncertainty in a 
measurand or intermediate value, which will contain both 
Type A and Type B uncertainties. Type A uncertainties are de-
fined as “those which are evaluated by statistical methods” 
and Type B uncertainties are defined as “those which are eval-
uated by other means” [2]. The other terms are the sensitivity 
coefficients (partial derivatives). This simple formula does 
not consider environmental effects and connector repeatabil-
ity. Even with this simple example, and letting Vmeas = Voff = 
V, Vest = Vmeas- Voff , g = 1, and ug = 0, we see that uVest ≈ V. 
That is, the uncertainty in Vest is at least  times the standard 
deviation of the measured voltage. Clearly, the uncertainty is 
not equivalent to the measurement variation or variability in 
this example.

Example 2: Permittivity of a capacitor: It is worth examining 
another simple example where uncertainty in the measurand 
can far exceed that of the measurement standard deviation. 
An example is determining the static relative permittivity r 
of the insulator used in a capacitor. The capacitance C of a 
simple parallel plate capacitor (neglecting edge effects) is de-
scribed by:

where A is the area of the capacitor plates (both plates of equal 
area) and d is the distance between the plates. Since we want to 
solve for r, we rearrange the previous equation to get:

We perform separate sets of measurements to get values of 
C, A, and d (which will represent the means of the appropriate 
measurement set). Each mean value will have an associated 
standard deviation, C, A, and d. Each measurement system 
will also have additional uncertainties, uC, uA, and ud, due to 
the calibration process, calibration artifacts, environmental 
variations, etc. The uncertainty, u, in r, assuming the number 
in each set of measurements is large (>> 100), is:

The advantage of writing u in the bottom form is that the 
metrologist can get an immediate idea of the importance that 
the uncertainty of any parameter has on the uncertainty of the 
measurand. For example, because d is usually small, d/d will 
usually dominate u. And if d/d is on the order of a few per-
cent, u will be at least that same percentage of r. Using values 
to highlight this point, if d = 50 μm and d = 10 μm, then u can 
be no less than 20% of r. This situation was actually encoun-
tered in determining the uncertainty in the measurement of 
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the real part of the permittivity of thin dielectrics used in high-
performance printed wiring boards [3].

Pulse Metrology
Pulse metrology is the science of the measurement of pulses. 
Pulse measurement is not necessarily pulse metrology al-
though, as should be obvious, pulse metrology comprises 
pulse measurement. Potentially anyone with an oscillo-
scope or any other waveform recorder can perform pulse 
measurements. However, this does not automatically im-
ply that anyone doing pulse measurement knows what 
has been measured and to what accuracy and with what 
uncertainty. 

When you speak to researchers engaged in any metrol-
ogy, they are often pushing the limits of measurement. This 
should be expected, because as measurements improve 
through metrology, metrology must advance to support the 
newly developed measurement capability, which in turn 
promotes advancement of the technology being measured. 
Accordingly, pulse metrology as it relates to the commer-
cially-important industries mentioned earlier, is concerned 
with improving the ability to measure the amplitude and 
temporal characteristics of pulses, specifically, high-speed 
electrical and optical pulses and the responses of instruments 
that measure these pulses. We have written several papers 
describing the development of uncertainty analyses for dif-
ferent high-speed pulse metrology topics that show the detail 
necessary for pulse metrology [4-7]; however, these specific 
subjects will not be discussed in detail here. Examples of the 
detailed studies performed to elucidate the parameters affect-
ing pulse measurement 
accuracy and reproduc-
ibility can be found in 
references [8-16].

Often it is necessary to 
remove the effect of the 
measurement instrument’s 
response from the acquired 
waveform through a pro-
cess called deconvolution 
[17], [18]. Consequently, 
pulse metrology must also 
be concerned with attrib-
uting uncertainty to the 
deconvolution process and 
artifacts used to determine 
the instrument’s response.

Issues that are impor-
tant to pulse metrology 
include standards (terms 
and def ini t ions,  mea-
s u r e m e n t  m e t h o d s ) , 
traceability, and measure-
ment uncertainty, as will 
be discussed in the follow-
ing sections.

Standards
It has been said many times, and we’ll reiterate it here, “Stan-
dards mean different things to different people.” For our 
purposes, we’ll focus on standards appropriate for pulse me-
trology, and these are standards for terms and definitions, 
standards for computing parameters, test method standards, 
and artifact or transfer standards. All of these standards, ex-
cept for the last, are documentary standards. Documentary 
standards are defined in [19] as “Standards that specify: 

◗◗ common and repeated use of rules, conditions, guidelines 
or characteristics for products or related processes and 
production methods, and related management system 
practices; and

◗◗ definition of terms; classifications of components; delin-
eation of procedures; specification of dimensions, 
materials, processes, products, systems, services or 
practices; test methods and sampling procedures; or 
descriptions of fit and measurements of size or strength.” 

Minimum performance standards for equipment can also 
contribute to pulse metrology but are more typically a product 
of pulse metrology, so these types of standards won’t be con-
sidered here.

Terms and definitions: Pulse metrology must start with a 
defined set of terms to describe observed pulse phenomena. 
The IEEE Standard 181-2003 [20, 21], “IEEE Standard on Tran-
sitions, Pulses, and Related Waveforms,” in its “Purpose” 
describes quite well the purpose of such a standard: 

The purpose of the standard is to facilitate accurate and 
precise communication concerning parameters of transi-
tion, pulse, and related waveforms and the techniques and 

Fig. 1. Positive step-like waveform showing amplitude, transition duration, reference levels, reference level instants, 
and state levels. This figure displays the fundamental characteristics of a waveform, namely, its state levels and 
reference level instants from which all other pulse parameters are computed.
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procedures for measuring them. Because of the broad ap-
plicability of electrical pulse technology in the electronics 
industries (such as computer, telecommunication, and test 
instrumentation industries), the development of unam-
biguous definitions for pulse terms and the presentation 
of methods and/or algorithms for their calculation is im-
portant for communication between manufacturers and 
consumers within the electronics industry. The availability 
of standard terms, definitions, and methods for their com-
putation helps improve the quality of products and helps 
the consumer better compare the performance of different 
products. Improvements to digital waveform recorders 
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. Consequently, a standard 
is needed to ensure that the definitions and methods of 
computation for pulse parameters are consistent. 
The ability to communicate with a common language re-

garding a technology is fundamental. And this is one of the 
key topics in the international dissemination of the Interna-
tional System of Units (SI). For pulse metrology, there is no 
mandatory or governmental oversight of terms and defini-
tions. Instead, pulse metrology terms and definitions were 
developed by a group of engineers and scientists through a 
standards activity of the Institute of Electrical and Electronics 
Engineers’ (IEEE’s) Technical Committee 10 (TC-10, Wave-
form Generation, Measurement, and Analysis Committee). 
The Subcommittee on Pulse Techniques (SCOPT) developed 

the original two standards in 
1977. These standards were 
adopted almost verbatim ten 
years later (in 1987) by the In-
ternational Electrotechnical 
Commission (IEC) Techni-
cal Committee 85 (TC 85, the 
Committee on Measuring 
Equipment for Electrical and 
Electromagnetic Quantities). 

The 1977 IEEE standards, 
although a good start, were 
not entirely clear and unam-
biguous. Moreover, they did 
not prescribe methods for 
computing pulse parameters. 
Consequently, the SCOPT 
modified the standards to 
address these issues and 
combined them for technical 
continuity. This revised stan-
dard was published in 2003. 
It contains about 100 terms 
that have a unique meaning 
in pulse metrology and their 
definitions. Terms that were 

confusing are listed as being deprecated, and the rationale for 
that deprecation is also given.

It is useful to introduce common pulse terms. Com-
mon pulse terms promote and facilitate discussion and 
understanding. Figs.1 and 2 provide examples of the most 
commonly-used pulse terms. Definitions for these terms can 
be found in the IEEE Std 181-2003. However, for clarification, 
the nomenclature used in Figs. 1 and 2 is described here:

◗◗ si = waveform state. There are at least two states. States are 
numbered starting at the most negative.

◗◗ level(si) = level of the ith state. 
◗◗ upper(si) = upper boundary of the ith state. There is also 
a lower(si). If the waveform values do not stay between 
upper(si) and lower(si), the waveform value is not in the 
ith state.

Summary
Pulse metrology is a measurement science that provides repro-
ducible and repeatable measurements of pulse signals with 
defensible uncertainties. These uncertainties describe the sen-
sitivity of the measurand (the thing for which you want to find 
a number) to various parameters and effects. Pulse metrology 
affects the commercially-important telecommunications, data 
communications, and computing industries. 

Although this Part 1 and the upcoming Part 2 are only a 
partial introduction to pulse metrology, they demonstrate 
the importance of this work and the challenge to continu-
ously provide the manufacturing and user communities with 
measurement capability exceeding their present and future 
requirements. Part 2 will address parameter computation, test 

Fig. 2. A negative transition waveform showing undershoot and overshoot aberrations and upper and lower bounds 
for states. This figure depicts the waveform parameters necessary to clearly describe pulse overshoot and undershoot, 
which are the most commonly cited waveform aberrations.
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methods and test objects (artifacts), traceability, and measure-
ment uncertainty. 

References
[1]	 “International vocabulary of metrology – basic and general 

concepts and associated terms (VIM).” ISO/IEC Guide 

99:2007(E/F), ISO, [Online] Available: http://www.iso.org/iso/

catalogue_detail.htm?csnumber=45324.

[2]	 “Uncertainty of measurement — Part 3: guide to the expression 

of uncertainty in measurement (GUM:1995)”, ISO/IEC Guide 

98-3:2008(E), ISO, [Online] Available: http://www.iso.org/iso/

catalogue_detail.htm?csnumber=50461.

[3]	 N. G. Paulter, “A fast and accurate method for measuring the 

dielectric constant of printed wiring board materials,” IEEE 

Trans. Compon., Packag., Manuf. Technol. C, vol. 19, pp. 214-225, 

1996.

[4]	 N. G. Paulter and D. R. Larson, “Pulse parameter uncertainty 

analysis,” Metrologia, vol. 39, pp. 143 -155, 2002.

[5]	 N. G. Paulter and D. R. Larson, “Impulse Spectrum Amplitude 

Uncertainty Analysis,” Metrologia, vol. 43, pp. 477- 485, 2007.

[6]	 D. R. Larson and N. G. Paulter, “A measurement of propagation 

delay,” Metrologia, vol. 44, pp. 64 - 68, 2007.

[7]	 D. Henderson, A. G. Roddie, and A. J. A. Smith, “Recent 

developments in the calibration of fast sampling oscilloscopes,” 

IEEE Proc.-A, vol. 139, pp. 254 – 260, Sept.1992.

[8]	 J.P. Deyst, N.G. Paulter, T. Daboczi, G.N. Stenbakken, and T.M. 

Souders, “A fast-pulse oscilloscope calibration system,” IEEE 

Trans. Instrum. Meas., vol. 47, pp. 1037-1041, Oct., 1998.

[9]	 N.G. Paulter and D.R. Larson, “Time-base setting dependence 

of pulse parameters determined using 50 GHz digital sampling 

oscilloscopes,” Int. Nat. Conf. Standards Laboratories, Proc. 2000 

Workshop and Symp. 16-20 July 2000, Toronto, Canada.

[10]	D. R. Larson and N. G. Paulter, “Temperature effects 

on measurement results from 50 GHz digital sampling 

oscilloscopes,” Int. Nat. Conf. Standards Laboratories, Proc. 2000 

Workshop and Symp.16-20 July 2000, Toronto, Canada.

[11]	D. R. Larson and N .G. Paulter, “The effect of offset voltage on 

the kick-out pulses used in the nose-to-nose sampler calibration 

method,” Proc. Int. Test Conf., 1-4 May 2000, Baltimore, MD, pp. 

1425-1428.

[12]	N. G. Paulter and D. R. Larson, “The effect of tilt on waveform 

state levels and pulse parameters,” IEEE Instr. Measur. Techn. 

Conf., Como, Italy, 18 - 20 May 2004, pp. 1296-1300.

[13]	D. R. Larson, N. G. Paulter, and D. I. Bergman, “Pulse parameter 

dependence on transition position and epoch duration,” IEEE 

Instrum. Meas. Techn. Conf., Como, Italy, 18 - 20 May 2004, pp. 

1291-1295.

[14] 	D. R. Larson and N. G. Paulter, “Some effects of temperature 

variation on sampling oscilloscopes and pulse generators,” 

Metrologia, vol. 43, pp. 121 - 128, 2006.

[15]	N .G. Paulter and D. R. Larson, “The ‘median’ method for the 

reduction of noise and trigger jitter on waveform data,” Jour.

Research Nat.Institute of Standards and Tech., vol. 110, pp. 511 - 527, 

September 2005.

[16]	D. R. Larson, N. G. Paulter, and D. I. Bergman, “Pulse parameter 

dependence on transition occurrence instant and waveform epoch,” 

IEEE Trans. Instrum. Measur., vol. 54, pp. 1520 - 1526, Aug. 2005.

[17] 	N. G. Paulter, “A causal regularizing deconvolution filter for 

optimal waveform reconstruction,” IEEE Trans. Instrum. Measur.,” 

vol. 43, pp. 740-747, 1994.

[18]	N.S. Nahman and M.E. Guillaume, “Deconvolution of time 

domain waveforms in the presence of noise,” National Bureau of 

Standards Technical Note 1047, U.S Department of Commerce, 

Washington, DC, 1981.

[19]	“Key terms in standardization,” NIST Global Standards 

Information, [Online] Available: http://gsi.nist.gov/global/

index.cfm/L1-5/L2-44/A-87. 

[20]	Standard on Transitions, Pulses, and Related Waveforms, IEEE Std. 

181, 2003,. 445 Hoes Lane, Piscataway, NJ 08855, USA

[21]	N. G. Paulter, D. R. Larson, and J. J. Blair, “A discussion of the 

IEEE Standard on transition and pulse waveforms, Std-181, 

2003,” Measurement, vol. 37, pp. 31-38, 2005.

Nicholas G. Paulter, Jr. (paulter@nist.gov) began his career 
in pulse metrology at the Los Alamos National Laboratory 
in 1980 where he worked on high-speed photoconductors. In 
1989, he joined the National Institute of Standards and Tech-
nology (NIST) in Colorado and later in Gaithersburg, MD, to 
develop pulse measurement techniques and analysis. In 2006, 
he left the Quantum Electrical Metrology Division to become a 
program manager with the Law Enforcement Standards Office 
at NIST, Gaithersburg, overseeing the application of pulsed 
terahertz and microwaves to law enforcement and homeland 
security. He is a Fellow of the IEEE. He chairs the IEEE TC-10 
Subcommittee on Pulse Techniques and is the convenor of the 
International Electrotechnical Commission TC85 MT18.

Donald R. Larson has been involved in pulse metrology most 
of his career starting in the Optoelectronics Division of the 
NIST, Boulder, CO, from 1976 until 1998. In 1998, he moved 
to the Quantum Electrical Metrology Division at NIST,  
Gaithersburg, MD. Since 2006, he has been with the NIST 
Law Enforcement Standards Office (OLES). He is a Senior 
Member of both the OSA and the IEEE.


