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Part 4-3: Interface integrated circuits —
Dynamic criteria for analogue-digital converters (ADC)
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FOREWORD

nternational Electrotechnical Commission (IEC) is a worldwide organization for standardization_co
ational electrotechnical committees (IEC National Committees). The object of IEGC)is’ to

hational co-operation on all questions concerning standardization in the electrical and eléctfonic f
end and in addition to other activities, IEC publishes International Standards, Technieal Specif]
nical Reports, Publicly Available Specifications (PAS) and Guides (hereafter \réferred to

cation(s)”). Their preparation is entrusted to technical committees; any IEC National Committee in
e subject dealt with may participate in this preparatory work. Internatiopall’‘governmental a
rnmental organizations liaising with the IEC also participate in this preparation. IEC collaborateg
the International Organization for Standardization (ISO) in accordance@with conditions detern;
ement between the two organizations.

formal decisions or agreements of IEC on technical matters expressaaS/nearly as possible, an inte

psted IEC National Committees.

Publications have the form of recommendations for international use and are accepted by IEC
mittees in that sense. While all reasonable efforts are miade to ensure that the technical conten
cations is accurate, IEC cannot be held responsible\for the way in which they are used or
terpretation by any end user.

der to promote international uniformity, IEC Natiopnal Committees undertake to apply IEC Pub|
parently to the maximum extent possible in,their national and regional publications. Any diV
een any IEC Publication and the corresponding rational or regional publication shall be clearly ind
htter.

provides no marking procedure to indicate its approval and cannot be rendered responsible
bment declared to be in conformity withyan IEC Publication.

ability shall attach to IEC orp-its’directors, employees, servants or agents including individual exp
bers of its technical committees and IEC National Committees for any personal injury, property da

damage of any nature_whatsoever, whether direct or indirect, or for costs (including legal fq
nses arising out of the\publication, use of, or reliance upon, this IEC Publication or any of
cations.

tion is drawn te_the Normative references cited in this publication. Use of the referenced public

tion is drawn to the possibility that some of the elements of this IEC Publication may be the s
ht rights \[EC shall not be held responsible for identifying any or all such patent rights.

tional” Standard IEC 60748-4-3 has been prepared by subcommittee 47A: Intq
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of |IEC technical committee 47: Semiconductor devices

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

FDIS Report on voting
47A/750/FDIS 47A/758/RVD

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.
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The list of all the parts of the IEC 60748 series, under the general title Semiconductor devices
— Integrated circuits, can be found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged until
the maintenance result 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

* amgmded:
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INTRODUCTION

The use of ADCs has increased significantly in the last few years with the large increase in
the use of digital signal processing. The majority of the processing of analogue signals now
takes place in the digital domain, and this requires high precision in the conversion of signals
from the analogue to the digital form. Consequently, the characterization of ADCs is of great
importance.

IEC 60748-4 contains measuring methods for ADCs in which the test conditions are either
static or change very slowly. However, some of the characteristics of an ADC can change to
some degree with the rate of change of the input signal, and there are other characteristics

th t a N <l 4 Al <l PNH T o 4l % £ Al
a C MUt Vo TITTdouUuTTU TALVLUPLU UTTUTT Uyiialmiie  LUTTUTUUTTO . UUTTOTUYUTTILY, a oCTU Ul'U

tests i
conditi

5 required in order to obtain the response of an ADC when operated under\d
pns.

The oytput of a dynamic test consists of the set of output code values obtained dur

test. T

namic
ynamic

ng the

nis record, being the sequence in time of a set of values, gives information in thg “time-

domain”. The result of applying the Fourier Transform to the record is information that i in the
“frequgncy domain”, and this contains the spectrum of the output over the ra

freque
then b

hcies of interest. In particular, distortion, noise and spuriou$ output frequenci
b evaluated.

This International Standard introduces a set of dynamic methods, which are now comi

use in
and of
further

which the results are suitable for analysis in thefrequency domain. It also incl
dynamic method that uses a wide-band input.signal. For the reasons explained

industiy has shown great interest in this particulatmethod.

chang
distrib

. Not so well known is that linearity;errors also depend on the instantaneous am
tion, i.e. amplitude probability density function (APDF) of the input signal. This

Linear{y errors of an ADC are dependent on\the amplitude of the input signal and its

of errgr is usually a result of localized heating effects in the integrated circuit
depenglent on ADC architecture and internal circuit layout.

Single

frequency signals have an APDF concentrated at the extremes and th

exaggerate the effect of errors at the ends of the input range compared to those nea

centre

the input range. A widesband signal is much closer to the typical input signal in the maj

ADC a
signal

A wide
a sign

pplications than a single-frequency signal. Therefore, measurements made with
will give more realistic error estimates.

-bandsignal can be generated from a pseudo-random binary sequence. Althoug
b| @ppears to be noisy, it contains only a set of defined frequencies and is th

suitable_for measuring errors

nge of
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Part 4-3: Interface integrated circuits —
Dynamic criteria for analogue-digital converters (ADC)

1 Scope
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2 Nc
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IEC 60
circuits

IEC 60
3 Te

For th
Chapte

3.1

cohel;Lnt sampling

proce
cycles

NOTE
in the re

3.2
equivd

art of IEC 60748 specifies a set of measuring methods and requirements for
inder dynamic conditions, together with associated terminology and characteristi

dbrmative references

lowing referenced documents are indispensable for the application of this doc
fed references, only the edition cited applies. For undated refefences, the latest
eferenced document (including any amendments) applies.

748-4:1997, Semiconductor devices — Integrated circuits'= Part 4: Interface intd

268-10:1991, Sound system equipment — Part 10."Peak programme level meters
rms and definitions

b purposes of this document, the following definitions, in addition to those fg
r I, Clause 2, Terms for category-lt’of IEC 60748-4:1997, apply.

in which the output record contains samples taken from an integral number g
of a repetitive waveform

n general, this process is limited to the case where the number of input cycles and the number of
cord have no common factors.

lent-time)sampling

multipl

record|of.samples that represent a single repetition of the waveform

cohereFt sampling in which consecutive samples of a repetitive waveform, acquire

repetitions of the waveform, are assembled and re-arranged to produce a

testing
CS.

ument.

edition

grated

und in

f input

samples

d from
single

NOTE This process is normally used only when the spectrum of the input waveform contains significant amounts
of energy at frequencies above half the sampling frequency. It has the result that each frequency in the input
appears in the output divided by the number of repetitions. For each successive input cycle, the set of samples is

delayed

3.3
(code)

(or advanced) relative to the previous set by a fixed amount.

transition value

boundary between two adjacent steps

3.4

signal-to-noise-and-distortion ratio
for a pure sine-wave input, ratio of the r.m.s. amplitude of the output signal at the input
frequency to the r.m.s. amplitude of all other signals in the output
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3.5

(spurious-free) dynamic range

for a pure sine-wave input, ratio of the r.m.s. amplitude of the output signal at the input
frequency to the largest r.m.s. amplitude of the output at any other single frequency

3.6

effective number of bits

Nef

practical limit of the resolution of an ADC due to inherent noise and errors

3.7

signaldependent timing error
effect gquivalent to the delay of the instant of sampling, in an ADC, that is proportiofia| to the
rate of{change of input voltage

NOTE [This effect is caused by the inherent voltage-dependent non-linearity of circuit elementsfin, semiconductors.

3.8
spuridus frequency
persisfent sine wave in the output that is not considered to be_a\harmonic of the¢ input
frequepcy

3.9
word error rate
probaljility of an output code having an error not attributable to random noise or to|offset,
gain, and linearity errors

4 Characteristics

The fdllowing characteristics shall be included as characteristics applicable to ADCs and
should| be read with reference to Chapter-ll, Section 2, Category Il, Clause 4 of IEC p0748-
4:1997.
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Conditions at 25 °C Letter Requirements
Ref. Characteristic unless specified Notes
otherwise Symbol Max. Min.
4.1 Settling time Supply voltages tiot X
4.2 Long-term settling error Input step amplitude Eit X
Specified levels for
4.3 Rise and fall times transition time i tf X
o Clock f ,
4.4 Limiting rate of change of apcz)iop:?atqt:ency as (AV/IAt)max, X
output (slew rate) SR
Comditiorsatother
terminals
Tolerance for settling time
4.5 Overload recovery times
4.5.1 Input overload recovery time, | Supply voltages p X
where appropriate ) or
Input signal frequency, as
4.5.2 || Differential-mode input appropriate ford X
overload recovery time, Input signal amplitude
where appropriate
Overload signal amplitude
4.5.3 || Common-mode input and duration forg X
overload recovery time, Clock frequency, as
where appropriate appropriate
Conditions at other
terminals
4.6 Differential gain, where Supply voltages Agif X
appropriate .
Input signal frequency, as
4.7 Differential phase, where appropriate Qif X
appropriate Input sighal amplitude
Clock frequency, as
appropriate
DC input levels
Conditions at other
terminals
Desired accuracy
4.8 Total harmonigc distortion Supply voltages THD X
4.9 Spurious-free*dynamic range | Input signal frequency, as | SFDR X
- - appropriate
4.10 Signal-te-noise-and- SINAD X
distortion ratio Input signal amplitude
4.11 Effective number of bits Clock frequency, as Net
appropriate
4.12 Signal-to-noise ratio SNR X
Highest harmonic
413 Noise floor excluded from noise, if NF X
t 10th
4.14 Signal-dependent timing no ESDT
error Conditions at other
terminals
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5 Measuring methods
5.1 Dynamic testing with sinusoidal signals

The following methods are to be read with reference to Chapter 1V, Section 3, Category II,
Group | of IEC 60748-4:1997. All references below to IEC 60748-4:1997 apply to this clause.

51.1 Dynamic testing of ADCs — General requirements

5.1.1.1 Purpose

To specify the general requirements for measuring the characteristics of an ABC| under
dynamjc conditions.

5.1.1.2 Circuit diagram

Clock
generator

777777777 Sine wave

i generator(s) | | </ 1

: Frepuency P ADC i Latch/
I synthesizer !

1
1
— Filter ——
E Sum 1 Gnder test

\
|
demux
\

o Computer

””” ottt Square wave
generator

Ramp
generator

DC
voltage

Figure 1 — Test arrangement for measurements on ADCs under dynamic conditions

Optiongl elements are shown in broken outline.

5.1.1.3 Circuit description and requirements

- Case a) sine wave input

The input voltage generator shall provide an accurate sinusoidal waveform with adjustable
and stable amplitude and frequency.

- Case b) step input

The input voltage generator shall provide a stepped wave, usually a square wave, without
droop, and with adjustable and stable levels, duty-cycle and periodicity.

- Case c) linear input ramp

The input voltage generator shall provide an accurate linear rising and/or falling waveform
with adjustable and stable amplitude, duty-cycle and periodicity.

IEC 1503/06
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- All cases:

Precautions shall be taken to avoid coupling between the sampling clock and the input
circuits, and between the output and input circuits, and the networks used to combine input
signals shall be designed to minimize any stray reactive elements that could affect the
bandwidth of applied signals.

Noise at the input should be small compared with the output noise that is generated within the
ADC, and preferably no larger in magnitude than the noise that results from the quantization
process, i.e. significantly less than 1 LSB in magnitude. When necessary, and normally only
for sine waves, input noise can be reduced by passing the signal through a low-pass or band-
pass filter. The latter may also be used to reduce any frequency instability in the signal.

Any impurity in the signal waveform and instability in its frequency should be low~enoygh not
to affect the accuracy of the measurements. Similarly, any instability in the frequencyj] (jitter)
of the tlock signal should be equally low. Ideally, the input signal and the clock signal [should
be synchronized from a common source.

The adjustment range of the input voltage should be such that, at itsmaximum excursipn, the
most gositive and most negative peaks exceed the working rangé-~oef the ADC, but [do not
exceed its limiting input voltages.

Equipment shall be included for the adjustment of offsethand gain points of adjlistable
converters.

For sojne measurements, both step and sinusoidal inputs are applied together to the ADC.

The recording equipment should be capable ofistoring each output code obtained dur|ng the
test ddration. In cases where this is physically' not possible, or accuracy is reduced in|a long
test dyration due to frequency instability, then the test may be divided into a set of segments
of equpl length, where the record of each’ segment is analysed separately, provided that for
each segment the phase of the inputcsignal at its start is either randomly chosen or unfiformly
distribyited within the range 0..2Tt

For arfalysis of the histogram_of the ADC output, the recording equipment shall couynt the
numbelr of occurrences of each individual output code value during the test. The test dpration
should| be such that each output code value appears enough times to achieve the required
accuracy (see Figures 3-and 4 and also Annex A) to determine a suitable number.

For analysis of the spectrum of the ADC output, the recording equipment shall recqrd the
code vplue of\each individual sample during the test.

5.1.1. Special precautions regarding accuracy

Note the comments above regarding signal purity, frequency stability, and input noise.

In order that each test is carried out with coherent sampling, the duration of each segment of
the test shall be set to an integral number of input cycles. However, the periodicity or
frequency of the input waveform and that of the sampling clock shall not have a common
factor, thus

Jizls M (1)

where

f; is the input frequency;
fs is the sampling frequency;
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M is the number of samples in a test record;

J is the number of input periods in a test record, an integer,
the fraction J/M shall be irreducible.

If the requirement for J to be an integer is not met, then the method of analysis will give large
errors. Although there is a mathematical procedure that can extract reasonably accurate

results

when J is not an integer, its use is outside the scope of this standard.

In general, J will be an odd number greater than 1, and M an even number. For certain cases,

detaile

d below (see 5.1.1.5), M should be a power of 2.

Ideally
output
of sine
require

When
freque
part of

and

5.1.1.41 Histogram testing

For te

-wave input (and a linear ADC), for each output code to appear at least-onc
d that

M = 2N

it is required that the input frequency should be very close\ to a particulal

ncy (f;), then proceed as follows: find an integer, », near to fg/f’let J equal the i
Mir, then

fi=fsm/(rd—1)

=rld-1

5ts that determine the transfer characteristic, and thereby the linearity erro

for analysis of the spectrum, each output code should appear at least oncelein the
record. There are 2N possible output codes, when N is the number of bits. In\the case

e, it is

(2)

input
ntegral

(3)
(4)

rs, the

dynamjc method involves obtaining a histogram of output codes. Provided that thg¢ input

signal
for eaq
corres

5.1.1.4.2 Spectral analysis

For sp

value,
with th
desire

s sufficiently free from error, accuracy increases with the number of samples re
h code value. Specific requirements to achieve the required accuracy are given
bonding method.

ectral analysis, provided that M is sufficient to give at least one sample for eac

the accuracy increases with vM , but the error due to frequency instability inc

, then mdaltiple records, starting at different points in the input waveform, may b

to give

all the

is usuTI tolcompute the required terms separately for each record and take the averag

an improvement proportional to\/f, where R is the number of records. In this ¢

records of each term.

corded
in the

h code

reases

product of.boeth J and M, thus J should not be large. Where an increase in accuracy is

e used

ase, it
e over

To take account of variations in actual step width, frequency instability and jitter, the value of
M should be increased from the theoretical minimum, so that

where

e a2V
(1-K @) 1 = E prrex ) )
is the number of bits of the ADC;
is the number of standard deviations that give the required confidence level (see
Table 1);
is the r.m.s. value of combined phase jitter, referred to the clock period;

is the maximum value of differential linearity error.
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Table 1 — Confidence level versus range of variable (in standard deviations)

006(E)

Confidence level 80 90 95 98 99 99,5
r (%)
Range nllultiplier 1,282 1,645 1,960 2,326 2,576 2,807
5.1.1.5 Calculations using the Fourier Transform
The Discrete Fourier Transform (DFT) of the set of samples in a record is given by
M1 _
X[n] - Z X[k] @(—jZITJ'I.k/M)
k=0 (6)
where
M is the number of samples in the record;
x[k] it the sample number £;
X/n] is the spectral line number n of the transform, representing-the frequency giyen by
S /M .
The frequency f of a spectral line is given by
S=1b/M (7)
To chqose the spectral line corresponding to the input frequency F;, set n = J (see 5{1.1.4).

See Amnex A for details on evaluating the DFT.

The sq

ectrum of interest normally ranges frem*z = 0 (d.c.) to n = M/2 — 1 (where M/2

Nyqui

t frequency). The range from M/2 +d\to M is a mirror of the lower half and shga

ignoredl. In general, the particular frequeficies of interest are the fundamental and the
10th harmonics for the case of a single input frequency, or the two fundamentals and the
lower intermodulation products for the-case of two input frequencies.

Any fregquencies in the input Signal that are above the Nyquist frequency will also ap

the rar

For thg
can be
the nu

ge 0..M/2 — 1 and, therefore, shall be excluded from the input.

case where M-is-a power of 2, but only in this case, the Fast Fourier Transform
used to obtain“the full spectrum very rapidly. This version of the procedure r
mber of computations by the factor of M/log,(M). Thus when M = 4 096, this fg

approximately 340.

It follo

ws that where the full spectrum is required, and particularly when determining

is the
uld be
2nd to

bear in

(FFT)
pduces
ctor is

noise

power,

Mshould be an exact power of 2 so that the FFT may be used. whereas

or the

evaluation of a small number of individual frequencies, M may be chosen otherwise and the
DFT used.

5.1.2

5.1.21

Differential gain and phase (44if, i)

Purpose

To measure the change of gain and phase with change of mean d.c. input level to an ADC.

5.1.2.2 Circuit diagram

See Figure 1.
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5.1.2.3 Circuit description and requirements
The circuit description and requirements given in 5.1.1.3 are applicable for this measurement.

The input to the ADC being measured shall be a sinusoidal signal superimposed on a d.c.
voltage. The d.c. voltage shall be capable of being set to any specified value within the full-
scale range of the ADC, either manually or automatically with a pre-set waveform generator.
The actual d.c. levels and signal amplitude used should be chosen so as to avoid peak

clipping.

For one particular application, d.c. levels of 1/7, 2/7, 3/7, 4/7, 5/7, and 6/7 of full scale are

used W
5.1.2. Special precautions

The amplitude and phase of the a.c. component of the input signal shall\be kept constant
during|the measurement and shall be independent of the value of the d'¢) componen{ of the
input sfignal.

5.1.2.5 Measurement procedure

The nymber of samples in a record necessary to achieve the desired accuracy is calg¢ulated
as expjained in the general requirements, and the exact value of either (or both) the input and
clock frequencies, as appropriate, is calculated for the-chosen record length.

The temperature of the integrated circuit being measured is set to the specified value.

The ifput and output terminals, as well .as' the remaining terminals, are connected as
specified. The power supplies and any other additional networks are connected as spedified.

Unlesq otherwise specified, adjustments shall be made to minimize the offset and gain| errors
as desgribed in 15.1.4 of IEC 60748-4:1997.

The a.c. component of the input signal is set to the specified amplitude and frequengy, and
the clock frequency is set.as specified.

All relgvant control input signals shall be applied.

The d.g. input voltage is set to the first of the specified values, and the record of the rgsulting
output|codes=is stored for subsequent analysis. This action is then repeated for each| of the
remaining specified d.c. values, ensuring, where possible, that each record starts at the same
point gn\theé input sine wave. T

Each record is processed using the Fourier Transform to obtain the amplitude and phase of
the component at the fundamental input frequency. If the phase of the input signal at the
starting point of a subsequent record is not the same as for the first record, then the
calculated phase shall be corrected by the amount of its difference before being used as
follows.

The differential gain is given by the absolute maximum of the differences in gain between any
two records.

The differential phase is similarly given by the absolute maximum of the differences in phase
between any two records.
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5.1.2.6 Specified conditions

* Ambient or reference point temperature.

* Supply voltages.

« Inp
« Inp
+ DC

ut signal frequency, as appropriate.
ut signal amplitude.
input levels.

+ Clock frequency, as appropriate.

 Conditions at other terminals.

006(E)

« De

5.1.3

5.1.3.1

bired accuracy.

Signal-to-noise-and-distortion ratio, signal-to-noise ratio, noise floor, effe
number of bits (V)

Purpose

To me
to noi
amplit
accour

5.1.3.2
See Fi
5.1.3.3
The cif

The in

5.1.3.4 Special precautions

Any in

instability, etc. wilk.contribute to the output noise and should therefore be minimized. T

of filte

5.1.3.§ Measurement procedure

hsure the ratio of signal power to residual power, to measure-the ratio of signal

ctive

power

e power, after excluding harmonically-related components;.to measure the mean noise

put to the ADC being measured shall be a sinusoidal signal.

accuracy in the_input signal or the clock period due to noise, frequency or am

s is recamimended to reduce the effect of such sources of error.

de, in the output of an ADC, and to determine its .effective resolution when|taking
t of inherent noise and error.
Circuit diagram
gure 1.
Circuit description and requirements
cuit description and requiremenis'given in 5.1.1.3 are applicable for this measurgment.

plitude
he use

The number of samples in a record and, if required, the number of records needed to achieve
the desired accuracy are calculated as explained in the general requirements, and the exact
value of either (or both) the input and clock frequencies, as appropriate, is calculated for the
chosen record length.

The temperature of the integrated circuit being measured is set to the specified value.

The input and output terminals, as well as the remaining terminals, are connected as
specified. The power supplies and any other additional networks are connected as specified.

Unless otherwise specified, adjustments shall be made to minimize the offset and gain errors

as des

cribed in 15.1.4 of IEC 60748-4:1997.
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The input signal is set to the specified amplitude and frequency, and the clock frequency is

set as

specified.

All relevant control input signals shall be applied.

The record of the resulting output codes is stored for subsequent analysis.
appropriate, further records are obtained and stored for analysis. With multiple records,
accuracy is improved by using, for each frequency, the root mean square of the set of terms
for that frequency obtained from the Fourier Transform of each record.

5.1.3.51 Signal-to-noise-and-distortion ratio

Where

residu

It is u
where

the mdthods below.

5.1.3.5

The vilue of the signal-to-noise-and-distortion ratio is given by r.m.s. output signa

| signals.

x[J]?
=M/
> X

n=2J

SINAD =

sually expressed as the ratio of their powers (output signal power/residual
the signal power is obtained as below, and the reSidual power is calculated by

1.1 Signal power measurement

/r.m.s.

(8)

ower),
one of

The ajnplitude and phase of the output at*the input frequency (f;) are obtained from the

Fourie

given by the amplitude of this componentat f;.

5.1.3.5

The in
samplg

The re
5.1.3.5

The ar

Transform of the record(s) (see farmulae given earlier). The r.m.s. output si

1.2 Residual power measurement — Method a

stantaneous value of the-output at the input frequency is calculated for each sucq
in the record and_subfracted from it.

sidual power is\given by the mean of the squares of these differences.
1.3 Residual power measurement — Method b

hplitude of each frequency is obtained from the Fourier Transform. The residual

gnal is

essive

power

is give

h by the sum of the squares of all the terms after excluding the d.c. term and th

e term

for the

input frequency (f;).

5.1.3.5.2 Signal-to-noise ratio

The va

lue of signal-to-noise ratio is given by r.m.s. output signal/r.m.s. noise.

SNR =

(9)

It is usually expressed as the ratio of their powers, where the noise power is obtained by one
of the methods below.
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5.1.3.5.2.1 Signal power measurement

The amplitude of the input frequency is obtained from the Fourier Transform and used to give
the value of signal power, as in 5.1.3.5.1.1, above.

5.1.3.5.2.2 Noise power measurement — Method a

The amplitude of each frequency is obtained from the Fourier Transform. The d.c. component,
the fundamental (f;) and the 2nd to 10th harmonics (unless otherwise specified) are excluded.
The noise power is given by the sum of the squares of all the remaining terms.

Harmohics higher than the 10th should also be excluded if their values are included |n total
harmonic distortion (see 5.1.4.4.1).

5.1.3.8.2.3 Noise power measurement — Method b

The amplitude and phase of the fundamental and significant harmoni¢ frequencigs are
obtaingd from the Fourier Transform. Using the values given byA the transform,| these
frequepcies are removed from the record by subtracting the instantangous value of eagh from
each spmple in the record to give the effective noise in each sample.

The ngise power is given by the mean of the sum of the squares of these effectivg noise
samplgs.

5.1.3.5.2.4 Noise power measurement, Method'¢c

Two separate records are obtained under identical conditions. The effective noise|is the
differepce, sample by sample, between the two records.

The ngise power is given by the mean of\the sum of the squares of the differences.
5.1.3.4.3 Noise floor

The nqise floor may be obtained by either of the methods below. It is usually expressgd as a
power [relative to the powetof a full-scale sine wave.

5.1.3.4.3.1 Noise floor — Method a

The ngise spectium in the output record is obtained by the method described in 5.1.3.5.2.2.
The nqgise flear,"as a power, is given by the mean value of the sum of the squares of th¢ noise
terms.

n=M/ 1

Z
> xl?
- n=11
NF —W (10)

5.1.3.5.3.2 Noise floor — Method b

The effective noise in each sample of the record is obtained by the method in either
5.1.3.5.2.3 or 5.1.3.5.2.4, above, and the noise power is calculated.

The noise floor is given by the noise power divided by the square root of the number of
frequencies in the Fourier Transform that contribute to the noise power, i.e. the number of
samples less the number of significant components in the output spectrum.
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M

> [x{k] - x[A]’
NF =42
M%—lz o

5.1.3.5.4 Effective number of bits

The effective number of bits should be obtained from the signal-to-noise-and-distortion ratio
with a full-scale input signal. However, it is usually measured with a smaller input signal and
the resulting ratio is then corrected by the ratio of the r.m.s. signal amplitude to the full-scale
range.

Ngs is [given by (signal-to-noise-and-distortion ratio — r.m.s. signal to full-scaleyratio |- crest
factor pf quantizing error + crest factor of test signal)/6.02,

where jall the quantities are expressed in dB.

SINAD — ’”/ Vi ™ CF [error] + CF[ szgnad
6.02

Ngr = (12)

5.1.3.6 Specified conditions

* Ambient or reference point temperature.

* Supply voltages.

* Inplut signal frequency, as appropriate.

* Input signal amplitude.

+ Clgck frequency, as appropriate.

* Highest harmonic excluded from_noise, if not 10th.
» Conditions at other terminals.

5.1.4 Total harmonicsdistortion, spurious-free dynamic range, signal-dependen
timing error

5.1.4.1 Purpose

To mepsure the relative power of the harmonics caused by distortion of an input signal, to
determingé th'e ratio of the output signal at the fundamental frequency to the largest signal at
any other“single frequency, in the output of an ADC, and to determine the amount af error
related to the rate of change of the input.

5.1.4.2 Circuit diagram

See Figure 1.

5.1.4.3 Circuit description and requirements

The circuit description and requirements given in 5.1.1.3 are applicable for this measurement.

The input to the ADC being measured shall be a sinusoidal signal.
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5.1.4.4 Measurement procedure

The pr

ocedure in 5.1.3.5 is followed, and one or more output records obtained.

5.1.4.4.1 Total harmonic distortion

From the Fourier Transform of the output record, or the average of the transforms of multiple
records, the amplitude of the output signal at the fundamental frequency is obtained. The total
harmonic distortion is given by the square root of the sum of the squares of the amplitude of
each harmonic from the 2nd to the 10th (unless otherwise specified). See also 5.1.3.5.2.2 for
the exclusions.

The to

5.1.4.4.2 Spurious-free dynamic range

The sq
freque

From t
record
the oth

The s
compo,

5.1.4.4.3 Signal-dependent timing error

The sp
cut-off
divideg
a minif

al harmonic distortion is given by r.m.s. harmonic components/r.m.s. signal.

> i

THD = |22
x[i?

ncies present, i.e. at a level not attributable to noise*alone.

5, the amplitude of the output signal at the fundamental frequency is obtained. F
er frequencies present, the amplitude of the largest is noted.
purious-free dynamic range is given by the r.m.s. signal/r.m.s. largest singlg
hent.
SFDR = X[J]
n=Mé—1
Maxn:2 [X[n]]

urious-free dynamic range is measured over a range of frequencies in the regior
frequency, using a constant input amplitude. The value of spurious-free dynamiq
by(the frequency of measurement is recorded and the frequency at which this v
nur’is noted.

(13)

ectrum is analysed over the full range of interest,to” determine if there are spurious

he Fourier Transform of the output record,or'the average of the transforms of nultiple

rom all

other

(14)

of the
range
alue is

The signal-dependent timing error is given by the inverse of this frequency.

5.1.4.5 Specified conditions

* Am

bient or reference point temperature.

* Supply voltages.

* Inp
« Inp

ut signal frequency, as appropriate.
ut signal amplitude.

+ Clock frequency, as appropriate.

 Conditions at other terminals.

* Hig

hest harmonic included, if not 10th.
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Input overload recovery time, common-mode input overload recovery time

Purpose

To measure the time interval needed, after the removal of a signal input overload or a
common-mode input overload, for the ADC to return to its normal operating characteristics.

5.1.5.2 Circuit diagram

See Figure 1.

5.1.5.3 Circuit description and requirements

The ciffcuit description and requirements given in 5.1.1.3 are applicable for this measurg

The input to the ADC being measured shall be a sinusoidal signal, together with a step

for the
superi

mode input recovery time, it is superimposed as a common-mode input’signal.

The amplitude of the overload pulse shall not exceed the limiting.value.

5.1.5.4

The n(
as exy

frequepcy or the clock frequency, as appropriaté)is calculated for the chosen record lef

The temperature of the integrated circuit being measured is set to the specified value.

The in

specified. The power supplies and\any other additional networks are connected as sped

Unless

as described in 15.1.4 ofdEC 60748-4:1997.

overload pulse. For measurement of input overload recovery time, the step si
posed on the sinusoidal signal as a single-ended input signal\and, for the co

Measurement procedure

mber of samples in a record necessary to achieve the desired accuracy is cal
lained in the general requirements, and the"exact value of either (or both) th

put and output terminals, as‘’well as the remaining terminals, are connec

otherwise specified, adjustments shall be made to minimize the offset and gain

bment.

signal
gnal is
mmon-

culated
e input
gth.

ted as
ified.

errors

The input signal istset’to the specified amplitude and frequency, and the clock frequé¢ncy is

set as

relevant controltinput signals are then applied.

The oV

specified,~Fhe amplitude and duration of the overload pulse are set as specif

erload pulse is applied part of the way through the test record.

ed. All

Using the Fourier Transform, or otherwise, the best-fit amplitude and phase of the output at
the fundamental frequency are obtained from that part of the record before the overload pulse
is applied. The resulting sine wave is then extrapolated to the end of the record.

If the noise in the output could affect the accuracy, then the average, sample by sample, of

severa

| records should be used for comparison with the extrapolated sine wave.

The input overload recovery time or the common-mode input overload recovery time, as
appropriate, is given by the time period from the end of the overload pulse to the point in the
record where the output samples no longer deviate from the extrapolated wave by more than
the specified tolerance.
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To check on the accuracy obtainable, the procedure above is repeated but without the
overload pulse. The deviation of the output samples from the extrapolated sine wave gives
the limit to the accuracy that may be obtained.

5.1.5.5 Specified conditions

* Ambient or reference point temperature.
* Supply voltages.

* Input signal frequency, as appropriate.

* Input signal amplitude.

*  Overtoad-sigmatamptitude:

* Overload signal duration.

+ Clgck frequency, as appropriate.
+ Copditions at other terminals.

+ Tolerance.

5.1.6 Limiting rate of change of output (slew rate), output transition times,
overshoot, settling time, settling error

5.1.6.1 Purpose

To mepsure the response of an ADC to a step inpul) i’e. to measure the maximum [rate of
transition of the output, the output rise and/or fall fime, the overshoot, the settling time and
the long-term settling error.

5.1.6.2 Circuit diagram

See Figure 1.

5.1.6.3 Circuit description and requirements
The cifcuit description andwrequirements given in 5.1.1.3 are applicable for this measurgment.

The input to the ADC(being measured shall be a step waveform with adjustable amplitude and
with rise and fall times that are short compared with the expected rise and fall times| of the
ADC upder test.<Phe pulse duration shall exceed the duration of each record.

For the transient tests, sufficient records should be taken under identical conditions whjch are
then averaged, sample by sample, to minimize errors due to noise in the output. For the

settling—tHme—and—thetong-term—setting—error—to—minimize—the—effeet—ofnoise—a—moving

average of consecutive output codes should be used from one continuous record. This
technique is not appropriate to the measurement of transition times due to the changes in
slope around the measurement points.

If the minimum time between consecutive samples is not small compared with the expected
rise or fall time, then equivalent-time sampling should also be used to produce a record with
sufficient samples during the output transition to give the required accuracy.

5.1.6.4 Special precautions

The input signal both before and after the step shall be maintained sufficiently steady so as
not to introduce errors in the output signal other than internally generated noise.
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5.1.6.5 Measurement procedure
The temperature of the integrated circuit being measured is set to the specified value.

The input and output terminals, as well as the remaining terminals, are connected as
specified. The power supplies and any other additional networks are connected as specified.

Unless otherwise specified, adjustments shall be made to minimize the offset and gain errors
as described in 15.1.4 of IEC 60748-4:1997.

The number of input cycles is set as required, the step amplitude is set as specified and the
clock frequency is set as specified. All relevant control input signals are then applied.

For all{the measurements, the output codes corresponding to the two stable levéls-of the step
wave shall be noted first and used to determine the output code values thatyrepresé¢nt the
specified levels for the measurement of rise, fall, and settling times. These values can |nclude
fractional parts.

The piecise instant when the output reaches a specified value is(q@btained by interplolation
betwegn the nearest samples in the output record, after thé effect of noise hag been
minimiged.

5.1.6.9.1 Case a) limiting rate of change of output{slew rate)
Starting with a low-level step input, the maximum rate of change of the output is obtained

from the averaged record of the output codes. Successive measurements are made with the
input gmplitude increased each time until the maximum rate of change no longer increasges.

The linpiting rate of change of output is given,by the largest of the values obtained.

This value shall be expressed as the-time required to traverse the full-scale output rgnge at
this rafe of change.

5.1.6.5.2 Case b) output transition time, overshoot

Using the averaged recdrd of output codes, the two instants when output reaches the first
specified level and the\second specified level, are noted. Unless otherwise specified| these
two leyels are 10 %wand 90 % of the output step change.

The odtput trafisjtion time (rise time or fall time, as appropriate) is the interval between these
two times.

The record_is then examined to determine if there is any overshoot after the output tr nsition
or any deviation from the starting level before the output transition (i.e. precursor). If either or
both exist, then its magnitude as a fraction of the output step is noted.

5.1.6.5.3 Case c) settling time

The input step signal is applied and then held in its final level long enough for the output of
the ADC to recover from any overshoot.

Using the averaged record of output codes, the instant when the output reaches the 50 %
level of the output step is noted. The instant when the output last enters the specified
tolerance band around its final level is then noted.

The settling time is the interval between these two times.
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5.1.6.5.4 Case d) long-term settling error

The test duration shall be 1 s, unless otherwise specified.

The input step is applied and then held in its final level for the duration of the test. The output
codes are recorded after the output step has ended. The moving averages of consecutive
output codes are then examined.

The value of the averaged output code that represents the steady output level after the
settling time is noted. The value of the averaged output code value after 1 s is then noted.

Th I o daoroa o ottlio o rror tao diffaran batar -tk faas a Al LI P 0= d
e lo Y- o STy CTTUT 15 OTe UTToToTTO T UCTW T TTT OTC ST twU CUUTTVaATU TS TAPTTSS as a

fraction of the step amplitude.
5.1.6.6 Specified conditions

* Ambient or reference point temperature.
+ Supply voltages.

* Inplut step amplitude.

» Specified levels for transition time.

- C
+ Copditions at other terminals.

dck frequency, as appropriate.

* Tolerance for settling time.

5.2 Dynamic tests with wide-band signals

5.21 Noise power, total distortion, quantization noise
5.2.1.1 Purpose

To me@asure the distortion and\the noise in the output of an ADC, with a wide-band input
signal,| where measurements ‘are made of total distortion and noise, total random erfor and
total rgndom noise.

5.2.1.2 Circuit diagram

Clock o
O | generator % Filter %
J075 S Mt E U
4
!
I PRBS
S
L generator(1)
| . .
Frequency ' Low-pass ADC Digital | | Digital
| I b _—
o ay Sum filter under test filter (1) fiter (2) | 0] Computer
T 7L 777777777 PRBS J
generator(2) IEC 1504/06

Figure 2 — Test arrangement for measurements on ADCs, using wideband signals
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5.2.1.3

Circuit description and requirements

The two pseudo-random binary sequence generators (PRBS) (see Annex B) shall each be
designed to produce a set of harmonics with a near-uniform spectrum, and the two repetition
rates (i.e. cycle lengths) preferably shall not have a common factor. Use of a single-bit output
avoids the possible glitch errors that could occur when using the full word value of the shift

registe

r (i.e. all output bits fed into a DAC).

The summing network shall not introduce any non-linearity or other types of error. Where
there may be a significant difference in the average power in the two spectra, then

approp

riate attenuators should be included to produce nominally equal power in each.

The low-pass filter should remove all frequencies above the Nyquist frequency sg tth there

are no

Each ¢
geners

aliasing errors, see 5.1.1.5, that could affect the behaviour of the ADC.

igital filter (see Annex B) removes the fundamental frequency and all the har
ted by the corresponding PRBS, including the components. ©of noise at

frequencies. The filtered output therefore consists only of the noise that is not related tq
frequepcies. Since a digital filter combines two data streams that contain uncorrelated

the no

se content in its output is 3 dB larger than at the input.

monics
these
these
noise,

The reford of the output should start after the delay that theZanalogue input filter and the two
digital filters introduce, i.e. after the initial transients have’falten to an insignificant level

The record length should be at least the sum of the tengths of the two sequences ar

extend

up to the product of their lengths, after which'the pattern repeats.

The clpck signal applied to the ADC shall be*synchronized with the clock signal applied

PRBSs

for certain measurements, see below:

5.2.1.4 Measurement procedure

The temperature of the integratedcircuit being measured is set to the specified value.

The in

put and output terminals, as well as the remaining terminals, are connec

specified. The power slpplies and any other additional networks are connected as sped

Unless
as des|

The cl

otherwiseyspecified, adjustment shall be made to minimize the offset and gain
cribed in~15.1.4 of IEC 60748-4:1997.

pck frequency is set as specified, and all relevant control input signals are applie

d may

to the

ted as
ified.

errors

An output record is obtained and the r.m.s. output power calculated for the following four

cases.

5.2.1.41 Case a) total noise and distortion

The clock signals are synchronized, and both PRBSs operate.

5.2.1.4.2 Case b) total random error

The clock signals are not synchronized, and one of the PRBSs is switched off.

5.2.1.4.3 Case c) random noise

The clock signals are synchronized and one of the PRBSs is switched off.
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5.2.1.4.4 Case d) total output power

The clock signals are synchronized, both PRBSs operate and the two digital filters are
bypassed.

Let

Pg  be the value of total noise and distortion power, obtained in case a);
Py be the total random error power, obtained in case b);

P,  be the random noise power, obtained in case c); and
Po  be the total output power, obtained in case d);
P, he the quantization noise.

sighal power equals Pg — Pg;

total noise and distortion power equals Pg;
noipe power equals Pg;

quantization noise (P,) equals Pq— P ;
non-linearity error equals Pg — Pg;

sighal-to-noise and distortion ratio equals (Po — Pg)/Pg-.
5.2.1.5 Specified conditions

* Ambient or reference point temperature.
* Supply voltages.

* Inplut step amplitudes.

+ Clgck frequencies, as appropriate(

» Conditions at other terminals.

5.2.2 Void
5.3 Linearity errorof-a linear ADC (E|) (E,_(adj)) (E7)
Subclguses 5.3.4)and 5.3.2 supplement Clause 15 of IEC 60748-4:1997.

5.3.1 Method ¢ (dynamic operation, with linear ramp waveform)

5.3.1.1— General purpose
See the first two paragraphs (cases A, B and C) of Clause 15 of IEC 60748-4:1997.

5.3.1.2 Circuit diagram

See Figure 1.

5.3.1.3 Circuit description and requirements

The circuit description and requirements given in 5.1.1.3 are applicable for this measurement.

The input to the ADC being measured shall be a linear ramp waveform.
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5.3.1.31 Determining the conditions to meet the requirements for accuracy

The input is overdriven sufficiently that, after allowing for noise, the lowest and highest code
values will always appear in each input cycle. Appropriate values of overdrive are given in
5.3.2.3.1 below. The test duration, i.e. the number of samples in a record and the number of
records, is set so that the count of samples for each of the other code values is not less than
the minimum that gives the required accuracy for determining each transition value.

Suitable values for the number of samples in a record and the number of records can be
obtained from Figure 3 below. Refer to Annex A for the derivation of the curves.

10p 000
[0]
N
[}
- 1P 000 Z
Q \
m "
R=1 ////
R=2 ——///‘/4
R=3 —— |
R:4 ————""T 1] 7
R=6
R=8
R=12 |
1000 2=20 :
R=28 ‘
R=40 Q
10° 10° 107 107
Total noise i
IEC 1505/06
Figure 3 — Record size versus total noise, for various numbers of records,
ramp waveform input
The cuirves i Figure 3 refer to the case of N=10, D=1, K/B=8, ¢=1,01. Since R is
proportionat to' DI(2N [X/B)2, and M is proportional to ¢, suitable values for R and M fan be
obtaian for‘other values of D, N, K, B, and ¢

where

R is the minimum number of records;

D is 1 for linearity error, 2 for differential linearity error;
N is the number of bits of the ADC;
K

is the number of standard deviations that give the required confidence level (see
Table1);

is the desired tolerance as a fraction of the step width;

a W

is the overdrive factor, i.e. Vj,_o/Vsg;
M is the number of samples per record.
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5.3.1.4 Measurement procedure

The lowest and highest transition values, 7[1] and 7/2"-1] respectively, are determined
according to method (a), where T[k] is the transition value between codes k£ — 1 and k.

The ramp wave is then applied and the histogram of output codes obtained:
HIk], for k =0..2" - 1.

The individual counts for the code values zero and 2" — 1, i.e. H[0] and H[2" — 1] are not
required in the following calculations, but they should be equal in value.

The input voltage for each transition value is given by the proportion of samples for|all the
code vplues below the particular value relative to the total recorded:

k-1

Tlk]=T[1]+A DZ HIi]

i=1 (15)
where
HIi] is the number of samples with code value I;
A:TpN—ﬂ—nﬂ
S (16)
2N-2
S:EZHM
R (17)
5.3.1.41 Error estimates using the e@nd-points
The linearity error at each transition &is given by
N_»o k
ZSZQZHm—k
i=1 (18)

in LSB

The erld-points-linearity error is the maximum of the absolute values of the individual erfors.

5.3.1.4‘.2 Error estimates using straight-line best fit

For the case of straight-line best fit, each value of T[k] is adjusted by subtracting half of the
sum of the most negative linearity error and the most positive linearity error from each. The
linearity error equals the value of this adjustment.

5.3.1.4.3 Error estimates using method of least squares

For the case of the least-squares best fit, the following procedure is used to obtain the new
transfer characteristic:
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2N 2N

@M -1) 521k T[k] - Zk DZ TIK]
k=1 k=1 k=1

Q1 = 2
2V 2V
@V —1)52/(2—[2/(]
determine the new step size: k=1 k=1 , (19)
g 2 1
V, = P D TIk-Q 2
determine an offset voltage: k=1 (20)
then tHe new transition values are given by
T4kl = V4 + kQ,. (21)

The le@ist-squares linearity error is the absolute maximum of: TTk]-T4[k], for# = 0..2"-1.
5.3.1.5 Specified conditions

* Ambient or reference point temperature.
* Supply voltages.

* Inplut signal frequency, as appropriate.

* Input signal amplitude.

* Duration of input signal transition.

+ Clgck frequency, as appropriate.

» Conditions at other terminals.

5.3.2 Method d (dynamic operation, with sinusoidal waveform)

5.3.2.1 General purpose

See thg first two paragraphs (cases A, B and C) of Clause 15 of IEC 60748-4:1997.
5.3.2.2 Circuit diagram

See Figure 1.

5.3.2.3 Circuit description and requirements

The circuit description and requirements given in 5.1.1.3 are applicable for this measurement.
The input to the ADC being measured shall be a sinusoidal signal.
5.3.2.31 Determining the conditions to meet the requirements for accuracy

The input is overdriven so that its amplitude exceeds the range of interest of the input voltage,
which is usually full scale. The amount of overdrive should exceed one LSB in each direction,
see below. The amplitude and offset of the input waveform should be known to the same
degree as the required accuracy.
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For linearity errors, the overdrive should exceed:

N 5.2
Maximum{ZJ,2 Lo }

Ves B (22)

For differential linearity error, the overdrive should exceed:

Maximum{Sa, o 1{%}
(23)

where

g is the r.m.s. noise level at output, referred to the input;
N is the number of bits of the ADC,;

Veg |is the full-scale range of the ADC;

B is the desired tolerance as a fraction of the step width.

Overal] accuracy increases with the number of samples recordéd)for each code value. The
test dyration, i.e. the number of samples in a record and the number of records, is set so that
the count of samples for each of the code values is not less:than the minimum that giyes the
requirgd accuracy for determining each transition value.

Suitable values for the number of records and numberof samples in a record may be obtained
from F|gure 4. Refer to Annex A for the derivation ofithe curves.

1p0 000

Record Size
)
I

10 000- | R=2 [
R=3 [— ——— T |
R=4
X =0
R=8
R=12
R=20
R=28
R=40
1000
10°® 10° 107 107
Total noise IEC 1506/06

Figure 4 — Record size vs. total noise, for various numbers of records, sine wave input
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The curves in Figure 4 apply to the case of N=10, D=1, K/B=8, ¢=1,01. Since R is
proportional to D2V [K/B)2, and M is proportional to ¢, suitable values for R and M can be
obtained for other values of D, N, K, B, and ¢

where

R is the minimum number of records;

D is 1 for linearity error, 2 for differential linearity error;

N is the number of bits of the ADC;
K

is the number of standard deviations that give the required confidence level, see
Table 1;

B the desired tolerance as a fraction of the step widih;

c the overdrive factor, i.e. V,_,/VEs;

M the number of samples per record.

5.3.2 Measurement procedure

The lowest and highest transition values, 7[1] and T[2V — 1] respectively, are detefmined

accordjing to method a.
The sime wave is then applied and the histogram of output codes obtained.

The measured value of each transition value, 7[k], is given by the proportion of sampleg for all
the codle values below the particular value relative to the*total recorded:

<
TIK] =V, -Vs E:OS[EZH[/]]

=0 (24)
fork=|1.28N -2
where
HIi] is the number of samples with code value I;
Vo is the offset voltage, for bipolar input; = offset voltage + Vp, for single-ended input;
Vp is the amplitude 'of sine wave;
S is the totalvnumber of samples, i.e. R/M.

Refer o Annex-Atfor the method of determining 7 and Vp if they are not known accurately.

5.3.2.1.1 Error estimates using the end-points

The linearity error, in LSB, at each transition & is given by either:

(TIk] = Vo)/Q =k, (25)
or directly from the histogram:

%{cos(é’ H[O]) - COS(EHIZ:HU]J

+1-k

(26)

Q=(r2" -11-711]) /(2" -2)

where (27)

the end-points linearity error is the maximum of the absolute values of the individual errors.


https://iecnorm.com/api/?name=704eb21e5a18ccb7b31fac3bfb9a5795

-30- 60748-4-3 O IEC:2006(E)
5.3.2.4.2 Error estimates using straight-line best fit
The procedure given in 5.3.1.4.2 above is used with the values obtained in 5.3.2.4.1.
5.3.2.4.3 Error estimates using method of least squares
The procedure given in 5.3.1.4.3 above is used with the values obtained in 5.3.2.4.1.
5.3.2.5 Specified conditions

« Ambient or reference point temperature

* Supply voltages.

* Inplut signal frequency, as appropriate.
* Input signal amplitude.

+ Clgck frequency, as appropriate.

+ Copditions at other terminals.

5.4 ifferential linearity error (Ep)

Subclguses 5.4.1 and 5.4.2 supplement Clause 16 of IEC 6Q0748-4:1997.
5.4.1 Method b (dynamic operation, linear ramp{waveform)
5.4.1.1 Purpose

See Cllause 16 of IEC 60748-4:1997.

5.4.1.2 Circuit diagram

See Figure 1.

5.4.1.3 Circuit description and requirements

The cifcuit description_and requirements given in 5.1.1.3 are applicable for this measurement.
The input to the ADC being measured shall be a linear ramp waveform.

Refer fo 5.3-1.3.1 for the conditions necessary to achieve the desired accuracy.

5.4.1.4——Meastrement Pt ocedtre

The linearity error is determined as in 5.3.1.4.1, 5.3.1.4.2, or 5.3.1.4.3, as appropriate, after
setting offset error and gain error to zero (where appropriate).

Cases A and B: the differential linearity error for each step is the absolute value of the

difference: H[i]- > as determined in 5.3.1.4.1. The differential linearity error is given by

2N~
the maximum of these values.

Case D (least-squares best fit): the differential linearity errors may be obtained by multiplying
those obtained in 5.3.1.4.1 by the ratio Q/Q4 obtained in 5.3.1.4.3. In practice, since this ratio
is very close to 1, those values may be used instead.
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