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Preface

The present book is one of the outcomes of the project DYNAD - Methods
and Draft Standards for the Dynamic Characterization and Testing of Analogue-
to-Digital Converters. This project was held between 1997 and 2000, sup-
ported by the European Commission under the Standards, Measurements and
Testing Programme, reference SMT4-CT98 2214, within the Framework 1V
activities. Its consortium comprised the University of Parma - Italy, the Ecole
Nationale Superieure d’Electronique, Informatique & Radiocommunications
de Bordeaux - France, Thales (former TTM-Thomson CSF) - France, Italtel
Spa - Italy, Infineon Technologies-Development Center Villach - Austria, and
INESC-Porto - Portugal. Besides the authors of the different chapters of this
book, other people contributed with their work to the start and success of the
initiative, We acknowledge the efforts of Hubert Pernull, Otto Wiedenbauer,
and Andreas Bertl from Infineon, Roberto Scotti from Italtel, Jorge Duarte and
José Matos from INESC-Porto, M. Heuber and M. Zirnheld from Thales, and
C. Rebai from ENSEIRB.

A state of the art overview of the methods and procedures employed for
characterising the dynamic performance behaviour of analogue-to-digital con-
verters using sinusoidal stimuli, is presented in this book. The three classical
methods — histogram, sine wave fitting, and spectral analysis — are thor-
oughly described, and new approaches are proposed to circumvent some of
their limitations.

This is a must-have compendium, which can be used by both academics and
test professionals, to understand the fundamental mathematics underlining the
algorithms of ADC testing, and as a handbook to help the engineer in the most
important and critical details for their implementation.

DOMINIQUE DALLET, JOSE MACHADO DA SiLva



Introduction

José Machado da Silva

ADCs are, eventually, the most pervasive analogue blocks in electronic sys-
tems, With the advent of powerful digital signal processing and digital com-
munication techniques, ADCs are fast becoming critical components for sys-
tem’s performance and flexibility. Knowing accurately all the parameters that
characterise their dynamic behaviour is crucial, on one hand to select the most
adequate ADC architectures and characteristics for each end application, and
on the other hand, to understand how they affect performance bottlenecks in
the signal processing chain.

At present, most of the signal processing performed in electronic systems is
becoming digital, and the role of the ADCs placed at the borders of the digital
domain acquires a particular relevance, since the signal degradation introduced
by these components cannot normally be recovered by subsequent processing.
Both the markets of stand-alone ADCs and of ADC macrocells to be embedded
in complex systems-on-chip, benefit from the availability of performance para-
meters accurately describing their expected behaviour, and of clearly specified
test methods to be used for their measurement. .

When the project DYNAD started, the standardization of ADC test pro-
cedures was not so well developed. Two standards existed, in particular, at
that time — the IEC 60748 and the IEEE Std 1057. The former covers only
quasi-static operation, while the second deals with dynamic testing but, being
addressed at digital waveform recorders requires some adaptations to cover
ADCs. A first aim of DYNAD project was then, to contribute to the improve-
ment of the European rules concerning test methods for ADCs, by proposing an
integration within IEC 60748 addressing the parameters specifying the dy-
namic behaviour of ADCs, measurement conditions, and data processing al-
gorithms. By the end of year 2000 a working group from the IEEE Instrumen-
tation and Measurement Society Technical Committee (TC-10) completed the
IEEE 1241 Standard for Analog to Digital Converters. This standard, as well as
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contributions from the DYNAD project, are now being incorporated into an
IEC standard on dynamic testing of ADCs. Other initiatives have been carried-
out concerning standardization of ADC testing methods. One can also mention
EUPAS (EUropean Project for ADC-based devices Standardization), and the
IMEKO Technical Committee 4 (A/D and D/A Metrology WorkGroup).

The main objective of the DYNAD project was the study and evaluation of
ADC testing methods based on the use of sinewave test stimulus. A second
aim was to investigate and propose new test methods to circumvent the limits
of the measurement instrumentation, which is strongly challenged by today’s
high resolution, high speed converters. Techniques for the measurement of
parameters required by specific applications (e.g. audio hi-fi) and for the de-
bugging of new converter designs were also investigated. Dissemination of the
knowledge gathered during the activity was the third objective.

That work is now compiled in this book, which is structured in two main
parts. Part one comprises chapters one to six. The first one provides an
overview of the most important ADCs’ architectures and respective fields of
application. An introduction to the most relevant nomenclature and definitions
of terms is also presented. Chapter two describes the generic architecture of an
ADC test setup, and guidelines and best practice procedures are proposed in
order to guarantee reliable test results. Chapters 3, 4, and 5 are devoted to the
description of dynamic test techniques using sinewaves, respectively, sinewave
fitting (time domain data analysis), discrete Fourier transform (frequency do-
main analysis), and code histogram test (statistical domain analysis). These
techniques are thoroughly described, as well as the fundamental mathematical
background behind the equations to be used to obtain ADCs’ characterization
parameters provided in each case. A comparison among these three methods
is presented in chapter 6. The objective is not to find the best or the worst
methods, but mainly to compare how they behave when test conditions are not
ideal and to identify their requirements in terms of test time and volume of
data. Examples of ATE implementation are also included.

The second part comprises chapters 7 to 10, which provide additional infor-
mation to test for other relevant parameters, such as jitter, differential gain and
phase, step and transient response, and hysteresis.



GLOSSARY

¢ error, used for total error and error band

ec(f) gain flatness error at frequency f

e[k] difference between T[k] and the ideal T[k] computed from G and V
em(f) aliasing and first differencing magnitude errors

eg(f) aliasing and first differencing phase errors

€4 quantisation error

€rms Toot-mean-square value of ¢

6 phase, expressed as radians

nin]  arecord of noise data

ns  noise floor

T constant, ratio of the circumference to the diameter of a circle
p reflection coefficient

o standard deviation; sometimes used as noise rms amplitude, which is the
standard deviation of the random component of a signal

0, standard deviation of the standard deviation (for example, standard devi-
ation of the noise amplitude)

o; jitter

gy aperture uncertainty

a2 variance; sometimes used to describe random noise power

7 sampling period, the inverse of f,

w  angular frequency, expressed in radians per second

w;  angular input frequency in radians/second

dt,, sampling time error of equivalent time sampling

dt;;  input frequency inaccuracy

A sinusoidal amplitude

B test tolerance in fractions of the nominal least significant bit (Q). Also
used as an amplitude

BW  frequency bandwidth

¢ general purpose constant

C offset

d[n] dither component of output sample y[n]
dest[n] estimate of the dither component d[nj
D general purpose integer

DFT Discrete Fourier Transform

DG differential gain
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DNL[K] differential non-linearity of code k

DNL maximum differential non-linearity over all k

DP  differential phase

DR dynamic range

ENBW equivalent noise bandwidth

f frequency, Hz

f(n) sinewave component of output sample y{n]

f.o upper frequency for which the amplitude response is -3 dB
fy;  sampling frequency of a record after decimation by some integer D
f., equivalent sampling rate

f, frequency of an harmonic of the input frequency

f; actual input frequency or approximate desired input frequency
fims frequency of intermodulation distortion products

fope  optimum input frequency for testing

f.n  frequency of the mth component of a magnitude spectrum

f,  input signal reference frequency or input signal repetition rate
f; sampling frequency

fsp,  frequency of a persistent spurious tone

FR frequency response

G static gain of the ADC under test

G(f) dynamic gain of the ADC under test as a function of frequency
h  order of harmonic frequency

H  average number of histogram samples received in two code bins sharing
the same transition level

H[f] frequency response of the ADC under test
H[i] number of histogram samples in bin i
Hcljl number in the jth bin of the cumulative histogram of samples
H[f.] DFT of h(n)

h(n) discrete time impulse response of a system
i general purpose index

I general purpose factor

IMD  intermodulation distortion

INL  integral non-linearity

INLIK] integral non-linearity at output code k
J  number of cycles in a record

k code bin

L general purpose integer
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L(f) phase noise spectral power density
mse mean square error
M number of sequential samples in a record

M*(x), M~(x) number of measurements of the output value at the input
value x for increasing and decreasing inputs respectively

Md number of samples in a record after decimation

MD number of samples in one period of pseudo-random dither

n sample index within a record

N number of bits

N.; number of effective bits

NDR noise distortion ratio

NPR noise power ratio

p probability

PG processing gain

Q ideal code bin width, expressed in input units

r general purpose integer

R minimum number of records required

S set of samples collected over more than one record, also used as an error
parameter or as total number of samples used in a histogram

SFDR  spurious free dynamic range

SINAD signal to noise and distortion ratio

SNR signal to noise ratio

Sz(f) spectral power density of quantity x

te;, average equivalent time sampling period

t;  top to base transition time; falltime

t. base to top transition time; risetime

t, discrete sample times

twc the center point of the aperture time associated with an output sample

T[k] code transition level between codes k-1 and k

Tromlk] nominal code transition level between codes k-1 and k

TAD  estimate of total harmonic distortion

THD  total harmonic distortion

TSD total spurious distortion

u confidence level expressed as a fraction

Vun  common mode signal

Vim  differential mode signal

V¢, full scale range
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V¢sn  nominal full scale range

Viss full scale input signal

Vos ADC input offset, ideally =0

Vop input signal overdrive; the amount by which an input signal exceeds
the ADC full scale range

V. reduced ADC input range

VSWR voltage standing wave ratio

w  estimated code error rate

w’  worst-case code error rate

win] window function coefficient (for a DFT)

WI[k] code bin width of code bin k

x ADC input signal value; or number of errors detected

X number of standard deviations of a Gaussian distribution

Xoum(fn)  the averaged magnitude spectral component at discrete frequency
f,, after a DFT

y[n] the nth output data sample within a record
7in] average of y[n] over M samples

yn’  best fit points to a data record

Y[k] the k-point DFT of the M-sample record y[n]
Zop  transmission line impedance

Z; ADC input impedance

Zuw/2 number of standard deviations that encompass 100(1-u) % of a Gaussian
distribution about the center.
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