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ABSTRACT 

In this paper, new state of the art analog-to-digital 
converters (ADCs) testing techniques both static and 
dynamic are revised and discussed. 

Regarding the static test it is shown that a new 
technique based on the use of small triangular waves 
superimposed with a variable offset value as input 
signal, reduces dramatically the test duration. This 
histogram based technique can be implemented by using 
low cost generators even for high resolution ADC 
testing. 

In relation to the dynamic test, a variant of the 
traditional histogram test using Gaussian noise as 
stimulus signal is discussed. It allows the test of high 
frequency, or high resolution ADCs in those cases 
where the traditional sinusoidal stimuli are not available 
with the required spectral purity. New techniques to 
grant convergence of the traditional four-parameter sine 
fitting algorithms traditionally used in time domain tests 
are also revised. 
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I. INTRODUCTION 

Traditional analogue instruments have been 
nowadays almost completely substituted by digital 
instruments. The physical and the digital worlds are 
interfaced by analog-to-digital-converters that transform 
the quantities to be measured in digital data. 
Consequently, ADCs performance has a determinant 
impact on the performance of digital instruments, and 
on the quality of the measurement systems. 

ADCs are traditionally tested as described in IEEE 
1057 [1] and 1241 [2] standards. The development of 
new faster, cheaper and/or more accurate ADC testing 
procedures, able to characterize high resolution and high 
frequency converters is nowadays one of the main tasks 
in Instrumentation and Measurement.  

The performance of the same converter under 
different conditions tends to vary, in some cases very 
strongly, fig.1. Consequently tests should be performed 
in conditions (input signal frequency and amplitude and 
sampling frequency) similar to those where they are 
expected to be used. Fig.1 results show that ADCs 
performance limit not only the accuracy but also the 
bandwidth of the instruments where they are included. 
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Fig. 1. INL of a 12 bit ADC, measured by using the 
traditional histogram test as described in [1] with a 

sampling frequency of 10 MHz and input sinewaves of 
1 kHz, 20 kHz and 60 kHz. |INL| increasing for 

increasing input frequency.  

When the converters are to be used to acquire very 
low frequency signals, the static test is mandatory. In all 
other cases a dynamic test must be performed. Dynamic 
tests generally used can be divided in time domain, 
frequency domain and statistical domain tests. All test 
procedures present advantages and drawbacks.  

The main problem with the traditional static test 
procedure [1] is the unacceptable time duration of the 
tests for medium and high-resolution converters. The 
equipment required to test these converters with 
accuracy better than a small fraction of an LSB is also 
very expensive and consequently not available in many 
circumstances. Another problem is the inexistence of 
input stimulus sources to characterize state of the art 
very high resolution ADCs. 

Regarding the traditional dynamic testing techniques, 
all of them are based on the use of “ideal” sinusoidal 
input stimulus (except in what concerns some time base 
tests). These ideal sources obviously do not exist and 
the validity of the approximation of considering them 
ideal will be lost when very high frequency or very 
high-resolution converters are under test. Other severe 
problem on these tests is the difficulty to assure 
coherent sampling in many cases. 

The group Instrumentation and Measurement of the 
Institute of Telecommunications and of the Department 
of Electrical Engineering and Computers of IST, 
Technical University of Lisbon have devoted an 
important research effort on these subjects during the 
last decade. In this paper, some of the contributions of 
our group and the trends we foresee to solve some of the 
open problems on ADC testing will be presented. 
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II. STATIC TEST 

Given the large number of low frequency application 
of ADCs (low frequency data acquisition boards 
represent more than 90% of the total market share), this 
is a very important test, both for the industry and the 
consumers. However, researchers have devoted a small 
effort in the improvement of static test procedures in 
comparison with the work in dynamic tests.  

Traditionally the test is performed as described in [1]. 
The transition levels are determined one at a time by 
applying a constant signal to the ADC input. The value 
of this stimulus signal is increased until it crosses each 
transition level, T[i]. After each stimulus signal change 
a set of samples is acquired. The number of acquired 
samples depends on the standard deviation of noise in 
the experimental setup (σn) and on the required 
confidence and tolerance levels for the measurement. 
The value of each transition level is computed from the 
samples values and from the known values of the 
applied stimulus signal before and after transition level 
detection. This procedure is very time consuming 
because a high number of samples have to be acquired 
and processed. Furthermore it is necessary to wait for 
the output of the calibrator that generates the stimulus 
signal to settle each time it changes. This depends on 
the calibrator used but can go from a few milliseconds 
to more than one second. The duration of the test of a 
12-bit converter can take several hours. If the sampling 
frequency is low, or the number of bits of the converter 
increases, the duration of the test becomes prohibitive. 
The calibrator used must have an output resolution 
lower than ¼ of the ideal quantization width, which 
implies the use of medium to high cost calibrators. The 
higher the resolution of the converter, the costlier is the 
equipment necessary. 

The need for an improvement in the static test was 
recognized during the development of the new IEEE 
1241 standard [2]. A completely different procedure, in 
relation to IEEE 1057 std., was introduced [3,4]. It is 
based on the use of a feedback loop, where a DAC 
generates the feedback signal, applied to the ADC under 
test. The digital word input of the DAC, is incremented 
or decremented, depending on the result of the last ADC 
conversion. First the DAC generates a voltage slightly 
lower than the expected value for T[1]. After ADC 
conversion, the digital output code is compared with 
code 1. The DAC is incremented until the output code is 
greater or equal to code 1. The first time the comparator 
generates a decrement command a measurement time 
delay of 8 or 16 conversion times follows. The time 
delay is 8 if it is acceptable that the standard deviation 
of the measurement of the code transition to be greater 
than 15% of the converter noise, being 16 in the 
opposite case [2]. In fact, this time delay is the settling 
time for the ADC input. If the step size is smaller and/or 

the rms value of noise increases the time delay should 
increase. After the time delay, IEEE 1241 procedure 
follows, by recording M measurements of the input 
signal of the ADC. M should be greater or equal to 

( )2
2 n /× σ ε , where ε is the allowable code edge 

uncertainty. The M data samples are averaged and the 
result reported as the code transition level T[1]. After 
finding this first transition level, the desired code is 
incremented and the procedure repeated until all code 
transition levels are measured. 

The number of samples to be acquired for each 
transition level depends on the step size, but it will be 
always greater than 9+M. All these samples are acquired 
at a rate that will be the smaller of the values of the 
settling time of the DAC and of the desired sampling 
period. Let us consider a 12 bit ADC. If σn is 2LSB and 
ε =1/4LSB the number of samples to be acquired will 
be approximately (9+2×82)×4095=561015. If the 
settling time is 1ms and the sampling frequency 1kHz, 
the duration of the test is more than 9 minutes. If the 
settling time changes to 100ms, the duration of the test 
will be 15h35m. It can be shown that this procedure is 
much faster than the static test described in [1] if the 
settling time of the DAC is low [5]. It is a very good 
solution if dedicated hardware, containing a fast DAC, 
is to be used. However it should be avoided if a general-
purpose calibrator with a large settling time is 
considered for ADC input signal generation. The 
procedure is particularly interesting for high-resolution, 
low sampling rate ADCs, since in this case the duration 
of the test is limited by the sampling rate, and the 
number of acquired samples in this procedure is very 
low. 

Given the importance of this test, we have been 
working for a long time on the reduction of the test 
duration and on the possibility of the use of low cost 
equipment to perform the static test [5-12]. 

Our first direction of work was the use of a variable 
step size to reduce the time consumption of the test both 
by reduction the number of changes of the calibrator 
output and the number of acquired samples [6]. Later 
the use of an extrapolated convergence factor method 
[5,8] based on the idea of calculate the increment to 
apply to the programmable source in the next iteration, 
from the results of the two last obtained records of data, 
in order to guess the position of the next code transition 
level was explored. It resulted in a reduction of the 
duration of the test by a factor between 2 and 4, 
depending on the ADC resolution, the required 
confidence and the noise present in the experimental 
setup. A very important behavior of this new method 
was that it performed worst in the absence of noise. The 
reason was obvious; the extrapolation of the next 
transition level, T[i], was based on the stimulation of 



different codes when a given DC value lower than T[i] 
was applied at the ADC input. 

The idea of adding a small quantity of noise to the 
DC input, together with the use of all samples acquired 
in the previous records of data and built a histogram was 
growing up. A suggestion [9] to use small amplitude 
waves to test ADCs speed up the research. In fact, 
instead of adding uniformly distributed noise hard to 
generate, or Gaussian noise which would require a very 
accurate calibrator to generate de applied DC value, we 
begun to use small amplitude triangular waves with 
variable DC levels as stimulus signal for the static test 
[10-12], see fig. 2. This procedure is based in the 
traditional Histogram Method [13] but uses a uniformly 
distributed input signal that scans the ADC input range 
by increasing the DC level by steps. 

The procedure requires several steps (Ns). In each 
step, a small number of ADC codes are stimulated 
repetitively via small triangular waves. The shape of the 
stimulus signal is always the same in every step, but the 
DC level is changed from step to step. 

Defining -Vr and Vr as the values of the first and the 
last transition levels, respectively, the DC offset (Ci) of 
the stimulus signal used in the i-th step is:  

r r
i r s

s s

V VC V 2 i    ,   i 0,...,N 1
N N

= − + + ⋅ ⋅ = −        (1) 

and the amplitude A of the stimulus signal is:  

                          ( )r

s

VA 1
N

= ⋅ + α ,                        (2) 

where α is the percentage of overdrive. Analogously as 
in the traditional histogram test, the ADC is overdriven 
in order to stimulate all the codes and to exclude the 
samples corrupted by noise in the extremities of the 
stimulus signal [10]. In the case of a triangular stimulus 
signal, the samples in the extremity have to be excluded 
also to avoid distortions due to the discontinuity in the 
signal derivative.  

For all the codes stimulated by each of the small 
triangular waves, the DNL is calculated according to the 
histogram test procedure. The transition levels are 
estimated from the DNL values. Gain and the offset 
errors are corrected, and the final DNL and the INL 
vectors are computed.  

 
 
 
 
 
 
 
 
 

Fig. 2. Stimulus signal applied to the ADC. 

This new procedure for the static test of ADCs 
reduces dramatically the duration of the test and allows 
the use of low cost equipment. The time duration of the 
test is reduced because the number of changes in the DC 
level generator is dramatically reduced, 80 to 100 
changes are the maximum number of changes needed in 
any ADC. In many cases, good results are achieved with 
a much lower number of steps. This means that for 
instance for a 12-bit ADC the waiting time for the 
calibrator to settle is reduced from 4× 4096 to 80 to 
100, i.e. a reduction of about 200 to 1! Another reason 
for the reduction of the test duration comes from the use 
of all acquired samples to compute all transition levels, 
it must be noted that in the traditional static tests [1,2] 
only a very small number of all acquired samples are 
actually used to determine the value of each transition 
level, and that after the computation of each level, all 
the previously acquired samples are discharged. 

The histogram method requires the repetitive 
acquisition of a stimulus signal with a known amplitude 
probability function (pdf), a uniform pdf is preferred 
because it stimulates uniformly the ADC range as a 
whole. However, the practical difficulty of achieving 
economically highly linear full-scale generators leads to the 
extensive use of sinusoidal stimulus in the traditional 
dynamic test of ADCs [1, 13].  In this new procedure, since 
small amplitude and low frequency (to grant quasi static test 
conditions) triangular waves are used, very low cost 
generators can be used. Apart from that, the DC level 
generator for each step has very low accuracy requirements 
[10-12], leading to the use of very inexpensive equipment. 
The traditional test of a N-bit ADC requires a ramp 
input signal with a linearity better than 1/(2N-1) of the 
full-scale for a 1LSB maximum error. For the presented 
test with Ns steps, the required linearity is Ns/(2N-1). 
The more steps are used, the less severe are the 
requirements of linearity.  

Figure 3 presents the results of the traditional static 
test, performed as described in [1] for a 12 bit data 
acquisition board. The rms noise level of the 
experimental setup was estimated to be 0.2LSB. The 
acquisition of records with 4096 samples assures an 
accuracy of 0.012LSB for the INL. 

 

 
 
 
 
 
 
 
 

Figure 3. Results of the IEEE 1057-94 standard static 
test of a 12-bit data acquisition board. 
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In [12] the results of the new procedure performed 
by using small but increasing number of steps in order 
to highlight the relaxation of the linearity constraints for 
the triangular waveform generator were presented. It 
was shown that a triangular generator with a poor 
nonlinearity was capable of performing the test if the 
input range is divided into a convenient number of 
intervals. A test was performed by acquiring a total of 
20 million samples leading to an uncertainty in the INL 
results lower than 0.01LSB with 99.5% confidence 
level. The difference between the results of the INL 
obtained with the histogram test and those obtained with 
the static test (∆INL) is highlighted in fig. 4. It shows 
the results obtained with 200 triangular waves, each one 
with amplitude of 60mV. 

    histogram test static  testINL INL INL∆ = −             (3) 

The error introduced in the INL by the poor 
nonlinearity of the generator in the case of a full-scale 
triangular wave had a maximum value of 3.5LSB. It 
was reduced to 0.0175LSB as can be seen in the central 
part of the INLs difference (∆INL) in figure 4. The 
higher values of ∆INL, in fig. 4, for lower and higher 
codes are due to the decrease of accuracy of the 
traditional static test, due to the increase of the rms 
value of noise generated in the calibrator used as DC 
input stimulus, due to the change of its output circuitry 
for different output ranges. A significant reduction of 
the testing time in relation to the static test was 
achieved. The traditional static test in fig. 3 took 
approximately 6 hours and the test with the new method 
took only about 5 minutes. 

Experimental tests were also performed in other 
converters, with different architectures. The validity of 
the procedure was verified also in these cases. Work on 
the required number of samples for a given tolerance 
and confidence pair is now being refined. In our opinion 
this is a very efficient and simple procedure and it 
should be included in the new standards. For that it is 
necessary to prove the validity and robustness of the 
procedure by using it in different Laboratories. 

 

 
 
 
 
 
 
 
 
 

Figure 4 - INL difference of the small amplitude 
waves test results with 200 triangular waves and the 

traditional the static test results of figure 3. 

The main drawback of this test arises from the 
acquisition of a small number of samples per period 
when the input signal frequency approaches the 
sampling frequency. This procedure is not, in its present 
form, suited for the dynamic test of ADCs since the 
small amplitude of the stimulus signal to use makes 
difficult the generation of a stimulus signal with 
sufficiently high slope to approach dynamic conditions.  

III. DYNAMIC TEST – HISTOGRAM METHOD WITH 
GAUSSIAN NOISE AS STIMULUS SIGNAL 

The histogram method is the test procedure usually 
used to extract the stationary dynamic transfer function 
of ADCs by comparing the probability density function 
(pdf) of a known stimulus signal with the number of 
occurrences of each digital code. The most commonly 
employed stimulus signal is the sinusoid. The use of a 
deterministic wave present however some problems: (i) 
the wave statistical properties rely heavily on its 
magnitude/time trend, being the histogram particularly 
sensitive to in-phase distortions [14]; (ii) noise 
inevitably present in any experimental setup distort the 
signal stimulus pdf influencing negatively the test 
results [13]; (iii) being periodic, the signal and sampling 
frequencies must be such as to avoid information 
redundancy.  

On the other hand, the use of a statistically defined 
electrical signal, like Gaussian noise, as the stimulus 
signal for the histogram test, presents some advantages 
[15,16]: (i) only the first order statistics are relevant for 
the characterisation. As always, however, any 
nonlinearities in the generator will reflect themselves in 
the converter merit figures; (ii) a noise wave is as easy 
as or easier to generate than a sine wave, especially 
when high resolution or high frequency converters are 
under test; (iii) noise in the test ensemble will only add 
its variance to the noise of the generator, as long as both 
possess normal distribution; (iv) an error in the variance 
of the noise only induces a gain error; (v) noise is not 
periodic, thus not requiring hard to implement sampling 
schemes; (vi) white noise in particular presents a 
uniform power spectral density allowing for a wide-
band performance analysis.  

Apart from all the referred advantages, the use of 
Gaussian noise should be considered in those cases 
where the ADC is expected to acquire signals with pdfs 
similar to those of random noise. It is the case for 
instance of audio signals. Converters for use in digital 
radio or on modern digital communication systems 
should be tested with such a stimulus. It is well know 
that ADCs exhibits in many cases nonlinearities 
dependent of the input signal pdf as a consequence of 
localised heating effects in ADC integrated circuits, the 
use of a sinusoidal wave as input signal for the test, with 
pdf maximums in the input range limits will lead to 

∆INL (LSB)

-0,1

-0,05

0

0,05

0,1

0 1024 2048 3072 4096
Output codes



different results of those obtained with waves where the 
pdf maximum is localized in the central part of the 
range. 

One of the main directions of work within our 
research group has been the study of the use of Gaussian 
noise as the stimulus signal for ADC testing. In this case 
the transition level T[i+1], is given by [15]  

   [ ] ( )1
R i RT 2 erf 2CH 1i 1 −= σ − + µ+           (4) 

where Rσ  and Rµ  are the standard deviation and the 
mean of the noise stimulus, CH stands for the 
cumulative histogram and erf is the error function. 

The standard deviation of the input noise to be used 
as stimulus signal in this test cannot be arbitrary for two 
reasons: (i) it must be such as to excite all levels of the 
converter; (ii) as shown in [15], an optimum value exists 
that minimises the required number of samples for a 
given pair of tolerance/confidence (γ/ξ) levels in the 
measurement of INL and DNL vectors. In [15] an 
expression for the number of required samples was 
derived 

[ ] ( ) ( )
( ) ( ) ( )[ ]

n 2
2 2 1 2

2

2T 1 erf 0.5 erf
N

4 Q erf 1 erf 0.5

i 1
−−− ⋅ ξ

≥
γ −

  +
       (5) 

Q being the average quantization step. 
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  b) 
Fig. 5 a) Experimental results of a histogram test 

stimulated by Gaussian noise for a 12-bit ADC with 
4.16x106 samples. b) Corresponding independently 

based INL. 

Caution must be taken in order to avoid device 
damage by high input signal amplitude when this 
stimulus signal is used. In fact, due to the nature of 
normal distributed noise, a high variance implies the 
existence of a finite probability for the occurrence of 
potentially damaging levels. Consequently, a limiting 
circuit must be included (except in the cases where 
noise is originated in a pseudo-random digital sequence) 
that does not distort the input signal normal pdf within 
all the input ADC range. 

In fig. 5 a) experimental results for a 12 bit ADC, 
obtained by the histogram test stimulated by Gaussian 
noise are presented. In fig. 5 b) the corresponding 
independently based INL is shown. By comparing the 
INL values of the traditional histogram test with results 
of fig. 5 b), one can say that the results of both tests 
converge when the input signal frequency in the case of 
a sinusoidal stimulus increases [18].  This is not 
surprising since white noise is a wide band signal.  

To verify the validity of the histogram test stimulate 
by Gaussian noise intensive numerical simulation was 
carried out. In [17] results both for ideal and non-ideal 
simulated ADCs were shown, together with 
experimental results of an “ideal” actual ADC board. 

Figure 6 shows histogram test results of a simulated 
8-bit ideal converter and of the most significant 8 bits 
from a 12-bit board (whose static INL was shown in fig. 
3) so as to have a real converter with a transfer function 
as close to the ideal as possible. This allows the 
comparison of the results of the physical experiment 
with its simulation. In both tests the same pseudo-
random sequence of 610  samples with Gaussian 
distribution, was used. In the case of the experimental 
test, the pseudo-random white Gaussian noise sequence 
was electrically generated by a Digital to Analog 16-bit 
board.  

 

 

 

 

 

 

 

 

 

 

Fig. 6.  a) Histograms of both the physical and 
simulated ideal converters. b) Histogram Error – 

difference between the two histograms in a). 
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Fig. 7.  a) Integral Nonlinearity Vectors for both the 

physical and simulated converters. b) INL Error Vector 
– difference between the two. 

Experimental results in figures 6 and 7 are actually 
slightly better than the numerical simulation ones. This 
should come to no surprise since part of the fluctuations 
in the simulated histogram originate at the not exactly 
Gaussian distribution of the pseudo-random sequence 
and from its finite length where smoothed due to the 
presence of real Gaussian pdf electrical noise in the test 
ensemble.  

IV. DYNAMIC TEST – SINE FITTING  
Sine fitting algorithms are commonly used in fast 

dynamic tests of ADCs. Traditionally they are used to 
measure noise, signal to noise and distortion ratio and 
ENOB [1,2]. More recently they were proposed to 
obtain INL, DNL and the transfer function of ADCs, 
namely when they present a hysteric behavior [19]. 
These algorithms estimate the parameters of a sine 
wave, A0cos(2πf0tn)+B0sin(2πf0tn)+C0, that may fit a set 
of M samples, y1,…,yM, acquired at a frequency fs=1/Ts.  

If the signal frequency is unknown, the four 
parameter sine fitting algorithm should be used. It seeks 
solutions of a nonlinear system of equations, which 
must be solved in an iterative way. From initial 
estimated values for the frequency and the other three 
parameters, A0, B0 and C0, the algorithm produces a new 
set of values Ai, Bi, Ci and a correction ∆fi to the 
frequency to be used in the next iteration. The main 
problem with this algorithm is that its results are highly 
dependent on the number of samples and especially on 
the initial estimated values. Occasionally the algorithm 
generates corrections to the frequency that lead to 
erroneous solutions making convergence impossible and 
this still an open problem. The parameter estimation is 
exposed to errors due to different causes like small 
number of samples, small number of samples per 
period, noise and distortion.  

 

 

 

 

 

 

 

 

 
Fig. 8 – Three parameter algorithm error εA as a 

function of the number of samples and the estimated 
frequency, for f0=0.14247fs. 

An intensive study of the algorithm behavior in 
different conditions was carried out in order to 
understand what could be done to increase its 
performance [20]. Fig.8 shows the results obtained with 
the three parameter algorithm for the relative error of 
the amplitude of the estimated ac component, εA. It can 
be shown that εA presents an absolute minimum for the 
correct frequency value. When the estimated frequency 
diverts from this value the error increases, reaching the 
maximum of 100% at approximately a number of 
samples N=fs/∆f0, where fs is the sampling frequency 
and ∆f0 is the absolute error on the estimation of the 
frequency f0. From this point, local minimums of εA are 
found. Their location depends on the number of 
samples.  

An obvious conclusion of fig.8 is that convergence 
to local minimums of the error function is less probable 
for small number of samples given the low derivative of 
the error function in this region. In [20] a variant of the 
four parameter algorithm was proposed. In it, the first 
iterations are computed by considering a small set of all 
acquired samples. After frequency convergence for the 
vicinity of its correct value, the number of samples can 
be increased leading to an accurate estimation of the 
input signal frequency in the region of high sensitivity 
(high number of samples) of the curves in fig.8.  

V. CONCLUSIONS 

New static and dynamic analog-to-digital converters 
testing techniques were revised and discussed. 

It was shown that a new technique based on the use 
of small triangular waves superimposed with a variable 
offset value that scans all ADC input ranges to built an 
histogram reduces dramatically the duration of the static 
test, allowing also the use of lost cost equipment 
especially when high resolution ADC are under test.  

A variant of the traditional histogram test using 
Gaussian noise as stimulus signal was discussed. It is 
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especially interesting for high frequency or high 
resolution ADC test. 

 A new technique that grants convergence of the 
traditional four-parameter sine fitting algorithms was 
revised.  
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