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Abstract— This paper presents the dynamic test for error 

estimation in code transition voltages and in Integral 

Non-Linearity (INL). When input test signal is sine wave. Test 

algorithm uses basic histogram technique and it is extended for 

estimation of error in transition voltages and in INL. The main 

aim of dynamic testing is to determine functional parameters of 

an analog to digital converter (ADC) which is responsible for the 

accuracy, resolution, speed and linearity of the conversion 

process. This work can be beneficial for ADC researchers, 

manufacturers and ADC designers because ADC is an 

important device widely used in many electronics and 

instrumentation systems for interfacing analog electronics with 

digital electronics including sensing, video, radar, high speed 

data acquisition, communication and measurement systems. 

 
Index Terms— Code Transition Voltages, INL, Histogram, 

Error Estimation, Accuracy, Dynamic Testing.  

 

I. INTRODUCTION 

  Analog to Digital Converters (ADCs) are currently 

adopted in many application fields to implement digital 

systems which achieve superior performances with respect to 

analog solutions. Various examples of ADC applications can 

be found in Data Acquisition Systems, Measurement Systems, 

or Digital Communication Systems. Such a widespread usage 

confers great importance to the testing activities, which 

nowadays largely contribute to the production costs of 

integrated circuit devices. In this regard, it should be observed 

that the ADC test duration and costs tend to grow significantly 

for high resolution ADCs [1]. Hence, choosing an efficient 

test and improving the associated performance may 

significantly reduce the industrial cost of an ADC 

manufacturing process. ADCs are usually characterized by 

figures of merit like effective resolution, Gain Error, Offset 

Error, Signal to Noise and Distortion Ratio (SINAD), Integral 

Non-Linearity (INL) and Differential Non-Linearity (DNL) 

[2].  

In particular, INL and DNL are of great interest when the 

quality of the manufacturing process has to be controlled. 

Various ADC testing procedures have been proposed in the 

literature in order to determining the precision of estimates of 

ADC characteristics obtained with standard histogram test 

and other ADC test method [3]-[7]. Other authors have also 

published valuable contributions in this area with better 

results in estimation of DNL, INL, gain error, offset error, 

 
 

SINAD and ENOB of ADC [8]-[19] using different input 

signals, which is a very active field of research. In this paper 

we focus on estimation of error in code transition voltages 

level and error in INL, which are characteristics that have not 

received as much study as the other parameters like INL and 

DNL for instance.  

The performance of the SHT is analyzed and discussed, 

taking into consideration both theoretical and simulation 

aspects. In particular, a real life relevant stimulus, consisting 

in an ideal sine wave corrupted by an additive white Gaussian 

noise is considered, and the effects of noise are analyzed. The 

output codes of the acquired samples should be used to 

compute the cumulative histogram kC   obtained by counting 

the number of samples with code index equal to or smaller 

than K. From the cumulative histogram the estimated 

transition voltage kT


 are obtained with sine wave as input 

test signal. Finally we have estimate error in code transition 

voltages and in INL and verified the results with earlier 

published results.  

II.  TRANSFER CHARACTERISTIC OF ADC  

An analog signal has infinite possible voltage levels 

between any two values. But when it is converted in to digital 

form it contains only limited possible codes depending upon 

resolution, N, of the ADC (Possible codes = 2N). There are 

different types of transfer functions. One of them used with 

bipolar ADCs, represented in Fig 1 and known as “with no 

true zero”. Variable nb represents the ADC number of bits and 

Fs the full scale voltage. 

The  transition  voltages,  KT
, define  the  ADC transfer 

function,  that  is  the  relation between input voltage and 

output code,  K for an ideal ADC the transition voltages of the 

transfer function, defined as in fig.2 [3]are   

)(IdealKT
= -FS+K.Q                                 (1) 

Where, Q = Ideal code bin width, K = Output code, KT  = 

Transition Voltages. 
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Fig.1 The transfer function of a bipolar ADC with ‘no true zero’ 

 

They are equally spaced by an amount Q given, from the 

definition of the transfer function by 

nb

FS
Q
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                             (2) 

In real life ADC, the real transition voltage will be different 

from the ideal ones[34-36]. The gain and offset are 

parameters of a straight-line fit to T [K] versus K, and will 

have different values depending on how the fit is done. The 

general relation used to residual error is [2] [17] 

 [ ] 1 [1] [ ] osE k K Q T G T K V      
           (3) 

Where G = the gain, nominally 1. 

          osV
= offset voltage, nominally 0. 

          E[k] = residual error. 

INL error computation is carried out in similar fashion as 

that of the sine wave based on code transition level T [K] is by 

considering ideal step size (LSB). INL determination by this 

method can be carried out as follows [7] [17]  

  

 E K
INL

Q


         (4) 

III.  ERROR ESTIMATION IN CODE TRANSITION VOLTAGES AND INL 

The standard Histogram method consists in applying a 

sinusoidal stimulus signal, with frequency f, amplitude A and 

offset C, to the ADC under test, and acquiring a predefined 

number of samples M with sampling frequency fs. The output  

codes  obtained  are  then  grouped  into  classes  forming  a  

histogram,  more precisely a cumulative histogram, since the 

number of elements, KC , in each class k is the number  of  

samples with  output  codes  equal  to  or  lower than k[29-33]. 

From the cumulative Histogram the transition voltages are 

estimated using [6, 8]  











M
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1      (5) 

The number of counts in the cumulative Histogram is a 

random variable. From (5) one can determine the variance of 

the estimated transition voltages [20, pp. 113], 
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The variance of the number of counts of the cumulative 

Histogram depends on the real transition voltages (T), 

additive noise standard deviation ( ) and number of samples 

(M).  

AA
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U n
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 ,             (7) 

This variance can be represented as a function of the 

normalized transition voltages (U), normalizes additive noise 

standard deviation ( n ), given by (7), and the number of 

acquired samples (M). The mean of the estimated transition 

voltages, given by (5) and (7), can be approximated, for a 

large number of samples [21]. 
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For a large number of samples, which is almost always the 

case in practice, the high order terms may be neglected since 

they are inversely proportional to M, 

1

cos K

K

C

U M


 



 
   

 
, M>>1   (9) 

Which leads, with the help of (7), to the following 

expression for the mean of the estimated transitions: 

1 1 cos( )
cos

2 2 2U
n

U
erf d






 






    
      

     
  (10) 

The mean of the estimated transition voltages was 

calculated using (10). The error between the estimated and 

actual transition voltage was computed with  

U U

e U    

1 1 cos( )
cos

2 2 2 n

U
erf d U










    
       

     
  (11) 

Note that in the absence of noise ( 0n  ) the error is null 

for transition voltages lower, in absolute value, than the 

sinusoid amplitude ( 1U  ). The maximum value of the 

error, for small amount of noise ( 0.1n  ), is well 

approximated [21]. 

max
5

n

U

e




   for  0.1n     (12) 
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In order to limit the error caused by the presence of additive 

noise, the amplitude of the sinusoid used is higher than the 

value strictly necessary to simulate all the ADC output codes 

(which, with the exception of the first and last, that do not 

contribute to the estimation of the transition voltages)[20-28]. 

To permit the derivation of an expression for the minimum 

value of amplitude required it is necessary to express the 

relation between estimation error and the sinusoid amplitude 

with an equation that can be solved for A, which is not the 

case of expression (11). In [7] an approximation is used that 

leads to the following expression, written with the normalized 

variables used here, for the error of the estimated transition 

voltages: 
2

4(1 )

n

U

e
U


 


        (13) 

The deviation from the ideal value of the ADC transition 

voltages are commonly expressed as the INL which represents 

more clearly the non-linearity of the converter: 

 .
idealK os KG T V T

INL
Q

  
      (14) 

Where G and osV  are the ADC gain and offset, respectively. 

The estimation error of the INL is obtained from (13) and 

(14), considering here a unity gain and a null offset: 

2

4 .( )

Vn

INL

e INL INL
Q A C T






  
 

       (15) 

In order to guarantee that this error is smaller than a certain 

limit eINLB , referred here as the “maximum admissible INL 

error” and expressed in LSB (least significant bit units), that 

is eINL
INL

e B  .  

IV. EXPERIMENTAL RESULTS 

In this paper we have tested 5-bit ADC using the 

cumulative histogram test, and  estimated the error in code 

transition voltages and error in Integral Non-Linearity (
INL

e  ) 

using computer simulation technique and verified our results 

with the earlier published results. Our results have found that 

the estimated error in INL is
INL

e  eINLB .     

The results for error estimation in: 

I. Code Transition Levels are represented in Table 1 and Fig 

2, Fig 3 and Fig 4 respectively, for 3 bit, 4 bit and 5 bit ADC. 

II. The results for error estimation in INL (
INL

e  )   is shown in 

Table 2 and Fig 5. 

III. Error Comparison in Estimated Code Transition Levels 

and INL for 5 bit ADC is shown in Fig 6. 

 

 

 

 

Table 1. Error estimation in transition voltages for 3 bit 

ADC using sine wave as input test signal. 

Levels Error 

Estimation in 

Code 

Transition 

Levels for 3 

bit ADC 

Error 

Estimation 

in Code 

Transition 

Levels for 4 

bit ADC 

Error 

Estimation in 

Code 

Transition 

Levels for 5 

bit ADC 

0 -0.148697 -0.148697 -0.148697 

1 +1.430825 -0.191362 +1.063464 

2 +1.181590 +1.430825 -0.191362 

3 -0.145216 +1.070123 -0.620552 

4 +1.000000 +1.181590 +1.430825 

5 -0.561883 -0.106518 +0.077611 

6 +0.348256 -0.145216 +1.070123 

7 +0.180825 +0.983341 -0.412848 

8  +1.000000 +1.181590 

9  +0.775007 +1.364005 

10  -0.561883 -0.160518 

11  -0.731518 +0.127924 

12  +0.348256 -0.145216 

13  +0.028456 -0.504013 

14  +0.180825 +0.983341 

15  -1.649695 -0.267803 

16   +1.00000 

17   -0.371970 

18   +0.775007 

19   -0.816513 

20   -0.561883 

21   -0.392909 

22   -0.731518 

23   +0.634839 

24   +0.348256 

25   -1.350348 

26   +0.028456 

27   -1.068222 

28   +0.180825 

29   -0.733615 

30   -1.649695 

31   -0.499036 

 

Fig.2 Error estimation in transition voltages for 3 bit ADC 

using sine wave as input test signal. 

Fig.3 Error estimation in transition voltages for 4 bit ADC 

using sine wave as input test signal. 
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Fig.4 Error estimation in transition voltages for 5 bit ADC 

Using sine wave as input test signal 

 

Table 2 Estimated Error in INL for 5 bit ADC using sine wave as 

input test signal. 

Levels Estimated INL Error 

0 0.001333 

1 0.000667 

2 0.000667 

3 0.000866 

4 0.000866 

5 0.000866 

6 0.002284 

7 0.002284 

8 0.002284 

9 0.133233 

10 0.133233 

11 0.133233 

12 0.003850 

13 0.003850 

14 0.001039 

15 0.001039 

16 0.001039 

17 0.000680 

18 0.000680 

19 0.000680 

20 0.000760 

21 0.000760 

22 0.000760 

23 0.001560 

24 0.001560 

25 0.015003 

26 0.015003 

27 0.015003 

28 0.008285 

29 0.008285 

30 0.008285 

31 0.001327 

Fig.5 Error estimation in INL for 5 bit ADC using sine wave 

as input test signal 
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Fig.6 Comparison between Error in Estimated Code 

Transition Levels and INL for 5 bit ADC 

V. CONCLUSION 

In this paper we have concluded the error estimation in 

code transition Levels and INL of an ADC with the standard 

histogram method. The main results of this paper can be used 

to determine the expanded uncertainty, and corresponding 

uncertainty interval, for the estimated error in code transition 

Levels and in INL using full scale sine wave as input stimuli. 

Simulation of 5 bit ADC is done and estimated  error in code 

transition Levels and in INL is determined using  histogram 

technique and also estimated the error comparison between 

Code Transition Level and INL.  
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