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Abstract--Analog to Digital converter (ADC’s) is an important 

device widely used in many electronics & instrumentation 
systems for interfacing analog electronics with digital electronics 
including sensing, video, radar, high speed data acquisition, 
communication and measurement systems. This paper specially 
presents the dynamic test methods using Histogram technique for 
estimation of gain error, offset error, effective number of bit 
(ENOB)    and signal to  noise and distortion ratio (SINAD) of 
ADC with sine wave as input test signal. Code transition levels of 
ADC transfer characteristics are computed than  gain error, 
offset error, ENOB and SINAD of 5 bit  simulated ADC is 
determined. Here we extended the test algorithm for the 
estimation of gain error, offset error, ENOB and determine the 
SINAD using estimated ENOB of Real life ADC. A comparison 
with previously published work is carried out. The main aim of 
dynamic testing is to determine functional parameters of an ADC 
which is responsible for the accuracy, resolution, speed and 
linearity of the conversion process. 
 

Index Terms--Gain Error, Offset Error, ENOB, SINAD, 
Histogram Method, ADC Testing, Code transition Levels  

I.  INTRODUCTION 
ESTING and characterizing analog to digital converter 
(ADC) is still a challenging issue for mixed signal device 

manufacturers and designers, both in terms of time and cost 
[1]. Generally the goal of such procedure is to verify in a short 
time whether a given ADC meets its performance 
requirements. As known, many techniques in the time, 
frequency and amplitude domains have been proposed for 
ADC testing [18]. The histogram test is extensively used in  
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the area of ADC testing to obtain their transfer function and 
consequently several parameters of interest namely, the 
integral non linearity (INL), differential non linearity (DNL), 
effective number of bits (ENOB), gain error and offset error, 
among others. All these parameters attest the capacity of the 
ADC to perform its intended function. ADCs are rarely used 
alone, but are often included in more elaborate systems. The 
performance of the ADCs will affect the performance of the 
system where it is included and the precision with which the 
ADC parameters are known is necessary to compute the 
precision of the final result of the system using it [15]. The 
authors have extensively worked in determining the precision 
of estimates of ADC characteristics obtained with the standard 
histogram test and other ADC test method [2]-[4] [16]. Other 
authors have also published valuable contributions in this area 
in estimation of DNL, INL, gain error, offset error and ENOB 
of ADC [5]-[10][13][14][17][19]-[22] using different input 
signals. This is a very active field of research. 

This paper focus on the ADC gain error, offset error and 
ENOB which are characteristics that have not received as 
much study as the other parameters like INL and DNL for 
instance. We consider the influence of three factors, namely 
the amplitude of the stimulus signal, the amount of additive 
noise present in the ADC itself and in the test setup and the 
number of samples acquired when performing a test. Other 
factors, like phase noise and frequency error, can also 
potentially affect the gain and offset error estimates 
uncertainty but the study of their influence will be relegated 
for a separate publication [15]. Here we have determined the 
variance of the ADC gain and offset error estimates and 
compare our results with earlier methods and we have found 
better results.   

II.  REAL LIFE MODEL OF AN ADC WITH GAIN ERROR AND 
OFFSET ERROR 

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). Fig.1 shows 
the real life ADC model. If the line does not pass through the 
origin, it is said that ADC has an offset error and if the angle 
of the line is not 45 degree then the ADC has gain error. If the 
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line is not a straight line at all then, ADC has a nonlinearity 
error. Gain error and offset error present in a practical ADC 
can be minimized but nonlinearity error can not be reduced 
unless an ADC with low non-linearity error is selected [3, 5, 
19 - 22]. 
 

           
Fig.  1.  Real life ADC Model  
 

There are different types of transfer functions. One of  
them used  with bipolar ADCs, represented in Fig.3 and 
known as “with no true zero”. Variable nb represents the ADC 
number of bits and Fs the full scale voltage.    

 
 

   
 Fig.  2.  The transfer function of a bipolar ADC with ‘no true zero’. 

 
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 [15]are   

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

where,  Q =  Ideal code bin width, K = Output code, KT  = 
Transition Voltages. 

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

definition of the transfer function by 

nb

FSQ
2

2
=                                                                (2) 

In real life ADC, the real transition voltage will be 
different from the ideal ones. To express those differences 
several parameters are used. Two of those are the ADC gain 
error and offset error. According to the terminal based 
definition, the offset error plus the product of the gain by the 
first and last real transition voltages, results in the first and last 
ideal transition voltages respectively. So that the gain (G) and 
offset error (O) satisfy the definition if they are computed with 
the following expressions [15]: 

Gain  
LH
LH

G idealideal

−
−

=    and       Offset      

GLLO ideal −=                                                         (3)                       
H = Highest transition voltage, L = Lowest transition 

voltage 

We introduced the variables,      12 −
= nbTH  and L 

= 1T  
When testing an ADC with the (SHT) we obtain an 

estimate of the transition voltages. From those estimated we 
can compute the estimated ADC gain error and offset error 
with software simulation. 

LH
LH

G idealideal

ˆˆ
ˆ

−

−
=     and   LGLO ideal

ˆˆˆ −=     (4)                    

The top hat cover of the symbols signifies that they are an 
estimative and not the actual values for the ADC under test. 

III.  ESTIMATION OF GAIN ERROR AND OFFSET 
ERROR 

The terminal based gain and offset error are a function of 
two random variables, namely the lowest and highest 
estimated transition voltages L̂  and Ĥ . They will also be 
random variables; we will now determine the standard 
deviation of the estimated gain and offset error. The variance 
of the estimated gain and offset error can be approximated by 
[11, pp. 156]. Approximating the mean of the estimated values 
of L̂ and H

)
by their ideal values lead to [1]: 
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On a bipolar ADC, with a “no true zero’ Transfer function 
“one has from (1), 

idealH  = - idealL  = FS – Q 
Equation (6) & (7) simplifies to 

( )2
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2
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≈                           (7) 
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Expression (7) & (8) expresses the variance of  the  

estimated  gain and offset  error  as  a function  of  the 
variance  of  the  first  and  last  estimated  transition  
voltages[15]. 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, Ck, in 
each class k is the number  of  samples with  output  codes  
equal  to  or  lower than k. From the cumulative Histogram the 
transition voltages are estimated using [3] [5]  

⎟
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1

                                   (9) 

The number of counts in the cumulative Histogram is a 
random variable. From (9) one can determine the variance of 
the estimated transition voltages [21, 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 (σ ) and number of 
samples(M).  

AA
CT

U n
K

K
σσ =

−
= ,                         (11) 

This variance can be represented as a function of the 
normalized transition voltages (U), normalizes additive  noise  
standard  deviation ( nσ ), given by (11), and the number of 
acquired samples (M). Here  we are not interested  in the 
maximum value of the variance for  all transition  voltages but  
are  interested  instead on the variance of the number of 
counts of the cumulative histogram for the first(lowest) and 
lost (highest) transition voltages. The approximate expression 
we used here [16] is 
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Which is good approximation for practical values of nσ < 
0.1  

Using (10) & (12) we can derive an approximate 
expression for the variance of the estimated transition voltages  
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From (7) & (8) considering that for a bipolar ADC with a 
“no true zero” transfer function, the first (lowest) and last 
(highest) transition voltages are symmetric and their 
estimative has the same variance, we can write 
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Introducing (13) into (14), we have an approximate 
expression for the variance of the estimated gain and offset 
error are: 
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IV.  ESTIMATION OF ENOB 
The   ENOB  may  be  considered  as number of bits of a 

perfect ADC whose rms quantization  noise error  would  be 
equal  to total rms  error  from all sources in the ADC under 
test. The ENOB can be expressed as [4] [10] [13] [19]: 

 ENOB = N – log2⎣
⎡

⎦
⎤rms error (actual)

rms error(ideal)
                         (16) 

The rms value of actual and ideal noise can be computed 
by 

rms noise (K) =
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                                                                                    (17)          
Where e is the error signal between output and input of 

transfer characteristic and is expressed as 
   e = p x + q                                                                (18) 
equation (22) passes through two  points ( x(K), e(K) ) and 

( x(K+1), e(K +1) ). The parameters p and q can be obtained 
as  

p= ]1[][
]1[][

+−
+−

KxKx
KeKe

                                          (19) 

 q = 1
2

[e (K) + e (K+1) - p{x (K) + x (K+1)}]              (20)                     

For ideal case:   
 
 e (K) = Vcbf (K) – Tb (K)                                           (21a) 
  X (K) = Tb (K)                                                         (22b) 
And for actual case: 
e (K)= Vcbf (K) – T (K)                                              (23a) 

 
X (K)= T (K)                                                             (23b) 

 
The centre values of best fit transition level Vcbf (K) is 

given  by 

 Vcbf (K) = 2
)()1( KTbKTb ++

                                   (24) 
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V.  ESTIMATION OF SIGNAL-TO-NOISE AND 
DISTORTION RATIO (SINAD) 

ENOB specifies the dynamic performance of an ADC at a 
specific input frequency and sampling rate. An ideal ADC's 
error consists only of quantization noise. As the input 
frequency increases, the overall noise (particularly in the 
distortion components) also increases, thereby reducing the 
ENOB and SINAD.  Signal-to-Noise and Distortion Ratio 
(SINAD) for a full-scale, sinusoidal input waveform is 
computed [12]. 

 
( ) 6.02 1.76SINAD db ENOBestimated= × +                                                          

                                                                                         (25) 

( ) 6.02 1.76
ideal

S nN = × + (db)                                   (26)                        

                                                                                                         

VI.  RESULTS AND DISCUSSION 
In this paper we have tested 5-bit ADC using the histogram 

test technique with cumulative histogram. And determined the 
estimated gain error, offset error, ENOB and SINAD using 
computer simulation technique and verified results with 
earlier published results. The main results of this paper has 
expressed by (15), (16) and (25).   

A.  Gain Error and Offset Error Using Sinusoidal Stimulus 
Signal 

The results for the estimation gain are presented in Table-1 
and (Figure3), Table-2 and (Figure 4), Table-3 and (Figure 5) 
which is better than earlier methods. The variance of the 
estimated offset error is just scaled version of the variance of 
the estimated gain, as seen in (7) and (8).  

 
TABLE I 

ESTIMATED GAIN AS A FUNCTION OF THE STIMULUS SIGNAL AMPLITUDE 
 

A[v] 
Ĝσ Earlier  

       methods 
       Result 

Ĝσ By our  

         method 
        Result 

1.0         0.002         0.00235 

1.1         0.00645         0 .0086 

1.2         0.0076         0.0095 

1.3         0.0084         0.0106 

1.4         0.0096         0.021 

1.5         0.01         0.023 

 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.  3.   Estimated gain as a function of the Stimulus Signal Amplitude 
 

 
TABLE II 

ESTIMATED GAIN AS A FUNCTION OF THE NUMBER OF THE SAMPLES 
 

 
 

   
 
 

 
 
 
 
 
 
 
 
 
 
 
Fig.  4.   Estimated gain as a function of the Number of the Samples 
 

 
 
 
 
 
 
 
 

M 
Ĝσ Earlier  

          methods 
          Result 

Ĝσ By our  

          method 
          Result  

 0          0.0         0.0 
200          0.0167         0.016966 
400         0.012         0.013934 
600         0.0096         0.00988 
800         0.008         0.008566 
1000         0.0075         0.007634 
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TABLE III 
Estimated gain as a function of the Normalized Additive 

Noise Standard Deviation     
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Fig.  5.   Estimated gain as a function of the Normalized Additive Noise 
Standard Deviation 
 

B.  ENOB using Full Scale Sine Wave as Input 
8 bit  ideal ADC  is simulated and INL error  introduced 

and full scale sine wave of .95 MHZ frequency with peak 
amplitude (2N- 1 + 0.5) LSB ) ( which is sufficient to slightly 
overdrive the ADC) is sampled by ADC at 5 MHZ frequency. 
The value of ENOB of an ADC depends on test Conditions 
such as number of samples, input and sampling frequency. 
Input and sampling frequency used were not mentioned in the 
work [7] reported by Wagdy and Awad for ENOB 
computation. ENOB obtained by our method and earlier 
method are shown in Table 4. It is clear from Table 4 and 
Table 5 that results of the method are improved than earlier 
histogram method [7] for the simulation conditions. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

TABLE IV 
ENOB Estimation for 5 bit ADC 

 

C.  Signal-to-Noise and Distortion Ratio (SINAD) using Full 
Scale Sine Wave as Input 
The results for SINAD (Using estimated ENOB) are shown in 
Table 5 and Figure 6. 

 
TABLE V 

SINAD for 5 bit ADC using Sine Wave as Input 

 

             ( ) 3 1 .8 6
id e a l

S d bN = (Exact by (26)) 

 
 

Graph-4 
 
 
 
 
 
 
 
 
 
 
 
Fig.  6.   SINAD for 5 bit ADC 

nσ  Ĝσ  Earlier  

          methods 
          Result  

Ĝσ By our  

         method 
        Result  

0.0         0.0008        0.00087 
0.02         0.0036        0.00412 
0.04         0.0048        0.00586 
0.06         0.006        0.00624 
0.08         0.0072        0.00764 
0.10         0.00765        0.00889 

Number of samples ENOB by earlier method ENOB by our 
method 

128 4.342 4.476525 
512 4.353 4.498721 

1024 4.356 4.536525 
2048 4.375 4.537432 
4096 4.379 4.548012 
8192 4.378 4.561110 
11200 4.3757 4.568240 
16384 - 4.589201 
30000 - 4.593320 
31000 - 4.600120 
32000 - 4.604501 

Number of 
samples 

ENOB by 
earlier 
method 

ENOB by our 
method 

SINAD Ratio 

128 4.342 4.476525 28.708681 
512 4.353 4.498721 28.842300 
1024 4.356 4.536525 29.069880 
2048 4.375 4.537432 29.075341 
4096 4.379 4.548012 29.139032 
8192 4.378 4.561110 29.217882 
11200 4.3757 4.568240 29.260804 
16384 - 4.589201 29.386990 
30000 - 4.593320 29.411786 
31000 - 4.600120 29.452722 
32000 - 4.604501 29.479096 
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VII.  CONCLUSION 
In this paper we have determined the precision of the 

estimates of the ADC gain and offset error obtained with the 
cumulative histogram method. The main results of this paper 
can be used to determine the expanded uncertainty, and 
corresponding uncertainty interval, for the  estimated  gain 
and offset error. Here we also compute the ENOB using full 
scale sine as input stimuli and using this result we have 
determined the SINAD. Simulation of 5 bit ADC is done and 
estimate of gain and offset error is determined using 
cumulative histogram technique and ENOB by our proposed 
method. There is improvement in estimation using proposed 
technique as compared to existing technique.   
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