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Abstract 
Relevance and purposes. The analysis of error instrumental component 

of ΣΔ-ADC, relating to converters of uncanonical look information, is a very 
complex technical task as it is not possible to use the principle of 
decomposition, i.e. dividing structure of ΣΔ-ADC to separate loosely bound 
elements. Due to this fact, the analysis of the instrumental component of such 
class errors of information converters in software environments of NI Multisim 
and Simulink was carried out. Materials and methods. In this work the analysis 
of actual parameters influence of elements on the instrumental error of ΣΔ-ADC 
is carried out. Results and conclusions. The given model researches of 
conversion linearity function ΣΔ-ADC dependence on parameters of sigma-
delta modulator analog elements and the analog-to-digital filter showed quite 
strong influence on error instrumental component value for different values of 
decimation ratio and input voltage. 

Keywords: Integrating analog-to-digital converter, ΣΔ-modulator, 
analog-to-digital filter, the instrumental component of error, model experiment, 
computer model. 
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Introduction 
Structurally Σ∆-ADC consists of a modulator and a digital decimation 

filter [1]. Methodical component of ΣΔ-modulator error, and methods for its 
reduction are described in numerous papers [1-6]. And the analysis of its 
instrumental component of the error is no less difficult task associated with 
inability to use the principle of decomposition for noncanonical type data 
converters, i.e. decomposition of sigma-delta modulator structure into 
individual loosely bound elements [3, 7]. Therefore, the only way to provide 
reliable estimates of the error is to conduct full-scale and model experiments. 
The latter are preferable, as they allow easy managing the conditions and 
parameters of the experiment (at a minimum cost of time and resources). To 
analyze the instrumental error of ΣΔ-modulator it is necessary to consider 
parameters of the most critical at this point of view nodes of the actual layout, 
namely: an integrator, a comparator, DACs [1, 8, 9]. 

The error instrumental component of data converters with ΣΔ-
architecture was considered by analytical methods in works [5, 9]. The first 
attempts to analyze the instrumental error using Simulink applications of 
Matlab software environment were made in the late 90's - early 2000’s by 
foreign scholars [10-12]. Specialized tool SDToolbox was created [13], which 
allows to analyze the effect of analog nodes imperfections. Simulink is also 
widely used in a variety of contemporary works [14-22]. Analysis ability is 
slightly limited by the fact that the software environment tends to emphasis 
digital and analog blocks with idealized parameters. Correct use of Simulink 
and SDToolbox with the ability to get reliable results assumes confident 
programming skills. For example, if it is necessary to make analysis of 
absorption phenomena in the integrating capacitor or parameters values of 
operational amplifiers (op-amp) in integrator or comparator, coding is required. 
In the works [23-25] they offer to conduct simulation experiments using NI 
Multisim software environment. Accentuation of the environment on the analog 
structure elements with the possibility of the parameters detailed adjusting in 
some way facilitates the modeling process. Analysis of ΣΔ-modulator 
instrumental error with method of functions separation [26] was carried out in 
works [24, 25]. The purpose of this paper is to make a complex review of the 
instrumental component of the Σ∆-ADC error, including the influence of 
analog-to-digital filter-decimator parameters’ elements. 

Analysis of the instrumental error of analog-digital filter 
For the analysis of the instrumental error of Σ∆-ADC an experiment 

scheme was designed (Fig. 1), created in NI Multisim 12.0 software 
environment. 

When designing circuits of single-bit Σ∆-modulators of the first and 
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higher orders, the methodology was used described in work [1]. 
On the ΣΔ-modulator’s input a jump of DC 0 → 1V comes. The 

modulator has a continuous integrator in its structure. The choice is explained 
by a number of advantages, including: 

- No need for anti-aliasing filter; 
- Relatively nonrigid requirements for the dynamic properties of the 

op-amp as part of the integrator, for overcharge current of integrating 
capacitance is distributed over the entire cycle of the modulator (not 
concentrated as short pulses, both in continuously discrete integrator); 

- less influence of switching emissions (their source are keys as a part 
of digital-to-analog converter (DAC)) [1]. 

 

 
Fig. 1. Structural diagram of the model experiment. 
 
The signal from the modulator output (Fig. 2) goes to the analogue-

digital filter. From the point of implementation technology it is expedient to 
have an analog-digital performance of modulator and filter [27, 28]. Analog to 
digital filter is implemented based on integrating sampler. Its sampling rate is 
ten thousand times smaller than that of the modulator, which allowed us to 
obtain the average value of a plurality of samples with nonlinearity component 
that is hundred thousandth of a percent. The issue of conversion function’s 
linearity will be considered in details later. 

 



Science and Technology №1, V.1  2017 
 
 

 
 
 
 
 
 

9 

 
Fig. 2. The oscillograms of the output signals of the integrator (bottom) 

and the modulator (top). 
 
Fig. 3 shows a functional diagram of a first-order integrating sampler 

[1], its output signal (Fig. 4) represents the discrete samples of analog input 
signal’s integral values. 

 
Fig. 3. Functional diagram of the first order integrating sampler. 
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Fig. 4. The output of the integrating sampler. 

 
The integrator in the diagram in Figure 3 has a transfer function 

H(p)=1/(R1Cp). It can be assumed that the digital filter is implicitly present in 
the diagram of Figure 3, assuming that H (z) = 1 [1]. 

The capacitance storage and repeater REP connected in line represent 
the mean of sampling and storage. 

Best parameters of the modulator elements are given: the gain of the 
op-amp integrator and comparator 108, the output resistance of op-amp 
integrator is 1 Ohm, input resistance of op-amp integrator is 100 MOhm, 
absorption phenomena were accounted in the integrating capacitor (Ка=0,01), 
the response speed of the comparator is 4 ns, analog switch resistance in closed 
and open states is 0.1 Ohm and 100 MOhm respectively. 

Since the switching of Σ∆-modulator, and analog-to-digital filter is 
sequential, the instrumental component of error is determined by the parameters 
of the filter elements as well. Table 1 shows the values of filter instrumental 
error as a part of ΣΔ-ADC. The order of the modulator corresponds to the filter 
order.  

 
Table 1. Instrumental error of analog-to-digital filter. 

The order and parameters of the modulator and filter 
Parameters of 
the modulator 
elements  

Parameters of 
the filter 
elements  

1 3 
Relative error, % 

Ideal Best 8.722·10-3 9.146·10-3 
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The values obtained confirm the functional similarity between Σ∆-
modulator and the analog-to-digital filter based on integrating sampler. 

Therefore, the analysis of the influence on the instrumental error of 
Σ∆-ADC of the filter order and decimation ratio is of great interest. 

Analysis of instrumental error of ΣΔ-ADC 
As we noted earlier, in terms of implementation technology it is 

expedient to have an analog-digital version of modulator and filter [26, 27]. On 
practice integrating sampler of the 3rd order is not applied as the digital filter, 
but theoretically it can be used as a high order FIR filter. 

 
Fig. 5. Functional diagram of an integrating sampler of the third order. 
 
The integrating sampler is technically close to the Σ∆-modulator, 

therefore it is inappropriate to consider separately its instrumental component of 
error. As a proof of this thesis some results of simulations are shown, where 
parameters the sampler analog nodes are taken into account (Table 1, 2).  

 
Table 2. Instrumental error of ∑∆-ADC with high-order filter. 
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As seen from the table, ΣΔ-ADC error with analog-digital filter based 
on high-order integrating sampler is a bit higher. These figures are determined 
by the nonlinearity of the conversion function. To consider this issue averaged 
values of sets of samples were measured at different decimation ratio. The order 
of the modulator fits the filter order. The results are given in Table 3.  

 
Table 3. Conversion nonlinearity of plurality of samples. 
Number of 
samples 

UIN, 
V 

The order of modulator and filter 
1 3 
Nonlinearity, % 

102 0,25 0.440 2.448·10-3 
0,5 0.792 2.716·10-3 
0,75 0.362 5.007·10-4 

103 0,25 0.044 2.280·10-3 
0,5 0.080 1.946·10-3 
0,75 0.182 9.324·10-4 

104 0,25 8.326·10-6 1.253·10-3 
0,5 1.180·10-5 1.352·10-3 
0,75 1.067·10-5 6.684·10-4 

 
When increasing the number of samples in a first-order filter 

nonlinearity is reduced by an order or even several orders. This happens due to 
the averaging of many of the signal values at the modulator output. In case of a 
high order filter the change in the number of samples affects slightly due to 
more complex technical layout implementation (complexity of direct and 
reference channels of conversion). 

To determine the effect of filter decimation ratio on instrumental error 
of ΣΔ-ADC series of simulations were performed at the digital filter sampling 
frequency of 102, 103 and 104 times less than the sampling frequency of the ΣΔ-
modulator. The order of the modulator corresponds to the filter order. The 
model experiment results are given in Table 4. 

From these data it can be concluded that the decimation ratio 
significantly affects the instrumental component of error, directly affecting the 
linearity of the conversion. In addition to the decimation ratio conversions 
linearity, as it was explained earlier, is affected the order of digital filter. 
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Table 4. The effect of the decimation ratio on the instrumental error of 
∑∆-ADC. 

Number of 
samples 

UIN, 
V 

The order of modulator and filter 

1 3 
Relative error, % 

102 0 1.720·10-6 1.438·10-3 
0,25 0.888 8.936·10-5 
0,5 0.793 1.059·10-3 
0,75 2.082·10-5 2.209·10-3 
1 1.688·10-3 1.659·10-3 

103 0 1.672·10-5 5.963·10-5 
0,25 1.695·10-5 2.855·10-4 
0,5 1.637·10-5 6.291·10-4 
0,75 1.510·10-5 9.269·10-4 
1 1.736·10-5 1.087·10-3 

104 0 3.618·10-7 3.039·10-4 
0,25 8.076·10-6 1.898·10-5 
0,5 1.070·10-5 3.923·10-4 
0,75 6.636·10-6 5.723·10-4 
1 9.326·10-6 1.068·10-3 

 
Considering the instrumental component of the Σ∆-ADC error, one 

can’t ignore the influence of the environment temperature. As a real analogues 
of resistors in the reference channel precision resistors are selected, type S2-
29V. S2-29V TCR in a temperature range of 20 ... 155 °C is ±15x10-6 1/°C. 
Temperature change of 10 °C was modeled, the results are shown in Table 5. 

 
Table 5. The instrumental error of ∑∆-ADC with temperature change 

and, accordingly, reference channel resistance. 
Temperature change, °С The order of modulator and filter 

1 3 
Relative error, % 

+10 13.513·10-

3 
24.490·10-3 
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Thus, even a slight change of resistance of the modulator reference 
filter influences the instrumental error of ΣΔ-ADCs greatly in general. 

Conclusion 
When combined, real parameters of the element base, the order of the 

modulator and filter-decimator, decimation ratio and changes in resistance of 
the modulator reference channel caused by temperature, play an important role 
in the value of the instrumental component of the Σ∆-ADC error. 

 
References: 

[1] V.N. Ashanin, B.V. Chuvykin and E.K. Shakhov, “ΣΔ ADC: basic 
theory and design. Monograph”, Information and publishing center of 
Penza State University, 2009, 188 p. 

[2] R. Schreier and G.C. Temes, “Understanding Delta-Sigma Data 
Converters”, IEEE Press, 2008, 446 p. 

[3] V.N. Ashanin, “Problems of the theory of analysis and synthesis the 
heterogeneous measurement structure”, Sensors and Systems, No. 7, 
2011, pp. 2-7. 

[4] E.K. Shakhov, V.N. Ashanin and A.I. Nadeev, “Implementation of 
concepts ΣΔ-ADC in integrating ADC with other types of a pulse 
modulation”, Proceedings of the universities: The Volga Region. 
Technical Science, 2006, No. 6, pp. 226-236. 

[5] E.K. Shakhov and V.D. Mihotin, “The integrating developing voltage 
converters”, Energoatomizdat, 1986, 144 p. 

[6] V.A. Ivanov, “Research of quantization noises of ΣΔ-ADC and 
development of methods of their lowering”, dissertation, MEI, 2013, 
164 p. 

[7] V.N. Ashanin, “Classification of measuring converters of information 
of continuous-discrete system of the heterogeneous structure”, 
Proceedings of the universities: The Volga Region. Technical Science, 
2011, No. 3(19), pp. 98–104. 

[8] V.N. Ashanin, B.V. Chuvykin and E.K. Shakhov, “Theory of 
integrating analog-to-digital conversion. Monograph” Information and 
publishing center of Penza State University, 2009, 214 p. 

[9] V.N. Ashanin, “Theoretical and pilot study of methods of enhancement 
of the integrating analog-to-digital converters”, dissertation, LPI, 1982, 
232 p. 

[10] S. Brigati, F. Francesconi, P. Malcovati, D. Tonietto, A. Baschirotto 
and F. Maloberti, “Modeling sigma-delta modulator non-idealities in 
SIMULINK”, Proceedings of ISCAS '99, 1999, Vol. 2, pp. 384-387. 



Science and Technology №1, V.1  2017 
 
 

 
 
 
 
 
 

15 

[11] P. Malcovati, S. Brigati, F. Francesconi, F. Maloberti, F. Cusinato and 
A. Baschirotto, “Behavioral modeling of switched-capacitor sigma-
delta modulators”, IEEE Trans. on Circuits and Systems I, 2003, Vol. 
50, No. 3, pp. 352-364. 

[12] S.R. Norsworthy, R. Schreier and G.C. Temes, “Delta-Sigma Data 
Converters. Theory, Design and Simulation”, Piscataway, NJ: IEEE 
Press, 1997. 

[13] Category: Control Systems, File: SD Toolbox [Online]. Available: 
http://www.mathworks.com/matlabcentral/fileexchange 

[14] Fornasari, P. Malcovati and F. Maloberti, “Improved Modeling of 
Sigma-Delta Modulator Non-Idealities in SIMULINK”, Proc. of the 
IEEE International Symposium on Circuits and Systems, ISCAS, 
2005, Kobe, 23-26 May, Vol. 6, pp. 5982-5985. 

[15] R. Tortosa, J.M. de la Rosa, A. Rodriguez-Vazquez and F.V. 
Fernandez, “Analysis of clock jitter error in multibit continuous-time 
ΣΔ modulators with NRZ feedback waveform”, IEEE International 
Symposium: Circuits and Systems, ISCAS, 2005, May, pp. 3103-3106. 

[16] Dendouga, N.E. Bouguechal, S. Kouda and S. Barra, “Modeling of a 
Second Order Non-Ideal Sigma-Delta Modulator”, International 
Journal of Electrical and Computer Engineering, No. 5(6), 2010, pp. 
327-332. 

[17] P. Verma and A.K. Sahu, “A Graphical User Interface (GUI) 
implemented Low-pass continous time Sigma-delta ADC with 
improved SNR & ENOB”, International Journal of Advanced Research 
in Computer Science and Software Engineering, No. 4(6), June, 2014, 
pp. 144-149. 

[18] S.S. Hajare and M.R. Madki, “Modeling Non-Idealities of CT Sigma-
Delta Modulator for Software Defined Radio”, International Journal of 
Electronics and Computer Science Engineering, Vol. 2, No. 1, 2013, 
pp. 233-240. 

[19] Dendouga, N.E. Bouguechal, S. Kouda and S. Barra, “Modeling of a 
Second Order Sigma-Delta Modulator with Imperfections”, 
International Journal of Electrical and Computer Engineering, Vol. 3, 
No. 2, 2011, pp. 248-258. 

[20] Ye Xu, “A Wideband High Dynamic Range Continuous-Time Sigma-
Delta ADC for Wireless Applications”, Master’s Thesis at school of 
ICT, Integrated Devices and Circuits, Aug., 2010, 77 p. 

[21] Yuan Jun, Zhang Zhaofeng, Wu Jun, Wang Chao, Chen Zhenhai, Qian 
Wenrong and Yang Yintang, “Continuous time sigma delta ADC 



Science and Technology №1, V.1  2017 
 
 

 
 
 
 
 
 

16 

design and non-idealities analysis”, Journal of Semiconductors, Vol. 
32, No. 12, December, 2011, pp. 125007-1-125007-6. 

[22] S. Jaykar, K. Pande, A. Peshattiwar and A. Parkhi, “Modeling of 
Sigma-Delta Modulator Non-Idealities with Two Step Quantization in 
MATLAB/SIMULINK”, International Journal of Computing and 
Technology, Vol. 1, No. 2, March, 2014, pp. 94-99. 

[23] A.A. Korotkov, “Analysis of instrumental error of ∑∆-modulator by 
means of computer simulation”, Works of the international symposium 
Reliability and quality, Penza, PDNTP, 2013, pp. 190-194. 

[24] V.N. Ashanin, A.A. Korotkov and B.V. Chuvykin, “Determination of 
an instrument component error of single-bit ∑∆-modulators on the 
basis of the principle of division of functions”, Works of the 
international symposium Re-liability and quality, Penza, PDNTP, 
2014, pp. 50-52. 

[25] V.N. Ashanin, A.A. Korotkov and B.V. Chuvykin, “Analysis of an in-
strument component error of single-bit ∑∆-modulators”, Proceedings 
of the universities: The Volga Region. Technical Science, 2014, No. 
2(30), pp. 52–61. 

[26] V.N. Ashanin and E.K. Shakhov, “Division of functions – the basic 
principle of improvement of measuring instruments”, Sensors and 
systems, 2006, No.7, pp. 2-7. 

[27] B.V. Chuvykin, E.K. Shakhov and V.N. Ashanin, “Σ∆-ADC: synthesis 
of single-circuit structures”, Proceedings of the universities: The Volga 
Region. Technical Science, 2007, No. 1, pp. 91-106. 

[28] B.V. Chuvykin, E.K. Shakhov and V.N. Ashanin, “Σ∆-ADC: synthesis 
of structures of high orders”, Proceedings of the universities: The 
Volga Region. Technical Science, 2007, No. 2, pp. 67-79. 


