
Data/Math (YEAR), xx:xx 1–7

ARTICLE TYPE

ANALYSIS OF THE INFLUENCE OF FINAL RESOLU-
TION ON ADC ACCURACY
Anzhelika Stakhova1

1Department of Computerized Electrical Systems and Technologies, National Aviation University, Kyiv, 03058, Ukraine.

Keywords: vibration measurement, information-measurement system, analog-digital converter, error, quantization noise

MSC Codes: Primary – CODE1; Secondary – CODE2, CODE3

Abstract
This work is devoted to the study of the influence of quantization noise on the spectral characteristics of a digital
signal and the assessment of spectrum measurement errors that arise due to the quantization noise of an analog-to-
digital converter. To achieve more accurate and reliable measurements of the spectrum, an error assessment was
carried out, which allows taking into account the impact of quantization noise on the spectral data. This is important
for obtaining more accurate results and ensuring high-quality measurements of the spectral components of the
vibration signal. In addition, further research is aimed at developing methods for estimating spectrum measurement
errors taking into account other possible sources of errors and contributing to the development of compensation
algorithms to reduce the impact of quantization noise.

1. Introduction

In the modern world, where accuracy and reliability of measurements are crucial in many fields of science
and technology, measurement systems have become an essential component for obtaining quality data
and analyzing various phenomena.

Modern measurement systems consist of a complex of technical tools for measurement, data col-
lection, and processing, integrated into a unified structure that operates according to specific rules [1].
Such systems include analog-to-digital converters (ADCs), which, in turn, are capable of converting
analog signals into a digital format, enabling the storage and processing of data with high accuracy
and efficiency. However, ADCs are not perfect and are accompanied by certain errors. One such error
is quantization error, which arises due to the limited number of bits in the digital format. Quantization
refers to representing an analog signal in the form of discrete values. The smaller the number of bits in
the digital format, the greater the impact of quantization error on measurement accuracy.

To improve the accuracy of measurements, it is necessary to study the influence of quantization
noise on the spectral characteristics of a signal in order to develop a method for estimating measurement
errors in the spectrum caused by ADC quantization noise. The estimation of these errors is important for
correctly interpreting measurement results and ensuring high accuracy and reliability of the measurement
system.

2. Task statement

Quantization error in ADC arises due to the approximate representation of an infinite set of analog
signal values with limited bit resolution. When using an ADC to measure vibrations of rotating and
moving parts in a technological system, the continuous input signal is divided into a finite number of
discrete levels, which affects measurement accuracy.
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As a result of the limited precision of the ADC’s bit resolution, there is a certain maximum number of
values that can be represented in the digital format. This leads to the approximation of the input analog
signal to the nearest discrete value, which can introduce error. The smaller the ADC’s resolution, that
is, the fewer bits used to represent the signal, the greater the quantization error becomes.

The magnitude of the ADC’s quantization error at the input is determined as [2]:

Δ𝑥𝑞 = 𝑦 − 𝑥 = 𝐷 (𝑥) · 𝑞 − 𝑥, (2.1)

where 𝑦 is the output signal of the ADC, referred to its input, 𝑥 is the value of the input signal, 𝑞 is the
value of the ADC’s least significant bit (EMR, ADC quantization step), 𝐷 (𝑥) is the value of the ADC’s
digital code.

The error value (2.1) over time, when the number of bits be-comes asymptotically large, is commonly
referred to as quantization noise. For the instantaneous value of ADC quantization noise, the following
relationship holds true [3]:

0, 5 · 𝑞 ≤ Δ𝑥𝑞 ≤ 0, 5 · 𝑞. (2.2)

A significant number of publications [2-6] have been dedicated to the study of quantization noise.
However, the question of the influence of finite bit resolution on spectrum deviations has been relatively
understud-ied. It is necessary to develop a methodology for calculating the measure-ment error in the
spectrum caused by the finite bit resolution of the ADC. In doing so, the temporal discretization of the
ADC’s output signal must be taken into account.

The form of quantization noise is determined by the parameters of the input signal and the ADC.
For a sinusoidal input signal, the parameters that affect the magnitude of quantization noise include the
amplitude, frequency, sampling frequency, and initial phase. In the case of a polyhar-monic signal, the
parameters of each spectral component also come into play.

The temporal dependence of quantization noise for a sinusoidal input signal with unit amplitude is
shown in Figure 1, while the corresponding amplitude spectra of quantization noise are presented in
Figure 2. As observed from the dependencies in Figure 1, quantization noise does not possess a random
nature, which is supported by [1, 6, 8-9]. When the sampling frequency is a multiple of the input signal
frequency (Figure 1, b), periodicity in quantization noise with a period equal to the input signal period
can be observed. Otherwise, this effect is not observed (Figure 1, a).

During the simulation, the following parameters were used: initial phase - 0 rad; frequency - 50 Hz;
sampling frequency - 10240 Hz (a) / 10000 Hz (b); measurement interval - 0.0201 s; ADC bit resolution
- 12 bits.

Figure 2 illustrates that when there is no frequency matching between the sampling frequency and
the frequency of the input signal (Figure 2a), the spectrum of the quantization noise appears uniform.
When it comes to matching frequencies (Figure 2b), where the spectral components have frequencies
that are multiples of the input signal frequency, an increase in amplitude values can be observed. This
can be attributed to the periodicity of the quantization noise as shown in Figure 1b. Additionally, as
seen in Figure 2b, the amplitude values of even harmonics of the quantization noise are zero.

Currently, most ADCs have a unipolar transfer function, which reduces the number of effective bits
by half. Furthermore, the amplitude coefficient should be taken into account for distortion-free signal
transformation. Finally, high-resolution ADCs (particularly those with 24 bits) may have fewer effective
bits at a given sampling frequency.

Therefore, the task of estimating measurement errors in the spectrum influenced by ADC quantization
noise is significant.

3. Formulation of the problem

Assessing and compensating for quantization error are important tasks in the development of measure-
ment systems. This may involve the use of special algorithms, filters, or signal processing methods to
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reduce the impact of quantization error on the obtained measurement results and improve the accuracy
of the measurement system.

The aim of the article is to improve the accuracy of measurement results in equipment monitoring
through vibration signals. To achieve this, the methods of attaching measurement transducers in the
equipment monitoring system have been investigated. These attachment methods can have an impact on
the accuracy of vibration measurements and the results of equipment condition monitoring.

4. Presentation of the material

From the literature sources, it is known that the presence of quantization noise leads to distortion of
the spectrum of the digital signal at the output of the ADC. This distortion can manifest as distorted
amplitude components and additional noise components that do not exist in the original analog signal.
These distortions can affect the accuracy of spectral analysis and result in inaccurate measurements or
incorrect interpretation of the results.

It is known that with a sufficiently large number of ADC bits and input signal samples, it has been
observed that the spectral density of quantization noise tends to adhere to a uniform distribution [2-5,
7-9]. In the Nyquist frequency band, the quantization noise spectral density can be used to calculate by
the expression:

𝜎𝑞 = 𝑞/(2
√

3), (4.1)

where 𝜎𝑞 is the Quantization Noise Spectral Density (QNSD) of the analyzed ADC within the Nyquist
bandwidth.

In the case of a finite number of input samples and a finite ADC reso-lution, in the scenario where there
is a finite number of input samples, the relationship between the spectral density of quantization noise and
its distribution deviates from a uniform distribution [2, 7-8]. Nevertheless, when the sampling frequency
increases without a frequency relationship between the input signal and the sampling frequency, the
shape of the quantization noise spectral density tends to approach a uniform distribu-tion.

ADC manufacturers specify a range of dynamic parameters (SNR, ENOB, SNDR, THDN) in the
technical specifications of their microchips, which are related to the phenomenon of quantization noise
[3-4, 10]. When calculating parameters such as SNDR and SNR, factors other than quantization noise
are taken into account, such as non-linearity of the ADC transfer function [6, 10-12] and inherent ADC
noise unrelated to quantization. The SNR parameter characterizes the Quantization Noise Spectral
Density (QNSD) of the ADC when a sinusoidal signal is applied to its input. In addition to quantization
noise, this parameter also includes the inherent noise of the ADC. Consequently, using these dynamic
parameters to estimate the measurement errors of the spectrum (errors in the meas-urement values of
individual spectral components) caused by quantization noise leads to a significant overestimation of
these errors.

The amplitude values of vibration signal spectral components, as well as the phase shifts between
components of the same frequency, are determined by performing the Discrete Fourier Transform (DFT)
of the vibration signal [14-16]. The representation of the frequency domain of the ADC output signal,
referenced to its input, is determined as [7-8]:

¤𝑌 [𝑘] = ¤𝑋 [𝑘] + Δ ¤𝑋 [𝑘] = 2
𝑁

𝑁−1∑︁
𝑛=0

(
𝑥 [𝑛]𝑒− 𝑗 2𝜋𝑛𝑘

𝑁

)
+ 2
𝑁

𝑁−1∑︁
𝑛=0

(
Δ𝑥𝑞 [𝑛]𝑒− 𝑗 2𝜋𝑛𝑘

𝑁

)
, (4.2)

where 𝑥 [𝑛] - ADC input signal samples; 𝑁 represent the count of signal samples taken during a specific
measurement interval; ¤𝑌 [𝑘] - 𝑘- scaled (coefficient 2/𝑁 ) complex component of the spectrum of the
ADC input signal; ¤𝑋 [𝑘] - 𝑘- scaled (coefficient 2/𝑁 ) complex component of spectrum of the output
signal of the ADC, referenced to its input; Δ𝑥𝑞 [𝑛] - quantization noise samples referenced to the input
of the ADC; Δ ¤𝑋 [𝑘] - 𝑘- scaled (coefficient 2/𝑁 ) complex component of spectrum of signal Δ𝑥𝑞 .
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In the worst case scenario, the relative measurement error of the amplitude value for any spectral
component of the input signal can be obtained using the Quantization Noise Power (QNP) and is given
by Equation (4.2), which is:

𝛿𝑋 [𝑘] |max = |𝛿 ¤𝑋 [𝑘] |max =
√

2 · 𝑞/
√

12 = 𝑞/
√

6. (4.3)

In other words, the Quantization Noise Power (QNP) corre-sponding to the entire frequency band is
attributed to a single analyzed spectral component. This approach (Equation 4.3) will be referred to as
the "Quantization Noise Power method."

Direct utilization of Equation (4.2) is complicated since the variation law of quantization noise over
time for an arbitrary signal is unknown. It is possible to estimate the quantization noise values using
their extreme values [17], where the quantization noise for each sample leads to an error . Additionally,
analytical relationships can be used, but they are only valid for specific input signal forms [2, 7-8, 12-13].

From literary sources [17], it is known that estimates of the measurement error of Quantization Noise
Power across the entire frequency band can be obtained using the extreme values of the quantization
noise. In this case, it is assumed that the quantization noise takes the following form:{

Δ𝑥𝑞 [𝑛] = 0, 5 · 𝑞, 𝑥 [𝑛] ≥ 0,
Δ𝑥𝑞 [𝑛] = −0, 5 · 𝑞, 𝑥 [𝑛] < 0.

(4.4)

Now let’s examine the implementation of approach (4.4) for estimating the measurement error of both
the amplitude and phase spectrum. By substituting equation (4.4) into equation (4.2) for the scenario of
a sinusoidal input signal with zero initial phase and a measurement time equal to one period (𝑚 = 1),
the resulting expression is obtained:

Δ ¤𝑋 [𝑘] = 2𝑞 sin2 (0, 5𝑘𝜋)
𝑁 sin(𝑘𝜋/𝑁)

(
sin

(
𝜋𝑘 (𝑁 − 1)

𝑁

)
+ 𝑗 cos

(
𝜋𝑘 (𝑁 − 1)

𝑁

))
. (4.5)

If the condition of sampling rate being a multiple of the input signal frequency is satisfied, for a
sinusoidal input signal, the frequency domain representation can be expressed as:

¤𝑋 [𝑘] =
{
𝑋𝑚 (sin𝛼 − 𝑗 cos𝛼), 𝑘 = 1,
0, 𝑘 ≠ 1. (4.6)

where and represents the amplitude value, and denotes the initial phase of the sinusoidal input signal to
the ADC.

In this case, the amplitude values of the output signal components of the ADC can be determined by
calculating the modulus of the sum of expressions (4.5) and (4.6). It is important to note that expression
(4.5) is derived when the initial phase is zero = 0 and the measurement interval is equal to one period
of the input sinusoidal signal. Thus, the resulting expression is as follows:

| ¤𝑌 [𝑘] |2 = 𝑌2 [𝑘] �


𝑋2
𝑚 − 4𝑋𝑚𝑞

𝑁 sin(𝜋/𝑁 )

(
cos

(
𝜋 (𝑁−1)

𝑁

))
, 𝑘 = 1,(

2𝑞 sin2 (0,5𝑘 𝜋 )
𝑁 sin(𝑘 𝜋/𝑁 )

)2
, 𝑘 ≠ 1.

(4.7)

By using expression (4.7), the deviations of the spectral amplitude components of the vibration signal
can be calculated. In expression (4.7), the form of quantization noise takes the worst-case scenario for
SNR measurement error. To calculate the amplitude spectrum, it is required to take the modulus of
expression (4.7). To simplify the final expression of the amplitude spectrum, the square root can be
approximated by representing it as the sum of the first two terms of the Taylor series expansion. By
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performing these operations, we obtain:

𝑌 [𝑘] �


𝑋𝑚 − 2𝑞
𝑁 sin(𝜋/𝑁 )

(
cos

(
𝜋 (𝑁−1)

𝑁

))
, 𝑘 = 1,

2𝑞 sin2 (0,5𝑘 𝜋 )
𝑁 sin(𝑘 𝜋/𝑁 ) , 𝑘 ≠ 1.

(4.8)

Subsequently, the relative error of the amplitude spectrum, concerning the amplitude value of the
input sinusoidal signal, induced by the ADC quantization noise (the time-dependent nature of the
quantization noise as given by relation (4.4)) is determined by the following equation:

𝛿𝑋 [𝑘] = |𝛿 ¤𝑋 [𝑘] | �


− 2𝑞
𝑁𝑋𝑚 sin(𝜋/𝑁 )

(
cos

(
𝜋 (𝑁−1)

𝑁

))
, 𝑘 = 1,

2𝑞 sin2 (0,5𝑘 𝜋 )
𝑁𝑋𝑚 sin(𝑘 𝜋/𝑁 ) , 𝑘 ≠ 1.

(4.9)

Analyzing equation (4.9), it can be observed here is no error in the amplitude value for all even
harmonics when the quan-tization error is applied according to the law (4.4).

To determine the phase error caused by the presence of quantization noise, it is necessary to determine
the phase characteristic of equation (4.8)

𝜑𝑌 [𝑘] = arcctg(Re( ¤𝑌 [𝑘])/Im( ¤𝑌 [𝑘])). (4.10)

The initial phase of the fundamental component of the output signal of the ADC, for the case when
𝛼 = 0 and 𝑚 = 1, can be found by substituting equations (4.5) and (4.6) into equation (4.10)

𝜑𝑌 [𝑘] |𝑘=1 = arcctg
©«
𝑋𝑚 cos

(
− 𝜋

2
)
+ 2𝑞

𝑁 sin(𝜋/𝑁 ) sin
(
𝜋 (𝑁−1)

𝑁

)
𝑋𝑚 sin

(
− 𝜋

2
)
+ 2𝑞

𝑁 sin(𝜋/𝑁 ) cos
(
𝜋 (𝑁−1)

𝑁

) ª®®¬ . (4.11)

Ignoring the second term in the denominator, equation (4.11) takes the form:

𝜑𝑌 [𝑘] |𝑘=1 = arcctg
(
ctg

(
−𝜋

2

)
− 2𝑞 sin(𝜋(𝑁 − 1)/𝑁)

𝑋𝑚𝑁 sin(𝜋/𝑁)

)
. (4.12)

By expanding the obtained expression in a Taylor series up to two terms, we get:

𝜑𝑌 [𝑘] |𝑘=1 = −0, 5𝜋 + 2𝑞 sin(𝜋(𝑁 − 1)/𝑁)
𝑋𝑚𝑁 sin(𝜋/𝑁) . (4.13)

Accordingly the absolute error in determining the phase spectrum for the fundamental component
of the output signal of the ADC, applied to the input, is determined by the equation:

Δ𝜑𝑌 [𝑘] |𝑘=1 =
2𝑞 sin(𝜋(𝑁 − 1)/𝑁)

𝑋𝑚𝑁 sin(𝜋/𝑁) . (4.14)

Let’s reiterate that equation (4.14) is derived for the case of 𝛼 = 0 and 𝑚 = 1. To determine the phase
values of the harmonics in the output signal of the ADC, we need to apply equation (4.10) to equation
(4.5) under the condition:

𝜑𝑌 [𝑘] |𝑘≠1 = arcctg
(

sin(𝜋𝑘 (𝑁 − 1)/𝑁)
cos(𝜋𝑘 (𝑁 − 1)/𝑁)

)
. (4.15)
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By performing trigonometric transformations, we obtain:

𝜑𝑌 [𝑘] |𝑘≠1 = Δ𝜑𝑌 [𝑘] |𝑘≠1 = −𝜋

2
− 𝜋𝑘 (𝑁 − 1)

𝑁) . (4.16)

Please note that Equation (4.16) is obtained under the condition 𝛼 = 0 and 𝑚 = 1. Figure 3 depicts
the dependencies of the measurement errors of the amplitude and phase spectra.

The dependencies were obtained through simulation using the analytical expressions (4.9) for the
amplitude spectrum and (4.14), (4.16) for the phase spectrum. The graphs correspond to the derived
analytical dependencies (4.9), (4.14), and the results of the simulation assuming that the ADC quanti-
zation error can be described using equation (4.4). The parameters of simulation match those adopted
for constructing the graphs in Figures 1.

5. Conclusion

In this study, the influence of quantization noise on the spectral characteristics of the signal and the esti-
mation of measurement errors in spectrum analysis caused by ADC quantization noise was investigated.
It was confirmed through literature sources that quantization noise leads to distortion of the spectrum
of the digital signal at the output of the ADC. To achieve more accurate and reliable spectrum measure-
ments, an error estimation was performed to consider the impact of quantization noise on the spectral
data. This is important for obtaining more accurate results and ensuring high-quality measurements
of spectral characteristics. Additionally, it enables improved accuracy and reliability of measurement
results and facilitates a more detailed analysis of signal spectral characteristics. Furthermore, further
research can contribute to the development of methods for estimating measurement errors in spectrum
analysis, considering other potential sources of measurement errors, as well as the development of
compensation algorithms to reduce the impact of quantization noise.
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(a)

(b)
Figure 1. The dependence of quantization error over time in the absence of frequency matching (a)
and in the presence of frequency matching (b) between the sampling frequency and the input signal
frequency.
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(a)

(b)
Figure 2. The spectra of the ADC’s output signal, brought to the input, under the condition of no
frequency matching (a) and with frequency matching (b) between the sampling frequency and the input
signal frequency.
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(a)

(b)
Figure 3. The dependence of the measurement error of the amplitude (a) and phase (b) spectra for a
sinusoidal input signal.
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