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Abstract—The paper considers and analyzes the method of measuring the noise characteristics of electronic circuits and 
devices based on data collection by a digital oscilloscope with a built-in Fourier transform. The measurement process meth-
odology and its analysis are demonstrated when determining the noise characteristics of industrial resistors. This includes, 
in particular, thermal (white) noise, which is the predominant type of resistor noise. The work includes an overview of  
the noise properties of resistors and existing measurement methods, as well as an understanding of the theory of such meas-
urements.  

To determine the sources of noise in industrial resistors, a real-time fast Fourier transform (FFT) of the signal was run 
on an oscilloscope. Thermal (white) noise spectra were determined using the FFT tool using a total number of 212 points.. 
However, it is difficult to make any recommendations as to which setup should be used for a particular resistor type or 
technology, as for most setups the noise level is unknown and only a few measurement results are available. 

The ratio of the average value of the power spectral density (PSD) of thermal noise in the frequency range of measure-
ments to its calculated theoretical value based on the ohmic rating of the measuring coal industrial resistors was estimated. 

Keywords — electronic devices; resistors; spectral analysis; Fourier transformation; thermal noise; noise diagnostics. 

 

I. INTRODUCTION  
These studies are aimed at developing diagnostics of 

electronic elements. In particular, in application to  
the development of resistor technologies. With  
the increasing demands on precision electronics, resistor 
noise as an additional parameter plays an important role. 
The selection of an appropriate resistor depends on 
many parameters. While all resistors exhibit unavoidable 
thermal noise, often referred to as Johnson noise, there 
is also excess noise, known as current noise. The magni-
tude and nature of the noise depends on the technology 
of manufacturing the resistor and the current flowing 
through it. Resistor technology and the reduction of  
excess noise require the development of test equipment 
for its determination. There are well-known standards 
for measuring excess noise in resistors [1], [2]. There are 
a limited number of articles that contain studies of  
various resistors and resistor networks. Different articles 
on this topic have used different setups. Thus, carbon  
resistors exhibit the highest noise figure, followed by 
wirewound resistors [3], but significant differences can 
be observed in thin film resistors depending on the resis-
tive material and the substrate of the resistor base.  
Excessive noise has been investigated in resistors [4], [5], 
and there is an understanding of its causes. It is possible 
to generalize the theoretical basis for noise in resistors 
[6]. In these studies, a method for noise characterization 

and the results of our own measurements performed on 
industrial resistors are presented. The most common in 
passive elements, in particular resistors, is thermal noise 
[7], [8]. It mainly affects the power spectrum and power 
spectral density of noise measured in an electrical circuit. 
In particular, one can consider how to calculate the ther-
mal fluctuations of voltage/current on an equivalent 
Thevenin resistor, which can be measured at the output 
of a purely resistive circuit. There are other sources of 
noise that must be considered in any design to predict 
the impact of these noise sources on other parts of  
the circuit. This information can be used to model  
the noise [9], [10] in the time domain. 

Testing and measuring the parameters of electronic 
components involves a number of different tasks, and 
one important task is noise analysis. In some cases, sig-
nificant noise in a complex system can cause a device to 
fail, and it may not be obvious how the noise behaves 
just by looking at the signal in the time domain. Standard 
signal processing techniques are often represented in 
terms of continuous functions, but real-world measure-
ments of electronic signals on measuring equipment are 
usually discretized. It is the noise power spectral density 
parameter that becomes an important tool for identify-
ing and describing noise sources. 
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In this article, we propose an approach to measuring 
and analyzing the noise characteristics of industrial car-
bon resistors. The main attention is paid to the thermal 
type of resistor noise, which is the most typical and  
informative for resistive elements. Therefore, the noise 
characteristics measurements were carried out without 
an external load (without external power sources).  
Understanding and evaluating several resistor values  
is a motivation for research into other electronic devices. 

II. NOISE POWER ANALYSIS IN ELECTRONICS 

A. Analysis of noise power spectral density in 
electronics 

Noise quantities are usually expressed as the root 
mean square value of voltage or current, power spectral 
density (PSD), or amplitude spectral density (ASD).  
The power spectral density represents energy density 
per unit frequency interval with the unit A2/Hz or V2/Hz. 
When PSD is expressed as (f), the relationship between 
PSD and the root mean square noise voltage (or current) 
is given by formula (1). 

Noise power 𝜎𝜎2:  

 2 ( )xxS f df
∞

−∞

σ = ∫ . (1) 

Mean square noise voltage [or current]:  

 ( )xxS f df
∞

−∞

σ = ∫ . (2) 

Mean square (Root mean square deviation - RMS)  
the power for a continuous noise signal is obtained by 
integrating the PSD over an infinite frequency range. 

The above integrals are generalized for any frequency 
range. But they are mostly evaluated for a specific  
frequency band, that is, the appropriate frequency range 
in which the circuit will operate. By taking the above  
results, dividing by the bandwidth, and taking the square 
root, we obtain the power spectral density level of  
the noise in terms of voltage and current fluctuations in 
the electrical circuit. In summary, there is no specific 
bandwidth for thermal noise; it depends on the band-
width of the circuit in which the noise exists.  
The difference in nature 1/f noise that usually appears 
with thermal noise will have its own power spectral den-
sity that dominates at low frequencies. 

These time-domain signals are less useful than fre-
quency-domain power spectra (power spectral densi-
ties). If time-domain noise measurement data is availa-
ble, this signal can be converted into a power spectrum 
and power spectral density, which can be used to identify 
the dominant noise sources. In conducted electromag-
netic interference (EMI) tests, significant peaks from all 
of these noise sources can also be observed, including 

thermal noise, fractional noise, 1/f noise, or other ran-
dom sources. 

The most common way to record discrete-time sig-
nals is in the time domain, as they are most commonly 
used in testing and measurement as well as in simula-
tion. However, it is possible to transform discrete-time 
equations into integrals and use them for continuous sig-
nals. There are various ways to calculate the power spec-
tral density for any discrete-time function [11], [12], [13]. 

The power spectral density for a discrete or continu-
ous signal in the time domain obeys fairly simple rela-
tions. Calculation of the power spectral density for N-dis-
crete signals with an interval ∆t: 

 
2

2

1

1
( ) ( )

N
i fn t

n
S f x t e

N
− π ∆

=

 
= ∆ ⋅  

 
∑ . (3) 

Thus, using the discrete Fourier transform, an arbi-
trary time-domain signal x(t) can be sampled at intervals 
of Δt seconds. The sampling window contains N samples 
and has a total time duration T = NΔt. 

When using the autocorrelation parameter, we can 
use the Weiner-Hinchin theorem, which states that  
the autocorrelation function x(t) and the power spectral 
density are pairs of Fourier transforms [14]. Then we can 
represent x(t) as a function of the number of samples n. 
For a time-invariant noise source (stationary process), 
the power spectral density can be calculated using  
the following equation: 

 
1

1
( ) ( ) ( )

[ ]

N

n
R k x n x n k

Var x =
= ⋅ −∑ , (4) 

where Var[x] is the means the variance of a random var-
iable x. 

The power spectral density S(f) is the discrete Fourier 
transform of the autocorrelation function R(k): 

 2

1
( ) ( )

N
i fk

k
S f R k e− π

=
= ⋅∑ . (5) 

The presented autocorrelation process is also appli-
cable to the determination of cross-power spectral den-
sity, where the cross correlation between two discrete 
signals is used to calculate the cross-power spectral den-
sity in the above equation. 

B. Noise in resistors 
The total signal of a device can be divided into  

the actual signal and the noise part. Therefore, the noise 
is characterized by its root mean square value. Intrinsic 
noise is noise that is generated within the system.  
The cause of this noise is the discrete nature of  
the charge carriers. The most relevant noise types for in-
trinsic noise are thermal noise, shot noise, burst noise, 
generation-recombination noise, excess noise (1/f-
noise), and 1/f2-noise [15], [16]. Noise types generally 
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have two main characteristics. The first is related to  
the physical phenomena that create the noise, and  
the second is their frequency distribution. Every meas-
ured signal contains some noise [17], [18], [19]. The volt-
age measured at the sensor output is equal to: 

 ( ) ( ) ( )sig nU t U t U t= + , (6) 

where Usig is the actual voltage signal, and Un is the noise 
component of the voltage. Usually, the arithmetic mean 
is used to characterize the signal ( )U t . The arithmetic 
mean of noise is always zero. For the noise characteristic, 
it is customary to take the root mean square value, and 
it is given as: 

 2( ) ( )rms nU t U t= , (7) 

which is used to quantify noise voltage. 

Thermal noise. Thermal noise is the most common 
form of noise. It is also called Johnson noise, Johnson-
Nyquist noise, or white noise. The main characteristic of 
thermal noise is its Gaussian amplitude distribution.  
The charge level fluctuations occur at the ends of each 
resistor. This time-dependent noise voltage is referred to 
as thermal noise. Thermal noise does not depend on  
the material or configuration of the electrical circuit, but 
only on constants. The noise density of the voltage of 
thermal noise, which is constant with respect to fre-
quency, is given by: 

 4th BU k TR= , (8) 

where U𝑡𝑡ℎ ‒ is the effective thermal noise voltage in  
a given 1 Hz bandwidth, 𝑘𝑘𝐵𝐵≈1,38∗10−23𝐽𝐽/𝐾𝐾 – is the Boltz-
mann constant, 𝑇𝑇 ‒is the absolute temperature in 𝐾𝐾, and 
𝑅𝑅 ‒ is the resistance in Ohms. Similar to the definition of 
voltage noise density, the short-circuit noise density Ith is 
given by: 

 4 /th BI k T R= . (9) 

Thermal noise is always present in electronic circuits 
and is one of the main sources of noise. It becomes a sig-
nal integrity problem in low-level digital signals with low 
signal-to-noise ratio (SNR), i.e., high noise level. Thermal 
noise intensity and thermal noise bandwidth are also  
extremely important in radio frequency circuits. 

Thermal noise will always occur in any component 
due to the inherent DC resistance of the system and has 
an autocorrelation function, which is a delta function. 
This means that thermal noise is not correlated in time; 
the thermal noise that is measured is independent of  
the thermal noise measured at all previous times.  
The bandwidth of thermal noise depends on the band-
width of the circuit in which the noise is present. The root 
mean square (RMS) noise voltage and current across  
the impedance Z of the circuit can be calculated [7]:  

 
2

0

4 ( )Re[ ( )]rms BU k T f Z f df
∞

= η∫ , (10) 
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B
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−
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h - Planck's constant. These equations have an important 
consequence; the resistive part of the circuit determines 
the voltage associated with thermal noise. Because  
the rms voltage noise arises only through the resistive 
part of the circuit, the above integral can be written in 
terms of the Thevenin equivalent resistance, Rth. At suffi-
ciently low frequencies, the coefficient η approaches 
unity and can be neglected. For a purely resistive circuit, 
the following result is: 

 
2

2rms
B th

U
NoisePSD k TR

f

 
 = =
 ∆
 

, (12) 

where Δf is the thermal bandwidth, which is an arbitrary 
value chosen for a particular frequency range. Thermal 
noise in component specifications is usually expressed as 
the power spectral density (unit: V per square root of  
frequency) over a particular frequency range. 

The RMS thermal noise current for an arbitrary input 
is determined in a similar way. 

C. Noise Spectrum Transformation and 
DFT/FFT 

The Discrete Fourier Transform (DFT) is used to trans-
form a signal from the time domain to the frequency  
domain, which is the calculation of frequency compo-
nents from time series data [20], [21]. The result of  
the transformation is the spectrum, or power spectral 
density PSD of the signal. DFT is a nonparametric method 
for estimating the spectrum, meaning it does not assume 
that the data fits a particular model and is a fairly robust 
method. Fast Fourier Transform FFT is a computationally 
efficient algorithm for computing the DFT. In practice, 
the two terms are often used interchangeably. DFT works 
by fitting sine and cosine waves of different frequencies 
to the time series data. The correlation between the sine 
and cosine waves of a particular frequency then gives  
the value of that frequency in the frequency spectrum. 

Noise spectra are often displayed in a normalized for-
mat (PSD) or amplitude spectral density (ASD). This nor-
malizes the data to a power spectrum (square of magni-
tude) or amplitude spectrum, which can be measured  
using an ideal bandpass filter with a bandwidth (bin) of 
1.0 Hz. With a bin width (Δf), the spectrum is corrected 
for the FFT window used. The spectrum from  
the analyzer can be converted to a PSD using equation 
(13): 

 
2spectrum

PSD
f NPB

=
∆ ⋅

, (13) 
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where spectrum represents the spectrum of the FFT 
value, Δf is the bin width, and NPB (Noise Power Band-
width) is a correction factor for the FFT window used.  
The noise power bandwidth is compensated by the fact 
that the FFT window spreads the energy from the signal 
component at any discrete frequency to the neighboring 
elements. If the spectrum is given in units of V (volts),  
the PSD is given in units of V2/Hz. In the digital domain, 
for a spectrum in units of FS, the PSD will be in units of 
FS2/Hz. Then ASD is the square root of the power spectral 
density (Equation 14). Then ASD is the square root of  
the power spectral density (Equation 14): 

 spectrum
ASD PSD

f NPB
= =

∆ ⋅
. (14) 

For a spectrum in units of V or FS, it has units of V/√Hz or 
FS/√Hz, respectively. 

The rms noise level in an arbitrary spectral passband 
can be determined by integrating the power spectral 
density over that frequency band. For the entire  
frequency band up to half the sampling frequency (fS/2), 
the noise level is calculated by summing all FFT bins  
(as shown in equation 15): 

 
2

1

( )NumBins
i

th i
i

Bin
U PSD f

NPB=

 
= ⋅∆ =  

 

∑∑ . (15) 

D. Frequency density and noise of a discrete 
representation  

Thus, the calculation of the DFT requires several  
operations of order N2. To facilitate the computational 
process, various algorithms have been developed, 
known under the abbreviation FFT, which reduce  
the number of operations to N×lnN). DFT/FFT allows  
analyzing the frequency of various processes [22], [23]. 
Thus, there is a representation of the discrete Fourier 
transform, completed during the analysis of  
the frequency of the sampled signal. For example, in  
the simple case of an amplitude-modulated sinusoidal 
signal, after performing the sampled signal, it is possible 
to establish the presence of one frequency in the Fourier 
spectrum: the frequency of sinusoidal oscillations [24]. 
For more complex processes, a larger number of  
frequencies is expected [25].  

The FFT function automatically imposes some  
restrictions on the time series that need to be estimated 
in order to produce a meaningful, accurate frequency  
response. Since the FFT function uses the base-2 loga-
rithm by definition, it requires that the range or length of 
the time series to be estimated contain the total number 
of data points. It is exactly equal to the power of 2 (for 
example: 512, 1024, 2048, 4096, etc.). Therefore, the FFT 
can only estimate a fixed-length waveform containing 
512, or 1024, or 2048, or 4096 points. The probability 
that the time domain contains a power of 2 numbers of 
points and ends with an integer number of periods is 
small at best.  

Since the time domain under analysis is discretized in 
time, the frequencies must also be discretized.  
The domain x(t) is collected in a time window with N 
samples, and the value of f in the above equations is lim-
ited to the following set of N frequencies. The value of 
the nth discrete frequency depends on the sampling  
frequency and is determined by: 

 1 ., ,c
n n samp

f n
f f f f f

N N
= ∈ = ⋅ . (16) 

If the units of domain spread are V, then the units of 
power spectral density are V2/Hz, and the units of power 
spectrum are V2. Power spectral density is also reported 
in W/Hz, dBm/Hz, or other units related to dB. Similarly, 
the signal sampling may be less than the reciprocal of  
the passband of the measuring instrument. In this case, 
all data in the power spectral density plot above  
the passband should be ignored. 

III. NOISE POWER SPECTRAL DENSITY MEASUREMENT 

A. Measuring noise on an oscilloscope channel 
Noise measurement is related to small signal meas-

urements and is based on time measurements such as 
period or duty cycle. This process is performed directly 
on the signals that are fed into the input channels of an 
oscilloscope. Estimating the bandwidth, such as thermal 
noise, and how noise interacts with various components 
can help you make some important decisions about  
the design of an electrical circuit. Noise tests can also be 
used when testing electronic circuits by connecting  
the inputs to the desired channel and observing the sig-
nals in the time and frequency domains. Noise processes 
actually occur in the time domain, and this is where all 
digital quantities are measured. Hardware such as oscil-
loscopes converts time domain measurements into fre-
quency domain data. 

The resulting measurements are plotted against time 
using a mathematical function called track or time.  
The track function is the input signal for subsequent 
noise measurements. The method is based on a resistor 
noise test system and describes the testing of a resistor 
to establish noise quality characteristics. It helps to select 
a suitable resistor when there are current and noise level 
requirements. 

The equipment consists of several parts. The isolated 
resistor is ideally free of current noise. Low-noise carbon 

resistors with standard values of 1 kΩ, 10 kΩ, 100 kΩ or 

 

Fig. 1 Resistors for measuring thermal noise 
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1 MΩ were used, resistor tests were performed in turn 
depending on the rating. An oscilloscope DSO-2250 with 
a fast Fourier transform (FFT) was used for recording. For 
voltmeters and similar data acquisition devices, the FFT 
should be performed later on a computer. By determin-
ing the FFT of the signal, it is possible to obtain infor-
mation about noise in a wide frequency range. This pro-
vides more insight into the behavior of noise. In any case, 
the noise level of the measuring device should be taken 
into account.  

The oscilloscope measures the DC voltage across  
the resistor under test and its noise (PSD). A constant 
load current was used. The voltage was measured using 
an instrumentation amplifier Unipan 232-B connected to 
the oscilloscope with a built-in FFT (Fig. 2). This makes 
the use of an amplifier mandatory for most installations. 
The next requirement for an amplifier in a noise meas-
urement system is that the amplifier should produce as 
little noise as possible. Shielding is used because meas-
uring excessive noise is a difficult task. The purpose of 
shielding is to protect against unwanted electromagnetic 
radiation from the outside.  

Our research was aimed at identifying sources of fluc-
tuations in industrial resistors of various nominal values 
in order to use oscilloscope-based equipment to cali-
brate thermal noise. Low-frequency noise was analyzed 
in the time and frequency domains, and excess noise as-
sociated with current flow was also investigated. 

The Fig. 3 shows a general electrical circuit for re-
searching the noise spectrum of electronic devices. The 
low-frequency noise measurement equipment consists 
of components, where Rx represents the measured resis-
tor, Rf is the load resistance, and Cf is the capacitor shunt-
ing the DC voltage source (time constant Rf·Cf ≈50 s).  

The thermal noise spectrum (Johnson-Nyquist) was 
measured with the DC power supply of the resistor under 
study turned off. In this case, there are no other noise 
mechanisms. The load resistance in our case was in the 
range 1kΩ ÷1 MΩ. Also used is a signal low-noise voltage 
preamplifier 233-7 (20 dB) is a with a background noise 
spectral density of the order of 10-18 V2 /Hz. The amplifier 

connected to the closed-loop preamplifier demonstrated 
a total background noise spectral density of approxi-
mately 3x10-18 V2 /Hz. 

The preamplified signal (Fig. 4) is digitized (A/D), and 
the noise spectrum is performed in real time using a fast 
Fourier transform (PC-FFT). For frequencies below  
200 kHz, thermal noise dominates (at all frequencies 
studied). 1/f noise components and explosive noise are 
not observed in the frequency range below 20 kHz. In 
this case, the RMS noise voltage of the resistor is 
proportional to the power. 

To construct the noise power spectrum, we used  
the time domain of the noise signal taken from the test 
resistors. The signal was recorded on an oscilloscope 
through the amplification path. The gain on the oscillo-
scope was calibrated before the studies. The amplifier 
bandwidth was set within 1.5 Hz-150 kHz. Simultane-
ously (in parallel), the oscilloscope performed two meas-
urements: the time domain of the amplitude and its PSD 
based on this domain. For the frequency domain,  
the built-in Blackman window was used. The frequency 

 

Fig. 2 Thermal noise measurement equipment  

 

Fig. 4 Time domains of noise voltage for resistors with nomi-
nal values: a) – 1 kΩ, b) – 10 kΩ, c) – 100 kΩ, d) – 1 MΩ 

a) 

b) 

c) 

d) 

 

Fig. 3 Electrical circuit for measuring thermal noise 
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window was set to the maximum sampling frequency  
using 4096 frequency bins. The frequency domain was 
recorded in .xls table mode. The conversion to a power 
spectrum (PSD) was performed by relating the square of 
the received voltage to the bandwidth of the measure-
ment system. Typical PSD spectra obtained were pre-
sented graphically.  

In parallel, the recorded time domains (.xls recording 
mode) of the measuring resistors were used to graph-
ically present statistical information about thermal noise. 
This includes presenting histograms and estimating  
the standard deviation (as well as the variance) of  
the noise voltage. A detailed description of the proper-
ties of the measuring resistors based on the obtained 
noise characteristics is given below. 

B. Analysis of time domain signals in  
the frequency domain  

On an oscilloscope with an FFT (or dynamic signal  
analyzer), a marker is activated to measure noise, which 
is related to the magnitude of the noise voltage. Thus, 
noise is measured in rms units of volts. Noise is usually 
expressed in nV/rt-Hz (nanovolts per root hertz of  
the bandwidth). Instead of bandpass and resolution fil-
ters, the FFT analyzer has window functions, and these 
functions also have ENBW. The sampling rate and FFT 
size determine the FFT bin width.  

DSOs are now quite common, and most of them have 
built-in FFT functions but do not have a "Noise Marker" 
function. The main reason is that they do not have very 
low noise. A basic DSO only needs 8 bits of vertical reso-
lution to provide a very accurate signal trace. Therefore, 
the smallest possible analog bandwidth is used, for  
example, a built-in 200 MHz bandwidth limiter. To obtain 
data, you need to specify the digitizer sampling rate (Fs) 
and the data to use for the FFT. The FFT bin width is  
defined as:  

 hopper width FFT = Fs / size FFT .  (17)  
If the sampling rate is 200 MHz and the FFT size is 

4096 data points, the resulting bandwidth is 48 kHz.  
The FFT size is the length of the input data to the FFT 
function or the length of the time domain record used. 
The actual data suitable for the FFT is half the size of  
the input data. 

The value of spectral analysis lies in the ability to 
identify the spectral “fingerprint” of repetitive signals 
with frequencies that fall between the fundamental  
(1/ data acquisition buffer) and the Nyquist frequency  
(½ sampling frequency) [26], [27], [28].  

To identify the source of noise, the oscilloscope auto-
matically runs a Fast Fourier Transform almost in real 
time. The infinite addition of a signal creates a periodic 
waveform. When a waveform in the time domain is con-
verted to the frequency domain, the result is a set of sine 
waves, each with a frequency, amplitude, and phase. In 

the time domain, the measurement is described by  
the total acquisition time – τ, and the time interval  
between samples – △t. In the frequency domain,  
the spectrum is the collection of all the components of 
the sine wave — each with a frequency, amplitude, and 
phase. For a repeating waveform, the power of the DFT 
can be applied to mathematically calculate each fre-
quency component in the spectrum [29].  

The measurements for this experiment were made 
using an oscilloscope with a built-in FFT function. This  
device has a number of capabilities. The analyzer creates 
a spectrum − a graph of voltage versus frequency − by 
recording a sequence of voltage measurements (like  
a digital oscilloscope) and then performing a fast Fourier 
transform of the measurements (hence the initials 
“FFT”). The results of the Fourier transform are used in  
a variety of ways. For this experiment, two of these func-
tions are used to obtain the noise voltage:  

Spectrum averaging. Since the noise of interest is 
random over a wide frequency range, successive FFT 
spectra show deviations from one spectrum to the next. 
The processing technique allows for averaging successive 
spectra to reduce these deviations. To do this, the aver-
aging function can be set to do an “exponential” rms  
averaging, for example, of 10 spectra.  

Bandwidth analysis. In FFT analysis, the frequency 
axis, or “span,” is divided into, for example, 400 equal  
intervals called “bins.” For a full-width spectrum of  
200 kHz, each bin represents an interval of 500 Hz; if  
the span is narrowed, each bin is narrowed accordingly. 
Bandwidth analysis combines measurements in adjacent 
regions to obtain the average voltage over a frequency 
interval greater than the width of one bin. 

The appearance and noise spectrum for a 100 kΩ  
resistor are shown in Fig. 5. The traces show the total 
noise of the resistor U𝑡𝑡𝑡𝑡𝑡𝑡. Oscillogram (bottom curve)  
illustrates the noise power spectral density for electronic 
components, starting at a frequency of fmin=1/tmeas 

a) 

b) 

 

Fig. 5 Oscillogram of noise measurement of a 100 kΩ resistor: 
upper curve (green) – time domain, lower curve (violet) – FFT 
trans-formation 
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(1/tmeas − time domain duration). The maximum fre-
quency is determined by the time discreteness unit 
fmax=1/∆t. The noise density of the resistor is distributed 
over frequency. In this measurement, a resistance of 
R=100 kΩ and an ambient temperature of T = 25°C were 
assumed (we chose a typical resistor). From the noise 
voltage measured on the load resistor Rx, the spectral 
density SU is calculated. The dependence of the spectral 
density of the voltage noise SU on the frequency for  
a resistor at a temperature of T = 25°C is shown in Fig. 6. 
The spectral density of the voltage noise is given by  
the superposition of noises. For thermal noise, the spec-
tral density SUth = 1,6·10-15 V2 /Hz. 

When taking into account the excess current noise 
that can appear at low frequencies, a component of  
the power spectral density arises that varies inversely 
with frequency. The current noise voltage in a 1 Hz  
window has a value of /fu С f= . The constant C for a 

particular resistor can be obtained by measurements. 
The total noise voltage in the measurement range can be 
expressed in terms of the excess and thermal noise com-
ponents:  

 2 2
n f thU U U= +  .  (18) 

The value of the measured noise voltage corresponds 
to formula (8). At room temperatures (approximate  
kBT >> h·f), this noise voltage is determined by formula 
(12). Thermal noise is approximately white, meaning that 
its power spectral density is nearly equal throughout the 
frequency spectrum. 

Using (18), we can describe the total noise in terms 
of its thermal component. The area under the total noise 
density curve for any given bandwidth 𝑓𝑓1 to 𝑓𝑓2 is the root 
mean square noise voltage. The parameter C can be  
described by the integral of the square of the voltage in 
equation (19) over the frequency range 𝑓𝑓1 to 𝑓𝑓2 [1], [6]: 

 2
2 1

1
lnn th c

f
U U f f f

f
= ⋅ ⋅ + − . (19) 

The lowest frequency component fc is fundamental to 
the thermal noise and has a frequency content at which 
its magnitude is equal to the excess noise. This is  
the lowest- frequency sinusoid that can be accommo-
dated in the acquisition time. The period P of this lowest 
frequency sinusoid is the total acquisition time τ. This 
means that the frequency interval between the resolu-
tions is the fundamental frequency. The highest fre-
quency component in the spectrum is related to the time 
interval between the sample points. This means that  
the period of the highest frequency sinusoid that can be 
calculated is twice the time interval. Since the sampling 
rate for acquiring the data is 1/△t, the Nyquist fre-
quency, the highest frequency for which we can calculate 
the component, is half the sampling rate. To obtain 
higher resolution and to distinguish between closely 
spaced frequency features in the spectrum, it is neces-
sary to use a longer acquisition time in the oscilloscope. 

The FFT speed calculation is done by reducing  
the buffer to 2n sample points. The FFT calculates the 
same integrals as the DFT but uses matrix mathematics 
to perform the calculations using a total number of 
points that is a power of 2. If there are five thousand 
points in buffer one, the largest number of points that 
can be included in the FFT calculation is 212 = 4096 points. 
The first step in performing the FFT is to determine  
the area of the acquisition buffer that contains the larg-
est number of 2n points that are being calculated. Most 
oscilloscopes allow you to select either the center area 
of the time domain screen or the left edge of the screen.  

In the windowed approach, a periodically irregular 
signal processed by the FFT will have a smooth transition 
at the endpoints, resulting in a more accurate represen-
tation of the power spectrum. Each of the windows has 
different characteristics that make one window better 
than the others in separating spectral components that 
are close to each other in frequency. 

The Blackman window offers a weighting function 
similar to the other windows but is characterized by  
a narrower shape, and due to its narrow shape, this  
window best represents the spectral domain.  

The PSD parameter, power per unit frequency, is  
the most common frequency domain tool for noise anal-
ysis. The PSD is given in units of V2/Hz. The trace is calcu-
lated using the oscilloscope’s Fast Fourier Transform 
(FFT), choosing the output signal magnitude in squared 
units instead of the standard decibel (dBm) scale. The FFT 
setting sets the resolution bandwidth Δf, which in this 
case is 100 kHz, and the effective noise bandwidth 
(ENBW) of the weighting function, which is 1000 for rec-
tangular weighting. In addition to reading the selected 
parameter for a particular acquisition, the oscilloscope 

 

Fig. 6 Spectral dependences of noise power for different resistor 
values in logarithmic coordinates; horizontal lines – calculated  
values of thermal noise (inset – dependences in semi-logarithmic  
coordinates) 
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can calculate and display aggregate statistics for multiple 
acquisitions for each parameter, providing the average, 
maximum, minimum, and standard deviation for each 
parameter (fig. 7). The amplitude of the signal has very 
nearly a Gaussian probability density function.  
The Gaussian distribution is symmetric about the mean, 
with the probability of the amplitude value falling as  
the amplitude moves away from the mean. Extreme am-
plitudes (so-called tails) have a very low but non-zero 
probability of occurrence (Fig. 7-inset). The value of σ, 
which is included in the theoretical formula (2), allows us 
to judge the magnitude of the noise signal. 

The FFT spectrum is a complex function (in the math-
ematical sense), and the magnitude representation is 
only half the picture. The FFT output consists of a real 
and imaginary part. Some oscilloscopes can display both. 
As an alternative to real and imaginary components, 
many oscilloscopes display the FFT phase along with  
the magnitude. These two paired output formats 
(real/imaginary and magnitude/phase) represent  
the complete FFT picture. The real/imaginary compo-
nents are needed to calculate the inverse FFT. The mag-
nitude/phase format is quite common in electrical meas-
urements.  

The characteristics of the spectral dependences of 
noise were estimated by the ratio of the average value of 
the thermal noise power spectral density (PSD) in the fre-
quency range of measurements (white noise Johnson-
Nyquist) and its calculated theoretical value by the ohmic 
rating of the measuring resistor. Estimates for resistors of 
different ratings are given in Table 1. The third column of 
the table indicates the ratio PSDmean/Wx (thermal noise 
power Wx =4kTRx). The fourth and fifth columns are,  
respectively, the relative errors of the deviation of this 
ratio and the resistor value. 

We also note that for measurements of a group of 
specific resistors, the ratio of their noise resistance to 
ohmic resistance does not deviate much from unity. This 

indicates that their ohmic characteristics are approach-
ing ideal. Noise resistance (which is included in  
the Nyquist equation) can also be determined by  
the magnitude of the PSD value of the calibrated system. 

The possibilities of using noise measurements to  
assess the quality of thick-film resistors and to assess  
the degradation of their parameters under load have not 
been sufficiently investigated. The reason for this is  
the complexity of the microstructure of thick-film resis-
tors and conduction mechanisms, as well as the insuffi-
cient understanding of their relationship with noise.  
Taking into account the current trend of miniaturization 
and mass use in modern highly sensitive communication 
systems, little attention has been paid to the influence of, 
for example, impulse loads on the structure and noise 
characteristics of conventional thick-film resistors. It has 
been shown [30] that low-frequency noise, expressed in 
terms of noise index or resistance noise spectrum, is 
more sensitive to resistor degradation caused by impulse 
loads than resistance. The quality assessment of thick-
film resistors and the analysis of degradation processes 
can be performed based on measurements of resistance 
and noise index using and transport characteristics. It is 
as an indicator of quality and degradation for thick-film 
resistors. 

Theoretical developments of the model of low-fre-
quency noise in film resistors were developed by  
the authors [31]. This model is based on the phenomena 
of fluctuations in electron capture by traps during elec-
tron transport through insulating layers and on tunneling 
processes. In particular, this model is applied to thick-film 
structures. The specified fluctuation mechanism can  
affect the level and shape of the noise spectrum. Thick-
film resistors are complex systems. The parameters of 
low-frequency noise are sensitive to the structure of  
the thick film, and noise measurements can be used as  
a tool for analyzing the quality of a film resistor. 

When the microstructure of the resistive material is 
disrupted, the noise intensity is higher. Moreover, there 
can be a catastrophic increase in noise by several times  
[32], while the additional resistance will increase by only 
a few percent. In [5], a model of excess resistor noise is 
proposed, which includes the effect of current accumu-
lation around multipoint contacts. It is shown that such 
accumulation has a much greater effect on the noise of 
the device under study than on its resistive resistance. It 

 

Fig. 7 Time domain noise for different resistor values (for clarity, 
these dependencies are shifted vertically). Inset shows corre-
sponding histograms of dependencies 

TABLE 1 ESTIMATES FOR RESISTORS OF DIFFERENT RATINGS 

N Rx, 
Ohm 

PSDmean/Wx, 
arb.units 

δ(PSDmean/Wx), 
% 

δRx,
% 

1 103 1,04 4 ±5 
2 104 1,16 16 ±5 
3 105 1,09 9 ±5 
4 106 1,14 14 ±5 
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is proposed to use noise as a diagnostic tool for assessing 
the quality and reliability of electronic devices. 

These results can also be used to calculate the noise 
figure of a low-noise amplifier in the frequency range  
under study [33]. The noise figure NF is defined as: 

 20log10 [ ]
2

measured

B

U
NF dB

k TR NPB
=

⋅
. (20) 

It is the difference in decibels between the noise of a real 
amplifier with a certain input resistance R and an ideal 
noiseless amplifier with the same input resistance. 

CONCLUSION 
The work quantifies random processes such as noise 

using time, frequency, and statistical processing tools, 
supplemented by appropriate measurement parameters 
using a digital oscilloscope. The main statistical parame-
ters, including the mean, standard deviation, and meas-
urement range, provide an idea of the measured noise 
characteristics process. A spectral analysis has been  
developed to identify the spectral time signature in  
the frequency range between the fundamental (1/data 
acquisition buffer) and Nyquist frequency (½ sampling 
frequency). To identify noise sources, a fast Fourier trans-
form of the signal in real time on an oscilloscope has 
been launched. The FFT tool has been used to determine 
the thermal (white) noise spectra using the total number 

of points in the FFT calculation of 212 = 4096 points for 
industrial resistors of various nominal values.  

There are specific features that characterize a certain 
type of noise. In this case, thermal noise dominates in 
measuring elements (a group of industrial resistors) — 
three features are given, in particular, this is the propor-
tionality of the noise voltage to the root of the resistive 
resistance, the noise is "white" and has a normal statisti-
cal distribution (Gaussian shape). The deviation from  
the ideality of the resistor by thermal noise is estimated 
by the ratio of the noise resistance to the resistive (where 
the actual noise resistance of the resistor is determined 
from the value of the thermal noise - PSD). 

Thermal noise measurement techniques can be used 
to diagnose resistors (and other electronic devices) in 
laboratory environments. For measurements of a group 
of specific resistors, the ratio of their noise resistance to 
ohmic resistance does not significantly deviate from 
unity. However, it is difficult to give any 
recommendations on which setup should be used for 
specific types of resistors. This is due to the different 
resistor manufacturing technologies (carbon 
composition,  wire wound, thin film, metal film resistors). 
For most publications on electronic noise 
measurements, only a few measurement results are 
available. 
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Вимірювання шумів у електронних пристроях 
методом Фур'є перетворення 
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Анотація—У роботі розглянуто та проаналізовано метод вимірювання шумових характеристик електронних кіл та 
пристроїв на основі збору даних цифровим осцилографом з вбудованим Фур’є перетворенням. Методика процесу 
вимірювань та її аналіз продемонстровані на визначенні шумових характеристик промислових резисторів. Це, зокрема, 
термічного (білого) шуму у який є переважаючим типом шуму для резисторів. Робота містить огляд шумових властиво-
стей резисторів, існуючих методів вимірювань, а також питань теорії таких вимірювань. 

Для визначення джерел шуму у  промислових резисторах запущено швидке перетворення Фур’є сигналу (FFT)  
в реальному часі на осцилографі.  Засобом FFT визначено спектри теплового (білого) шуму використовуючи загальну 
кількість точок 212. Тим не менш, важко дати будь-які рекомендації щодо того, яке устакування слід використовувати 
для певного типу або технології резистора, оскільки для більшості установок рівень шуму невідомий і доступні лише 
деякі результати вимірювань. 

Оцінено відношення середнього значення спектральної густини потужності теплового шуму (PSD) в частотному 
діапазоні вимірювань до його розрахункового теоретичного значення за омічним номіналом вимірювальних вугільних 
промислових резисторів. 

Ключові слова — електронні пристрої; резистори; спектральний аналіз; перетворення Фур’є; термічний шум; 
шумова діагностика. 
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