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Article 
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Abstract: The limits for recording weak signals for electrochemical seismic sensors are determined by their self-

noise. At the same time, the noise nature is complex and not fully understood. In this work, for the first time, 

in addition to the frequency dependences of the noise amplitude, the difference in the phases of the noise 

currents of the cathodes of an electrochemical sensor has been studied. It has been established that at low 

frequencies the cathode currents change in antiphase. As the frequency increases, the phase difference becomes 

random. At the same time, the frequency at which the phase difference changes depend on the interelectrode 

distance; the closer the electrodes are located to each other, the greater it is. Physically, this effect is explained 

by the transition from noise caused by the integral flow of the working fluid to noise associated with vortex 

flows, the size of which depends on frequency. Thus, a new way of studying noise makes it possible to identify 

its physical nature and develop new methods of reduction. 

Keywords: electrochemical sensors; MET sensors; noise; hydrodynamic fluctuations 

 

1. Introduction 

Molecular-electronic transfer (MET) sensors, also known in the literature as electrochemical 

motion sensors, have found application in areas where it is critical to detect very weak linear [1–9] 

and angular mechanical motions [10–15]. Such areas primarily include seismology and seismic 

exploration, as well as navigation-related applications [16–18]. The measurement limit of weak 

signals is defined by the self-noise of the sensors. That is why a significant number of publications 

are devoted to the study of the self-noise of MET sensors [12,19–23].  

According to the classification presented in [19,24], the self-noise of a MET sensor includes the 

following components: thermo-hydrodynamic self-noise, convection-induced self-noise, geometric 

noise, shot noise and electronic self-noise. Further, a more detailed analysis showed that in relation 

to MET sensors of angular movements [12], not all mechanisms are equally significant; it is enough 

to take into account only three of the specified types of noise, which in this work was presented as 

the following equation: 〈ℰ⍵ଶ〉௧௢௧௔௟ =  〈ℰ⍵ଶ〉ோ௛ + 〈ℰ⍵ଶ〉௖௢௡௩௘௖௧௜௩௘ + 〈ℰ⍵ଶ〉௘௟௘௖௧௥௢௡௜௖௦ (1) 

Where 〈ℰ⍵ଶ〉௧௢௧௔௟ is the power spectral density of the total noise, and the terms on the right side of the 

equation express, respectively, thermo-hydrodynamic, convection-induced and electronic self-noise. 

The authors of [24] also came to similar conclusions in relation to the noise of a small-sized MET 

accelerometer. In this case, thermodynamic noise is usually interpreted as random movements of the 

liquid inertial mass of the sensor as a whole, convective noise as a set of vortex motions of the liquid 

similar to Brownian motion, and electronic noise is mainly determined by the voltage noise of the 

operational amplifier, which converts the output current of the sensor into voltage. It should, 

however, be noted that this classification of noise is based only on the analysis of the dependence of 

the sensor’s self-noise on frequency. Essentially, this means that there is no direct evidence to support 

the correct interpretation of the physical mechanisms responsible for the noise.  
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In this work, the authors suggest to pay attention not only to the amplitude values of the noise, 

but also to its phase characteristics in order to more specifically identify the physical mechanisms 

responsible for the self-noise generation. The idea of the method used in this work is that the phase 

relationships between noise currents flowing between electrodes located at different distances from 

each other have been studied. Accordingly, if it concerns the noise associated with the 

hydrodynamics of the fluid flow, the presence of certain relationships between the phases of electrode 

currents indicates the participation in the generation of noise of random flows, the sizes of the vortices 

of which are no less than the distance between the electrodes. At the same time, the presence of stable 

phase relationships means that stochastic electrochemical processes do not make a noticeable 

contribution to the measured noise. The research in this work was carried out on angular motion 

sensors, since for this type of sensors, noise measurement is a much simpler task than for linear 

motion sensors. In real conditions, linear seismic vibrations significantly exceed angular motions and 

in order to eliminate the influence of seismic background on its results, in the laboratory where 

measurements are carried out, it is enough to conduct research in a quiet time of day, when there are 

no people in the building where the measurements are being taken and most of the equipment is 

turned off. 

The results obtained show that a stable phase shift for noise electrode currents is observed in the 

low frequency region. In this case, the phase relationship between the currents for any pair of the 

studied electrodes coincides with the value that is observed when recording external signals. As the 

frequency increases, the relationships between the phases of the signal currents become random. It is 

noteworthy that the frequency range in which the relationship between the phases of noise currents 

and the same one for signals is wider, the closer the electrodes are located to each other. This result 

indicates that for the studied frequency range, there are two noise mechanisms. One of the 

mechanisms corresponds to the macroscopic movement of the entire volume of liquid through the 

transforming electrodes in exactly the same way as the movement of liquid under the influence of 

external signals. In the terminology adopted in [19], this corresponds to thermo-hydrodynamic self-

noise. For another discovered mechanism, the noise between distant electrodes turns out to be 

uncorrelated, while for close electrodes the phase relationship between the currents remains the same 

as during the action of signals. Physically, this result should be interpreted as indicating a transition 

from thermo-hydrodynamic to convection-induced self-noise according to the currently accepted 

model.  

The scientific importance of the result lies, firstly, in obtaining direct experimental evidence of a 

change in the nature of the phase relationships between the noise of electrode currents with 

increasing frequency. The nature of the changes is fully consistent with the concepts of the transition 

of thermodynamic noise associated with the macroscopic movement of the entire volume of liquid to 

convective type noise caused by vortex movements of limited size, which confirms the currently 

known models. The practical implication is that increasing the distance between the cathodes in an 

electrochemical cell can be beneficial for reducing self-noise by eliminating the correlation between 

noisy electrode currents, thereby reducing the impact of noise in subsequent processing. 

2. Materials and Methods 

Electrochemical angular motion sensors convert angular acceleration into electrical current 

through a system of electrodes immersed in an electrolyte solution. Typically, a solution is used with 

a high concentration of background electrolyte, which does not participate in electrode reactions, and 

a small addition of the active component. This active component is responsible for transporting 

charge across the liquid-metal interface at the electrode surface. It has been established [23] that in 

this case, to calculate the current that flows in the system, it is sufficient to take into account only the 

flows of the active component, considering both diffusion and convective transfer. The background 

electrolyte acts as a shield for the electric field in the liquid and thus suppresses charges migration. 

When electrical voltage is applied, an electrochemical, or background, current appears in the system, 

which does not depend on the presence of mechanical movement. In this case, electrochemical 

reactions create a concentration gradient of the solution components, and charge transfer in a 
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stationary electrolyte is carried out by diffusion of ions from one electrode to another. In the presence 

of a mechanical signal, the electrolyte begins to move under the influence of inertial forces and, along 

with diffusion, additional convective transfer of ions to the electrodes occurs, which sharply changes 

the rate of delivery of reactants to the electrodes and, accordingly, the current flowing through the 

electrodes changes abruptly. An electric current appears in the system, additional to the background 

one, and this current is proportional to the external mechanical signal.  

The work studies two types of electrochemical angular motion sensors. In both cases, the sensor 

is a hollow torus filled with electrolyte [12,15,24,25]. Mesh electrodes are located across the channel 

occupying the cavity inside the torus, separated by porous partitions to prevent mutual contacts 

between the electrodes. The outer diameter of the toroid is 45 mm, the channel size is 6x6 mm, the 

thickness of the outer walls is 2.5 mm. Then the radius of the channel axis passing through the center 

of its cross-section is 17 mm. Note that in [12,26] a larger toroid with a corresponding radius of 

19.5 mm was used. 

In sample 1 of the electrochemical sensor of the first type, the electrode system was a sensitive 

element consisting of two pairs of anode-cathode located symmetrically relative to the center of the 

converting element (Figure 1a). Thus, when the electrolyte solution moves, a change in the 

concentration of the active component causes a positive change in the current of one of the cathodes 

and a negative change for the other.  

Sample 2 contained two of the above-described sensitive elements located opposite to each other 

(Figure 1b). 

  

(a) (b) 

Figure 1. Sensor circuits with one (a) and two (b) sensitive elements. The applied external acceleration 

leads to inertial motion of the liquid (electrolyte) inside the channel, which, in turn, causes a change 

in the concentration of the active charge carrier near the electrodes and, thereby, leads to changes in 

the currents on the electrodes. 

A potential difference was applied between the electrodes, setting the operating point for the 

interelectrode voltage. At the same time, for each sensor, regardless of its type, the anodes were 

combined with each other and connected to a constant voltage source of 300 mV. Each cathode was 

connected to the electronics using the circuit shown in Figure 2. The output signals for each such 

circuit were connected to an analog-to-digital converter (ADC) (Figure 3). With this connection, all 

cathodes are at the same potential, equal to the ground potential of the electronic board, and the 

voltage at the output of each such circuit is proportional to the electrode current. For frequencies < 

100 Hz, studied in this work, the proportionality coefficient is equal to the value of the resistor R1 - 

5100 Ohm. Capacitor C1 provided filtering at high frequencies, and the chain of resistor R2 and 

Capacitor C2, in addition to filtering the high-frequency signal, prevented interference on the wires 

leading to the ADC from reaching the input of the operational amplifier. 
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Figure 2. Electronic circuit for cathode current conversion. 

The sensor and electronics were placed in a thermally insulating casing (Figure 3), the ADC was 

connected to the PC on which data processing was carried out. 

 

Figure 3. Diagram of signal registration from cathodes. 

3. Results 

3.1. Research of amplitude-frequency and phase-frequency characteristics of sensors on a vibration stand 

Unlike previous studies, this work did not study the difference in cathode currents for the 

sensitive element, but each cathode current separately. First of all, using the method and vibration 

stand described in [12], the frequency response and phase response were obtained for each of the 

cathodes depending on the applied external angular motion. The measurement results are presented 

in Figures 4 and 5. 

 

 

(a) (b) 
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Figure 4. Amplitude-frequency response of signals from cathodes for a sensor with one sensitive 

element (a) and with two sensitive elements (b). 

 

 

(a) (b) 

Figure 5. Phase frequency response of signals from cathodes for a sensor with one sensitive element 

(a) and with two sensitive elements (b). 

From the presented graphs, we can conclude that the amplitude-frequency characteristics of the 

cathode currents are close to each other, which reflects the repeatability of the geometry of the 

converting element, as well as the fact that the external signal creates a general flow of working fluid 

in the sensor toroid, the value of which is the same for all cathode-anode pairs through which it 

passes.  

The phase characteristics for cathodes located in one converting element at all frequencies differ 

by π, which is associated with the antisymmetry of the cell. At that moment in time, as in one anode-

cathode pair the liquid flow is directed from the anode to the cathode, in the other pair the flow 

occurs from the cathode to the anode. For the case of a sensor containing two converting elements, 

the phase difference is equal to 0 for the pairs in which the anodes and the cathodes are arranged in 

a circle in the same order and is equal to π for the pairs in which the order of the electrodes is opposite.  

The results obtained here fully confirm the a priori expected patterns in the behavior of the 

amplitude response and phase response of individual cathode currents and, in this sense, are 

significant only as a check of the correct operation of the equipment and the methods for processing 

the results. In addition, it is confirmed that changes in the method of collecting the output signal, 

compared to previous works, do not affect the measured characteristics.  

3.1. Amplitude and phase characteristics of noise cathode currents 

To study the self-noise of the electrochemical angular motion sensor, signals from the cathodes 

were recorded for a long time and at night, with a minimum level of external noise and under stable 

temperature conditions.  

The calculation of the spectral density of self-noise was carried out in such a way that the results 

obtained could be compared with data from [12], in which noise was determined in units of spectral 

density of equivalent angular acceleration without separating the contributions from the individual 

cathodes. For this purpose, in this work the following method of recalculation of the obtained data 

has been used. First of all, the original recording obtained during quiet time was divided into N 

sections. For each of the sections, the Fourier components of the output current 𝐼ఠሺ௡ሻwere calculated, 

where 𝑛 = 𝑐1, 𝑐2 for the sensor with one transforming element and 𝑛 = 𝑐1, 𝑐2, 𝑐3, 𝑐4 for the sensor 

with two transforming elements. 𝑐1, 𝑐2, 𝑐3, 𝑐5 means cathode 1, cathode 2, cathode 3, cathode 4. 

After this, the Fourier components of the measured angular accelerations were calculated: 

𝜀ఠ = ෍ሺെ1ሻ௡ିଵ 𝐼ఠሺ௡ሻ𝑊ఠሺ௡ሻ 𝑖𝜔.௡  (2) 
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Here 𝑊ఠሺ௡ሻ is the complex transfer function for the cathode number n, defined above in the 

section 2. The factor iω converts the result from the units of angular velocity into the units of angular 

acceleration. The summation is carried out for two cathodes for sample 1 and for four cathodes for 

sample 2. Then the power spectral density (PSD) was calculated and averaged over all the recording 

sections.  

The resulting curves are presented in Figures 6 (sample 1) and 7 (sample 2). Similar to previous 

works, the result is presented in decibels relative to 1 rad2/sec4/Hz. 

 

Figure 6. Spectral noise density in units of angular acceleration (sample 1). 

 

Figure 7. Spectral noise density in units of angular acceleration (sample 2). 
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For sample 1 at all frequencies, the results obtained are consistent with the results of previous 

works if we introduce a correction factor of 1.315 (2.4 𝑑𝐵ሻ, equal to the ratio of the squares of the radii 

of the toroidal channels axes. For sample 2, the noise at low frequencies is higher by about 3 dB, which 

is explained by the higher hydrodynamic resistance of the sensor with two transforming elements 

and the associated increase in thermo-hydrodynamic self-noise. 

The phase difference between the signals from the cathodes was calculated as follows. The 

section of the noise recording corresponding to quiet time, 𝑆ሺ𝑡ሻ, was divided into equal sections, 

each 4 seconds long. Introduce a function 𝐴ሺ𝜔ሻ equal to the following: 𝐴ሺ𝜔ሻ = expൣ𝑖 ∗  𝛥Ф௞ି௟,௝ሺ𝜔ሻ൧, (3)

where 𝛥Ф௞ି௟,௝ሺ𝜔ሻ is the phase difference between the cathodes 𝑘 and 𝑙 in the 𝑗-th section: 𝛥Ф௞ି௟,௝ሺ𝜔ሻ =  Ф௞,௝ሺ𝜔ሻ െ  Ф௟,௝ሺ𝜔ሻ =  𝑎𝑟𝑐𝑡𝑔 
𝐼𝑚 ൣ𝑆௞,௝ሺ𝜔ሻ൧𝑅𝑒 ൣ𝑆௞,௝ሺ𝜔ሻ൧ െ  𝑎𝑟𝑐𝑡𝑔 

𝐼𝑚 ൣ𝑆௟,௝ሺ𝜔ሻ൧𝑅𝑒 ൣ𝑆௟,௝ሺ𝜔ሻ൧ (4)

Here 𝑆௞,௝ሺ𝜔ሻ and 𝑆௟,௝ሺ𝜔ሻ are the Fourier images of the signals from the cathodes 𝑘 and 𝑙 in the 𝑗-
th section, respectively.  

By averaging 𝐴ሺ𝜔ሻ over all parts of the recording, find the averaged phase difference between 

the cathodes k and l in all sections of the signal recording Ф௞ି௟ሺ𝜔ሻ =  Ф௞ሺ𝜔ሻ െ  Ф௟ሺ𝜔ሻ =  𝑎𝑟𝑐𝑡𝑔 
𝐼𝑚 ሾ〈𝐴ሺ𝜔ሻ〉ሿ𝑅𝑒 ሾ〈𝐴ሺ𝜔ሻ〉ሿ. (5)

The phase differences thus obtained between the noise signals from the cathodes are presented 

in Figures 8 and 9. 

 

Figure 8. Phase difference of noise signals from the cathodes for the sensor with one sensitive element 

(sample 1). 
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Figure 9. Phase difference of the noise signals from the cathodes for the sensor with two sensitive 

elements (the red curve is the phase difference between the cathodes in different sensitive elements 

(K1 and K4), the blue curve is the phase difference between the cathodes within one sensitive element 

(K1 and K2)). 

For the sensor with one sensitive element, a stable phase shift 𝜋 between the noise signals from 

the cathodes is observed in the low frequency region up to ∽16 Hz. This phase relationship between 

the signals coincides with the value observed when recording external signals. As the frequency 

increases, the relationship between the phases of the signals becomes random, and its average value 

approaches zero. This result indicates that for the studied frequency range, there are two noise 

mechanisms. One of the mechanisms corresponds to the macroscopic movement of the entire volume 

of liquid through the converting electrodes, similar to the movement of liquid under the influence of 

external signals, which characterizes thermo-hydrodynamic self-noise. For the other mechanism, the 

noise of the cathode currents turns out to be uncorrelated.  

For the sensor with two sensitive elements, the average phase difference of noise signals from 

the cathodes included in different sensitive elements (K1 and K4) is equal to π for the frequencies 

below ∽5 Hz, and then the noise signals become uncorrelated. At the same time, for noise signals 

from the cathodes inside one sensitive element, the phase relationship between them remains the 

same as under the action of external accelerations, up to the same values as for a sensor with one 

sensitivity element (∽16 Hz). This indicates the participation in the generation of noise in this 

frequency interval of random flows, the sizes of the vortices of which are no less than the distance 

between the electrodes within one sensitivity element, but no more than the distance between the 

electrodes belonging to different elements. 

5. Conclusions 

Based on the results of the work, we can conclude that the utilized scheme for separately 

collecting signals from the cathodes of electrochemical angular motion sensors does not introduce 

additional noise compared to the traditional scheme, which uses the difference in the cathode 

currents. In this case, it is possible to additionally store information about the phases of signals 

received from the different cathodes. For the cathode current noise, the phase behavior turns out to 

be nontrivial. For all the studied designs of the transforming element at low frequencies, the average 

value of the phase difference equals π, which coincides with the value obtained on the shake-table 

under impacts significantly exceeding the noise level. Physically, this result corresponds to the 

concept of the presence of a random integral fluid flow throughout the entire sensor channel. At 

higher frequencies, the cathodic noise currents become uncorrelated. In this case, the frequencies 

where the difference changes depend on the distance between the studied cathode. If the cathodes 

are located far from each other, the transition occurs at a frequency of around 5 Hz. For closely spaced 

cathodes, at a distance of about 150 µm, the phase difference changes at a frequency of about 15 Hz. 

The picture corresponds to the transition from thermo-hydrodynamic to convection-induced self-

noise, while at frequencies from 5 Hz to 15 Hz, the main contribution to convection-induced self-

noise is made by vortex flows with a size of at least 150 µm. In fact, the results of the work provide 

direct confirmation of the physical correctness of the currently developed ideas about the 

predominant nature of noise of these two types in electrochemical motion sensors.  

The practical significance of the obtained results is that to increase the signal-to-noise ratio when 

using difference cathode currents, it is useful to increase the intercathode distance, which reduces the 

correlation between noise currents and reduces their contribution when subtracting signals. Another 

practical conclusion is the possibility of creating new methods for processing weak signals obtained 

using electrochemical motion sensors, based on processing the data obtained for each individual 

cathode, and identifying areas where the phase relationship for the cathode currents changes. 
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