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Application Note 20. Increasing accuracy of repeated EIS 

measurements for detecting weak emissions   
 

Other documents, related to this topic:  

 

¶ User Manual: CYBRES EIS Differential Impedance Spectrometer for electrochemical 

and electrophysiological analysis of fluids and organic tissues 

¶ Application Note 18. Online system for automatic detection of remote interactions based 

on the CYBRES MU EIS impedance spectrometer, 2017 

¶ S.Kernbach, I.Kuksin, O.Kernbach, On accurate differential measurements with elec-

tr ochemical impedance spectroscopy, WATER 8, 136-155, (arXiv:1607.07292), 2017 

This description is valid for the following versions:  EIS firmware 1183.x, client program 1.20.x 

Abstract. This application note describes the methodology of EIS measurements, related to detection and characterization of 

weak emissions possessing non-electromagnetic, non-acoustic, non-thermal and non-mechanical nature. The ñshape effectò is 

used as a test source of such emission. The proposed approach with the source of emission (the generator ñConturò) and the 

detector (CYBRES EIS spectrometer) can be applied for demonstration purposes, where the local or non-local impact is relia-

ble detected by the impedance measurements, for performing replication experiments with a high degree of repeatability and 

for validation of measurements related to weak emissions of different origin. Very small changes of conductivity on the level of 

10-9-10-11 S/cm require an accurate handling of systematic and random inaccuracies during measurements, and strict following 

the experimental methodology. 
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1. Chemistry and physics of EIS measurements: differential approach 

 

The electrical conductivity of a solution generally depends on the number of ions and the ionic mobility; 

the more ions a solution contains, the higher its electrical conductivity. Different parameters of fluids 

such as the self-ionization constant, hydration, temperature, viscosity, and different processes, related to 
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degasification, ion-ion and ion-dipole interactions, electric fields in fluids, polarization of electrodes, 

electrochemical reactions with dissolved ions, and other phenomena also impact the electrical conduc-

tivity. In order to make electrochemical measurements stable and to avoid electrochemical reactions it is 

recommended to perform experiments with bi-distilled, distilled or demineralized water. The conductiv-

ity of pure water depends mainly on two factors: self-ionization and dissolving of atmospheric CO2 in 

water. The self-ionization is an ionization reaction in pure water, in which a water molecule, H2O, 

deprotonates (loses the nucleus of one of its hydrogen atoms) to become a hydroxide ion, OHī. The 

hydrogen nucleus, H+, immediately protonates another water molecule to form hydronium, H3O+ 

2H2OᵶH3O
++OH- 

Exposing the pure water to air, the atmospheric CO2 rapidly dissolves in water to form carbonic acid 

H2CO3 

CO2 + H2O ᵶ H2CO3 

which is unstable and dissociates according to: 

H2CO3ᵶH++ HCO3
- 

Ions H+ and HCO3
- are the source of increasing the conductivity upon exposure of water to air. Depend-

ing on the actual atmospheric CO2 concentration, the increase of the water conductivity is about ~0.8-

1.5ɛS/cm [1,2,3]. Self-ionization and dissolving of CO2 are nonlinear, depending mostly on temperature 

and mechanical distortions applied to fluids. 

From the physical side, the conductivity ə represents the ability of a fluid to conduct electricity 

and is measured in Siemens per metre (S/m). It is reciprocal of resistivity Ű that is measured in Om-

metre (ɋĿm) and represents the value of how strongly a material opposes the flow of electric current. 

Impedance Z(ɤ) is a complex value (composed from the resistance R and the reactance X) depending 

on the frequency ɤ and is measured in Om; its magnitude represents the ratio of the voltage amplitude 

to the current amplitude in the fluidic cell; the phase of impedance is the phase shift by which the cur-

rent lags the voltage. EIS measurements frequently use the RMS Impedance that have the same mean-

ing as the magnitude, but calculated in different way. The reciprocal of impedance denotes the admit-

tance Y, measured in Siemens. The cell constant C (the SI unit - m-1) defines the ratio of distance be-

tween electrodes to the area of the electrodes measured from the determined resistance of a solution of 

known specific conductance. The resistivity in case of a complex impedance Z is defined by   

† ὤz ὅ  

and correspondingly for the conductivity  

ʆ ὤz ὅȢ 

The EIS measurements use sometimes the Z value only, it needs to remember, in order to calculate the 

conductivity these values should be multiplied by the cell constant C for the used electrodes.  

The differential EIS measurement is performed in two containers that have equal chemical, tem-

perature, electrical and mechanical conditions. Such a measurement scheme allows compensating non-

linearities; moreover, it allows comparing a long-term electrochemical behaviour of two fluids under 

equal environmental and fluidic conditions. Since weak emissions, which have non-electromagnetic, 

non-acoustic, non-thermal and non-mechanical character, change a rate of electrochemical processes 

(see the explanation in Sec.8), such a direct comparison of impacted and non-impacted samples enables 

identifying the fact of exposure to these emissions and performing their characterization. Carrying out 

accurate measurements require understanding the methodology, the sources of inaccuracies and setting 

up the parameters of EIS spectrometer. 
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2. Which requirements should satisfy the measurement equipment for sensing 

weak emissions?  

 

Conductivity of purified water is about 1-5ÕS/cm, the standard ISO 3696 (1987) defines maximum con-

taminant levels of purified water in the grade 1 as 0.1 ÕS/cm at 25 ÁC, which is equivalent to the resis-

tivity of 10 MɋĿcm at 25 ÁC. Assume that in the EIS measurement III (see Sec.7) the weak emission 

changes resistivity from 0.5 MɋĿcm to 0.51 MɋĿcm and then to 0.52 MɋĿcm. This corresponds to 

changes in conductivity from 2 ÕS/cm to 1.9607 ÕS/cm and 1.9230 ÕS/cm correspondingly. Changes 

detected in continuous mode measurements (see Sec. 5 & 6) are even smaller ï deviations about ȹ=20-

200 ɋĿcm from the trend 0.5 MɋĿcm corresponds to conductivity change about ȹ=800-80 pS/cm from 

the trend 2 ÕS/cm. In other words, in order to detect these changes the resolution of measurement 

equipment should be in the range of nano-/pico-Siemens/cm with very low measurement noise1. 

 Secondly, the electrochemical changes under weak emissions occurs very slow, in several cases 

the rate of changes is about 20-200 ɋĿcm per hour for distilled water (see Sec.5 & 6). The measurement 

equipment should be capable of long-term measurements under stable conditions. Typically, the con-

ductivity meters perform so-called ñcompensatedò measurements, which are made by assuming a linear 

increase of conductivity versus temperature. These devices measure the temperature of fluid and calcu-

late a correction. However, the true dependency is nonlinear, moreover it depends on the chemicals 

dissolved in water. Thus, long-term and/or accurate measurements require stabilizing the temperature 

and keeping it stable during all long-term measurements. 

Finally, due to electrode polarization effect, two-electrode devices measure the conductivity by 

alternating current that is typically fixed at 1-3 kHz. The measurement calibration (that also includes the 

cell constant) is performed at this frequency. However, the measurements of effects created by weak 

emissions require performing measurements at different frequencies. The EIS measurement devices 

should be capable of setting the frequency, as demonstrated by experiments, between 10Hz and 100kHz. 

   

3. Validation of systematic and random inaccuracy of 

EIS measurements 

 

Systematic and random inaccuracy of EIS measurements occurs due 

to variation of experimental conditions in both containers, among 

them the temperature, the rate of CO2 dissolving, introduction of 

mechanical/electromagnetic distortions during measurements and 

chemical contaminations of samples. The systematic inaccuracy 

depends primarily on the EIS approach, whereas the random inaccu-

racy depends on the way how a particular experiment is prepared and 

performed. Thus, it is recommended to perform a series of validation 

experiments to assess and to decrease the inaccuracy of measure-

ments related to weak emissions. 

    

3.1. Fluidôs degasification  

Degasification is the removal of dissolved gases from water or aque-

ous solutions. When increasing the temperature of fluids (e.g. by 

inserting containers in thermostat), the gases build a bubble for-

                                                           
1 Most standard conductometers measure in the range 0-9999 ÕS/cm, whereas the resolution in the low-range area 

is 1ÕS/cm. 

Figure 1. Building of gas bubbles on 

electrodes. 
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mation at solid-liquid interfaces (e.g. electrodes), see Figure 1. These gas bubbles change the area of 

surface electrodes that contact with water and impact the electrical conductivity measurements. Thus, 

any time when a fluid container is inserted into thermostat and the thermostat reached the set tempera-

ture, the bubbles should be removed from surfaces. The simplest way to do it is to remove electrodes 

from the container for a short time and then to insert them again. In continuous measurement mode, the 

removal of gas bubbles can be skipped when only a temporal EIS dynamics is of interest.    

3.2. Right frequency and temperature parameters  

 

Proper setting the frequency and temperature is important for stability of long-term EIS measurements.  

The thermostat temperature should be set in regard to environmental temperature, the general rule: the 

lower is the temperature, the less is the degasification and the less time is required to warm up the con-

tainers. However, at a too low temperature the thermostats are not capable to maintain the required set 

temperature. Thus, the difference about 4Á-5ÁC should be maintained between environmental and ther-

mostat temperatures. 

 

 
 

Figure 3. Appearance of spikes in long-term dynamics.   

Figure 2. Decreasing of RMS impedance at frequencies of 100Hz and 50kHz during 60 hours of measurement (the 

continuous mode measurements).  
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Figure 4. Setting the frequency and thermostat temperature in the client 

program (in continuous mode measurement). 

The frequency impacts several EIS processes, among them the degradation of impedance by 

saturation of water by ions. The long-term behaviour of RMS Impedance at 100Hz and 50 kHz is shown 

in Figure 2. The higher is the frequency, the lower is the degradation of impedance (and thus the 

resistivity and conductivity). The level of measurement noise also depends on frequency. The lower is 

the frequency, the less noise contains the measured signal.    

Another issue that accurs only in a long-term measurements is the AC electrolyse, the critical 

current density varies among others with the frequency: the higher the frequency the higher the critical 

current density [4,5]. This effect explains the appearance of spikes, shown in Figure 3. To remove 

spikes, it needs to decrease the applied voltage and/or to increase frequency. It is also recommended to 

use only a short frequency range in impedance spectroscope mode for such measurements, e.g. 5kHz-

6kHz (min.-max.) with step of 50Hz. Setting of frequency/temperature in the client program is shown in 

Figure 4. 

 

3.3. Impact of external temperature on measurements with thermostabilization of 

samples 

 

When the thermostat is on and fluidic samples are inserted in the EIS spectrometer, the EIS measure-

ments do not depend essentially on the external temperature, provided it changes slowly enough so that 

thermostat can compensate this change. Figure 5 shows experimental data, where the external tempera-
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ture was increased on ~0.35ÁC during 70 minutes. Variation of the thermostats temperature was about 

0.008ÁC, the corresponding changes of RMS impedance was about 3-4 Om on both channels.      

 

 

 

 

 

 

  

Figure 5. Example of measurements with variation of external temperature. 
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3.4. Repeatability of measurements before the exposure 

 

The differential measurements rely on the fact that fluids, conditions in both containers are similar and 

do not change during measurements. Any difference introduced during the measurements will increase 

the inaccuracy. It is recommended to have the same level of fluid in the containers (full containers with 

15ml), make sure that electrodes are positioned in the middle of containers. Mechanical distortions dur-

ing measurements should be avoided. It is recommended to leave enough time for achieving the set 

temperature (30-60 minutes) when the thermostat is used. The accuracy of repeatability of measure-

ments before exposure in such conditions is about +/-4 Om per channel in the impedance spectroscope 

mode (see Sec. 7 for repeatability after the exposure), provided all measurements are conducted imme-

diately after each other, the gas bubbles are removed and the voltage is set to a minimal level.  

 

However, the measurements conducted with time internals between measurements will differ from each 

other. The reasons are the ionic processes in fluid related to self-ionization and dissolving of CO2 , as 

well as temperature-related degasification. Figure 7 shows an example of such measurements; a degra-

dation of impedance is also well visible in Figure 2.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. Measurements performed with time intervals 10 and 30 minutes before exposure in the impedance 

spectroscope mode.   

Figure 6. Ten repeated measurements before exposure conducted immediately after each other in impedance spectro-

scope mode. The first measurement is subtracted from further measurements. 
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After some transient time, the rate of degradation becomes stable in separate channels and also in differ-

ential channel. This enables performing very accurate measurements in continuous measurement mode 

when the trend is approximated by a linear regression and residual curves demonstrate a deviation from 

the trend after the exposure. This approach is utilized in Sec. 5 and 6 as well as in the measurements 

shown in the Application Note 18. It needs also to note that the EIS is an invasive measurement ap-

proach, it impacts the electrochemical properties: the frequency difference is shown in Figure 2, the 

impact of sampling rate is shown in Figure 8. 

Thus, the general recommendation for performing accurate measurements is to decrease the voltage 

applied to the fluidic cell (up to an acceptable level of noise) and to reduce the time of active measure-

ments (e.g. by performing only one frequency scan). All parameters should be kept unchanged during 

measurements. The measurements with external exposure of sample, described in Sec. 7, are more 

tricky, since it needs to estimate the trend of degradation before and after the exposure (see the descrip-

tion of double differential methodology in Sec. 7).     

 

 

3.5. Saturation of sensors  

 

After performing multiple repeated measurements, almost all types of fluidic and semiconductor sensors 

can become saturated and decrease the sensitivity to weak emissions. The origin of this phenomenon is 

not fully understood, it is assumed that a part of emissions is to some extent ñaccumulatedò on the 

measurement equipment. The saturation is one of reasons why sensors are assumed to have a probabilis-

tic nature and measurements of weak emissions are always performed by several independent sensors in 

parallel. When the sensor does not react on several exposures during one measurement, water should be 

removed from containers and the device should be switched off for a while. After this ñresting timeò the 

device is ready again for measuring weak emissions. During the ñresting timeò, another measurement 

device in different location can be used.  

  

Figure 8. Change of differential RMS impedance before the exposure in continuous measurement mode with two different sam-

pling rates. 
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4. Test measurements with the generator ñConturò 

 

For performing test measurements, the source of weak emission is required. In many cases the ñshape 

effectò can satisfy the requirements imposed on such a test source. The generator ñConturò consists of a 

series of cone-shaped geometric structures. It is a passive device without any sources of electromagnetic 

emissions, see Figure 9. 

  
Figure 9. Different versions of the generator ñConturò. 

As demonstrated by experiments, the geometric shapes can produce several effects associated phenom-

enologically with weak emissions. In particular, the fluid exposed by this emission changes the magni-

tude and phase of impedance (these changes are well visible also in real/imaginary parts, the Nyquist 

plot and the RMS impedance). Thus, the impact of weak emissions can be demonstrated with a high rate 

of repeatability, when the control and experimental samples are kept in equal conditions, but the exper-

imental samples will be additionally exposed by the ñConturò. It needs to note, that the ñintensityò of 

weak emission from ñConturò depends on environment (since it is in fact a passive ñconcentrator-

amplifierò). In several cases an additional source of emission is required, see the experiment in Figure 

16. Thus, the exposition time should be selected experimentally, usually a minimal time is about 30-60 

minutes, and a maximal time can be on the levels of weeks. For exposition it is enough to install the 

experimental samples in (or above) the top cone. In practical cases the generator ñConturò can be re-

placed by another source of emission. The measured objects ï when it needs to measure whether an 

object does emit some weak emission and to characterize it -- are used instead the generator in all three 

typical measurement schemes, described in the next sections.   
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5. Methodology of EIS measurement I: differential impact without thermostabili-

zation.   

 

This measurement scheme uses the impact that is produced only on one channel during measurements. 

The experimental setup is shown in Figure 10. The EIS spectrometer is placed on the platform so that 

both containers are possibly far away from each other. One container is placed on such a way that the 

ñConturò can be installed under the container and also 

removed without mechanical distortion of fluids. 

Make sure that the experimental container and the 

generator are separated by a metal (we used a multi-

layer aluminium foil as shown in Figure 11), this 

allows avoiding possible electrostatic phenomena, 

produced by metallic parts (e.g. the top conus) of the 

generator.        

1. Preparation. Use bi-distilled, distilled or demin-

eralized water. Make sure that both containers 

are clean; wash the containers with distilled wa-

ter before experiments. Leave the water in the 

same room to equalize the temperature. The 

room with EIS spectrometer should be closed, 

without sunlight, any active EM emitters.  

2. Set the frequency in continuous measurement 

mode. Start the measurements. Wait until the 

RMS impedance data become more or less linear 

for 30-60 minutes (usually it happens after 2-5 

hours after begin of measurements). Do not start 

the step 3 when EIS curves have large nonlinear-

ities.  

3. Experimental impact. Insert the generator 

ñConturò under the experimental container for 

30-60 minutes. Make sure that an experimenter 

enters the room only for a short time and no me-

chanical distortion is produced. 

 

Results of several such measurements 

are shown in Figure 12 and Figure 13. 

It is well visible that the experimental 

channel changes the trend, whereas 

the control channel still follows the 

previous trend. Attention should be 

paid to avoid the temperature impact 

on fluids during measurements (e.g. 

the ñConturò should have the same 

room temperature).    

  

Figure 10. Experimental setup for differential exposure by 

ñConturò  

Figure 11. Aluminium foil below the experimental container. 
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 Figure 12. Example of data with differential impact on channels (continuous measurement mode at 

5kHz). 


























