
Geophysical Journal International Royal

Society
Astronomical

Geophys. J. Int. (2025) 242, 1–13 https://doi.org/10.1093/gji/ggaf153 
Advance Access publication 2025 April 26 
Research Paper 

Round-robin test of SIP laboratory measurements using electrical 
test networks 

T. Martin , 1 E. Zimmermann, 2 N. Klitzsch, 3 A. H ördt, 4 J.A. Huisman, 5 T. Radic 
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S U M M A R Y 

This study presents the results of an interlaboratory test designed to e v aluate the accuracy of 
spectral induced polarization (SIP) measurements using controlled electrical test networks. 
The study, conducted in Germany since 2006, involved 12 research institutes, six different 
impedance measurement devices and four types of electrical test networks specifically de- 
signed to e v aluate phase shift errors in SIP measurements. The test networks, with impedances 
ranging from 100 to 150 k �, represent high-impedance samples with different phase char- 
acteristics, and pose the measurement challenges typical of such samples, including high 

contact impedances and parasitic capacitances. Four key findings emerged from the study: 
(1) Impedance measurements across all devices showed deviations within 1 per cent over a 
wide frequency range (0.001–1000 Hz); (2) phase errors remained below 1 mrad up to 100 Hz 
for most devices, but increased at higher frequencies due to parasitic capacitances and elec- 
tromagnetic coupling effects; (3) lab-specific instruments have lower phase errors than field 

instruments when used in a laboratory environment, primarily due to the effects of long ca- 
bles and too low input impedances of the field instruments; and (4) short cables and driven 

shielding technology effectively minimized parasitic capacitance and improved measurement 
accuracy. The study highlights the usefulness of test networks in assessing the accuracy of SIP 

measurements and raises awareness of the various factors influencing the quality of SIP data. 

Key words: Electrical properties; Electrical resisti vity tomo graphy (ERT); Induced polar- 
ization. 
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 I N T RO D U C T I O N  

he spectral induced polarization (SIP) method is used to measure
he complex frequency-dependent electrical conductivity of the sub-
urface in the mHz to kHz frequency range (Kemna et al. 2012 ).
his method has a wide range of applications, including but not

imited to ore exploration (Gurin et al. 2013 ; G ünther & Martin
016 ), estimation of saturated and unsaturated hydraulic conductiv-
ty (Binley et al. 2005 ; Slater 2007 ; Breede et al. 2011 ; Parr et al.
024 ; Peshtani et al. 2024 ), bioremediation (Williams et al . 2009 ;
lores-Orozco et al. 2013 ; Saneiyan et al. 2024 ; Xia et al. 2025 )
nd other biogeophysical applications (Kessouri et al. 2019 ; Zhang
 Furman 2023 ; Michels et al. 2024 ). 
C © The Author(s) 2025. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
A key advantage of SIP is its ability to provide detailed insights
nto subsurface processes, often underpinned by laboratory exper-
ments performed under controlled conditions. These experiments
nvolve systematicall y v arying parameters such as w ater saturation,
ontamination levels, ore concentration and microbial activity to es-
ablish relationships between measured electrical properties and the
esired parameters. Ho wever , despite its versatility, the SIP method
aces challenges related to the sensitivity and accuracy of measure-
ents, particularly in applications where the measurable effects

re small compared to the achie v able accuracy. These ef fects are
ypically quantified by the phase shift of the complex impedance,
ith the required accuracy varying across the frequency range of

pproximately 0.001 Hz to several hundred kHz. In some cases,
oyal Astronomical Society. This is an Open Access 
 https://creati vecommons.org/licenses/b y/4.0/ ), which 
 the original work is properly cited. 1 

https://orcid.org/0000-0002-1059-4514
mailto:tina.martin@tg.lth.se
https://creativecommons.org/licenses/by/4.0/


2 T. Martin et al . 

Figure 1. A generalized electrical network model of an SIP measurement. 
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an accuracy of 1 milliradian (mrad) is sufficient, whereas others 
demand accuracies as fine as 0.1 mrad (Zimmermann et al. 2008a ). 
Achie ving these le v els of accurac y is critical, as the y directly influ- 
ence the reliability of scientific conclusions drawn from SIP data. 

To meet the stringent accuracy requirements of SIP and fully 
exploit its potential, significant efforts have been devoted to im- 
proving and adapting laboratory equipment for specific applications 
(e.g. Zimmermann et al. 2008b ; Bore et al. 2022 ; Gurin et al. 2022 ). 
These developments concern various components of the equipment, 
such as the sample holder, the coupling between electrodes and sam- 
ples and the electrode geometry (Ulrich & Slater 2004 ; Huisman 
et al. 2016 ; Wang & Slater 2019 ). Among the key components of SIP 

systems are impedance analysers, electronic devices that measure 
the frequency-dependent impedance of samples. These analysers 
are available commercially or custom-built by research groups to 
meet specific laboratory needs. While commercial analysers are 
not necessarily designed for SIP applications, custom-built devices 
are often tailored to laboratory requirements and shared within the 
scientific community (e.g. Zimmermann et al. 2008a ). 

A suitable approach to test the accuracy of impedance analysers 
is to use electrical test networks for which the expected impedance 
can be theoretically calculated. These networks can be designed to 
mimic the specific behaviour expected for a given range of applica- 
tions. Such test networks are often used during the instrument design 
phase (Vanhala & Soininen 1995 ; Zimmermann et al. 2008a ), for 
simulating electrode impedance errors and developing as well as 
validating correction procedures to mitigate their effects (Huisman 
et al. 2016 ; Wang & Slater 2019 ) or for specific applications, such 
as comparing time-domain and frequency-domain measurements 
(Johansson et al. 2020 ; Martin et al. 2021 ) and quality control for 
challenging SIP applications (Ehosioke et al. 2023 ). Such electrical 
test networks are also particularly suitable for interlaboratory com- 
parison studies in round-robin tests, as they are not as susceptible 
to sample contamination or destruction as other test objects (e.g. 
consolidated and unconsolidated porous media). 
Here, we present the results of a round-robin test conducted in 
Germany since 2006. The test involved 12 research institutes, six 
impedance analysers and four types of test networks. The networks, 
with impedances ranging from 100 to 150 k � and relati vel y small 
phase shifts, were chosen to simulate high-impedance samples that 
pose a significant challenge for accurate SIP measurements. Origi- 
nally designed to evaluate the accuracy of impedance analysers used 
b y v arious working groups, the result of the round-robin test reveals 
broader insights into SIP measurement accuracy. 

Our work comprises three main contributions: 
(1) We discuss the design and accuracy of the test networks 

themselv es, e xamining their suitability for various applications. 
(2) We provide an overview of discrepancies between different 

impedance analysers and highlight the importance of accuracy in 
SIP applications. 

(3) We identify potential sources of error, such as differences 
in handling practices and cable usage, and propose strategies for 
mitigating these issues. 

In the first part of this paper, we re vie w the fundamentals of 
SIP measurements, introducing the test networks and the instru- 
mentation (and concepts) involved. Then we present the results of 
the round-robin test, focusing on the performances of the four test 
networks and discuss potential sources of error. Finally, we propose 
strategies to improve SIP measurement accuracy and summarize the 
implications of our findings for the broader scientific community. 

2  M AT E R I A L S  A N D  M E T H O D S  

2.1 Basics of SIP measurements with impedance analysers 

A general electrical model of an impedance analyser utilizing four- 
wire technique is shown in Fig. 1 . The four-wire method is used to 
measure electrical impedances w here cab le and contact impedances 
can distort the measurement. Here, a known electrical current is 
applied to the sample through two terminals of the sample holder, 
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hile the voltage across the sample is measured using a voltmeter
ith a high input impedance connected to two additional terminals
f the sample holder. 

Ideally, this method removes the disruptive effects of cable and
lectrode contact impedance, which is especially important when
he contact impedance is high relative to the sample impedance.
n contrast, a two-wire measurement would measure the voltage at
he same contacts that are used for the current injection and would
herefore also be affected by the cable and contact impedance. The
ontact impedance of the electrodes is frequency-dependent and can
ecome very high at low frequencies. 

The main components of the electrical model shown in Fig. 1 are
he sample holder, the measuring system, and the connecting cables
etween them. For the sample holder, the sample impedance Z x , the
ontact impedances Z e1 and Z e4 of the current electrodes (includ-
ng the impedances between the current and voltage electrodes),
nd the contact impedances Z e2 and Z e3 of the voltage electrodes
re considered. The electrode connections of the sample holder are
abelled E 1 to E 4 . For the connecting cables and the measuring sys-
em, the parasitic capacitances between these cables and the ground,
alled capacitive loads, C e1 to C e4 are accounted for. Additionally,
he model includes the shunt resistance R s and the voltage source
 0 . The figure also shows the voltages U x , U m 

and U 1 to U 4 as
ell as the currents I x and I s that are generated when U 0 is ap-
lied. Instead of a voltage source U 0 , a current source can also
e used to inject current. In an ideal SIP measurement, the values
 x and I x are measured to determine the exact sample impedance
 x = U x / I x . Ho wever , the impedance analyser can only measure

he values U m 

(or the voltages U 1 to U 4 ) and I s , which are influ-
nced by the abovementioned contact impedances and capacitive 
oads. 

To mitigate the adverse effects of contact impedances, the four-
ire technique is used to minimize the difference between the mea-

ured voltage U m 

and the desired voltage U x . Ho wever , measure-
ent errors (i.e. differences between U m 

and U x ) still occur due
o the capacitive load of the cables and the measuring system.
hese errors typically increase with measurement frequency and
ecome significant above a critical frequency. High contact and
ample impedances in combination with the capacitive loads af-
ect the current and the voltage measurements. For example in our
est network, the capacitance C e2 al wa ys causes the voltage U 2 to
e measured with an erroneous ne gativ e phase shift which distorts
he actual impedance measurement. In addition to the phase-shifted
oltage measurement, the C e3 capacitance causes a leakage current
hich results in a phase-shifted current measurement I x . Positive or
e gativ e phase shifts can occur depending on how the capacitances
ork in combination with the contact and the sample impedances.

t is difficult to give a general estimate of the phase errors, as these
re highly dependent on the cabling of the system, the measuring
evice used, and the internal calibration with any built-in correction
ethods. For this reason, we use test networks to assess the effect of

igh contact and sample impedances on the measurement accuracy
nd to compare the performance of SIP measuring devices. 

.2 Electrical test networks 

ased on the generalized electrical model in Fig. 1 , four test network
ypes were created for e v aluating measured phase errors (Fig. 2 ).
hey can be divided into two classes—class 1: TNW01, TNW02;
lass 2: TNW03, TNW04. For each type, two almost identical net-
orks w ere a vailable to allow parallel measurements at different
nstitutes. The networks are built with electrical components that
ere measured indi viduall y with high precision. The properties of

hese components can be found in Table 1 . The test networks were
lso used to develop and test suitable correction methods for current
easurement and voltage measurements (Zimmermann 2011 ; page

8–24). 
The first class consist of the two network types named TNW01

nd TNW02 that are used to test the effect of electrode contact
mpedances on SIP measurement accuracy. Network type TNW01
epresents a pure resistive sample with a high impedance and high
ontact impedances Z e1 and Z e4 for the current electrodes. Net-
ork TNW02 represents the same resistive sample, but this time

he contact impedances at the current electrodes, Z e1 and Z e4 , and
he potential electrodes, Z e 2 and Z e 3 , are high. Ideall y, onl y the sam-
le impedance Z x of about 100 k � should be measured for both
etworks with zero phase response. 

The TNW01 network can be used to test current measurement
rrors due to capacitive leakage currents, regardless of the excita-
ion used. In some systems, this error can be corrected by internal
alibration or correction methods if the load capacitances, C e3 and
 e4 , are known. In addition to the phase error, the noise or 50 Hz

nterference can be tested, which can be coupled in capaciti vel y,
specially for high resistances. Since the electronic components
av e finite accurac y, the impedance values Z x for TNW01 were de-
ermined independently with higher accuracy, which is why they
eviate from their nominal value of 100 k �. 

The TNW02 network causes a voltage measurement error in ad-
ition to the current measurement error, which leads to significantly
reater measurement problems, as discussed and shown in Huisman
t al. ( 2016 ). In contrast to the cor rection of the cur rent measure-
ent that only requires knowledge of the load capacitances, the

orrection of the voltage measurement also requires knowledge of
he contact impedances. To improve measurement accuracy, it is im-
ortant to reduce the load capacitance of the cables and the system
s much as possible because these capacitances lead to distortions
ften referred to as parasitic effects. One strategy to minimize this
apacitance is to use triaxial cables with driven shield technology
e.g. Zimmermann et al. 2008a ), which is feasible for laboratory
IP equipment with short cables (up to 1 m). 
The second class of electrical networks is designed to reflect the

ypical phase response of a soil or rock sample. This network only
ontains the sample impedance Z x , which is made up of individual
lectrical components without further contact impedances. With
etwork TNW03, which is identical to the one used in Vanhala &
oininen ( 1995 ), a spectrum with two phase peaks at about 1 Hz
nd 14 kHz is obtained. The phase response of the low frequency
eak is relati vel y strong with a phase of ∼30 mrad. Ho wever , the
igh frequency phase peak is overlaid by the effect of the para-
itic capacitances (a decay of the amplitude and an increase of the
hase shifts at high frequencies), which is essentially a low pass
lter behaviour. To demonstrate this filtering effect, the parasitic
apacitance of C 23 = 0.7 pF between electrode 2 and 3 in TNW03
s modelled in set I only (Figs 5 b, e, h—theor y cur ve I). The com-
arison of the two sets (theory curves I and II in Fig. 5 ) shows that
he phase response due to the parasitic capacitance will dominate at
requencies above 1 kHz. 

A second network type in this class was also realized, TNW04.
t has two phase peaks at about 1 and 300 Hz. The two phase peaks
re small with peak values between 1 and 2 mrad. As with TNW03,
he model is calculated once with and once without the parasitic
apacitance. With these two networks, phase measurements in the
ntire spectrum are tested. Given that the contact impedances at the
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Figure 2. Electrical network diagrams (left) and photographs (right) of the four test networks used in the round-robin test. The size of each box is 10 cm by 
5 cm. 

Table 1. List of parameters for the two networks of each test network type that were used to obtain the theoretical curves in Figs 3 –6 . The parasite capacities 
are only considered and modelled for TNW03-I and TNW04-I. 

Test network Set Z e1 [ �] Z e2 [ �] Z e3 [ �] Z e4 [ �] Z x [ �] 

TNW01 I 100 000 0 0 100 000 99 400 
II 100 000 0 0 100 000 98 500 

TNW02 I 100 000 100 000 100 000 100 000 100 000 
II 100 000 100 000 100 000 100 000 100 000 

Test network Set Rx1 [ �] Rx2 [ �] Cx2 [nF] Rx3 [ �] Cx3 [ μF] C23 [pF] 

TNW03 I 150 300 5033 2.2 9407 22.1 0.7 
II 139 600 5090 2.0 10 000 21.7 0 

TNW04 I 100 000 280 2.0 270 490 1.8 
II 98 700 281 2.0 270 470 0 
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otential electrodes are not considered, they pose a less stringent
est for the SIP measurement equipment. 

.3 Instruments and measuring concepts 

ypicall y, impedance anal ysers use the four-wire technique and
etermine the impedance values with voltage and current measure-
ents (Fig. 1 ). The voltages are measured at the sample with high-

mpedance amplifiers and analogue-to-digital converters (ADC).
he current values are measured at a shunt resistor. The current
ows through the shunt resistor and the resulting voltage at the shunt
esistor is recorded with high-impedance amplifiers and ADC. Volt-
ge or current sources are used for excitation. This measurement
pproach is well suited for complex impedance measurements from
C ( μHz or mHz) up to several 100 kHz. 
In the following, we briefly introduce the systems that were used

ithin the round-robin test. 

.3.1 Device A 

he SIP measurement Device A (Zimmermann et al. 2008a ) con-
ists of a function generator, an amplifier unit, a data acquisition card
nd a computer. The function generator produces a sine wave stim-
lation voltage with adjustable amplitude and frequency. The volt-
ges at the potential electrodes of the sample are measured with short
riaxial cables (using driven shield technique) and a high impedance
C coupled amplifier to minimize the capacitive loads C e1 to C e4 

nd leakage currents (Fig. 1 ). The input resistance and capacitance
re approximately 500 G � and 5 pF. The current is determined by
easuring the voltage across an adjustable shunt resistor (typically
 k �) connected in series with the sample impedance. The voltages
t the shunt resistor and those at the potential electrodes of the sam-
le are digitized using high resolution ADC. By applying the lock-in
echnique, the complex amplitudes of the voltages for the measure-

ent frequency are determined from the measured time-series. The
ock-in technique uses the Fourier transformation to calculate the
ignal for the measurement frequency only and suppresses all other
ignal components. Finally, the impedance of the sample is deter-
ined from these complex amplitudes, with additional corrections

or measurement errors due to signal propagation times and parasitic
eakage currents. With this system, measurements can be made in
he frequency range between 1 mHz and 45 kHz using an excitation
oltage up to 10 V. To achieve the highest possible measurement
ccuracy, the system should be calibrated by taking measurements
n a calibration network. It should be noted that the use of incor-
ect calibration values can lead to significant errors. To e v aluate the
dequacy of the calibration, measurements should be carried out on
est networks. To correct the current measurement, the capacitance
alues of the capacitive loads C e1 to C e4 are pre-defined but can be
djusted during post-processing if additional capacitances from the
ample holder are identified. 

.3.2 Devices B, C and D 

he underlying measurement concept of the devices B, C and D is
imilar to that shown in Fig. 1 (Radic-Research, Germany). The SIP
esponse is measured b y appl ying sinusoidal w ave currents at differ-
nt frequencies. The excitation current is calculated from the voltage
easured across a shunt resistor. The voltages are also recorded as
 time-series synchronously with the current measurement. Finally,
he comple x frequenc y-dependent electrical impedance is calcu-
ated from the measured time-series according to magnitude and
hase for the individual frequency values of the spectrum. The
omplex impedances and the associated confidence intervals are
alculated using a discrete Fourier transform (Radic 2007 ). 

Device B is the SIP-FUCHS-III field instrument. In this system,
he transmitter, current receiver and voltage receiver are housed in
eparate enclosures. Fibre-optic cables are used for synchroniza-
ion and signal transmission to the receivers (cable lengths up to
00 m). In this way, this device offers flexibility in the design of
he measurement arrangement, which is very advantageous for field
pplications. The frequency range of the SIP-FUCHS-III is 1 mHz
o 20 kHz. The instrument is equipped with active shielding of the
otential cables. In this way, the influence of the cable capacitance
n the voltage measurement can be almost completely suppressed.
he acti vel y shielded potential cables and the flexible design of the
urrent cable lengths make this field measuring device suitable for
aboratory use. 

Device C is the SIP256C field instrument. It is optimized for
eld measurements with a dipole–dipole configuration. The mea-
urement channels are housed in individual Remote Units (RU).
ach RU can be used for both current and voltage measurements.

n the field, the RUs are connected to form a chain and spaced at
ntervals of 0.5–10 m. The frequency range of the SIP256C is 1

Hz to 1 kHz. As the RUs have no active shielding, they can only
e used for laboratory measurements in the low-frequency range.
he Remote Reference Units (RRUs) available for the SIP256C are
ore suitable for laboratory applications. They are similar in design

o the units of the SIP-FUCHS-III and also have active shielding of
he potential cables. The RRUs are used in the field to detect and
uppress interference voltages that can reduce data quality (Radic
014 ). Ho wever , the SIP256C’s operating software also allows it to
e used for laboratory measurements. One RRU is then used for
oltage measurement and the other for current measurement. Only
hese RRUs were used for the measurements on the test networks.
ompared to Device B, the available frequency range is limited to
 kHz. In addition, the capacitance of the pre-amplifiers is about
ne order of magnitude higher than for Devices B and D, which
ffects the measurement accuracy at the high frequency end. 

Device D is the SIP-QUAD which has been specialized designed
or laboratory applications. It features an extended frequency range
panning from 10 μHz to 230 kHz. A key advantage of the SIP-
UAD is its use of active pre-amplifiers (probes) placed directly at

he current and potential electrodes of the sample holder. This de-
ign minimizes the input impedance to 1 pF, significantly enhancing
easurement accuracy, particularly at high contact resistances and

igh frequencies. The device enables simultaneous measurements
f up to four material samples, each equipped with a dedicated
ignal source ( ±10 V, ±10 mA) and separate current and volt-
ge measurement channels. If required, the four separated voltage
hannel pairs can be linked to a single signal source, facilitating to-
ographic measurements with one current dipole and seven voltage

ipoles. This device allows also frequency combinations in a mul-
ifrequenc y e xcitation mode, enabling the entire impedance spec-
rum to be captured in a single measurement process with maximum
fficiency. 

.3.3 Device E 

evice E is the PSIP, a multichannel geophysical instrument opti-
ized for laboratory and in-situ near surface SIP (Ontash & Ermac,
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Table 2. Overview of the instruments used, including links to the manufacturers. 

Study name Instrument name Manufacturer Figure colours 

Dev A SIP-ZEL FZ J ülich 1 Blue

Dev B SIP-FUCHS-III Radic Research 2 Red

Dev C SIP256C Radic Research Orange

Dev D SIP Quad Radic Research Rose

Dev E PSIP Ontash & Ermac 3 Green

Dev F VMP Princeton Applied Research 4 Grey
1 https://www.fz-juelich.de/en . 
2 https://www.radic-research.de/ . 
3 https://www.ontash.com/ . 
4 https://www.ameteksi.com/about- us/princeton- applied- research . 
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USA). It measures conventional resistivity, time- and frequency- 
domain induced polarization as well as self-potential following the 
measurement principles outlined in Fig. 1 . The SIP response is mea- 
sured b y appl ying sine w ave voltages at dif ferent frequencies. The 
impedance and phase are determined by correlating induced volt- 
age and stimulus current. The stimulus current is computed based 
on the voltage measured at a shunt resistor using Ohm’s law. The 
main application areas of Device E are laboratory investigations 
and small-scale surface and shallow borehole field environments. 
It measures in the frequency range between 1 mHz and 20 kHz 
with up to 4 simultaneous setups. It has an acti vel y dri ven electrode 
guards/shields to mitigate capacitive coupling and noise. The volt- 
age output is ±10 V and the current is 10 mA per channel. The 
input impedance of the voltage channels is greater than or equal to 
1 G �. 

2.3.4 Device F 

Device F is the VMP3-Z (Princeton Applied Research, USA; dis- 
tributed by BioLogic, USA), which was designed for electrochemi- 
cal applications of impedance spectroscopy, and has also been used 
for petrophysical measurements for 15 yr. The instrument can be 
operated in galvanostat and potentiostat mode, that is, that either 
holds the current constant and measuring the potential, or vice 
versa. A specific electrical circuit diagram is not available, but it 
can be assumed that the principle follows the standards of poten- 
tiostat/galvanostat measurements. A low-current option is available 
specifically for high impedance applications. Measurements can be 
done in the frequency range between 0.01 Hz and 1 MHz. The 
input impedance for the normal and low-current measurement op- 
tion are specified as 10 12 and 10 14 �, respecti vel y. The stray ca- 
pacitance is specified as 20 pF (normal) and 3 pF (low-current). 
The measurements reported here were made with the standard 
four-wire configuration, in galvanostat mode with the low-current 
option. 

An overview of the different instruments and the colour-coding 
used in the results presented can be found in Table 2 . 

2.4 Participating institutes 

The German Geophysical Society (DGG) hosts an Induced Po- 
larization (IP) working group called AKIP 

1 . Almost all German 
1 https://dgg- online.de/arbeitskreise/working- group- induced- polarisation- 
ip/ 
universities, research institutes and companies interested in IP are 
members of this group. The AKIP meets twice a year, organizes 
national IP workshops every two years (alternating with the inter- 
national IP workshop), maintains an SIP archive 2 , and exchanges 
news, data and the latest developments in the German IP commu- 
nity. For more than 15 yr, interlaboratory comparisons have been 
carried out with the above-described test networks, sandstone spec- 
imens and sample holders. During this time, almost all German 
institutes have joined. In addition, St. Petersburg State University in 
Russia and Lund University in Sw eden ha ve also participated. The 
institutes listed in Table 3 have provided data for this study. 

3  R E S U LT S  

All participating institutes measured the first three electrical test 
netw orks (TNW01-TNW03). Netw ork TNW04 w as measured b y 
onl y a fe w of the institutes as it w as designed at a later stage. The 
test networks were measured at different institutes and by different 
users. Some of the users are more experienced and trained than 
others, and we expect that the differences in the results also include 
variability due to user training. In addition, the laboratory environ- 
ments at the different institutes vary in terms of noise, shielding or 
additional equipment around the impedance analyser (e.g. cables, 
tables and climate chamber). We assume that the test results pre- 
sented here also reflect the variation to be expected from different 
laboratory conditions. Figs 3 –6 show the measurement results for 
each test network. In all four figures, the top row shows the data 
for Device A, the middle ro w sho ws the data for Devices B, C and 
D and the bottom row for Devices E and F. In each row, the re- 
sistance (a, d, g) and phase shift (b, e, h) are shown for the entire 
(instrument-specific) frequency range and additionally a close-up of 
the phase shift in the frequency range from 0.001 to 100 Hz is shown 
(c, f, i). 

The results for TNW01 are shown in Fig. 3 . The two versions 
of this test network are expected to have an impedance of 99.4 and 
98.5 k �, respecti vel y, and a phase shift of 0 mrad (Table 1 ). The 
parasitic capacitances introduce a current measurement error that 
must be compensated for by internal correction methods in each 
system. For this reason, the phase values of devices with internal 
cur rent cor rection are seen to fluctuate around zero at high frequen- 
cies. All instruments and institutes measured the impedance value 
within 1 per cent deviation (Figs 3 a, d, g) although some instru- 
ments start to deviate more at frequencies above 1000 Hz (Device 
2 https://www.sip-archiv.de/ 
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Table 3. Overview of the participating institutes. Institutes with symbols in different colours have measured the test networks with several devices (colour 
code in Table 2 ). 

Study name Institute Contact person Figure symbols 

Inst 1 BAM—Bundesanstalt f ür Materialforschung und -pr üfung Sabine Kruschwitz 

Inst 2 BGR—German Federal Institute for Geosciences and Resources Stephan Costabel 

Inst 3 TUC—Technical University Clausthal Andreas Weller 

Inst 4 FZJ—Forschungszentrum J ülich Egon Zimmermann 

Inst 5 RWTH—Aachen University Norbert Klitzsch 

Inst 6 LIAG—Institute for Applied Geophysics Matthias Halisch 

Inst 7 SPBU—St. Petersburg State University K onstantin T itov 

Inst 8 TUB—Technische Universit ät Berlin Sabine Kruschwitz 

Inst 9 TUBAF—Technical University Bergakademie Freiberg Jana B örner 

Inst 10 LU—Lund University Tina Martin 

Inst 11 EKUT—Eberhard Karl University T übingen 1 Adrian Mellage 

Inst 12 TUBS—Technical University Braunschweig Andreas H ördt 

1 The instrument is now at the University of Kassel, Germany but the contact person remains the same. 
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, C, D and F). The phase shift values were < 1 mrad for most
f the instruments in a frequency range of roughly 0.001–100 Hz
Figs 3 b, e, h). When measuring with Devices A and E, the fluc-
uation in the phase spectrum (‘noise’) is in the range of 0.1 mrad
or frequencies up to 100 Hz (Figs 3 c, f, i). Device F shows a
ignificant higher noise level in the same frequency range (noise
eaks up to 1 mrad, Fig. 3 i). For Devices B, C and D, the noise
e vel is dif ficult to estimate since the noise is overlayed with the
requency-depended phase shift (Fig. 3 f). In addition, the measure-
ent with Device F shows a 50 Hz peak (Fig. 3 g), most likely due

o the 50 Hz power supply system. Experience suggests that the
ther measurement systems would also have shown a distortion at
0 Hz if measurements had been taken at exactly this frequency.
ompared to the measurements with Devices B, C and F, the mea-

urements with Devices A, D, E show significantly lower phase er-
ors in the upper frequency range, and errors are only visible above
000 Hz. 

The results for test network TNW02 (Fig. 4 ) show a similar be-
aviour to test network TNW01. Again, the expected theoretical
esponse is a constant impedance of 100 k � and zero phase shift.
he impedance is measured to within 1 per cent deviation and the
easured phase shifts are mostly < 1 mrad in the frequency range

etween 0.001 and 100 Hz for Devices A, D, E and F. For Devices
 and C, the phase error starts to increase already at lower fre-
uencies. As expected, the phase errors are predominantly negative.
his is due to the contact impedances at the voltage electrodes,

epresented by Z e 2 and Z e3 in combination with the parasitic ca-
acitances. To correct this error, it is necessary to determine the
ontact impedances in addition to the parasitic capacitances, which
s much more complicated. These measurements clearly show that
arasitic elements can lead to large phase errors. Due to the addi-
ional contact impedances of TNW02, the phase errors in the current

easurement can be offset by the phase errors in the voltage mea-
urement, as observed by device E from institute 11 (Fig. 4 h). As a
esult, the individual errors are no longer distinguishable. 
Test network TNW03 is characterized by two phase peaks at about
 Hz and 14 kHz (Fig. 5 ). The low frequency peak is relati vel y strong
ith an expected phase of 32 mrad but the high frequency phase peak

s overlaid by the low pass behaviour of the network and is therefore
ardl y reco gnizable. The measurements from all instruments and
nstitutions showed that the impedances of the test network TNW03
ere measured with an accuracy of 1 per cent as in the previous
easurements (Figs 5 a, d, g). In addition, the low frequency peak

f the measured phase was located at the appropriate frequency and
ith the correct phase magnitude (Figs 5 c, f, i). Ho wever , the phase

r rors occur red at lower frequencies, star ting par tly already at 10 Hz
Figs 5 f and i). 

The influence of obviously incorrect measurements, probably
 y incorrect calibration, b y miscalculation or b y the user, can be
learly seen in Figs 5 (b) and (c). Here, all institutes have measured
he correct phase values with the same instrument (Dev A), only
nstitute 5 measured too small phase shifts whereas the impedance
Fig. 5 a) was measured correctly. 

The higher frequency peak was not resolved b y an y instrument
r institute. Only the measurements from Device A obtained by
nstitute 1 (Fig. 5 b) and from Device E obtained by Institute 10
Fig. 5 h) come close to the expected behaviour of TNW03 when
he parasitic capacitance C 23 was considered (set I). This additional
arasitic capacitance explains the increase in phase in the upper
requency range. It also shows that small parasitic capacitances on
he order of ∼1 pF substantiall y af fect the phase response in the
pper frequency range for high-impedance samples. 

The design of test network TNW04 is similar to TNW03 but
ith both phase peaks at lower and thus more easily measurable

requencies (at about 1 and 300 Hz) and with smaller peak values
between 1 and 2 mrad). Fig. 6 shows the results for all participating
nstruments and institutes. Again, the impedance of both set I and
I were measured with a deviation below 1 per cent. For the phase
hift, all instruments measured the low frequency peak correctly.
or the high frequency peak at 300 Hz, the increasing slope is well
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Figure 3. SIP results for test network TNW01 for se veral de vices (de v) and institutes (Inst) in dif ferent years. Left column (a, d, g): resistance. Middle column 
(b, e, h): phase values for the entire (instrument-specific) frequency range. Right column (c, f, i): phase values for a selected frequency range. Top row: Device 
A. Middle row: Devices B, C, D; Bottom row: Devices E and F. 
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captured by Devices A, D and E (Figs 6 c, f, i). Due to the parasitic 
capacitance of C 23 = 1.8 pF between contacts E 2 and E 3 of the test 
network in set I, the modelled phase does not return to zero but 
increases with frequency. The measurement obtained with Devices 
A, D and E also show this behaviour. 

4  D I S C U S S I O N  

The round-robin test, designed and developed to evaluate the ac- 
curacy of impedance analysers used for SIP measurements, uti- 
lized four different test networks. This approach has provided valu- 
able insights into both the expectations and limitations associated 
with obtaining reliable IP data, particularly when measuring high- 
impedance samples. The test offers a comprehensive overview of the 
factors influencing measurement quality and serves as a benchmark 
for assessing the performance of IP instruments in challenging sce- 
narios. It was found that the impedance of all test networks can be 
measured within a deviation below 1 per cent over almost the entire 
frequency range (0.001–1000 Hz) using all tested instruments. The 
phase response was also captured by almost all instruments with an 
accuracy of < 1 mrad in a broad frequency range that extended from 

0.001 to 100 Hz for the test networks without a capacitance (TNW01 
and TNW02). As shown in Fig. 4 (h), the phase errors in the current 
measurement can be offset by those in the voltage measurement, 
making the individual errors no longer distinguishable. It is there- 
fore recommended that the measurements from the TNW01 and 
TNW02 test networks are interpreted together. The phase response 
of the test networks TNW03 and TNW04 w as partl y identified using 
all instruments, whereby the second phase peak at higher frequen- 
cies (14 kHz for TNW03 and 300 Hz for TNW04) w as dif ficult to 
identify in some cases. Due to the overlaying low pass behaviour, 
the entire peak at 14 kHz (TNW03) was almost impossible to rec- 
ognize and could only be sensed in two measurements (device A, 
institute 2 and device E, institute 10) on the low-frequency rise. In 
contrast, the peak at 300 Hz for TNW04 could be well resolved 
by almost all measurements, but again, only on the low frequency 
rise. 

art/ggaf153_f3.eps
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Figure 4. SIP results for test network TNW02 for several devices (dev) and institutions (Inst) in different years. Left column (a, d, g): resistance. Middle 
column (b, e, h): phase values in the entire (instrument-specific) frequency range. Right column (c, f, i): phase values for a selected frequency range. Top row: 
Device A; Middle row: Devices B, C, D; Bottom row: Devices E and F. 
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At higher frequencies ( > 100 Hz), the results showed that elec-
romagnetic coupling affects all measurements. The extent to which

easurements are affected depends on several factors, such as sam-
le and contact impedance as well as on the parasitic coupling of the
abling. It was observed that such coupling effects started earlier
or Devices B and C than for the other instruments, most likely due
o cable ef fects. Particularl y, De vice C w as designed for field use
nd thus has unnecessary long cables for laboratory investigations.
o wever , there are also differences in the measurement methods

equired to avoid or correct errors, which can differ for field and
aboratory measurements. The measurements on TNW02 showed
he importance of the electrode impedance for accurate measure-

ents at high frequencies. Especially in partially saturated or dry
oil and rock samples the contact impedances can become very high.
lthough methods have been proposed to correct for the effect of

ontact impedance (Huisman et al. 2016 ; Wang & Slater 2019 ),
he overall aim should be to minimize contact impedances while
voiding parasitic electrode effects that are caused by the electrical
ransition from the electrode to the electrolyte (Breede et al . 2011 ;
uisman et al. 2016 ). 
The measurements on the test networks also revealed that even
 very small capacitance of a few pF affects the phase response
n the upper frequency range as shown, for example, by the in-
rease in phase in the upper frequency range of TNW04 due to
he parasitic capacitance of 1.8 pF (Fig. 6 ). One meter of a typical
oaxial cable has a capacitance between the inner conductor and
he shield of 100 pF, which is significantly larger than the small
arasitic capacitance of the test network. Therefore, long shielded
r unshielded cables will cause greater interference than shorter
ables. This demonstrates that the cables have a large impact on the
easurement accuracy, and that it is essential that the measuring

e vices adequatel y compensate for cable ef fects for example using
ri ven shield technolo gy. For the same reasons, it is important that
he shielded cables are connected directly to the sample electrodes
nd not extended with other cables. This is even more important
or devices that use amplifiers to pick up the signal directly from
he sample electrodes to avoid additional capacitive loading of the
ample. In general, the recommendations provided by the manufac-
urer about how the sample should be connected should al wa ys be
ollowed. 
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Figure 5. SIP results for test network TNW03 for several devices (dev) and institutes (inst) obtained in different years. Left column (a, d, g): resistance. Middle 
column (b, e, h): phase values for the (instrument-specific) entire frequency range. Right column (c, f, i): phase for a selected frequency range. First row—only 
measurements from Device A; second row—only measurements for the Devices B, C, D; last row—only measurements for Devices E and F. 
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Overall, the presented results show that test networks can serve 
as an invaluable tool for e v aluating the impact of sample properties 
and cabling on the performance of the impedance analyser. The test 
measurements have demonstrated that phase errors are primarily 
caused by parasitic elements—such as resistances, capacitances, 
or inductances—introduced by both the sample and electrodes as 
well as the cables. The influence of these parasitic effects varies 
depending on the measurement principle of the system and the 
internal correction methods employed. To accurately assess these 
effects, it is essential to conduct test measurements with known test 
networks for each specific setup, including the associated cabling. 
By varying the sample and contact impedances, one can observe 
their influence on the measurement results. 

When estimating or measuring the impedance values of both 
the sample and contact points, it is crucial to ensure that the test 
measurement is representative of the actual measurement errors that 
might occur during sample analysis. This testing approach simplifies 
error estimation compared to theoretical, model-based methods, 
w hich inv olv e the comple x task of modelling ev ery component, 
including the measurement system itself. By simulating sample 
parameters within a test network, predicting and mitigating potential 
measurement errors becomes significantly more straightforward. 
These error estimates and tests are particularly focused on errors that 
occur in the upper frequency range. Ho wever , errors can also arise 
in the lower frequency range, particularly during measurements on 
real samples. Such errors cannot fully be captured by test networks, 
and are typically associated with electrode effects (Wong 1979 ; 
Vinegar & Waxman 1984 ; Ulrich & Slater 2004 ; Zimmermann & 

Huisman 2024 ). 
It is important to note that parasitic capacities of the actual sample 

holder can also substantiall y af fect the measurement accuracy, and 
that these additional capacitances were not considered here. To test 
for such additional effects, SIP measurements with a sample holder 
filled with water are highly recommended as an additional step of 
testing. 

Although not systematically investigated in this study, several ad- 
ditional aspects that affect the SIP measurement accuracy are worth 
discussing. First of all, it is evident that the accuracy of the achieved 
measurement will depend on the amount of current injected and the 
resulting voltages. Based on prior measurements of soil and rock 
samples, it can be confidently assumed that the electrical conduc- 
tivity of porous media shows linear behaviour, meaning that the 

art/ggaf153_f5.eps
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Figure 6. SIP results for test network TNW04 for several devices (dev) and institutes (inst) obtained in different years. Left column (a, d, g): resistance. Middle 
column (b, e, h): phase values for the (instrument-specific) entire frequency range. Right column (c, f, i): phase for a selected frequency range. First row—only 
measurements from Device A; second row—only measurements for the Devices B, C, D; last row—only measurements for Device E. Note: not all institutes 
have measured this test network. 
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oltage at the potential electrodes increases proportionally with the
njected current. To achieve the best possible signal-to-noise ratio
nd thus measurement accuracy, the excitation should thus be per-
ormed with the highest feasible current or voltage. This is only
pplicable to samples with linear properties and not to materials
ike metallic minerals, which can exhibit a nonlinear relationship
etween excitation current and voltage. Care must also be taken to
void overloading the voltage inputs. Unlike the sample impedance,
lectrode impedances can be nonlinear depending on the injected
urrent (Barsoukov & MacDonald 2005 ). For example, when mea-
uring the contact impedances of potential electrodes to determine
qui v alent impedances in a test network, small excitation signals
ust be used, as the voltages are measured at high impedance (with

o current flow). 
Another important aspect to take into account for SIP measure-

ent accuracy is the measurement time. SIP measurements typ-
cally take a considerable amount of time, especially when mHz
requencies are also involved. It should be ensured that the sample
emains stable throughout the measurement, while also consider-
ng the signal-to-noise ratio. Depending on the device, frequency
ables are specified for the measurements, with the frequencies to
e measured and the measuring time per measuring frequency. To
heck the time stability of the measurement, it is recommended to
easure from the highest frequency to the lowest and back to the

ighest. Comparing the measured values for the respective frequen-
ies will show whether the measurement was sufficiently stable.
ith this method, suitable settings can be found empirically. This
ethod was not necessary to use for the measurements on the test

etworks, as it could be reasonably assumed that the electrical prop-
rties of the networks did not change with time. When choosing the
requencies to be measured, care should also be taken to avoid
requencies of the local power supply (i.e. 50, 60 Hz) and their mul-
iples, as interference is to be expected at these frequencies (see 
ig. 3 g). 
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Additional parasitic capacitances can significantly impact the ac- 
curacy of SIP measurements. These may originate from unexpected 
sources, such as the laboratory table or neighbouring electronic de- 
vices. Some laboratory tables are coated with conductive materials, 
which can promote capacitive leakage currents. To mitigate this, it 
is advisable to position the sample away from electrically conduc- 
tive surfaces, using insulating spacers when necessary. Moreover, 
temperature plays a well-known role in influencing the electrical 
conducti vity of man y materials (Hayley et al. 2007 ; Bairlein et al. 
2016 ). To ensure consistent and reliable results, conducting mea- 
surements in a climate chamber or a room with stable temperature 
conditions is highly recommended. 

Impedance anal ysers typicall y rel y on specific calibration data, 
such as channel gain and cable delay to ensure accurate measure- 
ments. These parameters are typically fixed but can drift over time 
due to factors like temperature fluctuations or changes in mea- 
surement configurations. To mitigate this, calibration following 
manufacturer’s guidelines is essential. Proper calibration signif- 
icantly enhances measurement accuracy, whereas incorrect cali- 
bration can se verel y compromise impedance and phase measure- 
ments (see Figs 5 b and c). To confirm successful calibration, test 
measurements using a network like a 1 k � resistor (without con- 
tact resistance) are highly recommended. In such tests, the phase 
should remain close to zero across the entire frequency range, and 
the impedance values should fall within the acceptable tolerance 
limits. 

Beyond technical factors, user expertise represents another major 
source of uncertainty in SIP measurements. Accurate and reliable 
measurements require well-trained personnel who understand the 
various factors influencing data quality and can minimize errors 
during setup and execution. 

Interpreting SIP measurements, particularly at high frequencies, 
poses additional challenges. Although measurements can extend 
into the kHz range, their reliability often diminishes, increasing 
the risk of misinterpretation. This underscores the importance of 
critical e v aluation and a thorough understanding of the limitations 
inherent in high-frequency SIP data. 

5  C O N C LU S I O N S  

Our study highlights the ef fecti veness and necessity of using test 
networks to e v aluate the measurement accuracy of SIP systems. We 
hav e thoroughly inv estigated the design and accurac y of these test 
networks and demonstrated their suitability for various applications 
when tailored to reflect the expected impedance of rock or soil 
sample materials. 

Discrepancies between different impedance analysers were ob- 
ser ved, par ticularly at higher frequencies. These discrepancies un- 
derline the critical importance of accuracy in SIP applications, as 
they are often influenced by the ability to ef fecti vel y manage par- 
asitic capacitances. Our results emphasize that while field instru- 
ments can provide reliable data in laboratory settings up to a certain 
frequenc y, the y are less suitable for high-precision studies requir- 
ing broader frequency ranges due to the effects of long cables and 
inadequate input impedances. 

Finall y, we identified se veral potential sources of error, includ- 
ing variations in handling practices and cable usage. Strategies 
to mitigate these issues, such as standardizing procedures and 
ensuring optimal cable configurations, are proposed. The round- 
robin tests conducted by the German IP community not only 
fostered scientific exchange but also catalysed improvements in 
SIP measurement routines, accuracy, and critical assessment of 
both self-generated and literature data. We hope these efforts con- 
tribute to more reliable and reproducible SIP results across diverse 
applications. 
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