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SUMMARY

Spectral electrical impedance tomography (sEIT) has attracted increasing interest in hydro-
geology, biogeosciences, agriculture and environmental studies. However, broad-band sEIT
measurements, particularly at frequencies above 50 Hz, have long been challenging due to
electromagnetic (EM) coupling effects. Recent advances in instrumentation, data correction
and filtering have improved sEIT measurements at higher frequencies, yet many of these
developments rely on a customized system with distributed amplifiers. Extending these ad-
vancements to more universally applicable methods is necessary, as sEIT measurements are
often acquired using systems with centralized multiplexers. This study aims to bridge this gap
by developing model-based data correction methods to mitigate EM coupling effects in sEIT
measurements acquired with such a set-up. For this, the differences in EM coupling effects be-
tween measurements with a centralized multiplexer and distributed amplifiers were discussed,
and the required correction methods in case of a centralized multiplexer were developed. The
effectiveness of the developed corrections was tested using sEIT measurements acquired with
a centralized multiplexer. A data set obtained using distributed amplifiers and corrected using
previously developed approaches served as a reference. Finally, inversion results of all data
sets were compared. It was shown that cable capacitance dominates the capacitive coupling in
the sEIT measurements acquired with a centralized multiplexer when coaxial cables are used.
Improvements were observed after each correction step using the developed methods. It was
concluded that broad-band sEIT imaging results can be obtained using measurements with
a centralized multiplexer and coaxial cables using the proposed data correction and filtering
methods.
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biogeochemical investigations (Williams e al. 2009; Flores Orozco

1. INTRODUCTION et al. 2011) and hydraulic conductivity determination (Attwa &

Spectral electrical impedance tomography (sEIT) is a non-invasive
geophysical method to map the subsurface complex electrical con-
ductivity distribution over a broad frequency range from mHz to
kHz. While extensive research has demonstrated the value of lab-
oratory spectral induced polarization (SIP) measurements in char-
acterizing microscopic structures and processes in soil, sediment
and rocks (Personna et al. 2008; Aal & Atekwana 2014; Mellage
et al. 2018; Izumoto er al. 2020), bridging the gap between these
promising lab-based results and their practical application in the
field remains a significant challenge. In recent years, there have
been several attempts in obtaining the distribution of the complex
electrical conductivity at the field scale using sEIT, particularly in
the case of environmental and hydrogeophysical applications such
as contaminated site characterization (Flores-Orozco et al. 2012),

Giinther 2013). However, these studies were all focused on the lower
frequency range below 50 Hz. Broad-band sEIT measurements are
desirable to characterize the full complexity of the electrical re-
sponse of the investigated materials. Unfortunately, electromagnetic
(EM) coupling effects including both inductive and capacitive cou-
pling strongly affect SEIT measurements in the higher frequency
range (> 50 Hz), which has long been a crucial problem for broad-
band sEIT measurements. To deal with EM coupling effects, full
scale modelling and inversion based on Maxwell’s equations would
be ideal (Commer ef al. 2011; Qi et al. 2019), but it is computa-
tionally expensive and complicated to implement. Previous studies
addressing these EM coupling effects in sEIT measurements either
focused solely on the inductive coupling effect or lumped the induc-
tive and capacitive coupling together (Wait & Gruszka 1986; Routh
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& Oldenburg 2001; Schmutz et al. 2014; Flores Orozco et al. 2021).
However, both types of coupling have distinct sources, and should
thus preferably be separately addressed.

Inductive coupling in sEIT measurements usually refers to the
cable-to-cable effect due to mutual inductance. In particular, alter-
nating current propagating in a wire induces an electromagnetic
field, which creates voltage errors in the wires used for potential
measurement. For near-surface applications with relatively short
cables, the induction effect from the soil can be neglected in the
frequency range from mHz to kHz (Wait 1984; Zhao et al. 2015). In
this case, the inductive coupling mainly depends on the geometry of
cables and can be corrected using the mutual inductance. The mu-
tual inductance can be numerically calculated when the geometry
and arrangement of measurement cables are known (Zimmermann
et al. 2019) or can be calibrated in the case of a cable bundle (Zhao
etal 2013,2015; Weigand et al. 2022). Wang et al. (2021) proposed
a novel index to quantify the inductive coupling strength (ICS) for
each sEIT measurement. Through ICS-based experimental design,
reliable broad-band sEIT inversion results up to kHz were achieved
without correction for inductive coupling.

Compared to inductive coupling, capacitive coupling effects are
much more complex to address. Depending on the measurement
technique, type of cables and the cable arrangements, capacitive
coupling affects sEIT measurements in different ways and to a
varying degree. It has been shown that the most commonly used
multicore cables in geoelectrical measurements have the strongest
EM coupling effects due to the millimetre scale distance between
the inner conductors (Flores Orozco et al. 2021). The small sepa-
ration between wires results in both strong inductive coupling and
significant capacitive coupling effects. Dahlin & Leroux (2012) de-
veloped a parallel cable layout in which the current transmission
and voltage measurement are carried out in two separated paral-
lel cables. The parallel cable layout perfectly solved problems due
to electrode charge-up effects associated with the alternating use
of electrodes for current injections and potential measurements.
However, the improvement in suppressing EM coupling effects was
found to be limited (Flores Orozco et al. 2021; Wang et al. 2021).
With the use of coaxial cables, the capacitive coupling between
wires can be eliminated because the potential on the shielding of all
cables is the same (i.e. no leakage current between cables). How-
ever, the use of coaxial cables introduces a new type of capacitive
coupling between the shielding and the inner wire. The shielding
of all cables is connected to the system ground, while the inner
wires are connected to the electrodes. This setup creates a potential
difference between the shielding and the inner wires. This potential
difference drives a leakage current that flows between the shielding
and the inner wire. This type of capacitive coupling can be greatly
reduced by using distributed amplifiers at the electrodes for voltage
measurement, as implemented in the sEIT system of Zimmermann
et al. (2008). Even when distributed amplifiers and coaxial cables
are used, there still is capacitive coupling between the subsurface
and the cable shield. This type of capacitive coupling can be mini-
mized by lifting the cables in the air (Weigand et al. 2022), which is
cumbersome and only seems feasible for SEIT measurement set-ups
used for long-term monitoring. In cases where the cables have direct
contact with the ground surface, this type of capacitive coupling can
be corrected by integrating the measured leakage current and total
capacitance between subsurface and shield in finite element for-
ward modelling (FEM) (Zimmermann et al. 2019). Based on this
correction strategy, Wang et al. (2024) proposed a data processing
and filtering approach to identify electrode configurations that are
less affected by this type of capacitive coupling. The advancements

reviewed above were all based on a sEIT system with distributed
amplifiers, enabling accurate broad-band sEIT measurements and
inversion results up to kHz frequencies. However, centralized mul-
tiplexers are more commonly used in commercially available EIT
systems due to their robustness for cable handling in the field. Dis-
tributed amplifiers require more effort to assemble and demand
careful handling during deployment. Therefore, it is important to
investigate methods for mitigating capacitive coupling effects in
centralized multiplexer systems. This would potentially enable more
accurate broad-band sEIT results using widely available commercial
systems.

The aim of this study is to develop correction methods for capaci-
tive coupling in SEIT measurements when a centralized multiplexer
with coaxial cables is used. In the first step, the measurement setups
will be described in detail and the difference between distributed
amplifiers and a centralized multiplexer in terms of capacitive cou-
pling effects will be illustrated. Next, correction methods and data
processing procedures for measurements with both setups will be
presented. In the final step, results of sEIT measurements with a
centralized multiplexer before and after each developed correction
step will be compared with reference data acquired with distributed
amplifiers.

2. MATERIALS AND METHODS

2.1 sEIT measurement system and setups

Acquisition of sEIT measurements relied on a customized system
developed by Zimmerman et al. (2008) and extended by Zim-
mermann et al. (2010). The customized sEIT system (Fig. 1a)
has 40 channels and measures voltage at each electrode relative
to the system ground. It also measures currents at the positive
(1) and negative (/) current channels, allowing the calculation
of the leakage current (/;, = I/, + ;) and the symmetric current
(I; = 0.5, — 0.51;). The system was designed to use distributed
amplifiers for voltage measurement at each electrode (i.e. ampli-
fiers mounted at electrodes), which is referred to as an active setup
(Figs 1b and e) in this study. The amplifier module incorporates
a relay to switch between current injection and potential measure-
ment modes for each channel. To simulate a centralized multiplexer,
a connector hub with 20 amplifier modules was built (Fig. 1¢). The
connector hub was connected to the system with individual short
coaxial cables (1 m). The shielding of all cables was connected to
the system ground. This measurement setup with a simulated cen-
tralized multiplexer is referred to as a passive setup (Figs 1d and f)
in this study. Figs 1(g) and (h) provide a schematic illustration of one
channel of the active and passive setup, respectively. It should be
noted that the actual passive setup employed in this study includes a
1 m section of the active setup, which simulates the centralized mul-
tiplexer as shown in Fig. 1(f). However, to emphasize the general
concept of active and passive setups, this short section of the active
setup within the passive setup is omitted in Fig. 1(h). The main
difference between the active and passive setups is the position of
the amplifiers used for voltage measurement. When the relays are
switched for current injections, there is no difference between the
active and passive setup. A detailed discussion of the capacitive cou-
pling effects in both active and passive setups will be provided after
the field data acquisition and the treatment of inductive coupling
have been addressed.

Field sEIT measurements with different setups were ac-
quired at the campus of the Forschungszentrum Jiilich, Germany

G20z 1SNBNY Gz UO Jasn eyjolqigienuaZ * yalnr wnijuszsbunyosiod Aq £49££z8/S 1L e4eBb/L/eyz/aloeB/woo dno-oiwepese/:sdny woly pepeojumoq



Broad-band sEIT measurements 3

U

U @

TTTTTTT

TTT

{J\ Amplifier module

]

T Stainless steel electrode

(9)

(h)

. %}E “+

Figure 1. (a) sEIT measurement system developed by Zimmermann et al. (2008) and extended by Zimmermann et al. (2010); (b) illustration of active set-up;
(c) connector hub with 20 amplifier modules; (d) illustration of passive set-up; schematic sketches of (e) the full active setup, (f) the full passive setup, one

channel of the (g) active setup and (h) passive setup.

(50°54'37.2°N 6°24'14.6"E). The electrode layout consisted of 11
electrodes with 1 m electrode spacing. The 10 m long cables were ar-
ranged in a fan-shaped layout with the system placed 4 m away from
the survey line (Zimmermann et al. 2019; Wang et al. 2024). Since
the system measures the potential at each single electrode relative to
system ground, only the electrode pairs used for current excitation
need to be specified a priori. A skip-6 circulating scheme was used
for current excitation (Xu & Noel 1993), in which 6 electrodes were
skipped between the two current electrodes for each excitation (i.e.
current excitation at 01-08, 08-04, 0411, ..., 05-01). This results
in 11 current injections and 396 four-pole measurements that can be
obtained in the post-processing. The measurements were acquired at
12 frequencies, logarithmically distributed over a broad frequency
range from 1 Hz to 10 kHz. The set of 396 measurements con-
tains different types of electrode configurations, including Alpha,
Beta and Gamma types (Carpenter & Habberjam 1956). To identify

configurations with poor data quality, the so-called geometric factor
relative error was used (Wilkinson et al. 2008; Loke et al. 2014).
This measure evaluates the relative error in the geometric factor
due to a small change in the electrode position. A cut-off factor of
5 (m~!) was used in this study, which corresponds to a maximum 5
per cent relative error in the geometric factor for a 1 cm uncertainty
in electrode position. After filtering for high relative errors, 378
configurations remained.

2.2 Inductive coupling

Inductive coupling in sEIT measurements comprises both cable-
to-cable and cable-to-subsurface effects. For short grounded elec-
trode wires, the cable-to-subsurface induction effect can gener-
ally be neglected but still depends on the frequency range and
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Figure 2. Electric circuit models for the (a) current channel and (b) voltage
channel. C represents the cable capacitance in both cases.

subsurface conditions. However, this effect should be considered
at very high frequencies (over 10 kHz) or with very large array
layouts (over 50 m), as encountered in applications like permafrost
imaging (Schulz et al. 2025). In this study, only the cable-to-cable
effect was considered, which mainly depends on the position of the
cables in the case of short electrode layouts and can be quantified
by the mutual inductance M. The mutual inductance M for a given
cable layout can be numerically calculated by a Neumann’s integral
(Sunde 1968; Zhao et al. 2013). After calculating the mutual induc-
tance M, the inductive coupling can be removed using (Zhao et al.
2013):

7 =7 —ioM, (1)

where w is the angular frequency, i is the imaginary unit, Z;' is the
measured complex impedance and Z* is the complex impedance
after correction of inductive coupling. To quantify the strength of
inductive coupling, Wang et al. (2021) proposed the inductive cou-
pling strength (ICS), which is calculated using:

oM
ICS = 100 per cent x i )
0

where Zg is the error-free imaginary part of the complex impedance
or the representative signal strength. For experimental design pur-
poses, Z(')' can be calculated analytically assuming a homogeneous
subsurface model (Wang et al. 2021). In this study, the ICS of all
measurements was calculated using the corrected imaginary part of
the complex impedance Z;.

2.3 Capacitive coupling effects in the active setup

There are two dominant types of capacitive coupling when using the
active setup. One type of coupling is due to the cable capacitance
(inner wire to shield) of the current channels. Although the active
setup relies on distributed amplifiers at the electrodes, it only pre-
vents the effect of the cable capacitance at the channels for voltage
measurements. At the current channels (Fig. 2a), leakage current
can flow back to the system through the cable capacitance. As a
result, the measured current consists of the current flowing through
the electrodes into the soil and the leakage current through the ca-
ble capacitance. Since the system also measures the voltage U; at
each single current channel, the true current / flowing through the
electrode can be calculated using

I=1,—iwCU, 3)

where /,, is the measured current, and C is the capacitance of the
coaxial cable.

After correction of the currents at the positive and negative cur-
rent channels, the summation of the two currents represents the

leakage current through the capacitance between shield and sub-
surface in the active set-up, which is the other type of capacitive
coupling in the active setup. This type of capacitive coupling effect
can be modelled and corrected (Zimmermann et al. 2019; Wang
et al. 2024), which requires information on the total capacitance
between the shield and the subsurface, the leakage current through
the total capacitance and the distribution of the real part of the com-
plex electrical conductivity in the subsurface. The procedure for
modelling and correction is as follows. First, the measured real part
of the complex impedances is inverted to obtain the distribution
of the real part of the electrical conductivity. Next, the obtained
2-D distribution is extended into a 3-D subsurface model, and the
measured total capacitance is distributed along the cable. After this,
finite element forward modelling using the measured leakage cur-
rent is used to correct the measured impedances with the modelled

imaginary part impedances Z, using:

7 =7 —iZp,. (4)

The leakage current through the subsurface and shield is mainly
driven by the real part of the potential distribution. Therefore, the in-
duced error in the imaginary part of the impedance can be modelled
with only the real part of the electrical conductivity distribution.
For more details about the FEM-based modelling, we refer to Wang
et al. (2024).

To evaluate the FEM-based correction, the capacitive coupling
strength (CCS) was proposed by Wang et al. (2024):

z
CCS = 100 per cent x —om. 5)
ZO

The CCS is defined as the percentage ratio of the modelled imag-
inary part of the complex impedance due to subsurface-to-shield
capacitive coupling and the imaginary part of complex impedance
induced by the polarization of soil. Similar to the calculation of ICS
in this study, the corrected imaginary part of the complex impedance
was used for Z;.

2.4 Capacitive coupling effects in the passive setup

Four types of capacitive coupling effects need to be considered for
the passive setup. As in the case of the active setup, the first type of
coupling is due to the cable capacitance at the current channels. The
correction method using eq. (3) can also be applied for the passive
setup. After correction of the injected currents at both positive and
negative current channels, the summation of the corrected currents
(i.e. the leakage current /;) consists of the leakage current /;
flowing in the subsurface and back to system ground through the
electrode and the wire-to-shield cable capacitance at the voltage
channels (i.e. the second and third types of capacitive coupling
effect) and the leakage current /; j,, through the subsurface-to-
shield capacitance (i.e. the fourth type of capacitive coupling effect).
The second type of capacitive coupling in the passive setup is due to
the leakage current /; 5, flowing through the electrode impedance
and cable capacitance at the voltage channels. Fig. 2(b) shows a
circuit model for one voltage channel. The leakage current flowing
through the electrode impedance Z, and the cable capacitance C
results in an error in the imaginary part of the measured voltage
U,,. Similar to the correction of electrode impedance effects in
laboratory SIP measurements (Huisman et al. 2016), the measured
voltage can be corrected using

Uy = Uy, — iwCU, Z, (©6)
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if the electrode impedance is known.

Electrode impedances can be modelled with known geometry
using a complete electrode model (Riicker & Giinther 2011). How-
ever, there is considerable uncertainty about the contact between the
electrode and the subsurface, which typically has an unknown and
heterogeneous distribution. Moreover, the small electrode size com-
pared to the survey scale will result in a very fine mesh for the elec-
trode model and thus a high computation load. Therefore, methods
to estimate the electrode impedance from actual measurements are
considered in this study. Different methods are available to estimate
the electrode impedance. One method is the focus-one measurement
protocol (Ingeman-Nielsen ez al. 2016) in which the impedance of
each electrode is estimated by measuring the impedance between
the target electrode and all other electrodes connected in parallel. By
connecting all other electrodes in parallel, the measured impedance
is dominated by the impedance of the test electrode. This method
is suitable when there are many electrodes so that the impedance of
the parallel part of electrode becomes negligible compared to the
impedance of test electrode. If the number of electrodes is low, a
sequence of two-point measurements can be made. The estimated
electrode impedances can be obtained through inversion of a linear
system (Parsekian et al. 2017). In this study, two-point impedances
were measured using the skip-6 circulating current injection scheme
described above. The electrode impedances were then estimated by
solving the following system of linear equations:

Zo1—o8
= - |, (M

Z()Sfol

100000 0007 [Zeo

100010990002,

where Z,, refers to the electrode impedance of the nth electrode,
and Zy g represents the two-point impedance between electrode
01 and 08. To have a unique solution, the coefficient matrix must be
fully ranked. For circulating measurement schemes as used in this
study, the coefficient matrix is only fully ranked for an odd num-
ber of electrodes. An alternative method to estimate the electrode
impedance is enabled by the design of the customized sEIT system
used in this study. As shown in Fig. 2(a), the electrode impedance
can be estimated using the corrected current / and the voltage dif-
ference across the electrode impedance. Using the mean value of
the recorded voltages at all potential electrodes to represent the
voltage between electrode impedance and soil (Kelter e al. 2015),
the impedance of the nth electrode can be calculated by

Z.. — U — mean(Um)' ®)
1

In this study, electrode impedances estimated by inverting the
two-point impedance measurements (Method-1) will be compared
with the results obtained by eq. (8) (Method-2).

The third type of capacitive coupling in the passive setup is due to
the leakage current /;_,», flowing in the subsurface, which creates a
secondary potential field that induces an error in the imaginary part
of the complex impedances. It is challenging to model this effect
because of the use of a point electrode in the FEM modelling. In-
corporating a complete electrode model (Riicker & Giinther 2011)
would allow us to consider the finite dimensions of the electrode,
but the precise contact between the electrode surface and surround-
ing soil remains unknown. Consequently, this aspect of capacitive
coupling is excluded from correction in this study, but will be dis-
cussed in relation to the fourth type of capacitive coupling and the
magnitude of the measured leakage currents.
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Figure 3. Flowchart showing the data correction procedure for active and
passive setups.

The fourth type of capacitive coupling in the passive setup is the
subsurface-to-shield capacitive coupling already discussed for the
active setup, which can be modelled and corrected using the proce-
dures described above. The leakage current used in the modelling
is I s», which can be calculated by

Ip o5 = Ip — 11w, (9)

where the leakage current through the cable capacitances at voltage
channels 7, _,; is calculated using

I s = Z iwCyUp ns (10)

where C, is the cable capacitance of the nth cable and U, , is the
measured voltage at the nth potential electrode.

2.5 Data processing workflow

Fig. 3 summarizes the data correction procedure for sEIT measure-
ments with the active and passive set-ups. The first step of correction
is the correction of inductive coupling using eq. (1), which is the
same for both setups. After correction of inductive coupling, the
next correction steps deal with capacitive coupling. First, a correc-
tion of the measured currents is required for both active and passive
setups using eq. (3) and the model shown in Fig. 2(a). After the
correction of measured currents, the next step for the passive setup
is to correct the voltage error due to the electrode impedance using
eq. (6) based on the model shown in Fig. 2(b). This step is not
required for the active setup. The final step is the FEM-based cor-
rection to deal with the capacitive coupling between subsurface and
shield of the coaxial cables. This step is necessary for both setups,
but it should be noted that the leakage current required for the FEM
model of the passive setup should be corrected using eqs (9) and
(10).

The inversion approach of Wang et al. (2023) based on the FEM
forward modelling engine developed by Zimmerman (2011) was
used for sEIT data inversion. In particular, a two-step inversion
strategy was used (Martin & Giinther 2013; Wang et al. 2023).
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In the first step, the real part of the complex impedance was in-
verted using the DC resistivity inversion routine. The final Ja-
cobian matrix from the real-valued inversion is used in the sec-
ond step to linearly invert for the imaginary part of the complex
impedance given the Cauchy—Riemann condition for the real part
of the sensitivity (Kwok 2010). The regularization parameters were
determined using the approximated L-curve method (Li & Old-
enburg 1999; Giinther 2004) and a line search procedure was ap-
plied in each iteration to ensure stability and convergence (Giinther
2004).

3. RESULTS AND DISCUSSION

3.1 Correction of measurements with the active set-up

Fig. 4 shows the sEIT measurements obtained with the active set-
up. The real part of the measured impedances (Fig. 4a) ranged from
0 to 80 €2 and was slightly dependent on frequency. Figs 4(b)—(e)
present the imaginary part of the impedances at different stages
during the correction process. Without any correction (Fig. 4b),
the imaginary part of the impedance showed substantial variation
with values as high as 8 2 at the highest frequency of 10 kHz.
Positive values can also be observed in the higher frequency range.
After correction of inductive coupling, only minor differences can
be observed (Fig. 4c¢), suggesting that capacitive coupling is much
stronger than inductive coupling. Two reasons can be identified
for the low inductive coupling in the measurements. First, the ca-
bles are widely separated when the fan-shaped cable layout is used,
resulting in small M in eq. (2) compared to cables in a bundle
(Wang et al. 2021). Secondly, the soil at this site is electrically
less conductive with the real part of the apparent complex conduc-
tivity of the measurements ranged from 1.6 to 8 mSm~! with a
mean value of 3.4 mSm~!, resulting in larger Zg in eq. (2). Af-
ter correction of the measured currents, significant improvements
were achieved (Fig. 4d). Although there still were positive values
in the higher frequency range, the variation at 10 kHz decreased
to 3.5 Q. After the FEM-based correction, almost all positive val-
ues were corrected to negative values, and the variation at 10 kHz
was further reduced to about 2.5 2 (Fig. 4e). The results presented
in Fig. 4(e) will be considered as the reference measurements in
this study, and the measurements with the passive set-up will be
compared with these reference measurements at each step of the
correction.

3.2 Correction of measurements with the passive set-up

Fig. 5 shows the estimated electrode impedances using two dif-
ferent methods. Method-1 estimates the electrode impedances
through the inversion of two-point impedance measurements,
while Method-2 is enabled by the sEIT system design and cal-
culates the electrode impedances using eq. (8). The estimated
electrode impedances obtained with the two methods were sim-
ilar and the differences were only minor with a maximum
relative error of only 2.3 per cent. The estimated electrode
impedances will be used for the correction of voltages errors using
eq. (6).

Fig. 6 shows the imaginary part of the impedance obtained using
the passive set-up before and after each step of correction. The real
part of the impedance was almost identical with the measurements
obtained with the active set-up already shown in Fig. 4(a), and
therefore not presented again. Without any corrections (Fig. 6a),
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Figure 4. Frequency-dependent complex impedance of the sEIT measure-
ments acquired with the active set-up: (a) the real part of the impedance,
the imaginary part of the impedance (b) without any corrections, (c)
after correction of inductive coupling, (d) after correction of measured
currents and (e) after correction of measured currents and FEM-based
correction.
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Figure 5. Estimated electrode impedances using Method-1: inversion of
two-point impedance measurement and Method-2: system-based measure-
ments using eq. (8).

the imaginary part of the impedance showed a large variation of
about 12 € at the highest frequency of 10 kHz and positive val-
ues were also obtained. This larger variation for the measurements
with the passive set-up compared to the variation with the active
set-up (8 €2, Fig. 4b) is expected due to the additional capacitive
load at the voltage channels associated with the additional cable
capacity. With the use of distributed amplifiers in the active set-
up, the effect of the cable capacitances at the voltage channels is
eliminated. The remaining capacitive load of the amplifier is only
5 pF in the active set-up, which is much smaller compared to the
capacitive load of a 10 m coaxial cable in the passive set-up (about
1 nF for the coaxial cable type used here). After correction of in-
ductive coupling (Fig. 6b), minor differences can be observed but
the maximum variation at 10 kHz remains about 12 Q. After cor-
rection of the measured current (Fig. 6c¢), the variation at 10 kHz
decreased to 8 2. However, the observed variation is substantially
higher than the variation obtained with the active set-up (3.5 €,
Fig. 4d). After correction of the voltage errors using the estimated
electrode impedances and eq. (6), the variation of the imaginary
part of the impedance at 10 kHz was reduced to about 4 Q. This is
similar to the variation in the measurements with the active set-up
(Fig. 4d). The final step of correction is the FEM-based correc-
tion (Fig. 6e), which further reduced the variation at 10 kHz. In
contrast to the measurements with the active set-up, there are still
some positive values remaining in the high frequency range after all
corrections.

The effectiveness of the correction for the measurements with the
passive set-up can be evaluated using the root mean square (RMS) of
the differences between the reference active measurement (Fig. 4¢)
and the passive measurements at each correction step. It can be
seen from Fig. 7 that the RMS values increased with increasing
frequency due to the strong EM coupling effects at higher frequen-
cies. The RMS values decreased significantly after the correction of
the measured currents. A similar large improvement was observed
after correction of the measured voltages. Further correction based
on the FEM modelling also contributed to the decrease of RMS,
but it is a relatively small decrease compared to the changes after
correction of currents and voltages. This indicates that the cable
capacitance dominates the capacitive coupling in the passive mea-
surement set-up. The remaining error between the reference active
measurements and the passive measurement after all corrections is
mainly attributed to the third type of capacitive coupling in passive
measurements, which was not corrected in this study for reasons
outlined above.
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Figure 6. Frequency-dependent complex impedance of the sEIT measure-
ments acquired with the passive set-up: (a) without any corrections, (b)
after correction of inductive coupling, (c) after correction of measured cur-
rents, (d) after correction of measured currents and voltages and (e) after all
corrections.
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Figure 7. Root mean square of the differences between reference active
measurements (Fig. 4e) and passive measurements after each step of cor-
rection.

3.3 Data filtering and inversion results

As described in Section 2.1, the first applied filter was based on
the geometric factor relative error. A threshold value of 5 was ap-
plied, which resulted in 378 measurements for further processing.
Figs 8(a)—(d) present the inversion results of the 378 measurements

for different data sets. The inversion results for the real part of the
electrical conductivity were all similar with low relative root mean
square error (rRMSE). The inversion results of the imaginary part
of the electrical conductivity for the reference active measurements
showed good spectral consistency, and the rRMSE values were all
at a low level below or around 5 per cent, indicating that the inver-
sion results are reliable in a broad frequency range. Fig. 8(b) shows
the inversion results for the passive measurements after correction
of inductive coupling. Only at frequencies below 66.0 Hz, the re-
sult showed plausible inversion results that were consistent with the
reference results obtained with the active set-up. At higher frequen-
cies, the inversion results for the imaginary part of the electrical
conductivity showed similar features as the results obtained for the
real part of the electrical conductivity. The reason for this is that
the inversion of the imaginary part of the impedance starts from
a homogeneous phase model. Due to the presence of strong EM
coupling in the measurements at higher frequencies, the line-search
procedure gave a step length of near zero at the first iteration and
the inversion stopped immediately. After correction of measured
currents and voltages, the inversion results (Fig. 8c) were improved.
The structure of the imaginary part of the electrical conductivity at
152.0 Hz was better captured, and the rRMSE values were reduced.
After the FEM-based correction (Fig. 8d), minor improvements can
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Figure 8. Inversion results for (a) reference active measurements, passive measurements (b) after correction of inductive coupling, (c) after correction of

currents and voltages, (d) after all corrections and (e) after all corrections and filtering.
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Figure 9. (a) Imaginary part of the impedance of the reference active mea-
surements against the imaginary part of the impedance of the passive mea-
surements after all corrections at 812 Hz and (b) frequency-dependent imag-
inary part of the impedance obtained with the passive measurement set-up
after filtering based on ICS and CCS values.

still be observed in the inversion results. All the rRMSE values were
substantially reduced, but there were still anomalies in the inverted
results.

To further improve the results at 352.0 and 812.0 Hz, the ICS
and CCS values at 812.0 Hz were examined. Most of the measure-
ments have ICS values below 5 per cent and only 10 out of the
378 measurements have ICS values larger than 10 per cent. For the
CCS values, 106 out of 378 measurements have CCS values larger
than 10 per cent. Fig. 9(a) shows a scatter plot of the imaginary
part of the impedance of the reference active measurements against
the passive measurements after all corrections. Measurements with
an ICS or CCS larger than 10 per cent attributed considerably to
the observed scatter. Using a 10 per cent threshold value for both
CCS and ICS for data filtering, 271 data points remained. The
imaginary part of the impedance after filtering (Fig. 9b) does not
show positive values anymore. The improvement in data quality
was also observed from the inversion results (Fig. 8¢). After data
filtering, the inversion results at 352.0 and 812.0 Hz were largely
improved and showed more similarity with the inversion results of
the reference active measurements. The inversion results at higher
frequencies were also improved, as indicated by the strongly re-
duced rRMSE values. However, some differences can still be ob-
served compared to the results of the reference active measurements.
Overall, it was concluded that broad-band sEIT imaging results can
be achieved by measurements with a centralized multiplexer and
coaxial cables after applying the novel data correction approach
and the previously established filtering based on ICS and CCS
values.
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Figure 10. (a) CCS values of both active and passive measurements at
812 Hz and (b) CCS values of passive measurements against the percentage
relative error between the corrected passive measurements (Fig. 6¢) and the
reference active measurements (Fig. 4¢) at 812 Hz.

It should be noted that data filtering was only applied to the mea-
surements with the passive set-up. For the active set-up, consistent
broad-band inversion results were already achieved after correc-
tion of the measurements only, as shown in Fig. 8. However, the
measurements with the active and passive set-up have comparable
CCS values, as shown in Fig. 10(a). The CCS values are mostly
below 100 per cent with mean values of 11.6 per cent and 12.7
per cent for the active and passive set-up, respectively. Fig. 10(b)
shows the CCS values for the measurements with the passive set-up
at 812 Hz against the individual relative error between the mea-
surements with the active and passive set-up. It can be observed
that high CCS values correspond to high relative errors between the
active and passive set-up. Particularly, the relative error increases
significantly when CCS is above 10 per cent. This indicates that
the CCS values also reflect the strength of the third type of capac-
itive coupling, which could not be corrected here. Therefore, data
filtering based on CCS improved the inversion results of passive
measurements.

4. CONCLUSIONS AND OUTLOOK

In this study, EM coupling effects in broad-band sEIT measure-
ments acquired using a centralized multiplexer and coaxial cables
(passive setup) were investigated. The measurements with the pas-
sive set-up were compared to sEIT measurements obtained using
distributed amplifiers (active setup). To enable measurements with
the same SEIT instrument for both setups, a connector hub was
developed that functions as the centralized multiplexer, thus ex-
tending the capabilities of the system initially designed for use
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with distributed amplifiers. This advancement is particularly ad-
vantageous for borehole sEIT measurements, where amplifier mod-
ules placed at the electrodes are susceptible to breakdown in case
of water leakage. By utilizing the connector hub and the correc-
tion methods developed in this work, accurate broad-band borehole
SEIT measurements with the customized EIT40 system can be ac-
quired without risk of damaging the electronic components at the
electrodes.

In a next step, EM coupling effects were analysed for the active
and passive setups. Following the methods proposed in previous
work, the measurements with the active set-up were corrected, and
the final corrected data set was considered as the reference to eval-
uate the corrections of the measurement with the passive set-up.
For the passive setup, four correction steps were required. As for
the active measurements, the first and second step are the correc-
tion of inductive coupling and the measured currents, respectively.
The third step involved correcting voltage errors due to the cable
capacitance at the potential measurement channels, which required
knowledge of both electrode impedances and cable capacitances.
Two methods for estimating electrode impedance were compared,
showing high agreement between the results. The final correction
step, similar to the active setup, was based on FEM modeling, but
the leakage currents should be corrected before implementation in
the modelling. After each correction step, the measurements with
the passive set-up were compared to the reference measurements
with the active set-up. The RMS values between the two sets of
measurements demonstrated the effectiveness of the corrections. It
was observed that the cable capacitance dominates the capacitive
coupling in the passive measurement set-up, while the capacitive
coupling between the subsurface and the cable shield became sec-
ondary although it still needs to be considered to achieve accurate
broad-band measurement results. Improvements were also evident
in the inversion results. Reliable inversion results were achieved
up to the kHz range, following additional data filtering using ICS
and CCS. It was concluded that broad-band sEIT imaging can be
achieved with a centralized multiplexer and coaxial cables by ap-
plying appropriate correction and filtering methods.

While this study demonstrated promising sEIT results using a
centralized multiplexer, the presented methods for correction of
the capacitive coupling effects still rely largely on the design of
the custom-made EIT40 system. Further testing with commercially
available systems that are specifically designed for centralized mul-
tiplexers is necessary. However, several considerations must be
taken into account for these systems when designing the measure-
ment strategies. First, both positive and negative channel currents
need to be measured for current correction, whereas commercial
systems typically only measure the current through a single ref-
erence resistor at one current channel in the system. To achieve
this with other systems, shunt resistors should be implemented at
both the positive and negative current channels and voltages on the
two shunt resistors should be measured to calculate the currents at
both channels. Secondly, voltage correction requires measurements
relative to the cable shield (system ground) instead of the voltage
difference between two electrodes commonly measured by commer-
cially available systems. This issue could be resolved by connecting
all shields to a common point, such as the system ground as in the
EIT40 system used in this study or a single electrode placed far
away from the system (Flores Orozco et al. 2021), after which the
voltages could be measured relative to this reference electrode.

Finally, a detailed investigation of EM coupling effects when
using non-shielded wires with a centralized multiplexer is also war-
ranted. Time-domain induced polarization (TDIP) surveys, which

are commonly conducted in the field, are usually carried out with
non-shielded wires in a cable bundle and systems with a cen-
tralized multiplexer. A previous study expanded the bandwidth
of TDIP measurements through advanced signal processing tech-
niques (Olsson et al. 2016). However, EM coupling effects have
not yet been accounted for in TDIP measurements, although it
was recognized that the small distance between the wires in the
cable bundle induced strong EM coupling effects. Key questions
are whether separating the wires can improve TDIP measurements
at early times and whether careful measurement design can miti-
gate EM coupling effects in TDIP measurements. Addressing these
questions is crucial for further enhancing the bandwidth of TDIP
measurements.
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