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Abstract: Interdigitated dielectrometry sensors (IDS) are capacitive sensors investigated to precisely
measure the relative permittivity (εr) of insulating liquids. Such liquids used in the power industry
exhibit a change in εr as they degrade. The IDS ability to measure εr in-situ can potentially reduce
maintenance, increase grid stability and improve safety. Noise from external electric field sources
is a prominent issue with IDS. This paper investigates the novelty of applying a Faraday cage onto
an IDS as a 3D shield to reduce this noise. This alters the spatially distributed electric field of an
IDS affecting its sensing properties. Therefore, dependency of the sensor’s signal with the distance
to a shield above the IDS electrodes has been investigated experimentally and theoretically via a
Green’s function calculation and FEM. A criteria of the shield’s distance s = s0 has been defined as
the distance which gives a capacitance for the IDS equal to 1 − e−2 = 86.5% of its unshielded value.
Theoretical calculations using a simplified geometry gave a constant value for s0/λ = 1.65, where λ is
the IDS wavelength. In the experiment, values for s0 were found to be lower than predicted as from
theory and the ratio s0/λ variable. This was analyzed in detail and it was found to be resulting from
the specific spatial structure of the IDS. A subsequent measurement of a common insulating liquid
with a nearby noise source demonstrates a considerable reduction in the standard deviation of the
relative permittivity from σunshielded = ±9.5% to σshielded = ±0.6%. The presented findings enhance
our understanding of IDS in respect to the influence of a Faraday shield on the capacitance, parasitic
capacitances of the IDS and external noise impact on the measurement of εr.

Keywords: shielding; guard; noise reduction; electric field distribution; Green’s function; FEM;
interdigitated dielectrometry sensor; co-planar electrodes; capacitance measurement

1. Introduction

Insulating liquids used in the power industry for cooling energized conductors have been
investigated regarding their properties and potential for many decades [1–3]. It is well known that
degradation of these liquids results in a change in their static permittivity that can be detected via
a capacitive measurement. Interdigitated Dielectrometry Sensors (IDS) are capacitive sensors [4,5]
which can sense this permittivity in-situ via an emanated electric field [6,7]. This potentially makes
IDS valuable for reducing maintenance, increasing grid stability and safety. Usually, the periodicity
of the interdigitating electrodes is expressed in units of λ, where λ/2 = width of electrodes + gap
between the electrodes, which is proportional to the characteristic penetration depth of the emanated
electric field [8,9], as shown in Figure 1.
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Figure 1. Working principle of a grounded shield. The arbitrarily positive source charge as noise 
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The versatility of IDS has led to various applications such as chemically or physically active 

sensors. Chemically sensitive IDS, for instance, can be made by attaching a sensitive coating onto the 

surface within the electric field enabling a large measurable gain in the signal [7,10–14]. Physically 

sensitive IDS however, consist of uncoated electrodes to sense the permittivity of the material under 

test in high frequency measurements [15]. Commercial solutions such as N1501A Dielectric Probe Kit 

(Keysight Technologies, Santa Rosa, CA, USA) are readily available to investigate e.g., water based 

liquids showing a high permittivity, using electrodes in MHz to GHz domain.  

However, not much research has been done on measuring signals with uncoated IDS exhibiting 

low signal to noise ratio at high confidence. The measurement of the relative permittivity of insulating 

liquids in the presence of external electric fields is a good example of dealing with IDS measurements 

in a difficult environment. Such measurements can be obtained by taking the ratio of the capacitance 

of the insulating liquid to the air capacitance as ϵr= Cins. liquid/Cair. Standard procedures [16] prescribes 

the use of low frequencies between 40 to 62 Hz, leading to very low currents through the IDS and 

thus reducing the signal. Also, insulating liquids as used in power electronics applications show a 

low permittivity of 2.1 to 3.5 [2,17,18] (c.f. ~80 for water) contributing to a low capacitance that further 
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only 10% during service time, e.g., a change in ϵr from 2.1 to 2.3 [17]. This limited change and the 
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such noise, without affecting other possible measures to improve precision. 
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Figure 1. Working principle of a grounded shield. The arbitrarily positive source charge as noise source
emanates an electric field which interacts with the IDS on the left hand side (a) whereas the shielded
right hand side remains undisturbed from the external noise (b).

The versatility of IDS has led to various applications such as chemically or physically active
sensors. Chemically sensitive IDS, for instance, can be made by attaching a sensitive coating onto the
surface within the electric field enabling a large measurable gain in the signal [7,10–14]. Physically
sensitive IDS however, consist of uncoated electrodes to sense the permittivity of the material under
test in high frequency measurements [15]. Commercial solutions such as N1501A Dielectric Probe Kit
(Keysight Technologies, Santa Rosa, CA, USA) are readily available to investigate e.g., water based
liquids showing a high permittivity, using electrodes in MHz to GHz domain.

However, not much research has been done on measuring signals with uncoated IDS exhibiting
low signal to noise ratio at high confidence. The measurement of the relative permittivity of insulating
liquids in the presence of external electric fields is a good example of dealing with IDS measurements
in a difficult environment. Such measurements can be obtained by taking the ratio of the capacitance of
the insulating liquid to the air capacitance as εr = Cins. liquid/Cair. Standard procedures [16] prescribes
the use of low frequencies between 40 to 62 Hz, leading to very low currents through the IDS and
thus reducing the signal. Also, insulating liquids as used in power electronics applications show a
low permittivity of 2.1 to 3.5 [2,17,18] (c.f. ~80 for water) contributing to a low capacitance that further
reduces the signal. This permittivity, reflecting the quality of an insulating liquid, changes by about
only 10% during service time, e.g., a change in εr from 2.1 to 2.3 [17]. This limited change and the
overall reduced signal means that noise becomes a considerable issue in precisely measuring εr of
insulating liquids with IDS.

IDS are susceptible to noise caused by external electric fields in the environment. These external
fields interact with the electric field of the electrodes. Detailed reports about noise and uncertainty
is given in previous work [9,19,20]. Reducing this noise can be achieved in various ways such as
averaging over long periods or improving the measurement devices. Surrounding the sensor with an
electrically grounded Faraday cage, as suggested by other researchers [20], is one method to reduce
such noise, without affecting other possible measures to improve precision.

The arrangement for such a shield and its function is illustrated in Figure 1. The first step is to
shield an IDS in the direction below the sensor where no sensing takes place [19,20]. This can be done
using a ground plane placed as close as possible to the electrodes (but without electrical contact), as
shown as GND in Figure 1a. In a similar manner, a second ground plane can be applied above the
sensor as shown in Figure 1b. Since this shield will also reduce the capacitance and thus the signal,
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the distance s must be chosen carefully [20]. Thus, the capacitance C dependent on a grounded shield
above the sensor in y-direction at y = s is studied in this work, expressed as C(s).

A mechanically rigid experimental setup was used to measure the capacitance C while the shield
at distance s was varied in micrometer steps. These plots are shown and compared with a theoretical
calculation via a Green’s function. Finite element method (FEM) was complementarily used to verify
the Green’s function solution. A comparison of experimental data and theory shows that more
accurate FEM is necessary to explain the difference between experiment and theory. A subsequent
experimental test of the shield’s function shows considerable noise reduction when the IDS is exposed
to a representative noise source.

This publication improves the current state of the art [5,8,9,19–21] of IDS by modifying an IDS
with a Faraday shield. The addition of a shield to an IDS was hypothetically suggested in [20,21]. This
paper will now extend this work by modelling the impact on the capacitance by the shield with the aid
of Green’s function and FEM. This novel technique develops IDS for applications outside a shielded
laboratory environment, potentially making IDS useful for in-situ measurements, such as in oil filled
transformers or engines, thus opening new frontiers in IDS applications.

2. Materials and Methods

2.1. Theoretical Approach via Green’s Function

For the calculations in the presence of the two grounded planes (GND), the IDS has been simplified
to its cross sectional view as depicted in Figure 2 showing one period of λ. The shield above the
electrodes is located along the y-axis at y = s. The space between the active and neutral electrodes,
labelled VAC and V0, is set to V = 0 (GND), which is an approximation of having zero distance to
the lower ground plane. As usually done, all geometries have no thickness and are infinite in the
z-direction [22].
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Figure 2. Cross section of IDS for the calculation with Green’s function. Shown is one period of λ.

A Green’s function method was used to calculate the potential field and subsequently the total
charge on the electrodes at V0 to determine C(s). The problem is treated as two-dimensional by treating
the z-direction as infinite and solving for the capacitance per unit length. This technique works by
applying the boundary conditions of the problem under consideration to find the relevant Green’s
function for the problem geometry. The solution to the potential is then found by an integral over the
enclosing surface. General Green’s function solutions of the Laplace equation in two- dimensions are
available for either infinite or finite x and y-boundaries (c.f. p. 710 in [23]). For instance, the electric
field problem of an IDS with boundaries at infinity without a ground plane above and below the
electrodes has been solved in a previous study [22]. The shield however introduces a new boundary
problem where the x-direction remains infinite and y is limited by the shield distance. A solution was
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found via transforming the known series solution for finite boundaries in x and y (c.f. p. 455 in [23]):
fix weird looking italic parentheses

G(x, y|ξ, s) =
2
a

∞

∑
n=1

sinh[(πn/a)(s− y)]
sinh(πns/a)

sin
(πnx

a

)
sin
(
πnξ

a

)
, (1)

with ±a as the position of the boundary on the x-axis and y = 0, y = s, the y-axis boundaries, to a result
valid for a→ ±∞:

G( x, y|ξ, s ) =
1
π

∫ ∞

0

sinhk(s− y)
sinhks

cos k(x− ξ)dk. (2)

The potential Ψ(x, y|s) of the IDS with n periods of λ is given by the integral of the product of the
Green’s function with the potential function ψ(ξ) over the ξ-space along x at y = 0:

Ψ(x, y|s) = ∑
n

∫ ξc+nλ

ξb+nλ
G( x, y|ξ, s )ψ(ξ)dξ. (3)

The potential function ψ(ξ) is a step function with amplitude ψ(ξ) = 1 V on the active electrodes
and ψ(ξ) = 0 V on the neutral electrodes with is equal to GND which is extended along the x-axis to
the left and right of the calculated domain.

Employing Gauss’s law, the surface charges along x are given by the limit of the gradient of this
potential function in y-direction σ (x) = lim

y→0

∂Ψ(x,y|s)
∂y ε0 [24]. The capacitance C is consequently the

modulus from the integral of the charges over the neutral electrode, multiplied by the actual electrode
length l in the z-direction:

C(s) = l ∑
n

∫ ξe+nλ

ξd+nλ
|σx|dx. (4)

Equation (4) was solved numerically using the limits for lim
y→0

∂Ψ(x,y|s)
∂y at y = 0.000675λ due to

the mesh size in MATLAB version R2014a (this MATLAB script can be obtained directly from the
corresponding author).

2.2. Experimental Setup and Used IDS

The employed multi-wavelength IDS board was produced via standard commercial multilayer
PCB technology. This cost efficient solution was used as it allows rapid prototyping and testing of
our sensor structure. The wavelengths λ, having a width/gap-ratio of 1, have been chosen as 1 mm,
2 mm and 4 mm based on previous literature [8,9,19–21] and considering that λ = 1 mm required a
trace width of 250 µm which was a physical lower limit in standard PCB technology (Shenzhen JDB
Technology Co., Ltd, Hangzhou, China). The geometry was kept as a simple square shape, the length l
of the 20 (n = 10λ) electrodes were 37 mm, 18.5 mm and 9.25 mm respectively.

Figure 3a shows the PCB layout of the IDS depicting its multilayer structure. Here, the copper
areas are color coded in red while trace separation is shown as black. The IDS electrodes are shown
as yellow parallel strips. The manufactured version is shown as photograph with dimensions in
Figure 3b. This multilayer board structure shields each of the four terminals with a grounded layer
to the sides, below and above resulting in a 3D shielded lead design. These leads connect to the IDS
electrodes through Vertical Interconnect Accesses (VIA). This approach ensures accurate and precise
measurements by reducing parasitic capacitance and mutual inductance of the leads. Figure 3c depicts
a cross-sectional view obtained via Scanning Electrode Microscope (SEM). Relevant dimensions are
listed in Table 1.

The experimental setup and its working principle is shown in Figure 4a,b, respectively. The
machined construction covers and holds the IDS in place while allowing the shield distance s above
to be varied. This position varied by a standard micrometer stage (PT1 from Thorlabs, Newton, NJ,
USA) was read precisely via the installed digital micrometer. The rigid aluminum construction was
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grounded throughout the experiment to provide boundaries with ψ(ξ) = 0 V. The IDS was smaller
than the grounded xz-plane matching the assumption made to have the ground plane extended to
infinity. The measurement was carried out via a four wire capacitive measurement through our Hioki
IM3950 impedance analyzer (Hioki, Nagano, Japan). This four wire setup ensured precise and accurate
measurements. The grounded aluminum construction served also as a Faraday cage, so that the
measurement was less affected by external noise.
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Figure 4. (a) Photo of the experimental setup. The photo was taken with an open side for visualization
purposes; (b) Schematic of the experiment.

Table 1. Measured dimensions of the fabricated sensor in a cross-sectional view. The permittivity of
the soldermask and insulator layer have been determined to be 4.5 [25,26].

Component Height Permittivity

FR4 insulator (dinsulator) 119.5 µm 4.5
Solder mask between electrodes 30 µm 4.5

Solder mask above electrode 20 µm 4.5
Electrode thickness 32 µm -



Sensors 2017, 17, 77 6 of 13

3. Results

3.1. Capacitance with Shield Distance

The s dependence of the capacitance calculated from Equation (4) was verified by FEM (Laplace
module, Comsol Multiphysics 4.2, COMSOL, Burlington, MA, USA) applied to the same geometry as
given in Figure 2. The calculations are shown in Figure 5a,b and plotted versus s and s/λ, respectively.

The capacitance of an IDS scales with the geometry parameters: length l in z-direction,
width/gap-ratio, and n. The capacitance is independent of λ in the idealized geometry; since the
width/gap ratio and the number of electrodes remained constant, only the varied length l changed the
capacitance. Hence, the IDS, all with n = 10 electrode pairs, have a capacitance ratio of 1:2:4 due to the
different lengths l in the z-direction.

Figure 5b shows the capacitance versus s/λ and illustrates that, in theory, the capacitance is a
function of s/λ and the magnitude is varying with l. For small s/λ values this figure also emphasizes
a minimum s/λ distance for the shield before which the field lines cannot reach the neutral electrodes
(V0) and contribute to the capacitance. In this region, the charge on the active electrodes (VAC) is
dominated by balanced charges on the upper shield.

The experimental result in Figure 5c,d shows the capacitance C(s) of each of the three sensors
is much larger than the theoretical model predicts. As opposed to the prediction, the order of the
capacitance magnitudes is reversed over most of the range. The measurements for wavelengths
λ = 2 mm and λ = 1 mm clearly show evidence of parasitic capacitance through a measured offset.
The precision of the shield’s distance in this measurement was ±1 µm. The uncertainty in the absolute
distance is about ±15 µm due to mechanical factors. The accuracy and precision of the impedance
analyzer (Hioki IM 3950) was about ±0.005 pF. The measurements were made at 50 Hz and each data
point is an average of 4 cycles. A detailed analysis of this result is given in Section 3.3.
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Figure 5. (a) Calculation of C(s) from (4) and agreement with FEM; (b) Same data plotted vs. s/λ;
(c) Experimental results for three different IDS wavelengths; (d) Same data plotted vs. s/λ. Clearly
visible is the inverted order of s/λ in the experiment due to an increased offset in the capacitance.
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3.2. Choosing a Shield Distance

In free space, the electric field above the sensor decays smoothly [9,19]. Definitions for the
effective electric field penetration depth have been made for different purposes and range from
λ2 to λ(2π) [8,19,20,27]. For the purpose of making a quantitative comparison of the results
incorporating the shield and the asymptotic C(s) behavior, a convention from Gaussian beam optics
was borrowed. A definition of the distance for the shield has been made such that the capacitance is
equal to 1 − e−2 = 86.5% of the unshielded (s = ∞) capacitance value. That is, the distance s0 of the
shield fulfills the criterion:

C(s 0)/C(s = ∞)= 1 − e−2 (5)

The quantified results of the distance s0 and its effect on the capacitance are shown in Table 2.
One immediate outcome is that the shield distance s0, satisfying Equation (5), varies strongly with
the parasitic capacitance. In the absence of parasitic capacitance, this would be s0 = 1.65λ. From
calculations of the idealized geometry it is found that doubling this distance to 3.3λ gives 95% of the
unshielded capacitance and half this distance (0.83λ) reduces this capacitance to 63.2%.

Table 2. Values for the capacitance with shield at s0 in experiment and theory for all three studied wavelengths.

Wavelength
of IDS

Experimental
Shield

Distance s0

Experimental
Capacitance

Shielded

Experimental
Capacitance
Unshielded

Theoretical
Shield

Distance s0

Theoretical
Capacitance

Shielded

Theoretical
Capacitance
Unshielded

λ = 4 mm 5.8 mm = 1.45λ 0.97 pF 1.12 pF 6.5 mm = 1.65λ 0.59 pF 0.68 pF
λ = 2 mm 2 mm = λ 0.90 pF 1.04 pF 3.25 mm = 1.65λ 0.29 pF 0.34 pF
λ = 1 mm 0.65 mm = 0.65λ 1.16 pF 1.35 pF 1.62 mm = 1.65λ 0.15 pF 0.17 pF

3.3. Difference Between Experiment and Theory

In theory, the maximum capacitance achieved was for the 4 mm wavelength sensor and reached
0.7 pF. The experiment shows a considerable difference with an observed maximum of 1.35 pF. As the
Green’s function result is consistent with the FEM solver, this difference can be explained as due to the
simplifications made in the geometry for the calculation. Each sensor’s wavelength determines the
spatial distribution of the emanated electric field. The dimensions of the insulator layer between the
ground plane and electrodes is constant among all λ, but at smaller λ the ground plane is relatively
further away and thus less effective at excluding flux from this region. Hence, the insulation layer
dinsulator (FR4) was sensed and added to the total capacitance. For smaller wavelengths than λ = 4 mm
this impact is measurable as a significant offset. In turn, the larger λ, the less the insulator thickness
influences the sensing properties. These observations agree with the literature [8]. As a result, a higher
ratio of λ/dinsulator moves the experiment closer to the theoretical geometry defined in Figure 2. A more
realistic modeling in FEM (electrostatics module, Comsol Multiphysics 4.2) could accurately reproduce
the measurement by incorporating the spatial structure shown as the cross sectional view in Figure 3c
as shown for λ = 4 mm in Figure 6.

This simulation of the IDS with λ = 4 mm could then be used to explore the nature of the
parasitic capacitance and magnitude of capacitance compared to theory. Figure 7 shows the FEM
simulation of the section in Figure 3c. The solder mask in Figure 7 is an additional dielectric between
the air and the electrode which contributes to the capacitance. More significantly, the highest field
strength adjacent to the electrode occurs in the gap between the active and neutral electrodes. This is
the region covered by the solder mask and offers a surface for charges which was approximated to
have zero thickness in the calculations. Also, some field lines from the active electrode are directed
below the neutral electrode which agrees with the qualitative findings in the literature [19]. Thus, a
large amount of the capacitance is occurring within the insulator material surrounding the electrodes
instead of within the air above the sensor.

For λ = 4 mm and V = 1 V, the mean electric field strength across the sensor from Figure 6 could
be plotted as a function of distance as shown in Figure 8. It shows the unshielded electric field and the
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shield position at s0, s0/2 and s0/4. The initial field strength is about 1100 V/m which is due to the
gap between electrodes of 1 mm. Clearly, the electric field decays smoothly with distance and with
increasing shield position it approximates the unshielded field distribution (the FEM y-boundary for
the infinite shield distance condition was at s = 25λ).
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Figure 7. Simulated electric field around the neutral electrode V0. The finite thickness of the electrode
produces an additional surface directly opposite the active electrode causing charge accumulation.
Electric field lines from above the electrodes flow furthermore into the insulator (FR4) above the
ground plane and terminate at the underside of the electrode V0. These effects result in increased and
parasitic capacitance.
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3.4. Validation Test of Shield’s Impact on Noise Reduction

In order to experimentally measure the effects of noise and shielding, a test using the largest
wavelength sensor (λ = 4 mm) with a shield applied at s0 = 1.5λ = 6 mm was conducted. A grounded
and electrically conducting box shielded the IDS from external noise sources. This IDS was placed in a
glass container, held mechanically 5 cm away from the glass and a standard power cord was arranged
above the sensor’s surface as an electric noise source, as shown in Figure 9. The IDS was located
400 mm from the center of the 800 mm long power cord. The resulting electric field strength from this
noise source onto the sensor is estimated to be ~500 V/m which is in the same order of magnitude of
the IDS field, shown in Figure 8. The insulating liquids are measured at the line frequency [16], in the
laboratory and experiment this frequency was 50 Hz. The test sequence comprised measurements
without applied voltage into the cable and without IDS shield. Subsequently, the power cord was
subject to 230 V and the IDS capacitance was measured once in air and once in an insulating liquid.
Finally, the shield was applied and the test repeated. The results of the 801 recorded data points,
collected at 0.5 s intervals, are shown in Figure 10.

Sensors 2016, 16, 77 9 of 13 

 

0 1 2 3 4 5 6
0

200

400

600

800

1000

1200

|E
| 

=

 4
 m

m
 (

V
/m

)

y (mm)

 s = infinity

 s = 1.45

 s = 0.73

 s = 0.36

 

Figure 8. Average electric field strength |𝐸| across the IDS with λ = 4 mm, with a shield distance at 

1.45λ  = 5.8 mm, 0.73λ = 2.9 mm, 0.36 = 1.45 mm and at infinity2. 

3.4. Validation Test of Shield’s Impact on Noise Reduction 

In order to experimentally measure the effects of noise and shielding, a test using the largest 

wavelength sensor ( 𝜆  = 4 mm) with a shield applied at s0 = 1.5𝜆 = 6 mm  was conducted. A 

grounded and electrically conducting box shielded the IDS from external noise sources. This IDS was 

placed in a glass container, held mechanically 5 cm away from the glass and a standard power cord 

was arranged above the sensor’s surface as an electric noise source, as shown in Figure 9. The IDS 

was located 400 mm from the center of the 800 mm long power cord. The resulting electric field 

strength from this noise source onto the sensor is estimated to be ~500 V/m which is in the same order 

of magnitude of the IDS field, shown in Figure 8. The insulating liquids are measured at the line 

frequency [16], in the laboratory and experiment this frequency was 50 Hz. The test sequence 

comprised measurements without applied voltage into the cable and without IDS shield. 

Subsequently, the power cord was subject to 230 V and the IDS capacitance was measured once in air 

and once in an insulating liquid. Finally, the shield was applied and the test repeated. The results of 

the 801 recorded data points, collected at 0.5 s intervals, are shown in Figure 10. 

 

Figure 9. Experimental arrangement of the setup to test the function of the shield onto the IDS at 

distance s0 = 1.5λ. Relevant dimensions are shown. 

Figure 9. Experimental arrangement of the setup to test the function of the shield onto the IDS at
distance s0 = 1.5λ. Relevant dimensions are shown.



Sensors 2017, 17, 77 10 of 13

The measurements over 801 points are shown in Figure 10. When unshielded, the measurement
exhibited a constant value. The noise is clearly increased when the power cord is subject to power
which could be suppressed when the shield was applied. A quantitative examination is done in
Figure 11.
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Figure 10. The validation of shield function for λ = 4 mm. (a) In the absence of an applied potential
on the power supply cord, no instabilities are exhibited; (b) After applying voltage onto the cord,
fluctuations are observed; (c) Measurement of capacitance with a Faraday shield in place.

The distribution of measured values from Figure 10 have been plotted in Figure 11. The
capacitance values for the IDS with media air (Figure 11a) and insulating liquid (Figure 11b), without
noise source and unshielded, exhibited a Gaussian distribution. The mean values were Cair =1.11
pF (Figure 11a) and Cins liquid = 2.53 pF (Figure 11b), with small fluctuations resulting in σair and
σoil ≤ 0.35%. This behavior changed when the noise source was turned on. With the noise source,
Cair and Cins. liquid increases by 0.02 pF (Figure 11c,d) while σ increases by a factor of 12–18 relative to
the measurement without noise source. The distribution becomes flat and non-Gaussian. The spread
of measurement values is due to the inherent frequency fluctuations of the IDS sensing frequency
(50.000 ± 0.001 Hz) and the fluctuations of the grid (noise source) frequency (50.00 ± 0.01 Hz) causing
an aperiodic interference pattern as can be seen in Figure 10b. With the 3D shield, the lower σ values
and the observed Gaussian distribution in Figure 11a,b could be recovered (Figure 11e,f). The mean
values Cair and Cins. liquid have changed due to the impact of the shield on the IDS capacitance. This
change of−11.5% is equal for the air (c.f. Figure 11a vs. Figure 11e) and insulating liquid (c.f. Figure 11b
vs. Figure 11f) as media. In summary, this histogram analysis shows that the shield reduces the external
noise effectively.

In order to analyze how the measured permittivity is affected by noise and shield, Table 3 shows
the calculated values for εr using the mean values from Figure 11. Mere averaging over 801 data points
seems to be an incomplete method to recover the εr value obtained without the noise source. With the
noise source, the difference in capacitance remained 0.02 pF affecting the sensed εr value. Due to error
propagation, the standard deviation for εr is higher than for the capacitance. Determining εr of the
insulating liquid with high certainty is therefore difficult; the standard deviation, σ, without the shield
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was as high as 9.5% whereas the shielded standard deviation of 0.6% is similar to the measurement
without the noise source.
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Figure 11. The capacitance values plotted as histograms. Capacitance values without the noise source
for media of (a) air and (b) insulating liquid. Capacitance with the noise source for media (c) air and
(d) insulating liquid. Capacitance with shield and noise source for media (e) air and (f) insulating liquid.

Table 3. Influence of noise source and shield on permittivity for λ = 4 mm.

Measurement Mean Value 1 Standard Deviation σ

εr unshielded without noise source 2.28 0.64%
εr unshielded with noise source 2.25 9.45%

εr shielded with noise source 2.28 0.58%
1. Mean value is the arithmetical average of 801 data points each taken at 0.5 s.

The measured εr of insulating liquid with the used λ = 4 mm IDS (εr = 2.28) also agrees with
literature values [17,18,28]. This would not have been the case for λ = 1 mm and λ = 2 mm due to the
measured offset.

4. Summary and Conclusions

This research advances measuring εr of insulation liquids using IDS in the presence of external
noise. It is shown under what conditions precise and more accurate measurements can be made. The
dependence of the IDS capacitance on shield distance was predicted using a Green’s function method
for mixed finite and infinite boundaries. FEM matched the obtained solution as a complementary
measure. The manufactured interdigitated dielectrometry sensor differed geometrically from the
simplified model which resulted in a difference between the Green’s function model and experimental
results. Therefore, FEM was used to model a more realistic situation. An evaluation of these results
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showed a discrepancy between experimental and theoretical results, indicating that a smaller parasitic
capacitance occurs the larger λ is relative to a constant thickness of insulator, dinsulator, separating the
electrodes and ground plane.

A parameter s0 was defined as the distance for the shield which retained 86.5% of the capacitance.
This ranged in the experiment from 0.65λ to 1.45λ. The theoretical value for the simplified model,
1.65λ, was only dependent on the sensor’s wavelength.

For a demonstration, a shield was manufactured and applied to measure the permittivity of an
insulating fluid. A considerable reduction in noise is shown via an experiment with a power cord
as noise source. Measuring the permittivity at 50 Hz with the unshielded IDS exhibited a measured
standard deviation σ = 9.5% whereas with shield σ = 0.6%.
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