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Abstract: Fringing electric field (FEF) sensors are
widely used for non-invasive measurement of material
properties, such as porosity, viscosity, temperature,
hardness, and degree of cure. FEF sensors have also
been used to detect the presence of a material or
estimate the concentration of a material within the test
environment. There are no generic analytical models for
FEF sensors. Their design optimization process often
involves complex and time-consuming finite element
simulations. This paper presents a tool for improvement
of the design process through formulating a universal
equation for three-electrode concentric FEF sensors.
The equation models the effect of sensor geometry and
substrate material on sensor output. The model
parameters are determined from a 3-D surface fit of
finite element simulation results for the most common
type of sensor geometry. The variables in the model are
non-dimensionalized, which makes the model
applicable to a wider range of sensor designs. Based on
the model, the terminal capacitance can be estimated for
three-electrode concentric sensors of wide range of
sizes.

Introduction
Fringing electric field (FEF) sensors are difficult to
model analytically due to their inherently nonlinear
characteristics. Analytical models for FEF sensors are
usually based on simplified geometries and idealized
assumptions, which limits their accuracy for real world
applications. Closed-form solutions based on conformal
mapping [1,2] and the continuum model [3] assume
ideal electrodes with zero thickness. The parasitic
capacitance between coplanar electrodes with finite
thickness increases as the sensor spatial wavelength
decreases [4]. Therefore, analytical models that assume
infinitesimally thin electrodes do not work well for
small FEF sensors with thick electrodes. The effect of
finite electrode thickness is considered in an improved
continuum model in [5].

Due to lack of generic analytical models, FEF
sensor design relies heavily on numerical simulations.
Among all numerical methods, the finite element
method (FEM) is the one most frequently used for FEF
sensor design. At low frequency, the sensor is small
compared to the wavelength of the propagating
electromagnetic wave. In such cases, electrostatic or
quasi-electrostatic simulations can be used. For sensors
with uniform structures along one dimension, a 2D
simulation is sufficient. When none of the above
conditions are satisfied, a full-wave 3D simulation is

required for modeling accuracy. Such solutions are
much more computationally intensive.

Based on the finite element simulation results, the
non-idealities of FEF sensors, such as finite finger
length, finite electrode thickness, and the non-uniform
electrode surface are analyzed in [4]. A qualitative
analysis on multi-channel FEF sensor design is
presented in [6,7] using 2D electrostatic simulations. A
non-parametric model based on artificial neural
networks (ANN) for interdigital capacitors is presented
in [8]. To construct an accurate ANN model, a large
amount of simulation is required. Therefore, although
the computation time of the ANN model (after the
rnodel is determined) is negligible, the overall modeling
throughput is not reduced.

This paper develops a parametric model that
predicts the output of concentric ring FEF sensor based
on polynomial fitting of finite element simulation
results. The simulation results were non-
dimensionalized to make the model applicable for
concentric FEF sensors with a wide range of dimensions
and choice of substrate materials. The model facilitates
fast design optimization of concentric FEF sensors
without simulations. The model can also be used for
quick validation of experimental results.

Simulation Setup
Figure 1 shows a concentric FEF sensor designed for
measuring round samples. FEF sensors of such
geometry can also be used when the orientation of the
electrode matters, as in the case of anisotropic samples
[9]. The concentric FEF sensor was simulated using the
Ansoft Maxwell 2D software package. Figure 2 shows
the simulation setup. The left edge of the simulation
space in Figure 2 represents the axis of symmetry in the
R-Z plane. The sensor has one driving electrode (drive),
two sensing electrodes (sensel and sense2), a guard
electrode above the substrate, and several backplanes.
Separate backplanes are used here because they are each
driven by a buffer operational amplifier to stay at the
same voltage as the sensing electrode immediately
above. This connection scheme is used to eliminate
parasitic capacitance due to the backplanes and sensing
electrodes. A detailed discussion on the geometry of the
backplane is presented later in the paper.

The geometry and dimensions of this sensor were
chosen based on its optimal performance and the
simplicity of the design. For an FEF sensor of a fixed
size, a tradeoff exists between its penetration depth and
measurement sensitivity [6]. Increasing electrode width
improves the measurement sensitivity of the sensor but
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reduces its penetration depth. In the present paper, the
sensors are assumed to have 50% metallization ratio,
that is, the active electrodes (sensing and driving) and
the gap between each of them have the same width. This
design is chosen to achieve a balance between
penetration depth and sensitivity. The outer radius of the
sensor is 30 mm. All the electrodes are 0.08 mm thick.
The sensing and driving electrodes are 4 mm wide. The
electrodes and backplanes are copper and the substrate
is a dielectric with a relative dielectric permittivity of
10. The relative dielectric permittivity of the medium
under test (MUT) Sm varies from 4 to 100 and the
substrate thickness of the sensor d varies from 0.1 mm
to 2.5 mm in the simulations.

Figure 1. A concentric FEF sensor and a signal conditioning circuit
designed for non-invasive iraging of round samples [7,10].

Figure 2. Simulation setup of a concentric FEF sensor in the R-Z
plane. The left edge of the simulation space represents the axis of
symmetry.

The following boundary conditions are used for the
simulation. All electrodes except for the drive are set to
0 V; drive is set to 6 V. The boundary of the simulation
space is set to be a charge balloon. The balloon models
an electrically insulated space, where the charge at
infinity balances the internal charges. The simulation
was electrostatic, which is adequate for the low
operating frequency of the sensing system.

Simulation Results
Effect of Substrate Thickness
Figure 3 (a) and (b) show respectively the electric field
distribution for a sensor with a thin substrate (d = 0.1
mm) and a sensor with a thick substrate (d = 2.5 mm).

Variations in the substrate thickness of the sensor have
two effects. A thinner substrate causes more field
energy to leak through the gap in the backplane. In the
simulation setup used in this paper (Figure 2), the sensor
is surrounded by MUT and the effect of leakage field on
sensor output is minimal. Also, thinner substrates
decrease the distance between drive and the backplane,
leading to more rapid decay of the electric field.
Reduced substrate thickness results in weaker signal
strength (terminal impedance measureruents), but
greater penetration depth [6,7].
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Fagure 3. The electric field arrows and equipotential lines for
concentric FEF sensors with substrate thickness of (a) d = 0.1 rimn and
(b) d = 2.5 rnrn, where separate backplanes are used.

Non-dimensiona ization
The normalized electric field radiation pattern of an FEF
sensor depends only on the ratio of the dielectric
permittivity of the MUJT cmto that of the sensor
substrate -,, rather than on their absolute values.
Similarly, only the ratio of the spatial wavelength X of
the sensor to its substrate thickness d affects the
normalized radiation pattern, not their absolute values.
Such properties of FEF sensors justify the use of a non-
dimensionalized model to represent sensors of different
sizes.

Figure 4 shows the normalized capacitance between
the drive electrode and sense] electrode plotted against
normnalized substrate thickness d/A and normalized
dielectric permittivity of the MUT 6m£vAfter
normalization, the surface plot is no longer limited to a
sensor with a fixed dimension or choice of substrates,
and it can be used for model calibration. The
capacitance data between other combinations of
electrodes have siniilar trends.

Electrode Pair Sensitivity Analysis
Figure S compares the three different pairs of electrodes
in terms of their sensitivity to changes in substrate
thickness when the relative dielectric permittivity of the
MUT Em iS kept constant at 52. Each value of ClQx,)
was normalized by the minimum value of UQ(k:) (at d=
0.1 mim) as shown in (1).
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Figure 4. Normalized capacitance between the drive electrode and
sensel plotted against Em/Es and dlk.
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The sensitivity to substrate thickness depends on

how much energy is absorbed by the backplanes. An
electrode pair tends to be less sensitive to variations in
substrate thickness if electrodes other than the
backplanes are close to the pair. Such is the case for the
sensel-sense2 pair which has drive between sense] and
sense2, and for the sense2-drive pair which has the
guard electrode in close proximity to sense2. Figure 5
shows that the sensel-sense2 pair is least sensitive to
changes in substrate thickness, and that the sensel-drive
pair is the most sensitive.

Figure 6 compares the three different electrode
pairs in terms of their sensitivity to changes in dielectric
permittivity when the substrate thickness is kept at 1.3
mm. This was done by normalizing C/(xs) by its initial
value (when Em = 4) as shown in (1). According to
Figure 6, the sensitivities of different pairs of electrodes
to variations in 6W/6s do not differ much.

x 2

Figure 5. Electrode pair sensitivity to changes in capacitance as a
result of a changing substrate thickness (6m = 52).
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Fgure 6. Electrode pair sensitivity to changes in capacitance due to
changes in the dielectric permitfivity of the MUT (d = 1.3 mm).

Determination of Polynomial Coefficients
The calibration surfaces are fit to the model in (2). The
fitting coefficients are determined in Matlab and the
results are shown in Table 1, Table 2, and Table 3.

C/IA£s = E xiO
i=0,4;j=0,4

(2)

Table 1. Fitting coefficients for Cld/(Xrs)
X4 X_ X2 1

y4 -6.436eO 1.940e2 -2.11 le3 3.343e3 -1.382e3
YL 2.664eO -7.847e1 8.267e2 -1.151e3 3.961e2
y2

-3.871e-1 1.106el -1.110e2 1.069e2 -1.626el2.120e-2 -5.798e-
1

5.302eO 2.674eO -1.353eO
I -9.567e-5 1.859e-3 9.000e-3 2.225e-1 1.384e-2

Table 2. Fitting coefficients for Cl2/(XZ,).
X4 X_ x2 x1

y -7.385e-1 2.314el -2.645e2 3.011e2 -9.153el
j 3.090e-1 -9.441eO 1.042e2 -9.848el 2.495el
y2 -4.646e-2 1.370eO -1.430el 7.485eO -7.787e-1

2.758e-3 -7.707e-2 7.249e-1 6.697e-1 -2.156e-1
I -9.OOle-6 1.470e-4 2.554e-3 6.295e-2 9.915e-4

Table 3. Fitting coefficients for C2d/(Xe5).
X4

_

I X2 x1

y 4 -1.468el 4.577e2 -5.132e3 7.698e3 -3.049e3
yj 6.170eO -1.866e2 2.0416e3 -2.63le3 8.510e2
y -9.143e-1 2.660el -2.715e2 2.353e2 -2.527el
y 5.115e-2 -1.41 leO 1.300el 8.434eO -4.019eO
1 -2.262e-4 4.246e-3 2.751e-2 7.129e-1 3.449e-2

An Example
A practical example is provided here to illustrate how
the parametric model can be used. Suppose a concentric
REF sensor has the geometry shown in Figure 2. The
substrate is made from Teflon (es = 2.08) and it is 4.8
mm thick. The spatial wavelength of the sensor is 32
mm. The MUT is castor oil (cm= 4.5).
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The first step is to calculate the non-
dimensionalized parameters dA and em /s

dIA = 4.8132=0.15 (3)
Cm/Cs = 4.5/2.08 =2.1625 (4)

Then, estimate the normalized capacitances based
on the coefficients in Table 1, Table 2, and Table 3.

C2 /A 3.443x10 (5)

Cld /AeS = 1.994x103 (6)

C2d /2S = 5.402xlO (7)
The capacitances are found to be: C12 = 0.2029 pF,

Cid = 1.1750 pF, and C2d = 3.1834 pF.

Model Evaluation
To check the validity of the parametric model, results
from several test simulations were compared with the
sensor output estimated by the model. The relative
dielectric permittivity of the sensor substrate is varied
while the spatial wavelength of the sensor is kept the
same as used in the original setup. Figure 7 shows the
residue of the estimates from the parametric model. The
error is shown to be within 5%.

-.... -.-.. ----.. .................................... ----------

30/3
5 40/5 =0.00

F] [\d =' 0.04375
4 EM &<-0.08125

\ 111O d/ =0.11875

H62t d3.o162

3

v~~~~~~~~~~/ 4/4
4,4

K 3an 4 30/ 3 40/ s

XV340/5~~ 0/30/

Figure 7. Comparison between finite element simulation results and
results estimated by the parametric model.

When the spatial wavelength of the sensor is varied,
the sensor output is shown to scale linearly with the size
of the sensor provided that the electrodes are thin. This
matches well with the prediction of the parametric
model. If the thickness of the electrodes is comparable
to the spatial wavelength of the sensor, the parasitic
capacitances between the vertical edges of the
electrodes (due to the finite thickness of the electrodes)
lead to nonlinearity, and the sensor output no longer
scales linearly with size.

Conclusions
A parametric model is constructed for concentric FEF
sensors based on FEM simulation results. The model
enables direct estimation of the output of a concentric
ring FEF sensor. A good modeling accuracy (less than

5% error) is demonstrated within the simulated range of
non-dimensionalized variables. The parametric
modeling method used here are not restricted to
concentric FEF sensors; its concept of non-
dimensionalization can be used for the design
optimization of a wide variety of sensors.
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