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High accuracy electric field measurement system
for characterization of both new tri-axial sensor and

original electric field sources
Matthieu Roblin, Didier Robbes, Gilles Allègre, Matthieu Denoual, Olivier Mareschal

Abstract—A new tri-axial capacitive based electric field sen-
sor is presented with a sensitivity of 1mV ·m−1/

√
Hz and a

16 bit dynamic range in the frequency range 100Hz - 10 kHz.
The sensor is integrated in a 2D scanning setup and used to
map simultaneously the three components of the electric field
generated by original electric field sources composed of several
conductive spheres. These sources are designed with conical
support and contact so that they can be assimilated to point
charges and can be arranged under different phase configurations
to generate monopolar to multipolar electric fields. The measured
electric field images are compared to images calculated with
an analytical model using the method of image charges. The
agreement between measured electric field images and model
validates both the sources and the sensor which open the door to
application such as the detection of non-conductive buried object.

Index Terms—electric field sensor, electric field source, imag-
ing, 2D scanning, method of image charges

I. INTRODUCTION

THE measurement of stationary and slowly varying elec-
tric field (EF) has been investigated in several domains

of research with different types of EF sensors [1], [2], [3]. EF
sensors have been used in atmospheric science to study and
predict meteorological phenomena such as lightning storms
[4], [5], [6], [7] or sand storms [8] and are now part of pay-
loads for solar system exploration missions [9]. In industrial
applications, EF sensors can be used to prevent electrostatic
discharge (ESD) during electronic manufacturing processes
[10] or as online diagnostics for non-contact detection of
internal defects in non-ceramic insulators [11], [12]. EF under
power lines have also been investigated to understand potential
health effects from exposure to EM fields [13], [14], [15] or
to detect ice accretion on high power electric cables [16].
In medical applications, EF sensors have been developed for
biometric measurement such as non-contact electroencephalo-
gram and electrocardiogram with electrode that capacitively
couples to the skin to avoid using electrically-conductive gels
between the sensor and scalp [17], [18]. EF probes have also
been used to study biological systems such as tissues or cells
[19] or biological species with electric sensory abilities such
as fishes [20].

These multiple applications generally require non-contact
measurements but other requirements are sometimes needed
such as small dimension, wide bandwidth, large dynamic
range, compatibility with liquids and gases, full 3D vectorial
detection, capability of measuring electric fields up to the
electric breakdown of air. For this reason, different types of

EF sensors have been studied and developped [1], [21]. EF
sensors may be classified into two categories: mechanical EF
sensors (rotating and vibrating electric field mill, MEMS) and
non-mechanical EF sensors (electro-optical, electric fluxgate,
ferroelectric capacitors, capacitive).

The rotating field mill is one of the best known DC EF sen-
sors [4], [5], [13], [15], [22]. The incident field is repeatedly
chopped by an electrically grounded shutter which generate
a measurable AC field and whose amplitude is proportional
to the incident DC field. An alternative and more compact
geometry has been presented consisting of a cylindrical ro-
tating sensor capable of measuring two components of the
EF [8]. With the development of micro-fabrication technology
MEMS, the concept of the macroscopic field mill has been
miniaturized. The MEMS field mill use a vertically or laterally
vibrating perforated grounded shutter to periodically shield the
underlying sense electrodes from the incident DC field [6], [7],
[10], [12], [16] and a tri-axial version has been presented [23].

Non-mechanical EF sensors have also been developed such
as optical sensors based on the Pockels effect through the
modification of the indices of refraction of an electro-optic
crystal by the electric field. Probed by a low noise laser beam,
information about magnitude and phase are encoded in the
polarization state of the laser beam and two components of
the EF can be recovered [2], [19], [21], [24]. Fluxgate electric
field meters have also been investigated [25] as well as sensors
based on a ferroelectric capacitor acting as a nonlinear active
dynamic element where the EF is converted into a perturbation
on the polarization state of a ferroelectric material [26]. A last
category are the capacitive sensors that combine one or an
array of electrodes and can measure the displacement currents
induced by time-varying EF and recover the electric potential
and the electric field with a high sensitivity [18], [20], [27],
[28].

Despite several sensors, EF measurement has remained a
research field with some exceptions for niche markets, un-
like magnetic field measurement with multiple magnetic field
sensors (induction coils, Hall and magnetoresistance sensors,
fluxgates and SQUIDs), some of which are now widely used,
particularly for medical [29] and industrial applications [30]
and easily accessible to the general public. This imbalance
between magnetic and electric field sensors can be attributed to
the ability of the EF to interact with any surrounding objects,
conductive or not, which makes the design of EF sensors
challenging (grounded sensors distort the EF in their vicinity
producing large errors and multi-axial sensors suffer from



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. XX, NO. X, MONTH YEAR 2

Fig. 1. Schematic of lock-in detection system (in-phase I, quadrature Q) based
on the measurement of a secondary field generated by an object placed in a
primary field.

cross-axis coupling interference) but opens new possibilities.
A long-term objective of this research work is to develop

a detection system in the frequency range 100Hz - 100 kHz
using the electric field to detect buried objects or defects in
objects without the constraint for the object to be a conductive
material as it is the case for eddy current testing techniques
(ECT) based on the magnetic field that are used in industry
applications as non-destructive techniques to detect defects in
conductive material and to control the quality of components
[30].

Such a detection system requires an excitation source to
generate an EF (the primary field), controlled and configurable,
at a specific frequency and a high-dynamic sensor that can be a
single well oriented EF sensor as in [31] or a three directional
EF sensor to fully characterize the EF response (figure 1). The
interaction of this primary field with a nearby object generates
an induced secondary field. The induced field depends on the
shape of the object as well as on the physical properties (per-
mittivity, conductivity) of both the object and its surrounding
medium at the excitation frequency [20]. The sensor detects
the primary and the secondary fields but also any background
electric fields (such as the line electric field produced by
surrounding electronic devices). Because the secondary field
may be much smaller compared to background fields, standard
lock-in technique is required to extract the signal of interest.
In-phase (I) and quadrature (Q) signals, recovered from the
lock-in amplifier, contain information related to the shape, the
distance and the material composition of the object. As in
magnetics, the shape information and the physical properties
are included within both the in-phase and quadrature part of
the signal.

To get a controlled and configurable EF source as well as a
high dynamic 3D EF sensor, an original EF source and a new
concept of EF sensor have been developed that are presented
in this paper. The EF source has been designed so that it can be
assimilated to a point charge. Several of these sources can then

be arranged under different phase configurations to generate
monopolar to multipolar EF sources. Thanks to the spherical
geometry of the source, the generated EF can be calculated
by an analytical model that is also presented in the paper.
The sensor is a triaxial capacitive based sensor [32] (figure
2) working in the low frequency range 100Hz - 10 kHz with
a high sensitivity of 1mV ·m−1/

√
Hz and a 16-bit dynamic

range. To characterize and validate these two new elements, a
specific experimental setup has been implemented.

The paper is organized as follows:
• the section II presents the measurement principle;
• the section III presents the complete experimental setup

with the EF source, the 3D EF sensor and the XY
scanning test bench;

• the section IV presents the analytical model;
• the section V presents different measurements and their

comparison with the model.

Fig. 2. (left) Side-view of an EF sensor scanning above an EF source; (right)
FEMM simulations of the electric potential map of a sphere with a support
body having a conical (left part) or a cylindrical (right part) geometry.

II. PRINCIPLE

To have a well-controlled electric field, it can be wise to
use a source as close as possible to the ideal case of the
point charge with a purely radial emission. In last century
electrostatics experiments, the spherical shape has been re-
peatedly used to build EF sources. Indeed, the EF emitted
by a standalone sphere (at fixed potential) is equivalent to an
EF emitted by a point charge. However, for pratical reason,
a structure is required to support the sphere and precaution
are needed to avoid this support distorting the expected radial
EF. An innovative solution is to use a support structure with a
conical shape [27] (figure 2) made in conductive material and
designed so that the outer surface is parallel to the theoretical
EF of an unique sphere meaning that the equipotential lines
are perpendicular to the outer surface and concentric around
the sphere. Also the wire used to supply electrical charges to
the sphere can be routed inside the support body to avoid any
distorsion from the EF of the wire. If the cone structure was
infinitely long, the source would be equivalent to a standalone
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sphere. For practical reason, it is not the case but a cone length
several times longer than the radius of the sphere achieves
the expected accuracy. Two FEMM simulations of a sphere
at fixed potential and supported by a conical (left part) or a
cylindrical body (right part) are displayed in figure 2 (right).
With the cylindrical body, the EF is pyriform whereas with the
conical body, the EF stays spherical. For a unique source, the
EF is equivalent to a point charge. In the case of two sources
(or more), when the two spheres get closer, image charges
appears because each sphere stays at fixed potential. The EF
can be calculated analytically using a model based on the
method of image charges. Under different phase excitations,
monopolar to multipolar EF can be generated.

In a similar way for the sensor, the objective is to propose a
tri-axial EF sensor designed to minimize its own influence on
the measurement itself. The sensor, developed and integrated
at the laboratory (figure 3), is based on a concept that was
initially implemented in a mono-axial design [27] and then
transposed to three dimensions. The concept of the mono-axial
probe is derived from a capacitive structure consisting of a pair
of electrodes which, when placed in an external EF, generates
a measurable potential difference directly related to the EF
component in the orthogonal direction to the electrodes.

Fig. 3. (left) Photography of the tri-axial probe (20mm wide) during the scan
above two sources; (right) exploded view of the tri-axial EF sensor along Xp
direction.

These two new elements are characterized with a XY scan-
ning test bench. The sensor is mounted on the scanning system
and is moved in a plane above different configurations of
EF spherical sources. Images of the three EF components are
then measured and compared with the theoretical components
evaluated using an analytical model based on the method of
image charges [33].

III. EXPERIMENTAL SETUP

A. Electric field source description

The EF source is composed of several brass spheres sup-
ported by conductive structures made of conical electrically
active polymer with electrical resistivity in the range of 103

- 105 Ω·cm. Sine voltages of several volts in amplitude are
applied on the spheres in the frequency range 100Hz - 10 kHz
thanks to electrical wires passing through their support body
and connected to the spheres. The sinusoidal excitation signals
are generated by a quad digital to analog converter (DAC)

including complex waveform generation with a Direct Digital
Synthesizer (DDS) AD9106 (figure 4). The DDS has a 12-
bit output with a single frequency for all four DACs and
independent programmable phase shift outputs for each of the
four DACs. Two outputs 1 , 2 are used to supply as reference
signals for lock-in amplifiers and the two others 3 , 4 as
excitation signals. To avoid phase shifts between measurement
channels (EXp, EY p and EZp) and the two reference channels,
the same band pass filters are used. Reference sine signals
are converted to square signals with comparators before being
supplied to lock-in amplifiers (LIA).

Depending on the number of spheres and of DAC phases,
several excitation modes are possible: monopolar to multipolar
modes.

Figure 4 illustrates the case of a dipolar excitation with two
spheres where DDS3 and DDS4 are in phase opposition.

Fig. 4. Sketch-view of the measurement setup.

B. Description of the electric field sensor and its conditioning
electronics

The transition from the monoaxial [27] to the triaxial
configuration (figure 3) led to the construction of a 20mm
wide cube built on an arrangement of three orthogonal pairs
of sensing electrodes. However, such a construction suffers
from deviations due to the influence between the orthogonal
electrodes. It is possible to minimize the effect of this inter-
electrodes crosstalk by using the guard ring technique by
splitting each electrode into a pair of sensing and counter-
electrodes [32]. The purpose of the counter-electrode is to
reproduce the potential variations of the sensing electrode.
Each pair of sensing electrode/counter-electrode is isolated
from the other pairs by a closed shielding set at the reference
potential - the reference electrode - to avoid the diffusion of
the potential inside the sensor’s cavity. At last, it is possible
to use a counter-reaction effect by connecting each sensing
electrode to the counter-electrode on the opposite side of the
cube leading to a higher dynamic.

The cube is held at one corner by a cylindric tube aligned
with the cube diagonal, to ensure a ternary symmetry. The
wires from the sensing electrodes are routed inside the cubic
body and then through the tube to reach the signal conditioning
circuits disposed inside the column. The three measurement
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axis of the probe - Xp, Yp and Zp - are normal to the faces
of the cube and chosen by convention in the direction of the
tube (figure 3).

The principle of the signal conditioning is multiplexed
lock-in detection (figure 4). The two signals from each pair
of electrodes are sent to an instrumentation amplifier (IA).
Each channel (EXp, EY p and EZp) is filtered and sent to
a multiplexer (MUX) which redirects them sequentially to
two LIA locked in-phase and in-quadrature with respect to
the excitation signal applied to the sources. The multiplexing
limits the acquisition rate to 3Hz.

Signals from LIAs are digitized by a 24-bit quad ADC board
ADS131A04 and stored.

The sensor presented in this paper has a sensitivity of
1mV ·m−1/

√
Hz and a 16-bit dynamic range in the fre-

quency range 100Hz - 10 kHz. This sensor is thus able to
mesure simultaneously the full vectorial electric field with
good performances comparable to electro-optic sensors [24]
and a better dynamic range compared to MEMS [7] while
using conventional mechanical and electronic components that
do not require integration in cleanroom facilities.

C. Description of the 2D scanning setup

The sensor and the signal conditioning circuits are inte-
grated inside a square column with the probe tip passing
through the bottom of the column (figure 5). The column
is vertically suspended from a system of translation rails
mounted on a cage structure. The translation system consists
of a linear toothed belt axis (Y-axis) whose ends rest on
two orthogonal rails (X-axis). The rails are driven by stepper
motors. The column can cover an area of 150 cm× 150 cm.

The sources excitation, the XY scanning system and the
measurement acquisition are controlled by a dedicated Lab-
VIEW software.

Fig. 5. Photography of the XY scanning cage structure with the column
centered in the middle of the cage and the EF probe at its tip.

IV. SIMULATIONS

In the case of multiple spherical sources close to each other,
considering that each sphere is a point charge and applying
the superposition principle is inaccurate. For that reason, an
analytical model based on the method of image charges [33],
[34] has been developed to calculate the spatial distribution of
the EF generated by a system of conducting spheres.

An image charge (or electrical image) is defined by Maxwell
as ”an electrified point or system of points on one side of a

surface which would produce on the other side of that surface
the same electrical action which the actual electrification of
that surface really does produce”.

In the case of a system of conducting spheres at fixed
potential, a set of image charges inside the spheres must be
found so that the surfaces of the spheres are equipotential.

For a single sphere, a unique central point charge q can be
considered equal to 4πϵ0aV with a the radius of the sphere
and V the potential applied on the sphere.

For several spheres, if the superposition principle is applied
by replacing each sphere to a single point charge, the field
distribution is distorted and the surfaces of the spheres are no
longer equipotential.

In order to make them equipotential, it is necessary to add
iteratively several orders of image charges where each order
is calculated taking into account all the charges calculated
at the previous orders. At each order, the number of new
image charges is given by the formula: S(S−1)N (S: number
of spheres, N: order) which increases rather quickly as the
number of spheres gets higher (236 196 charges at order 10
for four spheres).

The electric potential can then be written exactly as an
infinity of nested sums of image charges potentials where each
new sum is an additional order of image charges (equation 1).

V (r⃗) =
1

4πϵ0

S∑
i=1

 qi
|r⃗ − r⃗i|

+

S∑
j=1
j ̸=i

(
qij

|r⃗ − r⃗ij |
+

S∑
k=1
k ̸=j

(
qijk

|r⃗ − r⃗ijk|
+ ...

))
(1)

where:

qi = 4πϵ0aiVi, qij = − ai
|r⃗i − r⃗j |

qj , qijk = − ai
|r⃗i − r⃗jk|

qjk

r⃗ij = r⃗i − a2i
r⃗i − r⃗j

|r⃗i − r⃗j |2
, r⃗ijk = r⃗i − a2i

r⃗i − r⃗jk

|r⃗i − r⃗jk|2

Fig. 6. Order 2 image charges of two conductive spheres.

We notice that the number of indices associated to image
charges increases with the order. If we consider the case of
two spheres (figure 6), two new image charges are added at
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each order, q1 and q2 at order 0, q12 and q21 at order 1, q121
and q212 at order 2, and so on. . . . q212 is an image charge on
sphere 2 of q12 which itself is an image charge on sphere 1
of q2.

The truncation of the equation (1) at a specific order is
then an approximation and the choice of the order of the
truncation will depend on the degree of accuracy required.
The impact of the truncation can be evaluated by calculating
the potential at any point on the perimeter of the sphere. Let
us take the case of two spheres of radius a1 = a2 = 50mm,
separated by a distance d = 50mm, with potentials fixed at
V1 = V2 = 1V. The calculation of the potential along
the perimeter of the sphere 1 in the plane passing through
the center of the two spheres is illustrated figure 7b and the
deviation from the theoretical value figure 7c. The potential
maps are shown at order 0 and at order 5 (figure 7a). At order
0, the 1V equipotential (white outline) is far from the surfaces
of the spheres (black disks) leading to a 25% error. Adding
image charges brings it closer and reduces the error down to
0.01% at order 5.

(a)

(b) (c)
Fig. 7. Potential map for two spheres of radius 10mm, separated by 50mm
at potential 1V calculated in a plane passing by the center of the two spheres:
a) Comparison of potential maps at order 0 (left) and 5 (right); b) Potential
along the perimeter of sphere 1; c) Deviation from the theoretical value of
the potential along the perimeter.

From the electric potential, the three components of the
EF can be calculated (as illustrated in the next section) and
compared to the tri-axial sensor measurements.

All of the image processing steps as well as the model of
the conductive spheres have been implemented in the Matlab
environment.

V. RESULTS

Using spherical sources that can be approximated as point-
like sources allows to easily combine several of them in var-
ious monopolar or multipolar configurations. The calculation
of the generated EF can be done with the developed simulation
tool and then compared with measured EF images acquired on
the experimental setup.

The simplest configuration with at least one symetry with
respect to the sensor is two spheres excited in phase (figure 3).
In this case, the EF in an horizontal area above and between
the sources in the X0Y0 plane is mainly directed in the vertical
direction Z0 .

To switch the orientation of the EF to an horizontal direc-
tion, the two spheres can be excited in phase opposition to
get a dipolar excitation. In this case, the EF in an horizontal
area above and between the sources in the X0Y0 plane is
mainly directed in the horizontal direction X0. To extend and
homogenize the area where the EF is horizontal, four spheres
can be used in dipolar configuration.

Two series of EF measurements are presented and compared
to the analytical model:

1) A measurement above two spheres (example on figure
3) of 10mm radius separated by a distance of 50mm
(distance between the centers of the spheres) and excited
by in-phase sinusoidal signals at 1 kHz with an ampli-
tude of 1.1V (corresponding to an EF of 110V·m−1

close to the surface of the sphere).
2) A measurement above four spheres of 10mm radius

distributed at the four corners of a 50mm square and
supplied two by two with opposite polarity (YZ anti-
symmetry plane) at 1 kHz with an amplitude of 1.1V.

Because the environment consists in spherical sources sur-
rounded by air, no information is contained into the quadrature
part Q of the signal. For this reason, only in-phase results are
presented.

The sensor is scanned in an X0Y0 plane at a height
Z0 = 55mm with respect to the plane passing by the center of
the spheres. 81 successive scans are done in the +Y direction.
Three images of 84 × 81 pixels (24.9 cm × 33.2 cm) are
recorded corresponding to the three field components in the
directions Xp, Yp and Zp associated with the sensor probe
(figure 3) and in phase with respect to the excitation signals.

The images are cleaned using a median filter and then are
projected from the sensor reference frame (Xp, Yp, Zp) to the
setup reference frame (X0, Y0, Z0) (figure 8).

To compare with the measurements, the expected electric
potential maps are calculated with the model of the conducting
spheres at order 5 (figure 9) and the three EF components are
deduced from the gradient of the potential maps. Figure 10
shows the three EF components measured (left column) and
calculated (middle column).

To allow the comparison between measurement and model,
a spatial interpolation is applied on measured images so
that the images have the same dimensions. Then, an image
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Fig. 8. Angular projection of the three EF components of series of in-phase
measurement n°1 from the reference frame of the sensor (left) to the reference
frame of the test bench (right).

registration step1 is applied to correct the misalignement
in positioning and orientation of the spheres with respect
to the scanning directions (rigid transformation: translation
and rotation). Finally, for each component, the ratio of the
difference between measurement and model divided by the
norm of the calculated EF is displayed in the right column of
figure 10.

To extract more quantitative values from these image com-
parisons, the percentage of the covered area (cv) contained
within ±5% error (white areas) is evaluated and the average
of the absolute difference (rel) for each EF components relative
to the norm of the theoretical EF is calculated in these areas.
A grey mask is applied to ignore the areas where the norm of
the EF is lower than 10% of the maximum. A good agreement
is observed for the configuration 1 (2 spheres) for the EX

component where a relative difference 2.1% with a ±5% area
covering 85% of the image. Higher deviations are observed
in the configuration 2 (4 spheres) particularly for the EZ

component.

VI. DISCUSSION

The observed discrepancies are potentially caused by a
combination of different sources of error such as the relative
spatial and angular positioning between the EF sources, the
probe and the XY scanning system or the imperfections
of this first prototype with faces not perfectly orthogonals
(measured deviations of the order of 1°). These multiple

1Image registration is defined as a process that overlays two or more images
from various imaging equipment or sensors taken at different times and angles,
or from the same scene to geometrically align the images for analysis [35].

(a)

(b)
Fig. 9. a) Potential map in an X0Y0 plane in Z = 55mm above a monopolar
system of two spheres of radius 10mm separated by a distance of 50mm
at potentials +1.1V; b) Potential map in an X0Y0 plane in Z = 55mm
above a dipolar system of four spheres of radius 10mm distributed at the
four corners of a square of 50mm side and supplied in phase opposition by
pair at potentials of +/- 1.1V. Spheres are symbolized by white dotted circles.

factors of uncertainties find themselves intertwinded and are
only partially compensated by the processing steps. To reduce
the number of free parameters currently existing on the setup,
several improvements are foreseen such as the realization of
a new probe with a better control of the dimensions or the
addition of a LIDAR to improve the control of the positioning
of the different elements.

VII. CONCLUSION

One of the long-term objectives of this research work is
to develop an electric field based detection system in the low
frequency range with the ability to detect buried objects or
detect defects in materials as in eddy current testing techniques
but compatible with non-conductive materials. To build this
system, a new triaxial cubic EF sensor, original EF spherical
sources and a XY scanning test bench have been developped
and presented in this paper.

The new tri-axial EF capacitive based sensor sensor has
been built using conventional mechanical and electronic com-
ponents that do not require access to cleanroom facilities.
The sensor has a sensitivity of 1mV ·m−1/

√
Hz and a 16 bit
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(a)

(b)
Fig. 10. Electric field maps of the three components of the EF for the measurement (left column), the model (middle column) and the relative difference
(right column) associated to the two series of measurement: a) Two spheres in monopolar configuration; b) Four spheres in dipolar configuration.
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dynamic range in the frequency range 100Hz - 10 kHz and is
able to mesure simultaneously the full vectorial electric field
with performances comparable to electro-optic sensors [24]
and a better dynamic range than MEMS [7].

EF sources composed of spherical spheres mounted onto
original conical support structures have been designed and
fabricated. Theses sources can be individually approximated as
point charges and combined to generate monopolar or multi-
polar EF fields. An analytical model has been implemented to
predict the EF generated by any arrangements of these sources.

The sensor mounted onto a 2D scanning setup is used to
map the EF generated by two arrangements of EF sources,
with two sources in monopolar configuration and four sources
in dipolar configuration. The measured EF images have been
compared to calculated images and a good consistency has
been obtained allowing to validate both the new sources and
the sensor.

By fixing EF sources directly on the column moving along
with the EF sensor, the next objective will be to detect non-
conductive buried object. Setup improvements are planned
to increase the dynamic range, the acquisition rate and to
reduce the noise. Probe miniaturisation is considered and a
new signal conditioning with one lock-in amplifier per axis is
under development.
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