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Abstract—A Sensor to measure electric vector fields based on
the Pockel effect and a sensor making good use of a search ca-
pacitor have been submitted to the same electric field excitations.
Outputs of their analog electronics are further processed using
a multi-channel dynamic signal analyzer (24 bits and 10 mHz to
100 kHz analysis bandwidth). Both AC and DC behavior have
been addressed, the later with the help of an electric field mill.
The direct comparison was made possible up to 100 kVm-1 using
a large enough electric field source and high voltage outputs
amplifiers. This way, the sensors are operated at the same time,
while occupying similar positions inside the electric field. Results
expressed as a voltage transfer function in the AC mode exhibit
a good coherence all along the analysis band. It highlights the
different bandwidth of the two instruments nonetheless sharing
three decades: the search capacitor working at low frequency
while the electro-optic one is known to work at high frequency.
Finally, the electric field mill used at a chopping frequency of
54 Hz induces a limitation for both sensors in the lower part
of their measuring range, below a few hundreds of Vm-1, while
noise floors of each sensor are found well below a residual signal
induced by the electric field mill rotation.

Index Terms—Electric field sensors, DC, directivity, field mill

I. INTRODUCTION

History of the classical electromagnetism theory together
with its numerous applications may reveal some unexpected
features. It appears that measuring instruments dedicated to
magnetic field are multitude, while those dedicated to electric
field are not, more especially in the very low frequency
domain, starting from DC. Alternatively, in the ultra-high fre-
quency domain, although the situation is somewhat different,
due to the direct link between the magnetic and the electric
fields through the wave impedance, measure of electric field
strength, when approaching the disruptive limit, forbids the use
of any conducting material in the sensor design, even a few
tens of meters apart from the sensor active volume. The classi-
cal approach to sense electric field in the low frequency range
is based on the use of electrostatic influence upon a highly
conducting electrode, or capture electrode, in association with
a system of auxiliary electrodes, or electric field mill, that

move around the first one [1].The capturing electrode alone is
coupled either to an electrometer type amplifier that exhibits
an ultra-high input impedance (1 GΩ or more) or to a charge
amplifier. In the commercially available configurations of such
electrometers, only one capture electrode is used to sense the
chopped voltage signal produced by a far charge distributions
and only an evaluation of the electric field strength is obtained,
with no good nor well-characterized directivity [2] .

In this paper, we directly compare two electric field sensors,
the behavior of which based on two complementary measuring
principles. One is based on electrostatic influence upon free
charge at the surface of highly conducting metals. The other
is based on the Pockel effect : the electric field modifies the
electronic clouds of atoms inside an optically active material,
such as the Bismuth Silicon Oxide (BSO).

The first measuring principle is operated using a gradiomet-
ric arrangement of a pair of capturing electrodes, or search
capacitor. As usual in gradiometric techniques, the output is
an estimation of a gradient component of the input physical
quantity, here the space-time voltage variations.

The other method is not a gradiometric one: the electric
field action, through the Coulomb force, is volumetric and
at the scale of an optically active crystal. Induced effects
are probed by the means of coherent light conveyed through
dielectric guides, which allows an entire sensing system with-
out conducting parts. This of course, is not possible with
search capacitor. Besides these complementarity in measuring
principles and physical implementation, one is highly sensitive
down to the low frequency range, while the other has a very
low sensitivity, but with extended capabilities both for very
high values of the field strength and in the ultra-high frequency
range. Because the dynamic range of each technologies is
large, and because there is a common part of their frequency
range, between 10 Hz to 100 kHz, a direct comparison was
done, the results of which are presented here. The paper is
arranged as follows. In part II, we present the experimental



Fig. 1. Photography of the experimental set-up. (a) Conducting disks for
field sourcing. (b) Search Capacitor Gradiometer. (c) Electro-Optic Probe. (d)
Butterfly field mill and its motor.

setup and the sensors. Measurements are discussed in part III,
while perspectives and conclusion are presented in part IV.

II. EXPERIMENTAL SET-UP

A. Field sourcing

Dedicated instrumentation to create high quality electric
fields are neither fully commercialized nor a subject of R&D.
Many reasons can be appealed to appreciate the above assump-
tion. High and low frequency domains, as separated by the
wave behavior of electromagnetic fields, are not covered by the
same means of sourcing. While the first is easily provided by
the means of various antennas, the other is also easily obtained
using a set of conductors separated by a space gap, where the
electric field is developed, both as a function of the voltage
difference and of the distance in between the conductors.
Both domains suffer from some drawbacks. One is inherent
to the presence of a magnetic field in the high frequency
range, while operation at high field in the low frequency range
is made difficult when a large volume with a good spatial
homogeneity of the enclosed field is needed. In order to be
able to compare directly the electro-optic (EO) Probe with the
search capacitor gradiometer (SCG), a sourcing device able to
deliver an electric field as large as 100 kVm-1 had to be used,
because of their great difference in sensitivity.

As shown in the picture Fig. 1 of the set up, we use two 20-
cm-diameter conducting disks biased with two voltage sources,
which are antisymmetric relatively to the reference voltage.
Disk axis is along the z direction; and the distance between
the plates is adjustable from 2 to 20 cm, by 1cm steps. In DC
mode, top and bottom electrodes must have opposite voltage
values with respect to their common reference. In the same
way, in AC mode, one voltage is 180° phase shifted relatively
to the other. This allows having the middle symmetry plane
between the disks that stays at the reference level at any time.
Two high voltage amplifiers Trek Model 2220 with fixed gain
of 200 are used to generate high voltage signals within the

range +/- 2000 V, while the output current is limited to a
maximal value of 10 mA. It follows that an electric field with
a maximum strength is obtained using a +/- 10 V input voltage
from a standard function generator and a unity gain voltage
inverter. Furthermore, the frequency range, investigated up to
100 kHz, is limited by the bandwidth of the amplifiers, the
latter only slightly dependent on the output amplitude when
operating in the large signal limit. This is visible in Fig. 2
where transfer functions of the two electrometers are plotted.

B. Sensors
Two sensors are characterized in this paper. The electro-

optic (EO) probe developed by Kapteos S.A.S (eoSense in-
strument) [3] and a search capacitor gradiometer (SCG) based
around a differential charge amplifier as described in patent
[4]. Both sensors can be seen on Fig. 1.

The fully dielectric and millimeter sized optical Probe is
based on the Pockels effect, also called EO effect. This
pigtailed Probe involves a non-centrosymmetric crystal (BSO),
which sees its Eigen refractive index linearly modified by
the E-field. The transduction is vectorial meaning that each
Eigen component of the E-field vector can be measured in real
time. The intrinsic bandwidth of the Probe covers more than
8 decades of frequency from 30 Hz up to several GHz. The
achievable dynamic range of the E-field measurement exceeds
130 dB per unit bandwidth, with a minimum measurable field
lower than 1 V/m and a compression point greater than 1
MV/m. The spatial resolution of the EO Probe is weaker than
1 mm³ [3].

The SCG electrometer is build around a pair of millimeter
sized and circular electrodes made of copper and separated by
a base line of 5 mm. Evaluation of the z component of the
voltage gradient is obtained together with the mean voltage
variation in the middle of that base line. This is obtained by
the means of a differential charge amplifier subjected to a
specific feedback process, as depicted in [4]. The conditioning
unit outputs two signal, one that scale with the time voltage
variation having the in-band transfer parameter of 0,1V/V,
while the second one scales with the voltage gradient, with
its in-band transfer parameter very close to 1mV/(Vm-1).

C. Field mill
The field mill (see photo Fig. 1) is a double butterfly

shutter made with standard FR4 PCB boards. It is biased at
the reference voltage that alternatively shields and expose the
sensors which are symmetrically placed just in the middle of
the mill wings. It follows that the electric field sensed by the
EO Probe and the SCG no longer is at DC, but the amplitude
seen at twice the rotation frequency scales with the DC field
value. That simple field mill is just powered by a DC voltage,
in the range of 5 to 15 V, and was operated at a value of 8 V,
to get about 27 rotations per second, which means a chopping
frequency of 54 Hz.

D. Monitoring
A dynamic signal analyzer (CF-9400 from Ono Sokki)

has been used to monitor signals associated to the direct



Fig. 2. Transfer function of both sensor sensitivty (SCG above EO probe).
SCG has been characterized at fields increasing from 200 V/m to 8 kV/m. EO
probe has been characterized at fields increasing from 200 V/m to 40 kV/m
with doubling steps. Arrows indicate the increasing field direction.

comparison of the EO an SCG sensors. It has a capability
to operate in the 10 mHz to 100 kHz bandwidth with up to
4 analog input channels with 24 bits AD converters. Transfer
functions monitoring together with most of the modern signal
analysis are performed in real time, which greatly helps the
direct comparison.

III. RESULTS

A. AC field transfer functions

In that subsection, we report on the AC measurements of
both transfer functions, in the 10 Hz to 100 kHz range as
shown on Fig. 2. Amplitude of the sinusoidal and antisymmet-
ric voltage excitation of the E-field sourcing device (subsection
2 A) was varied between 10 V to 2000 V. Using the signal
analyzer, direct comparison was made in real time, while
varying the frequency in the specified range. Plots of Fig. 2
show two families of the amplitude Bode diagrams, associated
to each value of the field excitation amplitude. Features shown
here are :

• The great difference in values of the in-band sensitivity :
around 6.4 µV/(Vm-1) for the EO device and 930 µV/(Vm-1)
for the SCG device.

• A slight difference in the dispersion of the in-band transfer
values around its mean: 7.7 % for the EO device and 0.04 %
for the SCG device.

• A common high frequency perturbation (20-100kHz), due
to the upper limit of the amplifier’s transfers that were not
corrected during the real time data acquisition and direct
monitoring.

• A low frequency cut-off of the EO device, both due
to the crystal defects and to the conditioning unit. This
eliminates parasitic low frequency signals due to vibration
and temperature effects in the long laser fiber that couples
the Probe to the conditioning unit. The cut off is below 200
Hz at 8 dB/Dec. The low frequency cut off the SCG device
at 0.1 Hz is not seen, because it is almost three decade below

Fig. 3. Sensors output voltage (VRMS) vs. DC Electric Field. (red, up) SCG.
(Blue, below) EO probe. Lines nonlinear fit using the relation explicited in
the text box.

the lower limit of the excitation in this set of experiments (10
Hz). In addition, a more detailed examination of the in-band.

• Transfer in the range 500 Hz to 10 kHz shows a very flat
behavior of the SCG while the EO probe is not, exhibiting a
small slope of about 0,7 dB/dec. This behavior has not been
previously identified, nor its origin previously discussed.

• A sensitivity loss for the SCG transfer obtained at the
higher field of 8000 Vm-1(black line below 1mV/(Vm-1) on
fig2). It is attributed to the limited range of voltage output of
its conditioning unit. Once the higher limit is reached, classical
and strong signal distortion appears which lead to artifacts in
the measured transfer.

B. DC field measurements with the field mill

As depicted subsection II.C, the two sensors have active
volumes in the millimeter range with either a conducting
access or a dielectric access in a direction transverse to the z
field direction. Due to the mill conception with two butterfly
wings, both devices could probe quasi-symmetric AC signal as
modulated by the rotating mill. The real time FFT computation
and monitoring of the output signals was then simultaneously
available, again greatly facilitating the direct comparison of the
two sensors, which are now able to estimate the DC component
of the applied field. Outputs of the monitoring are the RMS
value of the probes outputs at the 54 Hz frequency line, twice
the rotation frequency of the mill. Because less than 50 % of
the applied field reaches the probes placed inside the mill,
the DC maximum measured field reached the value of 14
kVm-1 for the SCG (distortion limit) and 80 kVm-1 for the
EO Probe (sourcing plate’s spacing limit). Results are shown
on Fig. 3, which plots RMS values of the 54 Hz lines, versus
the applied DC field. From that plots, in their linear part,
roughly above 100-1000 Vm-1, one extracts sensitivities values
: 283 µV/(Vm-1) for the SCG and 0.73 µV/(Vm-1) for the EO
probe. Values are obtained from the slope in Fig. 3 corrected
by
√
2. This allows to evaluate the proper value of the field

mill extra attenuation. Having in mind an ideal chopper of
the DC signal, the latter should be seen by the sensors as a
square signal, due to the shape of the copper covered part of



Fig. 4. Normalized sensors output voltage (VRMS) vs sensor direction −→n
relative to the vertical direction −→uz (0°) of the AC electric field (200 V/m).
(Blue) Cosine guildeline. (Green) SCG alone used for normalizing. (Yellow)
With the field mill in on position. (Orange) With the field mill in off position.
The latter values are mutiplied by an order of magnitude to be seen.

the wings versus the identical shape of the uncovered one. In
such an ideal chopper, only half of the signal is transmitted
to the measuring system. It follows that the ideal DC transfer
through the chopper should be half of that in the ac mode,
meaning for example 465 µV/(Vm-1) for the SCG in the field
mill. Because we observe only 283 µV/(Vm-1), this implies
our field mill exhibits some extra attenuation which limits the
transmission of the available field to about 59% of the ideal
value. As it will be made clear in the next subsection, the
efficiency of the field mill is related to the ratio of the exposed
to shielded field during half of a turn of the pair of wings.

Both plots of DC transfer exhibit a deviation to the ideal
behavior at low field, because a flat part in the curves is
clearly seen in fig. 3. It is associated to the mill’s rotation, and
could, at first sight, be associated to a parasitic field from the
mill itself. From the asymptotic values of the voltage outputs
at low field, together with values of the transfers at higher
fields, one could expect to identify a possible input offset
error, but the interpretation is not so straightforward. First of
all, one cannot neglect possible phase effects, meaning that
phase differences and not only amplitude ratio should be taken
into account, especially if the parasitic field associated to the
rotating mill alone is probably not as homogeneous as the one
to be measured. Additionally, more careful experiments should
be done, but are made difficult at low values of the fields,
especially for the EO probe, where noise limits are reached.

C. Directivity

Having a look on commercially available AC electrometers,
most of them are only displaying magnitude of the electric
field, but not its direction. This is also the case in DC for
the commercially available electric field mills. It follows that
characterization of directionality of the EO and SCG elec-
trometers is mandatory, for both AC and DC operating modes.
Careful directivity characterizations are presented here for the

Fig. 5. Normalized sensors output voltage (VRMS) vs SCG and field mill
direction −→n relative to the vertical direction −→uz (0°) of the DC electric field
(200 V/m)

SCG system alone and inside the electric field mill. The later
configuration allows getting a better characterization of the
mill. As a matter of fact, the modulated field inside the mill,
is measured by the included directional sensor, the response
of which must, in some way, be sensitive to the original field
direction. Fig. 4 report directionality plots obtained in three
different configurations.

The reference configuration is provided by the SCG alone, at
the in-band frequency of 1 kHz. The gradiometric arrangement
of the SCG has the normal direction −→n of its capturing
electrodes. Introducing the unit vector −→uz in the z direction
of the applied electric field, the SCG response scales with
the scalar product −→n .−→uz It follows almost superimposed on
the cosine function. This standard behavior is clearly marked
upon the external plot reported Fig. 4, and shows the excellent
directivity of the SCG.

The two other configurations include the electric field mill
and the SCG device, but in two static positions: one corre-
sponds to the “ON” state of the chopper that exposes the SCG
to the field, while the second corresponds to the “OFF” state,
where the SCG should be fully shielded. From these plots,
characteristics of the “ON” state can be extracted : the exposed
field keeps a quasi-constant direction, while its amplitude, in
the direction of the maximum of the directivity pattern (nulle
angle), is around –5 dB below the applied field. Alternatively,
in the “OFF” state, the shielding is not fully complete: it is
of about –25 dB below the value in the “ON” state. To link
that work to the one of the precedent paragraph, notice that
the linear value corresponding to the -5 dB attenuation in the
“ON” state, 56%, is close to that found from the ratio of the
DC and AC transfer at the rotating frequency of the mill, 59%,
which comfort the coherence of our analysis.

A fourth work has been carried out on the directivity of
the field mill measuring process, which, to our knowledge
has not been presented before. In that part, both the SCG
and the rotating field mill are operated for a set of 15 °



angle steps. Results are reported on Fig. 5. It shows that the
directivity pattern still presents a preferential direction, but not
as pronounced as the one of the SCG alone.

IV. PERSPECTIVES AND CONCLUSION

A direct comparison between two electric field sensors
based on complementary physical working principles has been
presented. This was made possible due to a common band
in their working range in the frequency domain. The use of
a real time dynamic signal analyzer having a high dynamic
range also greatly facilitated that direct comparison, despite the
large difference in the respective sensitivities of the sensors.
The use of two high voltage output amplifiers, together with
the combination of a symmetric set of large conducting plates
fed by antisymmetric voltages allowed the operation of both
sensors at the same time, while they were subjected to the
same electric field excitation. Because none of the sensors
operates at DC, the use of an electric field mill make it
possible, keeping in the purpose of the direct comparison, a
field mill was conceived to operate both sensors in a common
chopped DC field. We found a good consistency for both
technologies in the AC mode except, for the small slope (0,7
dB/dec, in-band) in the transfer function of the EO probe.
In the DC mode, at high fields above a few kV/(Vm-1), a
good consistency is also found. At low DC field values, a
discrepancy was noticed from the Fig. 3 examination, meaning
that operating electric field mills at low fields may reveal some
drawbacks. The latter have to be understood and circumvented
if one still wants to use them as reference to accurately
measure DC electric fields. At DC, other approaches that are
known, such using MEMs devices [5],[6]or only using rotation
of the SCG itself as in [4], could also find benefits from the
direct comparative method that was used here. This could
help to get a good state of the art of sensing technologies
dedicated to electric field, static, quasi static or even at much
higher frequencies. Because in our mind, such a state of the
art is missing, ways to improve it will need better high field
sourcing devices, and DC sensing technologies operated with
no moving parts. When aiming for a large band (DC-MHz)
sensor, both sensor used here with a field mill have strong
limitations.
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