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Electrooptic Probe Adapted for Bioelectromagnetic
Experimental Investigations

Pierre Jarrige, Nicolas Ticaud, Sophie Kohler, Rodney P. O’Connor, Lionel Duvillaret, Gwenael Gaborit,
Delia Arnaud-Cormos, Member, IEEE, and Philippe Leveque, Member, IEEE

Abstract—In this paper, we present radio-frequency electro-
magnetic field characterization of an electrooptic (EO) probe. This
probe is able to simultaneously measure temperature and one
component of the electric field (e-field) in a continuous wave (CW)
or in a pulsed regime. For this purpose, linearity, selectivity, and
sensitivity measurements are performed in air and in a cuvette
filled with a water solution. The media are exposed to 1800-MHz
CW electromagnetic wave through a transverse electromagnetic
cell. Numerical characterization is also performed using finite-
difference time-domain simulations. The EO probe presents a dy-
namic range exceeding 70 dB. Selectivity up to 25 dB is measured,
demonstrating the ability of the EO probe to measure one unique
component of the e-field. The EO probe sensitivity is equal to 0.77
and to 0.18 V · m−1Hz−1/2, in the air and in the water solution,
respectively. This millimeter-sized EO probe is particularly suited
for the measurement of ultrawide bandwidth and high-voltage
e-fields up to a few megavolts per meter.

Index Terms—Bioelectromagnetism, electromagnetic field mea-
surements, electrooptic (EO) probe, Pockels effect.

I. INTRODUCTION

TO ASSESS the potential effects of RF electromagnetic
fields on human health, electric-field (E-field) probes and

temperature probes are extensively used [1]–[3]. Indeed, the
interaction between time-varying electromagnetic fields and
biological systems such as tissues or cells can be quantified
from the temperature rise or the E-field induced in the exposed
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medium. More precisely, the standard parameter for assessing
the interaction, namely, the power absorbed by the medium,
is the specific absorption rate (SAR) [4]–[7]. For experimental
SAR assessment via E-field measurements, two types of E-field
probes are basically used: metal-based probes such as diode-
loaded dipole sensors and electrooptic (EO) probes [1], [6],
[8]–[11]. Due to their fully dielectric structure and small size,
EO probes are much less invasive than metal-based electromag-
netic field probes. To allow in situ measurement in bioelectro-
magnetic experimental investigations, it is crucial to limit the
perturbations on the electromagnetic environment induced by
the probe [2]. Moreover, diode-based probes generally allow to
detect only the signal envelope, whereas EO probes can directly
measure the real-time amplitudes of the RF signals. Diode-
based probes are more sensitive than the EO probes. However,
the EO probes are able to measure the E-field (magnitude and
phase) over an ultrawide frequency band.

A system based on an EO probe was developed for the
measurement of wideband and high-voltage E-fields [12], [13].
The measurements are based on the Pockels effect in the EO
probe crystal. This effect induces a change in the eigenindices
of refraction of the crystal proportionally to the magnitude of
the applied E-field. A probing laser beam propagates through
the crystal and is reflected back at the end of the crystal by a
dielectric mirror. The induced modulation of the polarization
state of the reflected laser beam is then linked to the magnitude
of the E-field. As demonstrated in [14], such EO probe, which is
based on the use of an anisotropic crystal, permits only to mea-
sure a single E-field component. Moreover, due to the selected
EO crystal orientation, this EO probe shows a sensitivity axis
transverse to the laser beam direction. It leads to a transverse
EO probe.

The crystal material of the EO probe, which is responsible
for its sensitivity, is particularly suited for the measurement
of transient high E-fields (0.5–30 MV/m) and particularly for
nanosecond (4–300 ns) pulse applications [15], [16]. Further-
more, this EO probe is able to measure high-intensity wide-
band signals in the subnanosecond duration range. It also has
the advantage of simultaneously measuring the E-field and
the temperature variation using a single crystal. Only E-field
measurement capabilities are under investigation in this paper.

This paper focuses on the high-frequency characterization
of the performance of an EO probe, which could be used for
biomedical and bioelectromagnetic experimental applications.
This paper is complementary to the previous studies describing
the detailed principles of this pigtailed probe and its optical
bench [12], [13]. In Section II, the whole measurement benches

0018-9456/$31.00 © 2012 IEEE
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Fig. 1. Schematic of the optical bench including the servo control system used
for the e-field and the temperature measurement.

are detailed. The experimental results of the EO probe in terms
of E-field measurement capabilities, such as dynamic range,
linearity, sensitivity, and selectivity are presented in Section III.
The numerical characterization is used to determine the cali-
bration factor of the EO probe. Two surrounding media, i.e., air
and water solution, are considered.

II. MEASUREMENT SETUP CONFIGURATION

A. Electrooptic Device

The millimeter-sized EO probe has the capability of simul-
taneously measuring the temperature and vectorial E-field at a
given position and over seven decades of frequency (1 kHz–
10 GHz frequency range). The current pigtailed probe was
developed using the Pockels effect, which appeared as the linear
variation of the refractive indices of an EO crystal with the
applied E-field. In our case, the developed sensor is based on
the polarization state modulation of a laser beam, probing both
dielectric axes of the crystal. The dephasing Δϕ between the
two only permitted polarizations, which was introduced during
the crystal crossing, is linked both to the intrinsic birefringence
of the crystal Δn0 and to the microwave E-field-induced bire-
fringence ΔnE as follows:

Δϕ(T, �E) =
4πLΔn0(T )

λ︸ ︷︷ ︸
Δϕ0(T )

+
4πLΔnE( �E)

λ︸ ︷︷ ︸
ΔϕE

(1)

where L is the effective length of the crystal probed by the
laser beam and T is the temperature. L equals twice its physical
length due to the forth and back travel of the laser beam inside
the crystal.

The optimal working point of the system, defined by Δϕ0 =
45◦ and corresponding both to the highest sensitivity of the EO
probe and to a linear response with the highest dynamics, is
obtained with a specific optical arrangement already described
in [12] and [13]. As the intrinsic birefringence Δn0 is tempera-
ture dependent, each variation of this latter one produces a drift
of the optimal working point. A real-time compensation of this
drift is provided by a servo control system described in [12] and
[13]. Indeed, the two servo-controlled wave plates λ/4 and λ/2
(see Fig. 1), which are found at the output of the pigtailed probe
just after the beam splitter, allow to add a dephasing opposite
to the one induced by the temperature drift, thus locking the

Fig. 2. Electrooptic probe. (a) Photography. (b) Detailed schematic of the
developed probe.

system on its optimal working point. The locking mechanism is
ensured by the real-time polarization analyzer below to the two
wave plates (see Fig. 1). As the drift of the intrinsic dephasing
Δϕ0 is due to the variations of the EO crystal temperature,
this latter one can be simply obtained from the orientations of
the two servo-controlled wave plates. The automation of the
servo control system is possible because the polarization state
variations caused by the temperature changes and those caused
by the E-field occur on very different time scales. Consequently,
their effect can be straightforwardly decorrelated by frequency
filtering: A low-pass filter (< 20 Hz) is used by the system
controlling the two wave plates and giving the actual EO crystal
temperature while a high-pass filter (> 20 Hz) permits to get the
E-field applied to the crystal.

The polarization state modulation of the laser probe beam
is converted into an amplitude-modulated electrical signal by a
fast photodiode (DSC30S, Discovery Semiconductors, Ewing,
NJ, USA, not shown in Fig. 1). The photodiode output is con-
nected to a spectrum analyzer and a software interface, which
allows real-time monitoring of the accuracy of the servo control
system. The complete details of the servo control system are
described in [17].

As shown in Fig. 2, the active part of the probe is a
7.1-mm-long EO crystal of congruent x-cut lithium tantalate.
The EO crystal is preceded by optical components mounted
at the output of the optical fiber. The relative permittivity εr

of the EO crystal is equal to 42, which is thus close to that of
biological media in the gigahertz range.

B. Experimentation Setup

The experimental setup developed for E-field measurements
is presented in Fig. 3. A signal generator (8648C, Agilent,
Santa Clara, CA, USA) delivers 1800-MHz CW signals, which
is typical of the Global System for Mobile Communications
(GSM) carrier frequency. The signal generator is connected
to a 40-dB gain RF power amplifier (8502000-10, RFPA,
Bordeaux, France). The RF circulator (D3 1719-N, Sodhy,
St Ouen l’Aumone, France) with a 50-Ω resistor protects the
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Fig. 3. Experimental setup. Pin: Incident power. Pref : Reflected power. Pout:
Output power.

Fig. 4. View of the TEM cell containing the cuvette and the EO probe.

amplifier from the reflected power. The incident power and
reflected power are measured with a power meter (Hewlett
Packard 436 A, Santa Clara, CA, USA) connected to a
bidirectional coupler (BC J000 30 N, Universal Microwave
Components Corporation, Alexandria, Virginia, USA). A trans-
verse electromagnetic (TEM) cell is used and electrically
loaded by a 50-Ω resistor on the output port (see Fig. 4) [18],
[19]. The TEM cell dimensions are designed to achieve an
input impedance of 50 Ω over a wide frequency bandwidth. To
enhance the exchange of the exposed media in the TEM cell
with its environment (i.e., temperature, CO2, etc.), the TEM cell
is not entirely closed. Initially, this TEM cell has been designed
for 36-mm Petri dish exposures. The septum (middle plate) is
30-mm wide, and the air-gap dimensions are 12 and 10 mm,
respectively. Thus, for an optimized placement of Petri dishes,
a small asymmetry has been introduced in the design of this
TEM cell. With these dimensions, the superior modes appear
at frequencies higher than 3 GHz. The complete dimensions of
this TEM cell as well as further information on its design are
found elsewhere [18], [19].

Two different configurations were investigated.

– the EO probe was vertically placed into the center of the
empty 200 × 85 × 24-mm TEM cell.

– the EO probe was inserted in a 12 × 12 × 40-mm
plastic cuvette placed within the TEM cell (represented
in Fig. 4). The cuvette was filled with a 3.4-ml water so-
lution. The dielectric constant and electrical conductivity
of the water solution were equal to 77 and 1.7 S/m at
1800 MHz, respectively. These values were measured at

Fig. 5. Linearity measurements and fitting curves of the EO probe in air and
in water.

room temperature using a dielectric probe kit (85070E,
Agilent, Santa Clara, CA, USA).

The EO probe was positioned and maintained using a
custom-made Plexiglas holder. The EO probe was interfaced
with the servo control system whose output was connected
to a spectrum analyzer (FSP30, Rohde & Schwarz, Munich,
Germany).

To characterize the E-field measurement performance of the
EO probe, linearity, sensitivity, and selectivity measurements
were carried out in air and in the cuvette filled with the water
solution.

III. RESULTS AND ANALYSIS

A. E-Field Measurements

1) Linearity, Dynamics, and Sensitivity: To characterize the
linearity and the dynamics of the EO probe, the output power
of the fast photodiode was measured on the spectrum analyzer
as a function of the CW power feeding (varying from −40 to
40 dBm).

Fig. 5 presents the EO probe output power measured on the
spectrum analyzer as a function of the RF input power in the air
and in the water solution.

The EO probe response in air is linear in the power range
[−20 dBm; 40 dBm], leading to a dynamic range of 60 dB.
Over this range, a standard deviation between measurements
and fit of 0.5 dB is observed. The threshold at −136 dBm
corresponds to the noise floor of the spectrum analyzer. The
linear fit of the measurement data yields a slope of 1.004 ±
0.004, demonstrating a constant unitary linear ratio between the
EO probe output power and RF input power.

The sensitivity Emin is defined as the minimum E-field
inducing the same output power level that the noise power
induces on the spectrum analyzer. The sensitivity depends on
the medium surrounding the EO probe. The sensitivity Emin

(V · m−1Hz−1/2) is evaluated using the following equation:

Emin =
1
d

√
2 · R · Pmin

Δf
(2)

where d is the distance between the septum and the grounded
plate of the TEM cell (d = 12.0 mm), Δf is the resolution
bandwidth of the spectrum analyzer (Δf = 10 Hz), R is the
characteristic impedance of the TEM cell (R = 50 Ω), and
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TABLE I
MINIMUM DETECTABLE E-FIELD FUNCTION OF THE

INPUT-SIGNAL FREQUENCY BANDWIDTH

Pmin corresponds to the minimum detectable input power
(in watts).

The minimum detectable input power Pmin in air is
−20.7 dBm corresponding to 8.5 μW. Using (2), a value of
770 mV · m−1Hz−1/2 is obtained for the EO probe sensitivity
in air.

The EO probe response in the water solution is linear in the
power range [−33 dBm; 40 dBm] leading to a dynamic range
of 73 dB. The standard deviation between measurements and fit
is 0.6 dB. The linear fit of the results yields a slope of 0.997 ±
0.007, demonstrating once again a linear constant unitary ratio.
From the minimum detectable input power Pmin = −33.2 dBm
(0.48 μW) in the water, a sensitivity of 180 mV · m−1Hz−1/2 is
obtained.

The limited power of the RF generator associated to the
amplifier did not allow to explore the power threshold over
which the EO probe does not present a perfectly linear response.
Indeed, the theoretical dynamic range of this EO probe exceeds
by far 100 dB.

The higher sensitivity observed for the EO probe inserted
in the water solution is due to the relative low-permittivity
mismatch between the EO probe crystal (εr = 42) and the
water solution (εr = 77).

In these conditions, the measured output power in the water
solution is enhanced by 12.6 dB compared with the air, for the
same 1 W input power (Fig. 5).

The performances of this EO probe in terms of dynamic
range, linearity, and sensitivity are similar to those reported for
other EO probes [11]. However, in our case, the temperature
can be measured as well. The sensitivity value of typical
metal-based probes [3] is lower compared with this EO probe.
The sensitivity enhancement of this EO probe is currently
under investigation. Let us notice that the minimum E-field
values depend on the frequency bandwidth of the considered
signal. In GSM and Universal Mobile Telecommunications
Systems, each channel has a frequency bandwidth of 200 kHz
and 5 MHz, respectively. The corresponding minimum E-field
values with this EO probe are summarized in Table I. Thus, this
EO probe can be recommended for measurements in CW or
with narrow bandwidth. However, this EO is particularly suit-
able for high-voltage ultrashort pulsed E-field measurements
(above 100 kV/m).

2) Selectivity: The selectivity of the EO probe characterizes
the ability of the probe to reject the E-field components orthog-
onal to its sensitivity axis. The selectivity measurements were
performed by measuring the probe output power while rotating
the EO probe relative to the TEM cell. Due to the crystal
symmetry, only a rotation from 0◦ to 180◦ was considered. The
TEM-cell input power was set to 27 dBm.

Fig. 6. Selectivity measurements in (a) the air (empty TEM cell) and
(b) the water solution. The plus markers (+) are the measurement data, the
solid line (-) is the fitting curve, and the dashed line (–) is the noise floor of the
spectrum analyzer. The EO probe output power is normalized with respect to
the maximum output power. (c) Selectivity deviation from the ideal fit in the air
and in the water.

The selectivity measurement results obtained in air and in the
water solution are shown in Fig. 6. The EO probe’s results can
be fitted using a sinusoidal shape as follows:

Pout = 10 log10(cos2 θ) (3)

where θ represents the angular value.
As observed, the measurements fit the analytical sinusoidal

shape with a good level of consistency. The selectivity was
found to be 20 dB in air and 25 dB in the water solution. In
air, the selectivity was limited to 20 dB due to the minimum
measurable EO probe output power by the spectrum analyzer.
These results showed the ability of the EO probe to measure one
unique component of the E-field vector in both media. For some
biomedical applications such as electroporation and nanopora-
tion, the E-field is characterized by one main component, and
this EO probe is particularly appropriate.

3) 3-D FDTD-Simulated E-Field: For a complete and a
rigorous characterization of the EO probe, a numerical study
using 3-D finite-difference time-domain (FDTD) formulation
was performed.
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Fig. 7. Simulated structure. (a) Top view of the cuvette. Outer dimension
of the cuvette: 12 × 12 mm; inner dimension: 10 × 10 mm. EO probe
diameter: 1.8 mm. (b) 3-D configuration. Cuvette within the TEM cell. For
better comprehension, transparency is used for the front plate view. Detailed
dimensions are in [16]. The cuvette is centered along the longitudinal axis of
the TEM. The EO probe crystal is positioned at the top of the water solution
and also in the center of the TEM cell along the vertical axis.

This formulation provides the following.
– the E-field inside the TEM cell with and without the

cuvette filled with water solution (in absence of EO
probe).

– the E-field induced into the EO probe crystal placed in
the TEM cell with and without the cuvette filled with
water solution.

The numerical approach, which is based on 3-D simulations,
allows the modeling of the complete device and takes the
propagation and resonance phenomena into account.

The E-field distribution in the empty TEM cell and that in
the plastic cuvette filled with the water solution were simulated
at 1800 MHz. Two different structures were modeled and
simulated using an in-house FDTD code [20]–[22] as follows.

– An empty 200 × 85 × 24-mm TEM cell. The metal-
lic plates of the TEM cell were considered perfect
conductors.

– a TEM cell containing a 12 × 12 × 40-mm plastic
cuvette filled with a 3.4-ml water solution (see Fig. 7).
The dielectric constant and electrical conductivity of
the water solution were experimentally determined
(see Section II-B). The dielectric constant of the plastic
cuvette was 2.5.

To perform FDTD simulations, the structures were meshed
with a uniform spatial grid (mesh size: Δx = Δy = Δz =
0.2 mm). The boundary conditions of the numerical simulations
volume were set using perfectly matched layers [23].

The distributions of the E-field inside the TEM cell
with and without the cuvette filled with water solution are

Fig. 8. Simulated E-field in (a) empty TEM cell and (b) water solution.

shown in Fig. 8. The EO probe was not included in this
configuration.

As expected, the simulated E-field was uniform in the central
area of the empty TEM cell (between the septum and the
external plates) along the horizontal cutting plane, reaching
810 V/m in the center for an input power of 1 W. This
FDTD-simulated value is consistent with the theoretical value
(833 V/m) calculated from the following:

E =
1
d

√
2PR (4)

where d (12 mm) is the distance between the septum and the
grounded plate of the TEM cell, P (in watts) is the input power
in the TEM cell, and R (50 Ω) is the characteristic impedance
of the TEM cell.

In the plastic cuvette, the FDTD computed E-field was inho-
mogeneous and decreased to about 164 ± 121 V/m in the center
of the TEM cell [see Fig. 8(b)]. These values represent the mean
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TABLE II
E-FIELD FOR 1-W INCIDENT POWER, EO PROBE OUTPUT POWER,

AND CALIBRATION FACTOR

and the standard deviation of the E-field over the whole water
solution.

This knowledge of the E-field in the TEM cell is required to
assess the calibration factor of the EO probe.

4) Calibration: The characterization of the EO probe re-
quires to determine its calibration factor in a given medium
from measurements obtained in a volume where the E-field is
known and uniform. The calibration of the EO probe must be
performed for each medium but only once in a lifetime.

We define the calibration factor α(V · m−1W−1/2) as

α =
| �E|√
Pout

(5)

where E is the E-field in the medium (in volts per meter) and
Pout is the EO probe output power (in watts).

The E-field inside the EO probe depends on the surrounding
medium due to continuity equations of both E-field and electric
displacement field. The calibration factors of the EO probe in
the air and in the water solution are computed from both the
numerical simulations and the experimental measurements (see
Table II).

3-D FDTD simulations were carried out to determine the
E-field values obtained in air and in the water (in the absence
of the EO probe). As the E-field was inhomogeneous in the
water solution, it was averaged only over a small volume cor-
responding to the EO probe position. A value of 204 ± 44 V/m
was obtained in the water solution. The E-field intensity in the
water solution was validated with the SAR value obtained from
temperature measurements with a Luxtron probe. The value of
the E-field in the air was 810 ± 3 V/m.

Further simulations were carried out to take into account the
permittivity mismatch between the EO crystal and the outer
medium (air or water solution). Indeed, the EO probe measures
the inner crystal E-field and not the E-field present in the
medium under investigation. For that purpose, the crystal was
included in the simulations to determine the E-field in the EO
probe. In the air, a value of 46 ± 10 V/m has been obtained
while a value of 260 ± 40 V/m has been obtained in the water
solution. As observed, the E-field values obtained either in the

medium or inside the EO probe crystal are very close together
when simulations concern the water solution, whereas they are
very different when performed in the air.

The calibration factors (V · m−1W−1/2) obtained from (5)
were 1.45E7 and 8.6E5, in the air and in the water solution,
respectively. Thus, the EO probe was almost 17 times more
efficient when used in a water solution compared with the air
medium. Indeed, the relative permittivity of the EO crystal,
i.e., εr

∼= 42 in the RF frequency bandwidth, was well suited
to the dielectric permittivity of a phantom liquid, i.e., εr = 40,
recommended by the International Electrotechnical Commis-
sion standard for SAR measurements. This leads to a low-
wave-impedance mismatch between the equivalent biological
medium and the EO probe. However, for a phantom liquid
medium (εr = 40), the calibration factor should be assessed as
it depends on the dielectric properties of the medium. Thus, the
calibration of the EO probe must be performed for each medium
but only once in a lifetime.

The use of a TEM cell has allowed to perform a wide-
band analysis showing that the behavior of the EO probe is
nondispersive. These results corroborate the fact that the EO
probe crystal properties are not frequency dependent for this
kind of technique (polarization state modulation) and for the
considered frequency bandwidth (up to 10 GHz).

IV. CONCLUSION

In this paper, we have demonstrated the ability of the EO
probe to perform E-field measurements. The measurements
were carried out in air and in a water solution exposed to
1800-MHz CW signal inside a TEM cell. The dynamic range
reached at least 60 dB, and the EO probe measurement linearity
uncertainty is within ±0.6 dB. The sensitivity values of the
EO probe were 770 and 180 mV · m−1Hz−1/2 in the air and
in the water solution, respectively. Selectivity up to 25 dB was
measured, demonstrating the ability of the EO probe to measure
one unique component of the E-field. The calibration factor was
evaluated, and it can be considered as constant over a broad
frequency band [24].

The proposed EO probe can be used for the measurement of
transient ultrawideband electromagnetic signals [25], [26]. The
relative permittivity of the EO crystal is well adapted to rela-
tively high-dielectric-permittivity media, such as biomedical or
biological media. Depending on the signal bandwidth, it can be
used for SAR values assessment from E-field measurement.

Furthermore, it is possible to obtain SAR through tempera-
ture measurement itself. This is due to the design of the EO
probe, which permits one to fully compensate for the thermal
drift of optimal working point induced by the EO crystal.

The EO probe crystal material, associated with the EO
probe’s sensitivity, is well suited for the measurement of high
E-fields. Compared with the current state of the art, this new
EO probe can be particularly useful for the measurement of
high-voltage nanosecond pulsed e-fields (nsPEF), such as those
found in electroporation cuvettes [27], [28] or near planar
electrodes [29] and the monitoring of innovative nsPEF-based
therapies.
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To improve the spatial resolution of the measurement, the
design of a new probe with a smaller sensing crystal is currently
in process.
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