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[Tutorial Lecture] Electro-Optic Effect and Electro-Optic Sensors

Hiroshi MURATA

Graduate School of Engineering Science, Osaka University
1-3 Machikaneyama, Toyonaka, Osaka 560-8531 Japan.

E-mail: murata@ee.es.osaka-u.ac.jp

Abstract- The 1st order electro-optic effect (Pockels effect) is useful for electro-magnetic field measurements using photonic
technologies since it can be operated by electric fields from DC to THz frequency ranges. The Pockels effect is exhibited
only in non-centrosymmetric materials, and is usually described by use of an index ellipsoid; an electric field applying to a
material causes a specific change in an index ellipsoid through the Pockels effect. This method is useful to understand
complicated lightwave propagation characteristics in an anisotropic media and to obtain an induced index change. However,
some important phenomena driven by an RF signal through the Pockels effect cannot be explained completely, such as
polarization-states of modulated lightwaves through polarization modulation by use of a large-amplitude RF signal. In this
report, one approach for describing the Pockels effect as a result of a nonlinear three-wave mixing is presented. Several
electro-optic sensors and their possibility are also discussed.

Keywords Pockels effect, Index ellipsoid, Electro-optic crystal, Optical mixing, Optical modulation.
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Abstract We studied the factors of output-power fluctuation of the optical E-field sensor using LN optical modulator.
As a result, the output-power fluctuation factors are optical interference due to the cross talk of the optical circulator in
addition to input optical power of the photodiode.

Improving the factors, this sensor obtained excellent performance of output-power fluctuation of 0.009dB.

Uncertainty in E-field measurement using optical E-field sensor will be improved by it.
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Abstract: We describe a recently commercialized metal-free, non-invasive, all-optical electro-optic (EO) probe with a broad
frequency response for time-domain measurement. Unlike most conventional metallic antenna probes, the metal-free EO
probes allow not only field-strength amplitude measurement capability at much higher frequency range, but also the ability to
measure the phase information, allowing time-domain characterization of the electric-field. The exemplary applications of
these commercial probes are (1) Specific Absorption Rate (SAR) measurement of electro-magnetic waves emitted from
cellular mobile phones and (2) the characterization of antenna emission pattern for hyperthermia treatment under MRI

environments.

Keyword Electric field sensor, metal-free EO probe, time-domain measurement, SAR Specific Absorption Rate,
Hyperthermia cancer therapy, emission antenna.



1. Introduction

The recent exploding worldwide market growth of
cellular mobile phones, wireless-equipped smart
phones, tablets and notebook computers is creating a
new era with environment full of electro-magnetic
emission from these mobile wireless devices. These
mobile wireless devices uses frequency bands from
300MHZ to 3GHz, and the concern on radio
frequency safety towards human health, in particular
the Specific Absorption Rate (SAR) on human body,
is becoming an important issue that required
regulation form official authorities. Non-invasive
measurement of electric-field distribution around
mobile devices is required for accurate assessment of
and emission field pattern and the SAR.

Alnair Labs has licensed the electro-optic (EO)
probe technology from NTT Corporation and
awarded a NEDO innovation development grant for
the commercialization of the EO probe specifically
for cellular mobile phone SAR measurement
applications. Optical electric-field sensor [1-5] has
been of much interest in applications where
conventional metallic antenna-type probe fails to
perform due to their invasiveness. Applications such
antenna characterization, specific absorption ratio
(SAR) measurement [2][3] for cellular mobile phone
safety standard, electromagnetic compatibility
(EMC) and so on, calls for high precision
measurement of the 3-dimensional vector field
distribution around the object under test.

Optical electric-field sensors in the market are
mostly based on Lithium-niobate waveguide
Mach-Zehnder interferometer type configuration
[11[4] with frequency response up to 10GHz, where
sensor element such as dipole antennas are attached
on the waveguide to enhance probe sensitivity and
directivity. The presence of the metallic sensor
element will disturb the surrounding electric-field
and hence distorting measurement results, as well as
restricting its application in special environment
such as in the magnetic-resonant imaging (MRI)
room.

In this paper, we report a 3-axis non-invasive
EO probe based on the tip-on-fiber configuration
with broadband frequency response over 18GHz. We

also introduce two practical applications of this
completely non-invasive, non-metallic EO probe: (1)
mobile-cellular phone SAR measurement, and (2)
accurate electric-field pattern characterization of a
hyperthermia cancer treatment applicator in an
MRI-Thermometry environment.

2. Configuration of the EO-Probe

The photograph of the 3-axis EO probe is show in
Figure 1, and the probe construction is depicted in
Figure 2.

Figure 1. Outlook of the 3-axis EO-Probe.
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Figure 2. Construction of the EO-Probe tip.

The probe is based on a glass substrate with a
plastic housing. 3 pieces of 1x1x1mm ZnTe crystals
are used as the electro-optic sensors. The principle of



the electric-field sensor is well described in [5]. An
input laser light at 1550nm is launched with a
circular polarization, via a graded index collimating
lens, incident to the corresponding crystal that has a
HR dielectric coating at the end-facet to reflect the
light back to the fiber. Each of the 3 crystals has its
sensing axis aligned to one of the predetermined
direction (X, Y, or Z). Incident electric-field will
cause changes to the state of polarization of the
reflected light. An all-optical polarization analyzer is
constructed with miniaturized optics inside the probe
main-body housing. The returning light from each of
the 3 crystals are coupled back to 3 high-speed
photo-detectors, respectively for the measurement of
the vector electric field strength.

3. EO-Probe Performance

The performance of the probe is measurement
using the experimental setup as shown in Figure 3.
1550nm CW laser with 80mW output power is
launched into the 3-axis EO probe (model: EOP-200).
Each of the X-, Y-, and Z-axis returning signal from
the EOP-200 is detected using a high-speed
photo-detector with frequency response of 1MHz -
18GHz. A low-noise-figure, high-gain optical
amplifier (EDFA model: LNA-200) is inserted
together with a narrow band optical bandpass filter
for the suppression of the amplified spontaneous
emission (ASE) from the optical amplifier to improve
the detection sensitivity.

InTe

E0S-200 1550.12nm, 80mW

Laser ¥
Output

RF Generator

DC-1MHz Detector |
MHz-18G Detector

RF Spectrum Analyzer

Pin: 0dBm

Figure 3. Experimental setup for the EO-probe
performance characterization.

An RF signal generator with 16dBm output
power is used to drive a test antenna placed close to
the tip of the probe with different orientation to suit
the axis of measurement. The signal from the

photo-detector is measured using an RF spectrum
analyser.

The peak detected signal amplitude as measured
with the RF spectrum analyser showed close to 50dB
improvement, as shown in Figure 4. It is evident that
the signal-to-noise ratio and hence the sensitivity of
the measured signal can be greatly enhanced with the
insertion of the low-noise optical amplifier and
optical filter (Figure 5).
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Figure 4. Sensitivity enhancement with an optical amplifier and
an optical bandpass filter.

4. Results and Discussions

The frequency response of the EO probe is measured and
the results are shown in Figure 5. The frequency response
shows a broadband response from 1MHz to 18GHz, limited
only be the photo-detector response.

The Z-axis appeared to have higher sensitivity due to its
orientation favoring a closer placement of the test signal
antenna. The results also suggested that the EO probe has a
trend to have less sensitivity at lower frequency <1MHz.
Indeed the EO probe has poor response for DC field. This
can be explained by the fact that the crystal has no metallic
contact and therefore a continuous DC electric-field would
create a static charging effect, reversing the internal field in



the crystal and resulting in the reduction of the Pockel’s
effects.
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Figure 5.  Frequency response of the 3-axis EO-Probe.

5. Exemplary Applications of the EO-Probe

(1) SAR measurement for cellular mobile safety standard.

SAR measurements are conducted by placing a
transmitting cellular mobile phone close to a model of a
human head. The model of the human head is filled with a
liquid (phantom) with similar dielectric characteristics of the
human body (Figure 6).

Absorptien!

Mabile I o >
phnneﬁ L SAR = oE
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Figure 6. Specific Absorption Rate (SAR) measurement

The EO-probe is mounted on a computer controlled
robotic arm to measure the electric-field distribution both
amplitude and phase in all 3-axis of within the phantom
inside the human head model. Since cellular mobile phone
operates in several bands ranging from 300MHz to 3GHz, a
broadband probe is favorable. Since these measurement data
with the mobile phone positioned in different orientation to

the human head model will be used in computer modeling of
the field pattern and heating pattern in the human head
model, an accurate non-invasive metal-free probe is
important to measure the real non-perturbed field
distribution from the mobile phone, for accurate results
derived from the computer simulation.

These data will allow mobile phone designer to feedback
to their antenna design for optimization. It also allows
regulators and service providers to characterize various
mobile phones against a standard for SAR safety levels.

(2) Field pattern characterization of hyperthermia RF
applicator for oncothermia treatment.

Another application that takes advantage of the metal-free
property of the EO-probe is the characterization and
optimization of the RF-radiation applicator in a
three-dimensional hyperthermia cancer treatment with
non-invasive magnetic resonance (MR) imaging system .

Non-invasive MRI during hyperthermia treatments
provides the capability to monitor changes in perfusion,
temperature, necrosis and chemistry during the procedure
(Figure 7).

The large magnetic field within the MRI system of up to
3 Tesla calls for a metal-free probe. In order to precisely
control and optimize the 3D heating pattern of the
electromagnetic phase array hyperthermia applicator, a
precise, electromagnetically-non-invasive 3-axis EO probe is
also of utmost importance [7][8].

The proposed metal-free EO-probe allows accurate
measurement and optimization of the 3D radiated power
amplitudes and phases.

Figure 7. A hybrid MR-thermometry oncothermia treatment
system with a 12-antenna RF hyperthermia applicator.



6. Technical and Commercial Challenges

The key technical and commercial challenges for a
successful commercialization of the developed 3-axis EO
probe are recognised to be a few of the following:

(1) Probe Sensitivity

Despite all the advantages offered by the EO probe over
conventional antenna probe, i.e. non-invasiveness, compact
size, broadband response, time-domain/phase sensing
capability and so on, the one of only drawback of current EO
probe is its sensitivity. Over the course of the project, we
have put in great effort to improve its sensitivity and have
achieved a level close to that for commercial deployment. It
is possible to incorporate small dipole antenna to improve its
sensitivity close to that of commercial antenna probe,
however, this defeats the purpose of an all-optical,
metal-free design of the EO probe. We are now working on a
new configuration to further improve the probe sensitivity.

(2) Low-Frequency Response

Another technical challenge of the EO probe is the
poor low-frequency response, particular below 1MHz
range. It is difficult to use the EO probe for DC field
measurement. There are ways to enhance the
low-frequency response of the EO probe to a few Hz
responses, however, that would also involve plating
electrodes onto the EO crystal, again defeating the
purpose of an all-optical, non-metallic design.

(3) Calibration and Standardization

In order to commercialize such EO probe, it is
required that a calibration process to be defined and
developed to ensure the accuracy and traceability.
Furthermore, professional associations and
organizations should also work on a unified
standardization of such EO probe for a successful
commercialization.

(4) Cost

Last but not least, the production cost of such EO
probe and its associated measurement tools and
equipment should also be controlled and reduced to a
level acceptable for mass deployment.

7. Summary

We have introduced a metal-free all-optical E-field

sensing probe for accurate and non-invasive
measurement of SAR. The demonstrated commercial
3-axis EO probe is completely non-metallic and
therefore electromagnetically non-invasive.

The EO probe has a broadband frequency response
>18GHz, limited by the photo-detector used in the
receiver. The frequency response can be further
improved by using faster photo-detector.

This technology is important for mobile phone
safety inspection and in view of the current rapid
increase in the number of mobile phones and other
radio devices around. We expect the
commercialization of this technology to play a key
role in the future for safety standard test, and factory
inspection test and measurement.

Another potential application of this non-metallic
EO probe is for the characterization and optimization
of the 3D RF-heating radiation pattern in a
MIR-hyperthermia applicator for oncothermia cancer
treatment.
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Whole-Body Averaged SAR Measurement Set-up
Using Optical electric-field sensor

Takashi HIKAGE™  Yoshifumi KAWAMURA® and Toshio NOJIMA *
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Kital4, Nishi9, Kita-ku, Sapporo, Hokkaido, 060-0814 Japan
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Abstract A basic guideline used as the reference value of biological effects is a whole-body averaged specific absorption
rate (WB-SAR). The International Commission on Non-Ionizing Radiation Protection (ICNIRP) and the Institute of Electrical
and Electronic Engineers (IEEE) have separately issued advice notices. In Japan, a telecommunications technology council
report also included advice. These guidelines are based on established adverse effects for human exposure to electromagnetic
fields (EMF) and include safety margins. The relationship between the reference level of the guidelines and the WB-SAR in
human due to plane-wave exposure was established mainly by numerical calculations for highly simplified human models.
Recently, many dosimetry estimations for human exposure including high accuracy numerical phantom models have been
reported. Dosimetry estimations using numerical analysis exhibit some variations due to differences in program code and so on.
In order to confirm the validity of computer results, we have proposed a WB-SAR experimental estimation method based on
electric power consumption using optical electric-field sensor and cylindrical field scanning technique. The proposed method
can be easily applied to human phantoms that have different postures or sizes, because it is not necessary to determine the
electromagnetic components distributed inside of the human phantom. We have carried out experimental estimation using
constructed SAR measurement system for several human models exposed to plane-wave.

Keyword Whole-body averaged SAR, Optical electric-field sensor, Plane-wave exposure, FDTD analysis
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High Voltage and Discharge Plasma Measurement Using Electro-optic
Technology
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T School of Engineering, The University of Tokyo 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656 Japan
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Abstract

The electro-optic sensors for measuring electrical environment have the advantages of offering less field distortion
and wide frequency responsibility and minimizing electromagnetic interference errors. A Pockels sensor, which is one of
these sensors, was applied to the electric-field, potential and charge measurement in Laplacian and Poissonian fields for
the first time in the world in the early 1980s. Since then the idea of Pockels sensors has been widely recognized in the
world. Innovation of electrical and optical techniques enables to maximize the measurement sensitivity of the sensors
and to improve time and space resolution of them. A sensing technique based on Kerr effect of gas was also developed in
the early 2000s and has been applied to the noncontact electric-field measurement in gas space.

From a viewpoint of application to electric power networks, Pockels voltage sensors have started to be introduced
into gas-insulated switchgears (GIS) since 1980s and the long-term field tests on their use have been carried out. A GIS
in a 1000kV transmission line system, which is one of highest voltage power systems, has been also equipped with the
Pockels sensors. In other applications, electric field measurement has been made in electrical discharge spaces, which
are too faint to be observed, by employing the achievement that the temporal and spatial resolutions of sensors reach
nanoseconds and tens micro-meters, respectively.

Keyword Electro-optic effect, Pockels effect, Kerr effect, High voltage, Discharge plasma, Measurement technology
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»Nowadays, inverter fed drives have been widely used to control motors for its
advantage in energy saving and high efficiency
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Potential Measuring System with Pockels Sensor

o The bandwidth of conventional
surface potential probe is limited.

o Asurface potential measuring
system is developed utilizing
Pockels sensor .

o The potential distribution along a
coil-bar model is measured.

stress grading system

coil-bat del

P
Voltg. M
Mage Sourcg

Measuring System

Coil-bar model (measured object)

Dielectric

Characteristics of System

Frequency 0.001 Hz~ 40MHz

Spatial Resolution* 5mm

wavelength where transfer (gap Iengthzlmm)
function decreases to 0.5

-20 kV~ 20kV or 0 ~=£40kV
(gap length=1mm)

Measurable Range

Minimum Detectable 11V on Vsco
Voltage (=13V on measured object)

** Measuring error depends mainly on positioning error.
When 10% error is included in positioning, the error of
voltage measurement is approximately 10%.

Measured Results

2-level PWM voltage

;
Stand Conducor (1Y)
L 0
~®  0.73kv/mm

——() &
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40 50 60 70 80 90 s

Distance from Mock Stator Core, y [mm] =
@cCharge according to i equency £ 50 100 150
component. “ Distance from Mock Stator Core, y [mm]

@ Due to displacement currentof carrier frequency and its
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