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Abstract
We have developed a tip-on-fiber electro-optic (EO) probe for electric field measurement. It can detect
longitudinal and transverse fields depending on how the EO crystal planes are configured. Because the
tip of the EO probe consists of a 1-mm3 cubic EO crystal and contains no metallic components, it causes very little disturbance of the electric field during measurement. The fabricated EO probe has flat sensitivity from 1.95 to 20 GHz and directivity with cross-axis sensitivity isolation greater than 45 dB. A
comparison of the measured and calculated near fields of a dipole showed negligible static or inductive
coupling between the EO probe and the dipole. We demonstrated the potential of the EO probe in electric field intensity and phase measurements using a tissue-equivalent phantom.

1. Introduction
The antenna is one of the most important parts of
systems that use microwave and millimeter-wave
electromagnetic fields for wireless communication,
sensing, or processing because its characteristics
greatly influence system performance. Therefore, for
wireless system development it is very important to
establish a method that enables us to precisely char-

acterize antennas. Antenna characterization is performed in various ranges under various circumstances (Table 1). In far-field ranges, the characteristics are directly obtained from measured data. However, these ranges require a huge measurement environment in order to avoid electric field disturbances
due to reflections from objects other than the antenna
under test (AUT). In near-field ranges, measurements
are performed in an anechoic chamber and the data is

Table 1. Characteristics of antenna-measurement methods.
Range

Site

Advantages

Open

Low cost

Inside
anechoic
chamber

Room is lined with absorber material
to suppress reflections.

Indoors

Inside
anechoic
chamber

Magnitude and phase of the near
field of the test antenna are sampled
and the far field is computed.

Very small
space

Far-field

Near-field

Description
Source and test antenna are placed
on tower, building, hill, etc.
Either the source or test antenna
is elevated.

Disadvantages
Requires real estate
May require towers
Subject to outdoor weather

Absorber and large room are costly.
Accurate probe positioning is required.
Accurate amplitude and phase are required.
Measurements are time-consuming and
computer-intensive

† NTT Microsystem Integration Laboratories
Atsugi-shi, 243-0198 Japan
E-mail: togo@aecl.ntt.co.jp

12

NTT Technical Review

Ubiquitous Applications

Polarization of input beam

Electro-optic crystal

Laser beam

Electric wave

Dielectric mirror film
Polarization of output beam

Fig. 1. Principle of electric field measurement using EO crystal.

converted to far-field characteristics by numerical
calculation.
In a near-field measurement, it is common to scan a
metallic probe such as a horn antenna, a dipole antenna, or the edge of a waveguide around the AUT [1][3]. However, errors are caused by the electric field
disturbances due to reflection from the probe and by
electrical coupling between the probe and AUT. To
solve this problem, an electro-optic (EO) probe was
proposed as an alternative [4], [5]. In the probes
described in [4], [5], a Mach-Zehnder interferometer
is integrated on a LiNbO3 substrate and a miniature
dipole antenna fabricated on a waveguide. The electric field detected at the dipole antenna is converted to
an optical-intensity-modulated signal and transmitted
to a receiver through an optical fiber. Therefore,
waveguide-based EO probes are less invasive than the
conventional metallic probes. However, at high frequencies, the invasiveness of the dipole antenna may
not be negligible. To reduce it, we have developed a
pen-shaped EO probe based on a bulk EO crystal [6].
The bulk EO crystal was fixed on the tip of the penshaped cylinder housing the optical components.
This probe had flat sensitivity from several megahertz
to several hundred gigahertz. However, invasiveness
due to reflection from the cylinder and the optical
components inside it was still a problem for more
accurate measurement. To solve this problem, we
recently developed a tip-on-fiber EO probe where the
EO crystal is connected to the optical components
with an optical fiber.
The next section describes the principle and system
configuration of the developed EO probe. Section 3
discusses the invasiveness of the EO probe in an electric field and describes basic characteristics, such as
the dynamic range, frequency response, and directivVol. 4 No. 1 Jan. 2006

ity. Section 4 describes a near-field measurement
around a dipole antenna in free space as one application of the probe and an electric field measurement in
a tissue-equivalent phantom (TEP)* as another application.
2. System configuration
2.1 EO probe
An EO crystal changes its birefringence when an
electric field is applied to it. This is called the Pockels effect and our measurement system uses this
effect. The principle of electric-field measurement
with an EO crystal is shown in Fig. 1. When there is
no electric field, a laser beam input to an EO crystal
is reflected back by a dielectric mirror with its polarization unchanged. When there is an electric field, the
index tensor changes. As a result, the laser beam is
reflected back with a change in polarization. After the
polarization change has been converted to a change in
optical intensity by a polarizer, we obtain a signal that
is proportional to the electric field intensity. A side
view of the EO probe tip with a CdTe crystal is shown
in Fig. 2. Besides the EO crystal, the tip contains a
dielectric mirror, a collimating lens, and a glass ferrule. The diameter of the laser beam is 0.4 mm. The
EO crystal is a 1-mm3 cube, so its cross-section is
smaller than that of the dipole antenna in a waveguide-based EO probe [4], [5]. This small EO probe
tip reduces the invasiveness and the space needed for
measurement. The whole EO probe is shown in Fig.
* The tissue-equivalent phantom has been developed to evaluate the
interaction between the human body and an electromagnetic field.
It has electrical constants adjusted to match those of the human
body.
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Fig. 2. Tip of EO probe.
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Fig. 3. EO probe.

3. The EO probe tip and an optical
fiber connector are fixed at opposite
ends of a glass tube 5 mm in diameter and 300 mm long and connected
by a single mode fiber. This EO
probe is directly attached to a polarization control module by the fiber
connector.
The EO probe uses a CdTe crystal,
which is an optically isotropic crystal
with a zinc-blende crystal lattice. We
made a longitudinal field probe to
detect an electric field parallel to the
propagation direction of a laser beam
(Fig. 4(a)) and a transverse field
probe to detect an electric field
orthogonal to the propagation direction (Fig. 4(b)). Both probes exhibit
the same sensitivity because the crystal has a cubic structure.
2.2 Electric field measurement
system
A block diagram of an electric field
measurement system using the EO
probe is shown in Fig. 5. The system
14
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Fig. 4. Relationship between crystal plane directions and detectable
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Fig. 5. Block diagram of electric field measurement system using EO probe.

comprises a laser source, polarization control module, EO probe, receiver, twodimensional (2D) scanning stage, lock-in
amplifier or spectrum analyzer, and three
signal generators. The laser source emits a
linearly polarized light, which is sent to the
polarization control module via a polarization-maintaining fiber and then delivered
to the EO probe. The delivered light is
reflected by the dielectric mirror inside the
probe and returned to the receiver after it
has been spilt into two lights with orthogonal polarizations. The received lights are
converted to electrical signals by balanced
photodetectors and a differential amplifier.
The signal intensity is proportional to the
change in polarization. The lock-in amplifier measures the intensity of the obtained
electrical signal, which coincides with that
of the applied electric field.

H-plane

E-plane

E

E
EO crystal
Collimating lens

Glass ferrule

Optical fiber
1 mm

1 mm

0

1.3
Electric field intensity (V/m)

Fig. 6. Calculated electric field around EO probe in tissueequivalent phantom.

3. Basic properties
3.1 Electric field around the EO probe
We calculated the electric field intensity around the
EO probe in free space using the finite integration
Vol. 4 No. 1 Jan. 2006

method. The E- and H-planes of the electric field
(each 20 mm × 30 mm) are shown in Fig. 6. The calculated region was a rectangular parallelepiped 50
mm high and 200 mm long. The electromagnetic
15
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wave was a plane wave oscillated at 1.95 GHz. Periodic boundary conditions were assigned on planes
orthogonal to the propagation direction and a perfectly matched layer was assigned on the output plane.
The degree of intensity is represented by color gradation. The figure shows that there was no disturbance
in the region more than 2 mm away from the EO
probe.
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3.3 Directivity
The directivities of the longitudinal
and transverse field probes are shown in
Figs. 8 and 9, respectively. In this measurement, the tip of the EO probe was
positioned 5 mm from the feeding point
of a 2.45-GHz-band dipole antenna driven by a sinusoidal signal. For the longitudinal field probe, the dipole antenna
was rotated on planes perpendicular to
the (100) or (010) planes of the EO crystal. For the transverse field probe, the
dipole antenna was rotated on a plane
–
parallel to the (11 0) plane. In Fig. 8,
closed and open circles represent the
directivities on the (100) and (010)
planes, respectively, and the solid line
16
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with the longitudinal field probe is shown in Fig. 7.
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Fig. 8. Directivity of longitudinal field probe.
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represents the calculated [001]-direction
component of the applied electric field at
each rotation angle θ. All values were normalized by their maximum values. For both
planes, the measured intensities agreed
with the calculated ones and the cross-axis
isolation ratio was over 45 dB. In Fig. 9,
closed circles show the directivity of the
measured electric field intensity and the
solid line shows that of the intensities calculated to be projected in the [110] direction at angle φ of dipole antenna rotation
–
from the [110] direction. These values were
also normalized by the maximum values.
The measured intensities agreed with the
calculated ones and the cross-axis isolation
ratio was over 35 dB, which is large enough
to isolate the sensitivity from the null direction. These results demonstrate that it is
possible to measure an electric field vector
by aligning the EO probes orthogonally.

3.4 Frequency response
The relationship between the frequency
330
of the applied electric field and the EO signal intensity obtained for the transversal
field probe is shown in Fig. 10. In this measurement, electric fields were applied to the
EO probe at frequencies ranging from 1.95
to 6 GHz and from 16 to 20 GHz using a
half-wavelength dipole antenna and a rectangular horn antenna, respectively. The
electric field at the EO probe tip was always
set to 34 V/m by calibrating the input power
to the antennas with a commercially available electric
field sensor (NARDA EMC300). The results indicate
that the uniformity of the sensitivity was better than
±2 dB in the range from 1.95 to 20 GHz.
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Fig. 10. Frequency characteristics.
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4.1 Near-field measurement around a dipole
antenna
We measured the near field around a 2.45-GHzband dipole antenna using the longitudinal field
probe in the shielded box. The probe was scanned
parallel to the radial axis of the dipole antenna while
a sinusoidal signal from a signal generator was input
to the antenna. The relationship between distance
from the dipole antenna and EO signal intensity is
shown in Fig. 11. Closed circles and the solid line
represent measured and calculated intensities nor17
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Fig. 11. Near-field distribution around dipole antenna in
free space.

malized by their maximum values. In the near-field
region where electrostatic coupling and inductive
electromagnetic coupling are dominant, the measured
intensities agreed with the calculated ones very well.
This demonstrates that the EO probe can accurately
measure a near field around the dipole antenna. In the
region more than 100 mm away from the dipole
antenna, some differences between the measured and
calculated intensities were observed because the
composition of the shielded box was not included in
the calculation. The measured intensities represent a
standing wave caused by reflection from the box
walls.
4.2 Electric field measurement in tissueequivalent phantom
We measured the specific absorption rate (SAR) as
an example of electric field measurements that can be
performed using this EO probe. SAR is the primary
dosimetric parameter of RF energy absorbed by the
human body and is determined from the electric field
distribution in the human body [7]-[9]. Because the
SAR of mobile phones must be less than the lower
limit stipulated in the regulations [7]-[9], measuring
the electric field distribution in a TEP is very important in mobile phone development.
The setup for the electric field measurement in the
TEP is shown in Fig. 12 [10]. A rectangular acrylic
case was filled with the TEP and a 2.45-GHz-band
dipole antenna was positioned 5 mm below the case.
We scanned the transverse field probe parallel and
18
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Fig. 12. Electric field measurement system in tissueequivalent phantom.

perpendicular to the base of the case while an RF signal with power of 17 dBm was fed into the dipole
antenna. The intensity and phase of the electric field
were obtained using the equivalent sampling method
[11]. Electric field distributions parallel and perpendicular to the base are shown in Fig. 13. Closed and
open circles represent the EO signal intensities and
phases. The minimum distance from the base was 1
mm, which is less than one fifth the distance used for
a conventional probe. In a previous experiment using
an electric field probe reported by another group,
there were differences between the simulated and
measured values near the base because of electrical
coupling between the probe and base [12]. In this
work, on the other hand, we obtained correct data
even when the EO probe was set within 1 mm of the
base (Fig. 13(b)). The minimum detectable electric
field was less than 0.6 V/m, corresponding to an SAR
that satisfies the minimum detection limit [7]-[9].
These results demonstrate the applicability of the EO
probe to SAR measurement.
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developed longitudinal and transverse field probes
that detect electric fields orthogonal to each other.
The near-field measurement system has a dynamic
range of over 45 dB and can detect an electric field of
less than 0.6 V/m. The EO probe has excellent directivity with a cross-axis isolation ratio of over 45 dB.
A comparison between the measured and calculated
near fields around the dipole antenna confirmed that
the probe’s invasiveness is negligible. An electric
field measurement using a tissue-equivalent phantom
demonstrated the applicability of this measurement
system to specific absorption rate.
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5. Conclusions
We have developed a tip-on-fiber EO probe for
near-field measurement. This probe contains no
metallic components and the EO crystal is fixed on
the tip of an optical fiber that connects the crystal to
the optical components to eliminate disturbances,
such as optical and electrical components, from the
near-field range. As a result, electric field measurements can be performed with little invasiveness. We
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