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Summary

In the 1980s, ultrashort-pulse lasers, of which the mode-locked laser is a common example,
became available for laboratory use. Since then, Optical electric-field sensors based on bulk
electro-optic (EO) crystal have attracted much attention for electric-field measurement because of
their extremely large detectable bandwidth (ranging from DC to terahertz) and small invasiveness
of electric fields. Electric-field measurement above a planar resonator and a microstrip patch
antenna has been demonstrated by using an external probing technique, in which a
free-space-propagating beam was focused into a miniature EO crystal. The demonstration showed
that EO-based near-field mapping in amplitude and phase is a powerful tool for the analysis and
design of microwave-radiating structures. One drawback, however, was that the free-space optics
for controlling and the polarization of the light wave was mounted on an optical table and a bread
board, which meant that only points on the table and board were accessible to the sensor. To
expand the accessibility, the free-space optics was integrated into a hand-held cylindrical probe.
The probe proved to be useful for the non-contact measurement of free-space electric fields in, for
example, electromagnetic compatibility (EMC) and electromagnetic interference (EMI)
applications, but the cylinder and the internal optics would disturb the near field of a device under
test (DUT). To minimize disturbance and make it easy to position the sensor tip over any point to
be probed, an optical fiber was connected to an EO-based electric-field measurement system, and
the first near-field mapping was demonstrated by using a fiber-mounted sensor fixed on the x-y
stage of a microscope. Afterward, near-field mapping over a microstrip line and antenna with the
fiber-mounted sensor was used for diagnoses of monolithic microwave integrated circuits (MMIC)
and evaluations of electromagnetic interference. Since the EO crystal was mounted on the edge of
an optical fiber, the fiber-mounted sensor made it possible to map the electric field in an enclosed
miniature structure with negligibly small invasiveness. In the conventional fiber-mounted sensor,
the DUT was moved or the sensor was scanned in a small area over a portion of the DUT to
stabilize the polarization of the light wave propagating in the fiber. Unfortunately, in practical EMC
and EMI applications, the DUT cannot be moved and the scanning area is several times the size of
the DUT.

In response to this situation, this dissertation mainly deals with the fiber-mounted optical
electric-field sensor to be flexibly scanned in the whole area required for characterizing and
designing devices and antennas. Coherent optical fiber communications technologies have
matured and transferred into optical sensor applications. The passive polarization compensation
techniques developed in coherent optical fiber communications is spontaneously conducted into
the fiber-mounted sensor. The passive polarization compensation technique enables the
fiber-mounted sensor to flexibly bend until the bending radius is smaller than 3 mm with a



sensitivity change of less than 1 dB. Moreover, this technique does not affect other properties, such
as dynamic range, detectable directivity, and frequency response characteristics.

Another major issue addressed in this dissertation is the sensitivity enhancement of the
fiber-mounted sensor. The main application of the fiber-mounted sensor is specific absorption rate
(SAR) measurement of maobile phones, which is a kind of EMC test. The fiber-mounted sensor has
been practically used in the SAR measurement for the second generation (2G) of mobile
telecommunications. Recently, technologies have been phasing into third generation (3G) of
telecommunications, which has an occupied bandwidth 30 dB wider than that for 2G In
frequency-domain measurements, since the resolution bandwidth is inversely proportional to the
signal-to-ratio (SNR) and frequency sweeping time, the SAR measurement for a 3G mobile phone
takes 1000 times as long as that for a 2G one. To reduce measurement cost, the resolution
bandwidth has to be increased,; that is, the detection sensitivity of the electric-field sensor must be
enhanced 30 dB or more.

A promising material for improving the detection sensitivity of the fiber-mounted sensor is
4-dimethylamino-N-methylstilbazolium tosylate (DAST) because of its large -electrical
contribution to the EO effects and low dielectric constant. Recently, the growth of large-aperture
DAST crystal has been achieved with high quality and reproducibility. DAST crystal has been
formed to a size of one cubic millimeter, which is as small as the CdTe crystal conventionally
mounted on the fiber-mounted sensor. The fiber-mounted sensor with DAST crystal offers a
sensitivity 6 dB higher than that with CdTe crystal without affecting other properties such a
directivity and stability in practical use. Moreover, DAST is a good insulator, which makes it
promising for electric-field detection in the extremely low frequency (ELF) band, where the CdTe
crystal cannot detect electric field.

In this dissertation, | describe the configurations and the basic properties of the flexible
fiber-mounted sensor based on the passive polarization compensation technique and a highly
sensitive fiber-mounted sensor with the DAST crystal. | also demonstrate applications of the
flexible and highly sensitive fiber-mounted sensor to electric-field measurements are demonstrated.
The flexible sensor is applied to near-field measurements, which strictly require less invasiveness
into electric fields and sensor-sensitivity stability, and accomplishes the two-dimensional
measurement with three-axis electric-field components, which agrees well with simulations.
Moreover, in an SAR measurement for a mobile phone, the highly sensitive sensor achieves higher
performance than the CdTe-based sensor. The highly sensitive sensor also has potential for
practical use in EMC measurements in the ELF band, where the CdTe-based sensor cannot detect
any electric field.
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Chapter 1

Introduction

11 Background

1.1.1  Application of radio waves

In 1888, Heinrich Rudolf Hertz, a German physicist, who clarified and expanded the
electromagnetic theory of light that had been put forth by James Clerk Maxwell, a Scottish
theoretical physicist and mathematician, in 1864, satisfactorily demonstrated the existence of
electromagnetic waves by building an apparatus to produce and detect very high-frequency (VHF:
30 — 300 MHz) or ultrahigh-frequency (UHF: 300 M — 3 GHz) radio waves. In 1895, Marchese
Guglielmo Marconi, an Italian inventor, best known for developing radiotelegraph systems,
successfully transmitted signals outdoors over a distance of approximately 1.5 km as shown in Fig.
1-1, and in 1901, transmitted signals completely across the Atlantic Ocean from Poldhu, Cornwall
of England in the United Kingdom to Signal Hill in St. John's, Newfoundland (now part of
Canada) using a 152.4-m kite-supported antenna at approximately 300 kHz. In those days, radio
waves were used only for radiotelegraphs or for radio communications between ships and harbors.
Over time, audio (sound) broadcasting service expanded into our everyday life. Today, radio waves
are widely used in various applications, including broadcast television, mobile telecommunications,
wireless local area networks (LANS), remote sensors, radars, spectroscopy for machine control and
security, and bioengineering as shown in Fig. 1-2 [1-1].

Fig. 1-1. Marconi and associations raising a kite-supported antenna at St. John’s in 1901.



The millimeter and terahertz radio-frequency (RF) bands, which had been difficult to generate
and detect until a few decades ago and so remained undeveloped, have now become intimately
linked to technological innovation. The 60- and 76-GHz bands are used for license-free
commercial broadband, in-home wireless transmission for high-definition TV and other data, and
vehicle radar for automobiles [1.2]-[1.4]. NTT Microsystem Integration Laboratories has used 76-
GHz band signals to detect cracks in concrete surfaces covered with wallpaper or paint [1.5], [1.6].
They are also aiming at the practical development of the millimeter and terahertz RF bands with a
10-Gbps fixed wireless access (FWA) system that uses the 120-GHz band [1.7]-[1.9].
Radio-frequency resources are both limited by law and scarce, so developing the millimeter and
terahertz radio frequency bands in this should open the way to new applications. For effective use
of radio waves, it is important to understand their propagation and radiation characteristics in
practical use. Characterization of radio waves requires accurate measurement of the antenna,
which is the interface between the radio signal and the circuitry.

Wavelength 100 km 10 km 1km 100 m 10m im 100 mm 10mm 1mm 100 um
Frequency 3 kHz 30 kHz 300 kHz 3 MHz 30 MHz 300 MHz 3GHz 30 GHz 300 GHz 3THz
VLF LF MF HF VHF UHF SHF EHF
Very-long Long Medium Short Very-short | Ultra-short | Super-short | Micrometer Sub- THz wave
wave wave wave wave wave wave wave wave millimeter
wave
Developing region
*High speed communication
«Imaging for security et al.
*Radio-beacons for vessels and aircrafts
«Standard frequency and time signal
*Marin communication X
«Sound broadcasting (AM) *Radio astronomy
«Radio-beacons for vessels and aircrafts +Satellite communication
«Amateur radio +Simple radio
Fixed wireless access
«Cellular phone *Radar
*PHS
*Marin and aeronautical communication *FM broadcasting (Community :Ra/xi)radlc? i
«International broadcasting broadcasting) -Disa;ct’:r [‘):ra:/zler:]?ion
*Amat di TV broadcastin . - ) : ;
mateur racio Di 9 «Administration radio +Fixed microwave
«Disaster prevention . " — «Broadcasti |
<Administration radio *Mobile satellite communication roadcasting program relay
X R «Railway radio «Satellite communication
*Railway radio ) X Rad
*Simple radio +Simple radio acar
. ) o~ +Radio *Radio Astronomy
«Air traffic control communication . Radio LAN
-Pager «Amateur radio F'a Z)W_ I
. i *Fixe: reless acce
«Amateur radio Personal radio -DIERC ireless SS
«Cordless telephone «Cordless telephone )
«ISM equipment *ISM equipment

Fig. 1-2. Principal uses of radio waves in Japan.



1.1.2 Antenna measurement

An antenna is generally characterized in terms of input impedance, directionality, and gain.
When measuring any of those characteristics, accuracy is decreased by external sources of radio
waves and waves scattered by surrounding structures. The ideal situation, then, is to perform the
measurements in a free space where there are no external radio waves or in an electromagnetic
shield room. At the same time, the electric-field sensor for detecting the signal from the antenna
should not affect that signal. Currently, a standard dipole antenna {Fig. 1-3(a)} or a horn antenna is
used as the electric-field sensor, and electrical cable carries the detected signal to the measurement
instrument. The electric-field sensor and the electrical cable are made of metal and therefore scatter
the signal emitted by the antenna being measured, which may make it impossible to know the
original state of the signal. In particular, if the electric-field sensor is placed near the antenna under
test (AUT), electrical coupling occurs and radio waves other than the free-space propagating signal
arise. An ideal measurement setup requires the use of an electric-field sensor that does not contain
metal and an optical fiber lead-out [Fig. 1-3(b)] for accurate measurement of the radio signal.

Electrically shielded chamber

Electnc field sensor

Target
Electrical cable
P\ ¢ /

Control room

@
Electrically shielded chamber

Electric-field sensor
Target

« Optical fiber
— * /

-H

Control room

(b)
Fig. 1-3. Conventional (a) and proposed antenna measurement system (b)
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In mobile telecommunications, the specific absorption rate (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. For mobile phones, since the SAR has to be less than the lower
limit stipulated in the guidelines for human exposure to electromagnetic fields [1.10]-[1.12],
measuring the electric-field distribution in a tissue-equivalent phantom (TEP) is a very important
process in the development of antenna in a complete handset with circuit boards, a battery, a
camera, and other components. . In the SAR measurement, a small dipole antenna connected with
a diode into an electric instrument using a high-impedance electrode has been standardized for use
in measuring the electric-field distribution in the TEP near a handset as shown in Fig. 1-4 [1.13].

Electric.sensor

Dipole antenna
with diode

Measurement controller
Tissue-equivalent phantom

Fig. 1-4. Setup of commercially available SAR measurement system with dipole antenna.



12 Electric-field measurement with photonics

The antenna is one of the most important parts of systems that use microwave and
millimeter-wave electromagnetic fields for wireless communications, 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 characterize
antennas. Antenna characterization is performed in various ranges under various circumstances
(Table 1-1). 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 AUT. In near-field ranges,
measurements are performed in an anechoic chamber and the data is converted to far-field
characteristics by numerical calculation.

In a near-field measurement, it is common to scan the AUT with a metallic sensor, such as a
horn antenna, a dipole antenna, or the edge of a waveguide [1.14]-[1.16]. However, errors are
caused by electric field disturbances due to reflection from the probe and by electrical coupling
between the probe and AUT. To solve this problem, photonics-based electric-field sensors have
been proposed [1.17], [1.18]. In those sensors, a Mach-Zehnder interferometer (MZ1) is formed
with a waveguide on a LiNbO3 (LN) substrate and a small dipole antenna is fabricated above one
of the branches of the MZI as shown in Fig. 1-5. 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 electric-field sensors are less invasive than the conventional
metallic ones. However, at frequencies in the gigahertz region, the invasiveness of the dipole
antenna may not be negligible. To reduce it by removing the dipole antenna, the birefringence in a
bulk electro-optic (EO) crystal was used, which was proportional to applied electric-field intensity,
which is called the Pockels effect, or the Pockels EO effect. The applied electric field is converted
to intensity-modulated signal with an analyzer connected to an output port as shown in Fig. 1-6.
There are no metal components in the sensor tip. To make the bulk-EO-based sensor accessible
near the AUT, | developed a pen-shaped optical electric-field sensor based on a bulk EO crystal has
been developed [1.19]. The bulk EO crystal is fixed on the tip of the pen-shaped cylinder housing
the optical components. An input light is reflected on the dielectric mirror coated on the EO crystal
and then returned to the optical instruments through an input path. This sensor has flat sensitivity
from several megahertz to several hundred gigahertz. However, invasiveness due to reflection
from the cylinder and the optical components in the cylinder still affected measurement accuracy.
To solve this problem, the EO crystal was connected to the optical components with an optical
fiber fixed inside of a 20-cm-long glass tube as shown in Fig. 1-7 [1.21]-[1.24]. In 2005, Onishi et



al. demonstrated that this bulk-EO-based optical electric-field sensor measured electric-field

distribution in a TEP more accurately than the commercially available sensor with a small dipole

antenna [1-20], and reported the feasibility of constructing a high-speed SAR measurement system

by combining the electric-field measurement system with eight arrayed sensors connected to an

optical switch and an algorithm that calculates from two- to three-dimensional electric-field

distribution [1-25].

Table 1-1. Characteristics of antenna-measurement methods.

Rangetype | Sitetype | Description Advantages | Disadvantages
- Source and test
antenna are placed on
tower, building, hills, - Requires real estate.
Open etc. Low cost - May require towers.
. - Either the source or - Weather.
Far-field .
test antenna is
elevated.
Inside Aroom is lined with
. . - Absorber and large
anechoic | absorber material to Indoors
. room are costly.
chamber | suppress reflections.
- Accurate probe
positioning is
The magnitude and required.
Inside phase of the near field - Accurate amplitude
. . \ery small
Near-field anechoic | of test antenna are and phase are
space .
chamber | sampled and the far required.
field is computed. - Time-consuming
measurements.
- Computer-intensive.
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Optical fiber Optical fiber
LN waveguide
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Fig. 1-5. Optical electric-field sensor based on MZI of LN waveguide.
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D
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Analyzer
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Fig. 1.6. Through-type optical electric-field sensor based on balk-EQ crystal.

Optical connector Single mode fiber Dielectric mirror film
\ Collimating lens

/

/

Glasstube Glassferrule EO crystal

Fig. 1-7. Tip of reflection-type optical electric-field sensor based on bulk EO crystal mounted on
optical fiber fixed inside of glass tube.



13 Issues in optical electric-field sensor with bulk EO crystal

1.3.1 Flexibility enhancement

Optical electric-field sensors based on bulk-EO crystal mounted on an optical fiber are used
for characterizing antennas and circuits because of their small electro-magnetic invasiveness
[1-26]-[1-30]. Since fiber-mounted sensors are free from disturbances created by metal
components such cables and antennas around a detection area, the distribution of the near field
radiated from a microstrip antenna and a line can be precisely measured. However, since the
polarization plane of light transmitted through an optical fiber changes when the fiber is bent and
because of temperature fluctuation, the sensitivity of the fiber-mounted sensor changes during
long-term measurements with large scanning areas. In previous experiments, the AUT was
scanned with the fiber-mounted sensor, and the scanning area was smaller than ten square
millimeters even though the EO probe could be scanned over the antennas as shown in Fig. 1-8 (a).
To stabilize the sensitivity, | have developed a fiber-mounted sensor where the optical fiber is fixed
inside a thin glass tube. We scanned the developed sensor near a 2-GHz-band dipole antenna and
precisely measured the electric-field distributions in an area larger than a twenty cubic centimeters,
which is necessary if we are to evaluate the antenna. However, the length of the fixed optical fiber
was only several ten centimeters as shown in Fig. 1-8 (b). In an ideal measurement as shown in Fig.
1-3 (b), high stability is needed for the electric-field sensor mounted on the tip of a flexible optical
fiber with a length as long as several meters.

» Sensitivity fluctuates due to fiber bends » Stable sensitivity

» Small scanning area (< several mm?) * Close to polarization controller

Optical fiber Polarization controller

Bend
Optical fiber
‘7 P /Glass tube Near
==y Scanning EOcrystal | === Scanning
EO crystal
y —;
Antenna Antenna
(@) (b)

Fig. 1-8. Sensitivity-unstable sensor with flexible fiber (a) and less-flexible sensor with short fiber
fixed in thin-glass tube (b).



132  Sensitivity enhancement

Optical electric-field sensors based on the EO effect have been attracting much interest in
electromagnetic compatibility (EMC) testing because of their small electromagnetic invasiveness.
Since a fiber-mounted sensor does not contain metal components, such as antenna and electrode,
around a detecting area, the sensor is free from the disturbances created by them. This means that
near-field distribution adjacent to radiation sources can be precisely measured. | have demonstrated
the potential of the fiber-mounted sensor in SAR measurements using a TEP. In the demonstration,
I used a fiber-mounted sensor with a CdTe crystal, which has the highest sensitivity coefficient
among inorganic EO crystals. The sensitivity of the CdTe-based sensor is 40-dB lower than that of
conventional metal sensors because the fiber-mounted sensor does not contain any metal that could
apply and induce an electric field inside the crystal and because the electro-optic conversion
coefficient based on the Pockels effect is very small. It takes several hours to map an electric-field
distribution in the human head and full-body phantom for the SAR measurement due to the huge
acquisition time for enhancing the output signal from a measurement system with the
fiber-mounted sensor. Since the measuring time is reduced in inverse proportion to the detection
sensitivity, a highly sensitive sensor is required in order to improve the throughput of the SAR
measurement.

Moreover, sensitivity enhancement is required in the bulk-EO crystal based sensors for
mobile telecommunications system. The standard was defined by the RCR (later became ARIB) in
April 1991, and NTT DoCoMo launched its Digital mova service in March 1993. Like the Global
System for Mobile communications (GSM), personal digital cellular (PDC) uses time division
multiple access (TDMA), which is the second generation (2G) of telecommunications. PDC uses
25 kHz-wide carrier and is implemented in the 800-MHz (downlink 810-888 MHz; uplink
893-958 MHz) and 1.5-GHz (downlink 1477-1501 MHz; uplink 1429-1453 MHz) bands. After a
peak of nearly 80 million subscribers to PDC, it had 46 million subscribers in December 2005, and
is slowly being phased out in favor of third-generation (3G) technologies. In metropolitan areas,
Freedom of Mobile Multimedia Access (FOMA) offered by NTT DoCoMo uses the Universal
Mobile Telecommunications System (UMTS) band I around 2100 MHz with 5 MHz-wide radio
channels. The occupied bandwidth for 3G mobile telecommunications is 30-dB wider than that for
2G telecommunications. Since, in frequency-domain measurement, the resolution bandwidth is
inversely proportional to the signal-to-ratio (SNR) and frequency sweeping time, the SAR
measurement for a 3G mobile phone takes 1000 times as long as that for a 2G phone. To reduce
measurement cost, the resolution bandwidth has to be increased,; that is, the detection sensitivity of
the electric-field sensor must be enhanced 30-dB or more as shown in Fig. 1-9.
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Fig. 1-9. (@) Occupied bandwidth of 2G with TDMA and (b) 3G mobile telecommunications
system with CDMA.

14 Motivation and Objectives

The main purposes of this study are to develop (i) a flexibility enhancement method for
accurately measuring electric field with less invasiveness and high accessibility of the sensor and
(i) a sensitivity enhancement method for adapting the sensor to the next generation of mobile
telecommunications techniques. For the flexibility enhancement, a passive sensitivity stabilization
scheme matured in an optical coherent communications is used to optically design the sensor in
consideration of the polarization of light waves in the EO crystal, optical fibers, and other optical
components. The scheme is theoretically and experimentally investigated in terms of its effects on
the basic properties of sensitivity, directivity, and so on. For the sensitivity enhancement, organic
crystal with a high EO coefficient is applied to the fiber-mounted sensor for the first time.
Micro-fabrication techniques are developed for decreasing the insertion loss in the crystal and the
orientation crystal is designed for optimizing the properties of sensitivity, stability, and directivity.
The potential of the sensor is examined in practical SAR measurements and EMC tests in the
extremely low frequency (ELF) band.

This dissertation mainly covers three topics: the flexible fiber-mounted sensor with the
passive sensitivity stabilization scheme (chapters 3); the highly sensitive fiber-mounted sensor with
the organic crystal (chapter 4), and practical uses of those sensors in near-field, SAR, and EMC
measurement (chapter 5). The contents and organization of this dissertation are summarized as
follows and outlined in Fig. 1-10.

-10 -



Chapter 2 describes the features and the principles of electric field measurement with the EO
effect and shows the configurations and basic properties of the developed handy-held sensor,
where all free-space optics is integrated. It also covers the application of the sensor to
millimeter-wave antenna measurements. Moreover, this chapter explains our fiber-mounted sensor
developed in consideration of its use in practical applications and demonstrates the potential of
near-field mapping around a dipole antenna in free space and electric-field mapping in an
absorptive liquid used as the TEP to assess the SAR. Those demonstrations involve simultaneous
mapping of amplitude and phase distribution, which has been impossible with a conventional
probe.

Chapter 3 describes the theoretical mechanism of sensitivity fluctuation of the fiber-mounted
sensor and the operating mechanism of the fiber-mounted sensor with the passive sensitivity
stabilization method. It also explains how the developed fiber-mounted sensor with the CdTe
crystal achieves stable sensitivity without degrading other basic properties of linearity, directivity,
and so on.

Chapter 4 describes the theoretical mechanism of the electric-field detection with the organic
crystal and the configuration of the fiber-mounted sensor with the organic crystal fabricated with
specified techniques and presents the sensitivity enhancement in free-space electric-field detection.

Chapter 5 describes an application of the flexible and highly sensitive fiber-mounted sensor
described in chapters 3 and 4 to electric-field measurements. The flexible sensor is applied to
near-field measurements strictly require less invasiveness into the electric field and the sensitivity
stability of the sensor and accomplishes the two-dimensional measurement with three-axis
electric-field components, which agree wells with simulations. Moreover, this chapter shows that
the highly sensitive sensor in achieves better performance in a SAR measurement for a mobile
phone than the CdTe-based sensor. The highly sensitive sensor also has the potential for practical
use in EMC measurements in the ELF band, where the CdTe-based sensor cannot detect any
electric field.

Chapter 6 summarizes the results and important findings of this study.

-11 -
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Chapter 2

Measurement with optical electric-field sensor

21 Introduction

Electric-field measurement using the optical electric-field sensor based on the bulk EO crystal
has been attracting much attention because of its extremely large detectable bandwidth ranging
from DC to THz. Near-field mapping above a planar resonator and a microstrip patch antenna has
been demonstrated using an external probing technique, in which a free-space-propagating beam is
focused into a miniature EO crystal [2.1], [2.2]. The demonstrations showed that the EO-based
near-field mapping in amplitude and phase is powerful tool for the analysis and design of
microwave-radiating structures. To shorten mapping time, two-dimensional-beam scanning on a
large-aperture EO crystal has been employed [2.3]. Recently, a real-time mapping system with a
parallel EO heterodyne detection scheme has been developed, in which 10,000 pixel data can be
simultaneously acquired at the highest frame rate of 30 Hz [2.4]. In these measurement systems,
free-space optics to control and arrange the polarization of light is fixed on an optical table and a
bread board. An accessible point of the sensor is limited on the table and board. To expand the
accessibility of the sensor, Shinagawa et al. integrated the free-space optics in the handy-held
cylinder [2.5]. Their results demonstrate that the probe is useful for the noncontact measurement of
free-space electric fields, for example, in electromagnetic interference (EMI) applications. In the
head of the handy sensor, a distributed feedback laser (DFB-LD) is integrated to stabilize the
polarization of input light. To detach the DFB-LD from the sensor head, the polarization
maintaining fiber (PMF) was connected with DFB-LD [2.6]. However, the cylinder and the inside
optics can disturb near field of DUT. To minimize disturbances and easily position the
bulk-EO-based sensor tip over any point to be probed, Nagatsuma et al. introduced an optical fiber
to an EO-based electric-field measurement system [2.7]. Ohara et al. demonstrated the first
near-field mapping using a fiber-mounted sensor fixed on the x-y stage equipped in a microscope
[2.8]. Afterward, near-field mapping to diagnose monolithic microwave integrated circuits and
evaluate electromagnetic interference was successively accomplished over a microstrip line and
antenna with the fiber-mounted sensor [2.9]-[2.11]. Since the EO crystal was mounted on the edge
of an optical fiber, the fiber-mounted sensor makes it possible to map out the electric-field in an
enclosed miniature structure with negligibly small invasiveness.

This chapter describes the features and the principles of electric-field measurement with EO
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effect, and then shows the configurations and the basic properties of our developed handy-held
sensor where all free-space optics is integrated, and the application of the sensor to MMW antenna
measurements. Moreover, this chapter explains our fiber-mounted sensor developed in
consideration of its use in practical applications, and demonstrates the potential of near-field
mapping around a dipole antenna in free space and electric-field mapping in an absorptive liquid
used as a tissue-equivalent phantom (TEP) to assess the SAR [2.12], [2.13]. Those demonstrations
involve simultaneous mapping of amplitude and phase distribution, which was impossible with a
conventional probe.

22 Electric-field detection based on EO effect

221 EOeffect

An EQ effect is a change in the optical properties of a material in response to an electric field
that varies slowly compared with the frequency of light. The term encompasses a number of
distinct phenomena, which can be subdivided into

a) Change of the refractive index

Pockels effect (or linear EO effect):
Change in the refractive index linearly proportional to the electric field. Only certain
crystalline solids show the Pockels effect, as it requires lack of inversion symmetry,
such as lithium niobate (LINbOs) or gallium arsenide (GaAs) and in other
noncentrosymmetric media such as electric-field poled polymers or glasses. [2.14]

Kerr effect (or quadratic EO effect, QEO effect):
Change in the refractive index proportional to the square of the electric field. All
materials display the Kerr effect, with varying magnitudes, but it is generally much
weaker than the Pockels effect [2.15], [2.16]

Electro-gyration:
Change in the optical activity [2.17]

b) Change of the absorption
Franz-Keldysh effect:
Change in the absorption shown in some bulk semiconductors [2.18]
Quantum-confined Stark effect:
Change in the absorption in some semiconductor quantum wells [2.19]
Electro-chromatic effect:
Creation of an absorption band at some wavelengths, which gives rise to a change in
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color [2.19].

It should be noted that changes in absorption can have a strong effect on refractive index for
wavelengths near the absorption edge, due to the Kramers—Kronig relation [2.20].

In the optical electric-field sensor, the Pockels effect is preferred to be used because of its
ultra-wide bandwidth ranging from DC to several terahertz (THz), its relatively high coefficient
depending on applied electric-field and input light intensity comparing with the other EO effects.
With the advance and the popularity of laser technology in the latter half of 1960, a lot of studies
had been reported about the materials with the Pockels effects and some applications occurred as a
voltage-controlled wave plate or Pockels cell, a light modulator [2.21], and optical electric-field
sensor. With the appearance of ultra-fast lasers in 1980, the sampling techniques based on the EO
effect, or EO sampling, has the highest temporal resolution of any method used to characterize
electric signals on account of the short duration of the laser pulses, which behave as sampling gates.
For example, a guided electric transient with a rise time of less than 300 fs had been measured
using the EO sampling with a 100 fs full width at half-maximum (FWHM) amplitude laser pulse
[2.22], [2.23]. Free-space-radiated THz beam transients had been detected using the EO sampling
with a 12 fs duration laser pulse [2.24].

2.2.2  Principles of electric-field detection with EO effect

Fig. 2-1 shows the basic structure of the optical electric-field sensor based on EO effect with a
bulk crystal [2.6]. It comprises polarizing-beam splitters (PBSs), a quarter wavelength plate
(QWP), a Faraday rotator (FR), and an EO crystal of Cadmium Telluride (CdTe) with a
zinc-blende crystal lattice, which has the highest sensitivity factor for free-space detection in
inorganic crystals and no static birefringence as shown in Table 2-1. The optical pulses for EO
sampling pass through the PBS2, the FR, the PBS1, the QWP, and then, penetrate the (-110) plane
perpendicularly and are reflected by the dielectric mirror coating the (110) plane of the EO crystal.
The electric-field signal to be measured enters the crystal through the mirror and propagates
together with the reflected pulses. The polarization of the pulses is modulated by the transient
electric field parallel to the (110) plane and perpendicular to the (1-10) plane. The polarization
component parallel to the reflection axis of the PBS1 is extracted from the polarization-modulated
pulses as intensity-modulated pulses. The orthogonal component is rotated an additional 45 degree
by the FR and reflected by the PBS2. The components are respectively delivered to
photo-detectors (PDs), where they are converted into electrical signals. The signals are inputted to a
differential amplifier. The output signal from the amplifier is processed by a spectrum analyzer or
an oscilloscope.
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Table 2-1. Properties of typical EO crystals for transverse detection.

Material Point | Pockels Relative Dielectric | Sensitivity factor
group | coefficient | index constant
r (pm/V) n &
CdTe 43m | ry=45 No=2.84 9.4 Nory/e=11.0
(1000 nm) | (1000 nm)
ZnTe 43m | ry=394 [n,=293 101 | nlra/e=9.8
(690 nm) (690 nm)
GaAs 43m |ry=143 |n,=343 123 | nirule=47
(12150 nm) | (1250 nm)
KH,PO, | 42m |rg=24.1 no= 1.502 58 Nofegle= 1.4
(KD*P) (633 nm) Ne=1.462
(633 nm)
LiNbO;3 3m | ru=308 | ny=2.286 43 (Ner-nora)e =47
r3=8.6 ne=2.200
(633 nm) (633 nm)
LiTaOs 3m | rx=33 No=2.176 41 (NSr-Noris)e =64
re=75 ne=2.180
(633 nm) (633 nm)
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This bulk-crystal-based optical electric-field sensor can be considered to be a photonic mixer
[2.25]. The intensities of the optical beams reflected by PBS1 and 2 are

Proa () =5+ GE @} ) @)
Proat) = 2L G}, ) @2)
a= % n’r,, 2.3)

where Pin(t), E(t), I, 4, n, and rs represent the power of the input optical pulses, the intensity
of the electric-field signal to be measured, the interaction distance of the input optical pulses within
the crystal, the wavelength of the input optical pulses, the refractive index, and the electro-optic
coefficient of the crystal, respectively. When the repetition frequency and average power of the

input optical pulsesare f, and P,,, P, (t)isexpressed as follows.

VAl

P,()= D, F:jv é{t - fm] = Pav(1+ ZZCOSZEmet]. 2.4)
m=-w '0 0 m=1
To sample the electric-field signal by using the optical pulses, the repetition frequency of the

electric-field signal, f., must be equal to Nf,+Af  where N and Af are an integer and a

small frequency shift, respectively [2-6]. Then, electric field of the electric-field signal, E(t), is
written as

E(t)= ickexp[j 27k (Nf,t + A4f)], (2.5)

k=—o0

where c, are complex coefficients. Substituting (2.4) and (2.5) into (2.1) and (2.2), one

obtains
P
Pou () = %{1"‘ aE e ()} (2.6)
P
Pouz (t) = %{1_ aE (1)} 2.7
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Ec(t)= ickexp[j 2kAft] . (2.8)

k=—o0

To derive the above results, frequency components higher than f, are neglected, because
the PDs cannot respond to high-frequency components.

Comparing (2.5) and (2.8), it is clear that E(t) isatime-stretched replicaof E(t) . In other

words, the frequency components of E(t), Nf,+A4f , 2Nf,+24f , 3Nf,+34f ,..., are
down-converted to Af , 2Af , 3Af ..., respectively. The phase relations between the
components of E(t) are also conserved when the frequency components are down-converted.
The electrical output signals of PD1 and 2 are thus

\Y

vy(t) = ;v {1+ aE (1)} (2.9
vz(t)=V§V {1-oE (D}, (2.10)

where v,, is the DC output voltage corresponding to P,,. The DC component is cancelled
by differential detection as follows.

V(t) = vy (1) — Vo (1) = vy, Ee(t) . (211)

Thus, | can obtain an electrical signal proportional to E,(t) . Since a slow signal E,-(t) isa

replica of E(t), it is easy to extract information about the electric-field signal by using
conventional instruments.
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2.3 Compact optical electric-field sensor

2.3.1  Sensor configurations

Fig. 2-2 shows a photograph of the compact optical electric-field sensor where all optical
components described in the chapter 2.1.2 are integrated inside the cylinder and are fixed to
maintain optimum conditions [2.6]. The EO crystal with a dielectric mirror is attached to the
cylinder head. The probe is connected to a set of cords containing a polarization-maintaining fiber
(PMF) and two single-mode fibers (SMFs). The PMF is used to deliver sampling optical pulses
from the optical source to the probe. Since the polarization state of the incident optical pulses are
maintained, stable measurement is possible even when the probe is moved to map electric-field
patterns. The SMFs transmit optical pulses containing information about the measured electric
field.

Figure 2-3 shows a schematic diagram of the EO sampling (EOS) system for measuring the
free-space electric-field radiated from the antenna. The electric-field signals are sent to the antenna
and mixer after being generated by a synthesizer (frequency Nf,+4Af of f¢ + 98 kHz). An
actively mode-locked fiber laser was the source of the optical pulses for sampling. The pulses
transmitted through the PMF to the sensor had a width of about 400 fs and were generated at a
repetition frequency f, of 1 GHz and wavelength of 1.55 um. The down-converted electric-field
signals v(t) were detected with a spectrum analyzer so that the electric field could be
numerically evaluated at any point. A reference signal Af of 98 kHz was generated by the mixer
and injected into the spectrum analyzer. The antenna was fixed during the measurement and the
EO probe moved in order to scan the electric field. The frequency bandwidth (time resolution) of
the EOS was determined from the optical pulse width and the thickness of the EO crystal. The
bandwidth was limited by the group velocity mismatch (GVM), defined as the difference in the
time it takes the MMW signal and the optical pulses to go through the EO crystal [2.26]. The
thickness of the EO crystal was optimized for frequencies higher than 150 GHz. The dependence
of the EO sensitivity on the temperature was negligible during the measurement, because the
change in the optical path length through the crystal and the refractive index of the crystal are very
small (linear expansion coefficient: 5.0 x 10°, temperature dependence of the refractive index: 3.0
x 10). Moreover, pyro-electric phenomena do not exist in the crystal used by the measurement
system.
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Fig. 2-2. Photograph of compact optical electric-field sensor where all optical components are
integrated inside of the cylinder.
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Fig. 2-3. Configuration of electric-field measurement system with EO sampling techniques.
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2.3.2 Electric-field measurements

A. Electric-field distribution measurements

The CW MMW electric field radiated from a pyramidal horn antenna was measured to obtain
near and far-field patterns. The electric field excited by the TEj;-mode was radiated from a
standard-gain horn antenna for WR-15. The size of the antenna aperture was 36.2 mm x 27.7 mm,
and the length of the horn was 63.1 mm. The direction parallel to the longer side, the orthogonal
direction, and the propagating direction of the MMW are assumed to be the x-, y-, and z-axes,
respectively. Fig.2-4 shows the dependence of EO signal intensity on the MMW electric field at
the center of the antenna aperture. The electric fields are estimated from the power injected into the
antenna and are shown as diamonds in the figure. The solid and broken lines represent the electric
field estimated from Equation (2.11) and the noise level in the EOS system, respectively. The EO
signal is linearly proportional to the electric field at the electric field of more than 100 VV/m, and the
minimum detectable MMW electric field is less than 1.0 V/m, which is less than a tenth of the
electric field reported in [2.27].

Fig. 2-5 shows the electric field measured at the center of the traveling MMW, that is, the
z-axis, where the position at the antenna aperture is the origin and the traveling direction is positive.
In the figure, the diamonds represent the electric field measured by the EOS system. We calculated
the near field using the FEM simulator (Agilent Tech.: HFSS) to compare the measured results. In
the calculated model, the TE;o mode is excited at the input port. The antenna is surrounded by an
air box whose surface is specified as having absorbing boundary conditions in order to eliminate
artificial reflections. The solid line represents the electric field calculated by FEM. The electric field
continuously falls as the distance from the connection between waveguide and antenna increases,
and outside the aperture, the electric field increases due to radiation interference from any position
on the plane of the aperture. The measured electric field closely resembles the calculated one.

Figures 2-6 and 2-7 show the measured electric field parallel to the x- and y-axes. The
distance from the antenna aperture is 5 mm, which is equal to the wavelength of the MMW and
corresponds to the near-field region. These results represent the near-field patterns complicated by
the radiation interferences from any positions on the plane of the aperture. The agreement between
the measured and the FEM-calculated electric fields parallel to the x-axis is excellent. A slight
deference between the measured and calculated electric fields parallel to the y-axis is observed,
because the spatial resolution of the sensor is larger than the minimum distance with the variation
of the electric field. The spatial resolution is limited by the size of the optical beam spot in the EO
crystal. A spatial resolution of less than 1 mm will be possible by downsizing the spot size.

Figures 2-8 and 2-9 show the E- and H-plane radiation patterns of the pyramidal horn antenna
at 60 GHz. The distance from the antenna to the probe is 300 mm for these measurements,
corresponding to 60 wavelengths in the far-field region. Broken and solid lines represent the
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measured pattern at the distance from the antenna aperture to EOS probe and the one calculated by
FEM. The measured pattern is similar to the calculated one, demonstrating that the sensitivity of
EOS probe is stable while the probe is being moved.
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B. Time-domain waveform measurements

The time domain waveform was measured with the handy senor. The pulse signal was
radiated from a photonic emitter, in which a uni-traveling carrier photodiode (UTC-PD) and
MMW antenna with a bandwidth of 49 GHz at the center frequency of 120 GHz were integrated
[2.28]. Figure 2-10 shows a simplified drawing of the measurement system. The UTC-PD was
flip-chip-bonded on the transmission line of a slot antenna formed on the Si substrate. The size of
the Si substrate was 4 mm x 2mm x 0.4 mm. A hemispherical Si lens with a radius of 5 mm was
bonded to the bottom of the Si substrate. The 400-fs-wide optical pulses were generated by a
gain-switched laser at a repetition frequency fo of 1 GHz and converted into electric pulses with a
full width of half maximum (FWHM) of 5.4 ps by the UTC-PD, before being radiated from the
MMW antenna. The frequency shift Af was set to 4 kHz. We calculated the near field in the time
domain be using the FIM simulator (CST GmbH: MW-Studio) for comparison with the measured
results. In the calculated model, the photonic emitter is surrounded by an air box whose surface is
specified as having a perfectly matched layer (PML) absorbing boundary.

In Figure 2-11, the solid line represents the time-domain waveforms of the electrical pulses
propagating on the transmission line from the UTC-PD, which were measured by the EO system
for the internal-mode measurement [2.29]. The broken line represents the FIM simulation’s
time-domain waveform fitted to the measured one. It is an approximate Gaussian pulse with an
FWHM of 5.4 ps.

Figure 2-12 shows the time-domain waveforms of the pulse radiated from the photonic
emitter as measured by the EOS system (represented by the line) and as calculated by FIM
(represented by the broken line). The distance between the photonic emitter and the EO crystal was
20 mm, and the position of the EO crystal was in the maximum radiation direction. At an earlier
half duration, the measured waveform agreed with the calculated one. However, after about 20 ps
from the first peak, the oscillation period of the measured waveform gradually got larger than the
calculated one. This ringing continued for about 50 ps and was caused by multiple reflections at
the connection, where the UTC-PD was flip-chip mounted on the antenna chip.

Figure 2-13 shows the frequency spectra calculated by fast fourier transform (FFT) from the
time-domain waveforms. The frequency of maximum intensity of the measured pulse agrees with
the calculated one of about 75 GHz. The measured bandwidth is smaller than the calculated one
because of the ringing. The first peak represents the later oscillating frequency caused by the
multiple reflections. These results indicate that the compact optical electric-field sensor is less
invasive and has a large bandwidth of 150 GHz.
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24 Less-invasive optaical electric-field sensor

2.4.1 Sensor configurations

The compact optical electric-field sensor as described in the chapter 2.2 shows the 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, | recently developed a tip-on-fiber EO probe where
the EO crystal is connected to the optical components with an optical fiber. A side view of the
sensor tip with a CdTe crystal is shown in Fig. 2-14 [2.12], [2.13]. The tip contains the EO crystal
with a dielectric mirror, a collimating lens, and a glass ferrule. The diameter of the laser beam in
the crystal is 0.4 mm. The cross-sectional dimension of the EO crystal is 1 mm x 1 mm, which is
smaller than that of dipole antenna in a MZI-based sensor [2.30], [2.31]. This small sensor tip
reduces invasiveness and allows me to miniaturize the special resolution necessary for
standardized measurement. Fig. 2-15 illustrates of the whole sensor. The sensor tip and an optical
fiber connector are fixed at either end of a glass tube. The diameter and length of the glass tube are
5 and 300 mm, respectively. A single mode fiber that connects the EO crystal and fiber connector is
inside of this glass tube. This sensor is directly attached to a polarization control module with the
fiber connector.

The sensor employs the EO crystal of CdTe crystal that is an optically isotropic crystal with
zinc-blend crystal lattice. Fig. 2-16(a) and (b) illustrate a longitudinal field probe, which detects an
electric field parallel to a propagating direction of a laser beam, and a transverse field probe, which
detects an electric field orthogonal to the propagating direction. Both sensors exhibit the same
sensitivities when the crystal has a cubic structure.

EO crystal

Glassferrule Collimating lens Dielectric mirror film

1 mm

Fig. 2-14. Tip of optical electric-field sensor with EO crystal mounted on optical fiber.
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Fig. 2-15. Whole sensor with EO crystal mounted on fiber tip.
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Fig. 2-16. Relationship between orientation of crystal and detectable direction of electric field for
longitudinal field sensor (a) and transverse field sensor (b).
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A block diagram of an electric field measurement system using the sensor is shown in Fig.
2-17. The system comprises a laser source, the polarization control module, the EO probe, a
receiver (Rx), a two-dimensional (2D) scanning stage, signal generators (SGs), and a lock-in
amplifier (LIA) or a spectrum analyzer. The laser source emits a linearly polarized light. The
linearly polarized light is delivered to the EO probe through the polarization control module with a
polarization-maintaining fiber. The delivered light is reflected by the dielectric mirror and returned
to the receiver after it is spilt into two lights whose polarizations are orthogonal to each other. The
received lights are converted to electrical signal by balanced photodetectors and a differential
amplifier. The signal intensity is proportional to the change in polarization. The LIA measures the
intensity of the obtained electrical signal, which coincides with that of the applied electric field.

Synchronized Synchronized
SG SG
l [ ] RF signal
I Laser soucel EO probe I (((4,)_
module )
Dipole
I Rx I:_ . antenna
2-D scanning
¢ EO signal stage
LIA
—> SG
Electric calble Polarization maintaining fiber

Single mode fiber Multi mode fiber

Fig. 2-17. Block diagram of electric-field distribution measurement system with less-invasive
Sensor.
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2.4.2 Basic properties

A. Electric field around the EO probe

I calculated the electric-field intensity around the less-invasive sensor in free space using the
finite integration method. The E- and H-planes of electric field with size of 20 mm x 30 mm are
shown in Fig. 2-18(a) and (b), respectively. The calculated region was a rectangular parallelepiped
with a height and width of 50 mm and a length of 200 mm. The electromagnetic wave was a plane
wave oscillated at 1.95 GHz. Periodic boundary conditions and a perfectly matched layer are
assigned on planes orthogonal to the propagating direction and on the output plane, respectively.
The degree of intensity is represented as a color gradation. In those figures, no disturbance exists
outside the region at the distance of 2 mm from the EO probe.

H-plane E-plane

|~ EOcrystal —_|

Collimating lens

—Glass ferrule —

~—~Optical fiber—]

1mm 1mm

0 Electric field intensity (V/m) 1.3

Fig. 2-18. Calculated electric field around less-invasive sensor along H-plan (a) and E-plan (b).
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B. Sensitivity

The relationship between the input power of the dipole antenna and the EO signal intensity
measured with the longitudinal field sensor is shown in Fig. 2-19. The sensitivity of the sensors
was measured using an electric field radiated in free space from a half-wavelength dipole antenna
(Anritsu MA5612B4) under the condition mentioned below. The dipole antenna, the sensor,
polarization control module, and 2D scanning stage were set inside an RF shield box with
dimension of 900 mm x 900 mm x 900 mm, and all other instruments were set outside the shield
box. The return loss of walls inside the shield box is larger than 40 dB. The center of the EO crystal
is kept at distance of 5 mm from the feeding point of the dipole antenna, while the signal generator
inputs a sinusoidal signal with a frequency of 2.45 GHz to the dipole antenna. The dynamic range
is over 45 dB. A minimum detectable electric field intensity defined by noise floor is less than 0.6
V/m. For the transverse field probe, the same sensitivity is also achieved.
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o -110[— '.o' —
L ®
120 T..;..eﬂe'_'_{________________N_Qi_s_@_F_'_QQt ________ _
N R B B
-40 -30 -20 -10 0 10 20

Input power to dipole antenna (dBm)
Fig. 2-19. Relationship between input power into dipole antenna and EO signal intensity.

-36 -



C. Directivity

The directivities of the longitudinal and transverse field sensor are shown in Fig. 2-20 and Fig.
2-21, respectively. In this measurement, the tip of the sensor 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
sensor, the dipole antenna was rotated on planes perpendicular to the (100) or (010) planes of the
EO crystal, respectively. For the transverse field sensor, the dipole antenna was rotated on a plane
parallel to the (1-10) plane. In Fig. 2-20, closed and open circles represent the directivities on the
(100) and the (010) planes. The solid line represents the calculated [001]-direction component of
the applied electric field at each rotation angle 6. All data are normalized by their maximum values.
On both planes, the measured intensities agree with the calculated ones and the cross-axis isolation
ratio is over 45 dB. In Fig. 2-21, closed circles and the solid line represent the measured
directivities and the electric field intensities calculated to be projected onto the [110]-direction at
angle @ of dipole antenna rotation from the [1-10] direction. They are also normalized with the
maximum values. The measured intensities agree with the calculated ones and the cross-axis
isolation ratio is over 35 dB, which is large enough value to isolate the sensitivity from the null
direction. These results demonstrate that it is possible to measure an electric field vector by
aligning the sensors orthogonally.
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Fig. 2-20. Detectable directivity of longitudinal field sensor.

-38 -



Normalized EO signal intensity (dB)

(110)
Transverse field probe
(001)
(110)

Dipole antenna

5

o Measured Calculated

Fig. 2-21. Detectable directivity of transverse field sensor.
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D. Frequency response

Fig. 2-22 shows the relationship between the frequency of the applied electric field and the
obtained EO signal intensity for the transversal field probe. In this measurement, electric fields
were applied to the sensor 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 VV/m by calibrating the input power to the antennas
with a commercially available electric field sensor (NARDA EMC300). The result indicates that
the uniformity of the sensitivity is better than +2 dB from 1.95 to 20 GHz.
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Fig. 2-22. Frequency response of transverse field sensor.
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24.3 Electric field measurements

A. Near-field measurements around a dipole antenna

The near field was measured around the 2.45 GHz-band dipole antenna using the longitudinal
field sensor in the shield box. The sensor was scanned parallel to the radial axis of the dipole
antenna while a sinusoidal signal was input from a signal generator to the antenna. The relationship
between distance from the dipole antenna and EO signal intensity is shown in Fig. 2-23. Closed
circles and a solid line represent measured and calculated intensities normalized by their maximum
values. In the near-field region where electro-static and inductive electro-magnetic couplings are
dominant, the measured intensities agree with the calculated ones very well. This demonstrates that
the sensor can exactly measure a near field around the dipole antenna. In the region over 100 mm
from the dipole antenna, the disagreement between the measured and calculated intensities was
possibly observed. This is because the computation of the shied box was not included in the
calculation. The measured intensities represent a standing wave caused by reflection from the walls
of the shield box.
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Fig. 2-23. Near field distribution around diploe antenna in free space.
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B. Electric-field measurement in tissue-equivalent phantom

A SAR distribution was measured as an example of electric-field measurements using this
sensor. The setup for the electric-field measurement in the TEP is shown in Fig. 2-24 [2-32]. 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 perpendicular
to the base of case while RF signal with the 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 [2-25].
Electric field distributions parallel and perpendicular to the base are shown in Fig. 2-25(a) and (b).
Closed and open circles represent the EO signal intensities and phases. The minimum distance
from the base is 1 mm, which is less than a fifth of that using a conventional sensor. In a previous
experiment using an electric field probe reported by another group, because the electrical coupling
between the probe and the base was caused, the differences between the simulated and measured
data near the base were obtained [2-33]. To the contrary, the correct data were obtained even when
the EO probe was set within 1 mm of the base in this work [Fig. 2-25(b)]. The minimum
detectable electric field is less than 0.6 V/m corresponding to the SAR, which satisfies the
minimum detection limit [2-34]-[2-36]. These results demonstrate the applicability of the EO
probe to SAR measurement.

The phase distribution of the electric field perpendicular to the surface is shown in Fig.
2-25(b). The phase is directly proportional to the distance from the base. From this data, the relative
permittivity () and conductivity (o) of TEP can be calculated. sand o calculated to be 41.9 and
1.5 S/Im show relatively good agreement with the inherent values of 40.0 and 1.4 S/m at a
frequency of 1.95 GHz. When determining SAR, cand o of TEP should generally be checked by
using specially designed equipment. Figs 7 and 8 indicate that the EO probe can measure SAR,
& and o of the TEP at one time, which are very important to obey the regulated rule to measure
and improve the qualification of the measurement.
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Fig. 2-24. Electric-field measurement system in tissue-equivalent phantom.
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25 Conclusion

The fiber-mounted sensor 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. | 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 VV/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. As a result, it is possible to conduct SAR
measurements with very little invasiveness. The SAR measurement system we developed can
detect a SAR of less than 0.5 mW/kg, which satisfies the minimum detection limit stipulated in the
regulations. When comparing the SAR measured by the EO probe and a conventional probe, we
demonstrated that our system was superior to the conventional probe in determining the SAR near
a container’s base. This shows that our proposed system has the potential to be used for
determining SAR with respect to next generation mobile phones.
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Chapter 3

Flexibility enhancements

31 Introduction

The bulk-crystal-based sensors are used for characterizing antennas and circuits because of
their small electro-magnetic invasiveness [3.1]-[3.5]. Since fiber-mounted sensors are free from
disturbances created by metal components such cables and antennas around a detection area, the
distribution of the near field radiated from a microstrip antenna and a line can be precisely
measured [3.3], [3.4]. However, since the polarization plane of light transmitted through an optical
fiber changes when the fiber is bent, and because of temperature fluctuation, the sensitivity of the
fiber-mounted sensor changes during long-term measurements with large scanning areas. In
previous experiments, antennas under test were scanned over the fiber-mounted sensor [3.3], and
the scanning area was smaller than 10 mm square even though the fiber-mounted sensor could be
scanned over the antennas [3.4]. To stabilize the sensitivity, | have developed a fiber-mounted
sensor where the optical fiber is fixed inside a thin glass tube [3.6], [3.7]. | scanned the developed
fiber-mounted sensor near a 2-GHz-band dipole antenna, and precisely measured the electric field
distributions in an area larger than a 20-cm cube, which is necessary to evaluate the antenna.
However, the length of the fixed optical fiber was only several tens of centimeters.

To enhance the flexibility, a highly stable bulk-crystal-based sensor was mounted on the tip
of a flexible optical fiber with a length as long as several meters [3.8], [3.9]. the mechanism of the
sensitivity degradation was clarified to be caused by fiber bending and temperature fluctuation, and
a passive sensitivity-stabilization  technique based on compensation of the
polarization-mode-dispersion change was introduced in the fiber using a Faraday rotator (FR). This
technique is based on the polarization-rotated reflection (PRR) method [3.10]. The PRR method
was initially proposed for stabilizing the temperature performance of light intensity modulators by
the bidirectional use of an EO crystal for the effective cancellation of its birefringence. Enokihara
et al. applied this method to magnetic-field and temperature sensors attached to a fiber tip with
free-space optics [3.11]. Here the first application of this method to a fiber-mounted sensor and the
integration of PRR optical components on the fiber tip are reported.

This chapter explains the operating mechanism of the fiber-mounted sensor with the PRR
method and describes the basic properties.
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32 Sensitivity stabilization scheme

A side view of the fiber-mounted sensor and a block diagram of the electric field
measurement system are shown in Fig. 3-1(a) and (b), respectively. The sensor tip contains an EO
crystal with a dielectric mirror, an FR [3.12], a collimating lens, a ferrule and a 5-m-long
polarization maintaining fiber (PMF). Since CdTe is used as the EO crystal, there is no static
birefringence and the band gap energy is larger than that of the sampling light at a wavelength of
1550 nm. As a result the light passes through the crystal without any polarization change at the
state free from electric field. That is, the sensitivity of the crystal does not change with changes in
temperature. The crystal axis is set as the crystal probes the electric field in a transverse direction to
that of the light transmitted in the crystal. The cross-sectional dimension of the EO crystal is 1 mm
x 1 mm. The sensor is attached to a polarization control module through the PMF. The polarization
control module comprises a beam splitter (BS), half and quarter-wave plates (WPs), a polarization
beam splitter (PBS), a photodiode (PDs), and a lens.

PMF Collimating lens EO crystal

/

Ferrule Faraday rotator
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Polarization control module

Lens BS Lens PMF
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Fig. 3-1. Tip (a) and system configuration of flexible fiber-mounted sensor (b).
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Linearly polarized light emitted from a laser diode (LD) is input into the PMF through the
polarization control module. The light is delivered to the EO crystal and reflected by the dielectric
mirror. When an electric field is applied to the EO crystal, birefringence is induced and the
polarization of the light propagating through the EO crystal is changed. The polarization change is
proportional to the electric-field intensity. That is, the light is polarization-modulated at the EO
crystal. The polarization-modulated light is returned to the polarization control module and
converted to intensity-modulated light with the analyzer. The intensity-modulated light is detected
and output as a replica of the electric field by the PD. The output signal o is expressed as

out Zcos[];" +1; +Fbjsinﬁ%jsin(2¢), (3.1)

where /¢, is the phase difference induced by the EO effect in the EO crystal, /7 and 7} are the
phase differences caused by PMF bending and temperature fluctuation during forward
transmission to the crystal and backward transmission to the polarization control module, and ¢ is
the azimuth of the linearly polarized light inserted into the PMF. Equation (3.1) shows that the
output signal changes that result from PMF bending and temperature fluctuation during scanning
even if the applied electric field is constant. The phase difference during transmission in the PMF is
induced by modal birefringence, which is the static birefringence caused by the differences
between the stresses along the slow and fast axes in the PMF. Since the modal birefringence AB
changes as a result of PMF bending and temperature fluctuation, the phase difference also changes,
and is expressed as

, 32
r- 271AB 3.2)
A

where | and A are the length of the PMF and the wavelength, and i is f or b. When using
PANDA fiber [3.13] as a PMF, the dependence of the modal birefringence in the PMF ABpeng and
ABtemp 0N PMF bending and temperature fluctuation are expressed as

2 , 3.3
ABpeng :a_gY(Cz _Cl) ( )
2R
2 A s (34)
== =0l
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where a is the radius of the cladding, R is the bending radius as the PMF is bent along a plane
parallel to the slow axis and the light transmission direction, Y is Young’s modulus, C;and C, are
the photoelastic constants on the slow and fast axes, o and a3 are the thermal coefficients in
normal and stress-applying parts, AT is the temperature change, vis Poisson’s ratio, d; is the radius
of the stress-applying parts, and d, is the center position of the stress-applying parts on the slow
axis [3.14], [3.15]. The sensitivity dependence on PMF bending and temperature fluctuation is
obtained by substituting (3.3) and (3.4) into (3.2), and then substituting (3.2) into (3.1). The output
signal dependence on PMF bending in a commercially available PANDA fiber is shown in Fig.
3-2. The EO signal is flat for bending radii larger than 10 mm, and abruptly decreases when the
bending radius is less than 6 mm. The output signal dependence on the temperature fluctuation in a
5-m-long PMF is shown in Fig. 3-3. The EO signal decreases to less than -10 dB with a
temperature change of 0.2 degrees Celsius.

The stabilization scheme with PRR is as follows. Since the FR rotates the polarization plane
orthogonally in a round trip, lights transmitted along the fast and slow axes of the PMF are
exchanged at the sensor tip. As the round trip time is negligible compared with the phase change
period, the amplitudes of the phase differences 77 and 7/ are the same. Since the signs of the phase

differences are opposite (/7 = —77), the phase differences are canceled out. As the intensities of

the light transmitted along the fast and the slow axes are the same (¢ = z/4), the output signal is
maximized. The output signal o is expressed as

I, ocsinfir, . (3.5)

The output signal is unaffected by either the PMF bending or the temperature fluctuation, and
so the sensitivity is stable. In this sensor, a magnetized Faraday Rotator has a coercive force of
larger than 32 kA/m (400 Oe) even though MRI uses a static magnetic field of less than 1 kA/m,
the sensitivity is stable in general electric-field measurements of the SAR measurement and the
antenna measurement for mobile phone and wireless LAN terminals.
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33 Basic properties

3.3.1 Sensitivity

We evaluated the detection sensitivity of the fiber-mounted EO probe at 2, 4 and 8 GHz. The
sensitivity was measured using an electric field produced over a coplanar waveguide (CPW) under
the following conditions: The crystal was positioned to measure the electric field parallel to the
surface of the CPW. The center of the crystal was kept at a distance of 0.5 mm from the top surface
of the CPW at the center of the gap between the signal and the ground line of the CPW, while the
signal generator input a sinusoidal signal into the CPW. The CPW gap is 0.1 mm, which is the
same as the diameter of the light beam propagating in the crystal. The electric field intensity was
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measured by the equivalent sampling method [3.16], [3.17] using a 20-ps-wide optical pulse
generated with a 1.55-um DFB-LD at a repetition frequency of 2 GHz + 20 kHz. The PD has a
frequency bandwidth of up to 2 MHz, which corresponds to the maximum detectable frequency of
100 GHz. The relationship between the CPW input power and the EO signal intensities is shown
in Fig. 3-4, where the filled and open circles and crosses represent the EO signal intensity
measured at 2, 4 and 8 GHz, respectively. The noise floor is the same in the measurement at each
frequency. The sensitivity at each frequency is the same and linearly proportional to the power
supplied to the antenna with a dynamic range of over 50 dB.
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-60 40 -20 0 20
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Fig.3-4. Relationship between input power into the CPW and the EO signal intensity at frequencies
of 2,4, and 8 GHz.

3.3.2 Stability

I placed the sensor tip over the gap of the CPW, to which we supplied a sine-wave signal at 2
GHz. | then measured the output signal. The output signal dependence on PMF bending is shown
in Fig. 3-5. The filled and open circles and the line represent the output signal of our previous
fiber-mounted sensor without the FR, that with the new sensor with the FR, and that without the
FR calculated with Equations (3.1), (3.2) and (3.3). The PMF was wound once around a cylinder
with various radii. The output signal of our previous sensor without the FR decreases abruptly with
a radius of less than 10 mm, which is different from the calculated result. This is because
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bending-induced stress is applied to the slow and fast axes in the PMF. In contrast, the signal with
the FR is flat and the fluctuation is less than 0.5 dB with radii larger than 4 mm. The temperature
dependence of the output signals is shown in Fig. 3-6, where the filled and open circles and the line
represent the output signal of our previous sensor without the FR, that of the developed sensor with
the FR, and that without an FR calculated with Equations (3.1), (3.2) and (3.4). A 10-cm section of
the 5-m-long PMF was heated from 50 to 100 degrees Celsius. The output signal of our previous
sensor without the FR follows the temperature change and fluctuates with an amplitude greater
than 10 dB. In contrast, the signal with the FR is stable, with a fluctuation of less than 1 dB. Time
domain fluctuation at room temperature is shown in Fig. 3-7. Since the PMF is static, the output
signal is stable with a fluctuation of less than 0.3 dB. Moreover, in another experiment, the phase
of the output signal is stable with a fluctuation of less than 5 degrees for 10 hours.
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Fig.3-5. Dependence of EO signal on PMF bending with various radii.
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3.3.3 Directivity

In this measurement, the probe tip was positioned 5 mm from the feeding point of a
2-GHz-band dipole antenna driven by a sinusoidal signal. The dipole antenna was rotated on
planes parallel and vertical to the light propagation axis in the PMF. The directivity of the
developed sensor is shown in Fig. 3-8, where the filled and open circles represent the directivity on
the planes parallel and vertical to the light axis, and the line represents the projection of the electric
field at each rotation angle &, which corresponds to the directivity of a small dipole antenna. All
values are normalized by their maximum values. The measured and calculated intensities agree
well and the cross-axis isolation ratio is over 30 dB, which is large enough to isolate the sensitivity
from the null direction. These results indicate that the directivity is not affected by mounting the FR
in the PRR method.

o parallel o vertical — co0sé

Relative EO signal intensity (dB)

Fig. 3-8. Detectable directivity of developed fiber-mounted sensor with FR.
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34 Conclusion

An electric-field vector measurement system employs scanning with a sensitivity-stabilized
fiber-mounted sensor. In this system, a polarization-rotated reflection method is used to suppress
the sensitivity fluctuation caused by fiber bending during scanning, thus enabling large-area
measurements. Since the properties (e.g. sensitivity and directivity) of a longitudinal and
transverse-detection probe are the same, a combination of the electric fields measured with each
probe provides the electric-field vector. The intensity and phase distribution of the electric fields
measured on each orthogonal axis represent an asymmetric shape of a planer circuit with a Vivaldi
antenna, which cannot be calculated by the simulation with an ideal model. The vector spatial field
calculated from the measured electric field shows the electric-field dynamics above and around the
planar circuit. Consequently, the visualization of the vector spatial field based on measurements
obtained with the fiber-mounted sensor provides intuitive analyses and diagnoses of circuit and
antenna performance.
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Chapter 4

Sensitivity enhancements

41 Introduction

The potential of the optical sensor was demonstrated in the SAR measurements using a tissue
equivalent phantom in the chapter 2 [4.1]. In the demonstration, | used CdTe, which has the highest
sensitivity coefficient among inorganic EO crystals. However, it takes several hours to map the
electric-field distribution in a human head and a full-body phantom for the SAR measurement.
Since the measurement time is reduced in inverse proportion to the detection sensitivity, a highly
sensitive sensor is required in order to improve the throughput of the SAR measurement. Moreover,
the power density radiated from 3G mobile phone is lower than that from 2G phone which was
used in the above demonstrations. Therefore, higher sensitivity enhancement has to be satisfy the
requirements in the regulation for SAR measurement of 3G or more next generation mobile
telecommunication techniques.

A promising  material  for  improving the  detection  sensitivity is
4-dimethylamino-N-methylstilbazolium tosylate (DAST) because of its large -electrical
contribution to the EO effects and low dielectric constant [4.2], [4.3]. Recently, Adachi et al. have
achieved the growth of large-aperture DAST crystal with high quality and reproducibility [4.4].
DAST has been proposed for fast EO applications, such as picosecond pulse and terahertz
detections [4.5]. Moreover, DAST is a good insulator, so that it is promising for electric-field
detection at an extremely low frequency (ELF) band. However, the birefringence induced by the
optical biaxiality of DAST may affect the directivity and stability of the sensor.

This chapter theoretically explains the principle of the electric-field detection with DAST and
the fiber-mounted optical sensor with the DAST crystal [4.6], [4.7] and describes the configuration
of the fiber-mounted sensor with the DAST crystal fabricated with specified techniques, and
presents the sensitivity enhancement in free-space electric-field detection.
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42 DAST sensor

DAST is an extremely promising material with excellent characteristics summarized in Table
1 [4.2], [4.3]. DAST is an optical biaxial crystal that belongs to the space group of Cc. Its EO
coefficient is 10 times larger than that of CdTe, which has the largest coefficient among inorganic
crystals [4.8]. DAST is not only less invasiveness than CdTe but also highly efficient to apply the
electric field to its inside because of the small reflection and diffraction due to its small permittivity.
This means that DAST is good for detecting the electric field in free space. Its sensitivity factor is 3
times higher than that of CdTe. Moreover, DAST is a good insulator. And it should be possible to
improve the low-frequency response by preventing screen-out due to the contribution from
electrical carriers.

Table. 4-1. Characteristics of DAST at the wavelength of 1535 nm and CdTe at the wavelength of
1000 nm.

Material DAST CdTe
Optical feature Biaxial Isotropic
EO coefficient (pm/ V) =47, rn=21ry<<1 rn=45
Refractive index n =213, n,=160,n3~1.00 n=284
Relative Permittivity £=52 =94
Sensitivity factor | ruMms—roangg|/ =71 2ryng/ £=22
Resistivity ((/m) 10%-10" ~10°

A side view of the fiber-mounted sensor with the DAST crystal is shown in Fig. 4-1. The
sensor tip contains the DAST crystal, a reflector, a collimating lens, a ferrule, and an optical fiber.
The cross-sectional dimension of the crystal is 1 x 1 mm, which is as small as that of the CdTe
crystal integrated in the previous sensor [4.1]. The sensor tip is covered with a thin resin with
alkaline and acid durability to be degraded with the TEP during SAR measurements.

X(a-axis)

Iﬁz(c-axis)

y(b-axis)

Fig. 4-1. Tip of fiber-mounted sensor with the DAST crystal.
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To provide the maximum sensitivity, linearly polarized light is injected at an angle of 45
degrees with respect to the a- and b-axes, which are shown as the x- and y-axes in Fig. 4-1. As
electric field E;, E; and E; are applied to the a-, b- and c-axes respectively, the retardation 7~
induced by the EO effect is expressed as

F=r+I,+1 (51)
(5.2)

I :27721_(”1 -n, _n12 +n22)
A (5.3)

I, = 7('11”13 - rzznzg)El

5.4
I =% nlznzz(nlz _n22>r622E2 ( )

) 1-n,’n,’r,,’E,
n oc AT (E12) (5.5)

where L is the crystal length, A is the wavelength, n; and n, are the refractive indexes along
the a- and b-axes, r11, I, I are the EO tensor elements at position 11, 21, and 62, and AT is the
temperature change, respectively. The 77 is the static retardation of the crystal, and 73 and /3 are
the EO contributions induced with electric field E; and E,. Since re,? << 1, I3 is negligible, which
means that the optical electric-field sensor detects only the electric field along the a-axes. Since the
refractive index is proportion to the temperature, the retardation changes due to the temperature
change, which can degrade the stability of the sensitivity.

43 Basic properties

431 Invasiveness

The electric field was calculated around the fiber-mounted sensor with DAST and a typical
small dipole antenna for the SAR measurement in the TEP using the finite integration method. The
calculated region was a rectangular parallelepiped 50-mm high and 200-mm long. The
electromagnetic wave was a plane wave oscillated at 1.95 GHz and propagated in the +z direction.
Periodic boundary conditions were assigned on planes orthogonal to the propagation direction and
a perfectly matched layer was assigned on the output plane. The E-planes of the electric field (each
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10 mm x 10 mm) around the optical sensor and the dipole antenna are shown in Figs. 4-2(a) and
(b). The degree of intensity is displayed as a grayscale image. The disturbance around the sensor is
much smaller than that around the dipole antenna. The electric-field distribution on the line A-A’ in
Fig. 4-2(a) is shown in Fig. 4-3. There is little disturbance in the region more than 1-mm away
from the optical sensor. This shows that the optical sensor can precisely measure the electric field
adjacent to the antenna of the device under test for the SAR measurement, which is difficult with
the small dipole antenna.

Relative electric field intensity (arb.)

(b)
Fig. 4-2. Calculated electric-field distribution around the optical electric-field sensor with DAST
(@) and small dipole antenna (b) in tissue-equivalent phantom.
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Fig. 4-3. Electric-field distribution along the propagating direction (A-A’ in Fig. 4-2(a)).

432 Sensitivity

The detection sensitivity of the DAST-based sensor and compared the results was evaluated
comparing with the previous CdTe-based one. The sensitivity of the sensors was measured using
an electric field radiated in free space from a half-wavelength dipole antenna (Anritsu MA5612B4).
The center of DAST was kept at a distance of 5 mm from the feeding point of the dipole antenna,
while the signal generator input a sinusoidal signal with a frequency of 2.45 GHz to the dipole
antenna. The relationship between the antenna input power and the EO signal intensities is shown
in Fig. 4-4, where the circles and squares respectively represent the EO signal intensity measured
with the DAST- and CdTe-based sensors. The noise floor was the same in the measurement system
with both sensors. The sensitivity of the DAST-based sensor is 6-dB higher than that of the
CdTe-based one. The difference of the sensitivities is smaller than that calculated from the
theoretical comparison of the sensitivity factors, because the sensitivity of the CdTe-based sensor is
much higher than that calculated theoretically, as we experimentally know. Moreover, the
sensitivities are linearly proportional to the antenna input power with the dynamic range of over 35
dB.

The sensitivity of the DAST-based sensor in the ELF band is shown in Fig. 4-5. The
uniformity of the sensitivity is better than 3 dB at frequency ranging from 40 Hz to 10 kHz, where
the CdTe-based sensor cannot detect the electric field. The response of electric devices, such as
photodiodes and amplifiers, with cut-off frequency of 40 Hz affects the sensitivity of the sensor at a
few ten hertz.
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Fig. 4-4. Relationship between antenna input power and EO signal intensity in DAST- and
CdTe-based sensors.
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Fig. 4-5. Sensitivity of the DAST-based sensor in the ELF band.
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433  Stability

The stability of the sensitivity at 2.45 GHz is shown in Fig. 4-6. The stability of the sensitivity
at 245 GHz is shown in Fig. 4-6. In the graph, the sensitivity of the DAST-based sensor
monotonically keeps decreasing with the fluctuation of less than 0.5 dB for one hour. This is due to
the change of the birefringence of the DAST crystal, which is induced by the surrounding
temperature change of about 2 °C. Since the surrounding temperature is controlled within the
fluctuation smaller than +£2 °C in the standardized SAR measurement, the sensitivity fluctuation is
calculated to be less than £0.5 dB which is as small as the conventional electrical sensor.

0.5dB
S 5 . T 1 | i
>
g 4r 14
c
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£
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Fig. 4-6. Sensitivity stability for one hour at room temperature.

434 Directivity

In this measurement, the sensor tip was positioned 5 mm from the feeding point of a
2.45-GHz-band dipole antenna driven by a sinusoidal signal. The dipole antenna was rotated on
planes perpendicular to the ¢ and b-axes of the DAST crystal. The directivity of the DAST-based
sensor is shown in Fig. 4-7, where the circles and squares represent the directivities on the plane
perpendicular to the ¢ and b-axes, respectively. The solid line represents the calculated a-axial
direction component of the applied electric field at each rotation angle 6. All data are normalized
by their maximum values. On both planes, the measured intensities agree with the calculated ones
and the cross-polarization discrimination ratio is over 30 dB, which is high enough to isolate
sensitivity from the null direction.
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Fig. 4-7. Directivity of the DAST-based sensor.

44 Conclusion

A fiber-mounted sensor containing a 1-cubic-millimeter DAST crystal was developed for
improving the sensitivity and a detectable bandwidth in ELF band. The sensitivity is much higher
than that of our previous CdTe-based probe, even though CdTe provides the highest sensitivity
among inorganic crystals. This means that the measurement time can be greatly decreased. The
stability and directivity are good enough for practical SAR measurements. Moreover, the
sensitivity is very high in the ELF band, which the CdTe-based sensor does not cover. Those
results demonstrate that the DAST-based probe is a promising tool for SAR measure-ments and
electromagnetic compatibility tests in the ELF band.
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Chapter 5

Antenna measurements

51 Introduction

Chapters 3 and 4 describe the configurations and the basic properties of the flexible
fiber-mounted sensor based on PRR method and the highly sensitive fiber-mounted sensor with
the DAST crystal. The flexible fiber-mounted sensor can precisely measure electric field without
invasiveness and stably remote-access measuring points with the optical fiber with a length over 1
km. Therefore, the flexible fiber-mounted sensor is promising for the ideal antenna measurement
as shown in chapter 1. The sensitivity of the DAST-based sensor is 6-dB higher than that of the
CdTe-based sensor at a microwave band. The DAST-based sensor has the potential to decrease the
measuring time considered in chapter 1. This chapter describes an application of the flexible and
highly sensitive fiber-mounted sensor described in chapters 3 and 4 to electric-field measurements.
The flexible sensor is applied to near-field measurements which most highly require less
invasiveness into electric field and the sensitivity stability of the sensor, and accomplishes the
2-dimentional measurement with 3-axis electric-field components which is agree well with
simulations. Moreover, this chapter presents higher performances of the highly sensitive sensor in
an SAR measurement for a mobile phone than those of the CdTe-based sensor. The highly
sensitive sensor also represents the potential of practical use in EMC measurements at ELF band
where the CdTe-based sensor cannot detect any electric field.

52 Near-field measurement with flexible fiber-mounted sensor

5.2.1 Measurement system

The flexible fiber-mounted sensor tip and the setup of an antenna measurement system are
shown in Fig. 5-1 (a) and (b). The sensor tip is connected to the polarization controller with
5-m-long PMF. A linearly polarized light is input from the DFB-LD with PMF and the
intensity-modulated lights are output into the differential amplifier with SMFs. Fig. 5-2(a) and (b)
show the whole setup and 2-dimentinal (2D) stage of the antenna measurement system. The
antenna measurement system comprises the 2D stage mounted on an optical instrument rack and
stage controller. The optical instrument stores the polarization controller, the DFB-LD, the PDs,
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and the differential amplifier. The sensor tip is attached to the arm mounted on 2D stage. The
scanning area of the sensor is 20 x 20 cm with 200 pm-spatial resolution. The inside wall of the
system is covered with electromagnetic absorbers to reduce the reflection from the wall. The
manual manipulator vertically positions the sensor tip with a 10 um-spatial resolution.

Optical fiber
@ (b)

Fig. 5-1. Flexible fiber-mounted sensor tip (a) and setup of electric-field measurement system.

e controller

= Synthesizer

2 s B for DUT

Electric
instrument

@) (b)
Fig. 5-2. Whole setup (a) and 2-dimentional stage of antenna measurement system (b).
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5.2.2 2D mapping of electric field

The sensor was scanned in the area of 150 mm x 50 mm at a distance of 1 mm above a planar
circuit with a CPW, a radial balun and a Vivaldi antenna as shown in Fig. 5-3(a) [5.1]. The CPW
and the radial balun were fabricated with a 20-um-thick Cu film on a 0.8-mm-thick glass-epoxy
wafer. The planar circuit was attached to the adapter transiting the CPW from a coaxial cable to
which the sine-wave signal was supplied at 8 GHz. For comparison, a commercially available
electromagnetic simulator (MW-Studio/ CST GmbH) calculated the electric field with the model
shown in Fig. 5-3(b). The measured and calculated near-field intensity and phase distributions are
shown in Figs. 5-4 and 5-5, respectively. The electric-field components parallel to the X, y and
z-axes are shown in (a), (b) and (c) of both figures, respectively. The intensity and phase
distributions measured with the EO probe agreed with the calculated distributions very well, except
for the intensity distribution of the electric field parallel to the z-axis and the phase distribution of
the electric field parallel to the y-axis. In the intensity of the electric field parallel to the z-axis,
asymmetric distributions were measured over the Vivaldi antenna and the radial balun, which was
not observed in the simulation. The phase parallel to the y-axis could not be measured out of the
circuit because the intensity of the electric-field radiating for the -x direction is too small to be
detected with the EO probe.

Antenna aperture
Input port
75 mm 8 GHz
Balun
z
X %L
(a) y (b)

Fig. 5-3. Measured planar antenna circuit (a) and model for simulation.
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Fig. 5-4. Near-field intensity distributions above and around the planar antenna circuit (a) with Ex
(b) with Ey, and (c) E; components.
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Fig. 5-5. Near-field phase distributions above the planar antenna circuit (a) with E,, (b) with Ey,
and (c) E; components.
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5.2.3 Electric-field vector calculation

The vector spatial field calculated with the electric-field components parallel to the X, y and
z-axes is visualized. The vector spatial fields at a certain phase in measured area and in the area
outlined by the red line are shown in Fig. 5-6. In the figure, the direction and the size of arrows
show the direction and amplitude of the electric-field vector. The electric field curves around a
wafer edge into the side of the wafer, which degrades the directivity in the E-plane. The vector
spatial field in the yz-plane on the A-A’ line is shown in the right side of the figure. The electric
field radiates in a direction vertical to the wafer, which degrades the directivity in the H-plane.
These results indicate that electric-field vector measurement using the fiber-mounted sensor is
useful for intuitively diagnosing the radiation performance when designing antenna circuits.
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Fig. 5-6. Electric-field vector distribution in xz-plane and cross section on A-A'’ line in yz-plane.

-74 -



53 Electric-field measurement with DAST-based sensor

5.3.1 SAR measurement system

A block diagram of an electric-field measurement system using the DAST-based sensor is
shown in Fig. 5-7. The system consists of a laser source, a polarization control module, the optical
electric-field sensor, a receiver (Rx), a 2D scanning stage, and a signal generator (SG). The optical
fiber that connects the DAST crystal is inside the glass tube. The diameter and length of the glass
tube are 5 and 350 mm. The glass tube is directly attached to a polarization control module with a
fiber connector. The laser source emits a linearly polarized light. This is delivered to the sensor
through the polarization control module by using a polarization-maintaining fiber (PMF). The
delivered light is reflected by the reflector and returned to the receiver with multi-mode fibers
(MMF) after it is spilt into two lights, whose polarizations are orthogonal to each other. The
received lights are then converted to an electrical signal by balanced photodetectors and a
differential amplifier. The signal intensity is proportional to the change in polarization. A measuring
instrument such as a lock-in-amplifier, measures the intensity of the obtained electrical signal,
which is proportional to that of the applied electric field. For the SAR measurement, the optical
sensor is scanned in the tissue-equivalent phantom potted in the acrylic con-tainer whose size is
200 mm x 200 mm x 200 mm regulated in standardized drafts [5.2]-[5.6]. Electric field is radiated
from a standardized dipole antenna positioned 5 mm below the container base.

EO signal
output SG
Rx Laser souce
I MMF PMF
-
Polarization
0 control module
Glass tube
Optical sensor
2-D scanning —— 1> Phantom
stage N
J === Antenna

RF anechoic chamber

SG

Fig. 5-8. SAR measurement system with DAST-based sensor.
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5.3.2 Electric-field mapping in phantom

The DAST-based sensor was scanned in the TEP that was applied to demonstrate the
potential of the SAR measurement using our previous CdTe-based sensor [5.7]. The 2D
distribution of the electric field parallel to the container base above a dipole antenna and the
distribution on the axis parallel to the longitudinal direction of the dipole antenna are respectively
shown in Figs. 5-9(a) and (b). The electric field is normalized using the maximum value. In panel
(b), the open, closed circles, and solid line represent the electric field measured with the DAST-
and CdTe-based sensor, and calculated. The electric field measured with the DAST-based sensor
shows good agreement with the calculated one. This demonstrates that the DAST-based sensor can
precisely measure the electric field in the phantom with stable sensitivity. The sensitivity of the
DAST-based sensor is 2-dB higher than that of the CdTe-based sensor. The difference of the
sensitivities in the tissue-equivalent phantom is smaller than that in free space due to the large
difference between the permittivity of DAST and the phantom.

ODAST eCdTe — Calculated

1.2

1

0.8

0.6

0.4

0.2

Relative EO Signal Intensity (arb.)

Relative EO Signal Intensity (arb.)

(a) (b)
Fig. 59. 2D electric-field distribution in the TEP using the DAST-based sensor (a) and
electric-field distribution on y-axis along dot line in 2D distribution (b).

5.3.3 ELF-band measurement

We measured the electric field at some points around a commercially available microwave
oven that was manufactured in 1995. The electric-field intensities measured at the frequency of 50
Hz are shown in Fig. 5-10(a), where the circles represent the measured points positioned 20 cm
from the oven and the electric field calculated from the EO signal intensity is shown be-low each
point. The minimum detectable electric field is less than 1 VV/m. The electric-field intensity near the
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door is larger than that near the power source, and that near the gap of the door is largest. The
frequency spectrum of the detectable electric field is less than 1 \V/m. The frequency spectrum of
the electric field at the position near the gap is shown in Fig. 5-10(b). The frequency spectrum
shows that the harmonic compo-nents are from the oven’s power source. This result indicates that
the DAST-based sensor can specify the precise position of the emitting source and leaks for
electromagnetic environment tests in the ELF band.
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(b)
Fig. 5-10. Measured electric-field distribution around the electric oven at 50 Hz (a) and frequency
spectrum near the gap of the door.
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54 Conclusion

An electric-field vector measurement system employs scanning with a sensitivity-stabilized
fiber-mounted sensor based on the PRR method. A combination of the electric fields measured
with a longitudinal and transverse-detection probe provides the electric-field vector. The intensity
and phase distribution of the electric fields measured on each orthogonal axis represent an
asymmetric shape of a planer circuit with a Vivaldi antenna, which cannot be calculated by the
simulation with an ideal model. The vector spatial field calculated from the measured electric field
shows the electric-field dynamics above and around the planar circuit. Consequently, the
visualization of the vector spatial field based on measurements obtained with the fiber-mounted
sensor provides intuitive analyses and diagnoses of circuit and antenna performance.

A fiber-mounted sensor containing a 1-cubic-millimeter DAST crystal was applied to SAR
measurement for demonstrating its feasibility. Measured electric field agrees very well with
calculated one and the sensitivity of the DAST-based sensor is 3-dB higher than that of the
previous CdTe-based probe in the TEP, which is different from in a free space. This is because the
reflection on the crystal in the TEP is different from that in the free space. This result demonstrates
the potential of the DAST-based sensor for reducing the measuring time. Moreover, the
DAST-base sensor can precisely measure the electric field at the ELF band, which the CdTe-based
sensor does not cover. This result demonstrates that the DAST-based probe is a promising tool for
electromagnetic compatibility tests in the ELF band.
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Chapter 6

Conclusions and Future Vision

6.1 Conclusions

A series of studies on flexibility and sensitivity enhancements of a fiber-mounted sensor were
undertaken with respect to ideal electric-field measurements. Key accomplishments were
theoretically design techniques based on the optics of crystal and micro-fabrication specified for
mounting the crystal on the fiber tip. This dissertation focused on the passive sensitivity
stabilization modified for the bulk-EO based sensor and the application of the organic crystal with
the highest sensitivity. The major results and findings of this study are as follows:

Chapter 2 described the fiber-mounted sensor that contains no metallic components and with
the EO crystal fixed on the tip of an optical fiber that connects the crystal to the optical components
to eliminate disturbances, such as those from optical and electrical components, in the near-field
range. As a result, electric-field measurements could be performed with little invasiveness.
Longitudinal- and transverse-field probes detected 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 VV/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. As a result, it is possible to conduct SAR
measurements with very little invasiveness. The developed SAR measurement system can detect a
SAR of less than 0.5 mW/kg, which satisfies the minimum detection limit stipulated in the
regulations. A comparison of the SAR measured with the EO probe and a conventional probe
demonstrated that our system is superior to the conventional one in determining the SAR near a
container’s base. This shows that our proposed system has the potential to be used for determining
SAR for the next generation of mobile phones.

Chapter 3 described an electric-field vector measurement system that involves scanning with
a sensitivity-stabilized fiber-mounted sensor. In this system, a polarization-rotated reflection
method was used to suppress the sensitivity fluctuation caused by fiber bending during scanning,
thus enabling large-area measurements. Since the properties (e.g. sensitivity and directivity) of a
longitudinal and transverse-detection probe were the same, a combination of the electric fields
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measured with each probe provided the electric-field vector. The intensity and phase distribution of
the electric fields measured on each orthogonal axis represent an asymmetric shape of a planer
circuit with a Vivaldi antenna, which could not be calculated by the simulation with an ideal model.
The vector spatial field calculated from the measured electric field showed the electric-field
dynamics above and around the planar circuit. Consequently, the visualization of the vector spatial
field based on measurements obtained with the fiber-mounted sensor provides intuitive analyses
and diagnoses of circuit and antenna performance.

Chapter 4 described a fiber-mounted sensor containing a one-cubic-millimeter DAST crystal
developed for improving the sensitivity and detectable bandwidth in the ELF band. The sensitivity
is much higher than that of our previous CdTe-based probe, even though CdTe offers the highest
sensitivity among inorganic crystals. This means that the measurement time can be greatly
decreased. The stability and directivity are good enough for practical SAR measurements.
Moreover, the sensitivity is very high in the ELF band, which the CdTe-based sensor does not
cover. The results demonstrated that the DAST-based probe is a promising tool for SAR
measurements and EMC tests in the ELF band.

Chapter 5 described an electric-field vector measurement system with a sensitivity-stabilized
fiber-mounted sensor based on the PRR method. A combination of the electric fields measured
with a longitudinal and transverse-detection probe provided the electric-field vector. The intensity
and phase distribution of the electric fields measured on each orthogonal axis represent an
asymmetric shape of a planer circuit with a Vivaldi antenna, which could not be calculated by
simulation with an ideal model. The vector spatial field calculated from the measured electric field
shows the electric-field dynamics above and around the planar circuit. Consequently, the
visualization of the vector spatial field based on measurements obtained with the fiber-mounted
sensor provides intuitive analyses and diagnoses of circuit and antenna performance. A
fiber-mounted sensor containing a one-cubic-millimeter DAST crystal was applied to SAR
measurement to demonstrate its feasibility. The measured electric field agrees very well with
calculated one and the sensitivity of the DAST-based sensor is 3 dB higher than that of the
previous CdTe-based probe in the TEP, which is different from the value in a free space. This is
because the reflection on the crystal in the TEP is different from that in the free space. This result
demonstrated the potential of the DAST-based sensor for reducing the measurement time.
Moreover, the DAST-base sensor can precisely measure the electric field in the ELF band, which
the CdTe-based sensor does not cover. This result demonstrated that the DAST-based probe is a
promising tool for EMC c tests in the ELF band.
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6.2 Future vision

This dissertation showed the flexible and highly sensitive fiber-mounted sensor satisfy the
requirements for practical electric-field measurements and demonstrated it effectiveness in intuitive
antenna characterization and its potential to reduce measuring time. However, some issues still
remain in the commercialization of the fiber-mounted sensor. Technical and strategical issues are
summarized as follows.

From the technical point of view, further enhancement of sensitivity is the most important
issue. In the next generation of mobile telecommunications, the occupied bandwidth and frequency
are predicted to broaden and increase for ultrahigh-speed communications. A 3G system will
occupy a bandwidth 50 dB broader than the previous 2G system. In this study, the application of
the DAST crystal improved the sensitivity 6 dB, but sensitivity enhancement of more than 40 dB is
required for full-bandwidth measurement. Since an optical differential detection with a MZI is
effective for reducing noise over an occupied frequency range, techniques for stably controlling the
MZI will be developed.

The 20-dB sensitivity enhancement with a Faby-Perot interferometer in an EO crystal has
been reported. In practical use in enclosed environments, the feedback control of the output power
and the wavelength of the input light are necessary to compensate for the sensitivity fluctuation due
to temperature changes. The total design for a whole system remains a future issue.

Moreover, for enhancing the sensitivity of the fiber-mounted sensor, a promising material
oxide KTay.xNbxO3 (KTN) crystal , whose EO coefficient is 3 dB higher than that of CdTe crystal.
However, the dielectric constant of KTN crystal is also larger than that of the CdTe crystal, which
means that KTN reflects radio waves as a metal does. To reduce the reflection and induce electric
field into the inside of the crystal, a new scheme based metamaterial techniques has to be
introduced.

A large-scale array system with at least 10 x 10 sensors is necessary for vastly reducing the
measuring cost with the algorithm for estimating two- to three-dimensional-distribution. The
whole system designing will be investigated to see whether the polarization controlling techniques
for the fiber-mounted sensor and the optical communication techniques can be combined without
affecting each other.

The cost reduction of the system is important for viability in the market, but was not
considered in this study. The manufacturing process for forming a miniature crystal and the
integration process for mounting the crystal and other optical components on a fiber tip should be
improved before product release.

From the strategic point of view, the developing schedule and product will be matched with
the standardized requirements. The collaboration and corporation with the committee members of
standardization groups will be enhanced with frequent communication.
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Moreover, the fiber-mounted electric-field sensor developed in this study can be applied to
high-power testing and terahertz-wave sensing. The handy sensor has already been investigated for
monitoring electric power lines and assessing electromagnetic immunity (EMI) of electric circuit
boards. As developments in those applications will be accelerated, the expansion of the market for
the optical sensor should yield the cost reduction.
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