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Antenna Measurement Using Photonics Applied to
Electromagnetic Measurement Technology 

Satoru KUROKAWA*, Masanobu HIROSE, Michitaka AMEYA, Yuanfeng SHE,
and Sayaka MATSUKAWA 

National Metrology Institute of Japan, National institute of advanced industrial science and technology (AIST), 
305-8563 Tsukuba, Japan 

*Corresponding author: satoru-kurokawa@aist.go.jp

Abstract – We are developing some antenna measurement systems using photonics applied to electromagnetic 
measurement (PEM) technologies. PEM system usually uses optical devices and optical fibers. PEM system can 
replace the metal coaxial cables and suppress the reflection waves from the coaxial cable. In this paper, we show 
some antenna measurement systems using PEM technology and antenna measurement results up to 40 GHz.   

Keywords – antenna measurement; optical device; photonics applied to electromagnetic measurement technology; 
antenna calibration; electromagnetic interference measurement 

1. Introduction

The conventional antenna measurement 
system and electromagnetic interference 
(EMI) measurement system usually use 
metal coaxial cables. CISPR (Comité 
International Spécial des Perturbations 
Radioélectriques) 16-1 specifies the 
measurement method, characteristics and 
performance of equipment for the 
measurement of radio disturbance in the 
frequency range from 9 kHz to 18 GHz [1]. 
Further, 5th generation mobile network will 
use high frequency band including from 27.5 
GHz to 71 GHz [2]. Coaxial cable system has 
some problems, such as the attenuation of 
signals in the cables, reflection waves on the 
outside surface and the difficulty of its 
handling. For this reason, we have already 
proposed some optical fiber link antenna 
measurement systems. 

In this paper, we explain recent research 
topics for antenna measurement systems 
using the PEM technology. At first, we 
explain an antenna measurement system 
using a photo biased photo diode (PD) and 
electro absorption optical intensity 
modulator (EAM) up to 40 GHz. Then, we 
explain an optical fiber link port extender for 
vector network analyzer (VNA) up to 4 GHz. 

2. Antenna Measurement Using a Photo
Diode and a Electro Absorption Optic
Intensity Modulator up to 40 GHz
[3][4]
Our proposed optical fiber link antenna

measurement system consists of PD, EAM 
and an optical fiber. Our using EAM and PD 
can use for antenna measurement without 
thermo-electric cooler (TEC) and DC bias. 
Figure 1 shows outline of our proposed 
antenna measurement system. Figure 2 
shows frequency characteristics of our 
system with E8363C vector network 
analyzer of Keysight technologies Inc. 

We demonstrate antenna measurement 
using two same type of antennas. Two 
antennas set face to face with the variable 
distance from 1.5 m to 4 m. Figure 3 shows 
the measured S21()s of model 3115 double 
ridged guide horn antennas (DRGH) using 
EAM – PD with microwave amplifier as a 
receiving system. Figure 4 shows the 
measured S21()s of WR-28 standard gain 
horn antennas using EAM with microwave 
amplifier - PD with microwave amplifier as 
a receiving system. S21()s are measured by 
the VNA after response calibration. The 
frequency range, the frequency interval, and 
the IF frequency of the VNA are from 100 
MHz to 40 GHz, 100 MHz, and 5 Hz, 
respectively. These results show the fact that 
our proposed antenna measurement system 
can measure the antenna response in the 
frequency range from 1 GHz to 40 GHz. 
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(a) Outline of the antenna measurement setup 

(b) Photo of the setup for DRGH 

Figure 1. Antenna measurement setup using our system

Figure 2. Frequency response of our system with VNA

Figure 3. S21 (dB) measurement results of Model
3115 double ridged guide horn antenna 

Figure 4. S21 (dB) measurement results of WR-28
standard gain horn antennas 

3. Antenna Measurement Using Bi-
Directional Optical Fiber Link port 
extender of VNA [5][6]

We have proposed a port extender of VNA 
using bi-directional type optical fiber link 
transceivers [5][6]. Figure 5 shows the 
outline of our system with VNA. Our 
proposed port extender connects to the direct 
access port of VNA. Then, our proposed 
transceivers connect to the transceivers for 
device under measurement by optical fibers. 
Figure 6 shows the measurement results of 
S21()s using our proposed system with two 
30 m optical fibers and step attenuator. 
[ATT= x dB] indicates the measurement 
frequency response for the case of ATT= x 
dB attenuation. These results show that the 
dynamic range of our system is more than 
100 dB in the frequency range from 100 
MHz to 3 GHz.  

To demonstrate the validity of the 
proposed optical fiber link port extender, we 
carry out the single antenna gain 
measurement method [7] for model 3115 
DRGH of ETS-Lindgren Inc. in one-port 
calibration of VNA. DRGH set 
perpendicularly to the ground plane with the 
variable position from 1.5 m to 5 m high 
above it. The reflection coefficient S11(ω) is 
measured by our proposed system with VNA 
in frequency-domain. Then, we apply the 
single antenna method for estimating the 
antenna gain of DRGH. Finally, we estimate 
the antenna gain using the phase center 
modified Friis transmission formula[8]-[10]. 
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Figure 7 shows the outline of measurement 
setup. Figure 8 shows the estimated antenna 
gain of single antenna method using the 
proposed system and the estimated antenna 
gain of 3-antenna extrapolation method 
using coaxial cable system. Figure 9 shows 
the difference of antenna factors between 
them. Difference of antenna factors is less 
than 0.8 dB in the frequency range from 1 
GHz to 4 GHz. These results show the fact 
that our proposed system can measure the 
antenna gain up to 4 GHz. 

4. Conclusion

In this paper, we have shown some 
antenna measurement system and antenna 
measurement results using photonic applied 
to electromagnetic measurement technology. 
Our proposed system can measure antenna 
characteristics up to 40 GHz without coaxial 
cables.  

Figure 5. Measurement setup for the dynamic
range of our proposed system 

Figure 6. Dynamic range of our proposed system
with VNA using two 30 m optical fiber cables 

Figure 7. Setup for the measurement of antenna
gain using our single antenna method. 

Figure 8. Estimated antenna factors compare with
single antenna method using the proposed system 
and 3-antenna extrapolation method using coaxial 
cable system 

Figure 9. Difference of antenna factors between them
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Controlling Light-Matter Interactions on the Nanometer Scale 

Lukas NOVOTNY 1* 
1Photonics Laboratory, ETH Zurich, 8093 Zurich, Switzerland 

*Corresponding author: lnovtony@ethz.ch

Abstract – The past 20 years have brought exceptional control over light-matter interactions on the 
nanoscale. Today, localized optical fields are being probed with nanoscale materials, and, vice versa, nanoscale 
materials are being controlled and manipulated with localized fields. In this talk I will review both early and 
recent developments in near-field optical imaging and optical nanomanipulation. 
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Optical Sampling with a Picosecond Pulsed Laser and Its
Application to High-Speed Time-Domain Electric-Field Sensing

Sze Y. SET1*

1Reseach Center for Advanced Science and Technology 
The University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-0053, Japan 

*Corresponding author: set@cntp.t.u-tokyo.ac.jp

Abstract –We introduce an all-optical electro-optic (EO) probe with a broad frequency response. The 3-axis 
EO-probe contains no metallic elements at all, allowing a completely non-invasive measurement of electric field 
well beyond 18GHz, limited by the photodetector.  We propose to use a non-synchronous all-optical sampling 
system using a picosecond pulsed laser, capable of measurement high-speed optical waveform to extend the 
bandwidth of the EO probe beyond the current limit to beyond 160GHz. This system allows a stable and 
unambiguous real-time waveform reconstruction for time-domain electric-field measurement. 

Keywords – Electro-optic probe; electric field measurement; non-invasive sensor; picosecond optical sampling; 

1. Introduction

Optical electric-field sensor [1-5] has 
been of much interest in applications where 
conventional metallic antenna-type probe 
fails to perform due to their invasiveness. 
Applications such antenna characterization, 
specific absorption ratio (SAR) 
measurement [2][3] for cellular mobile 
phone safety standard, electromagnetic 
compatibility (EMC) and so on, calls for 
high precision measurement of the 3-
dimensional vectorial field distribution 
around the object under test. Optical 
electric-field sensors in the market are 
mostly based on Lithium-niobate 
waveguide Mach-Zehnder interferometer 
type configuration [1][4] with frequency 
response up to 10GHz, where sensor 
element such as dipole antennas are 
attached on the waveguide to enhance probe 
sensitivity and directivity. The presence of 
the metallic sensor element will disturb the 
surrounding electric-field and hence 
distorting measurement results.  

A completely non-invasive, non-metallic 
EO probe has been demonstrated [3]. 
Miniaturized tip-on-fiber EO probe has also 
been realised [5]. In this talk, we introduce 
a 3-axis non-invasive EO probe based on 
the tip-on-fiber configuration with 
broadband frequency response over 18GHz, 
limited only by the bandwidth of the photo-
detector. Here, we propose to use an all-

optical sampling oscilloscope to drastically 
extend the operating bandwidth. 

2. Configuration of the EO-Probe

The probe construction is depicted in 
Figure 1. The probe is based on a glass 
substrate with a plastic housing. 3 pieces of 
1x1x1mm ZnTe crystals are used as the 
electro-optic sensors. The principle of the 
electric-field sensor is well described in [5].  

An input laser light at ~1550nm is 
launched with a circular polarization, via a 
graded index collimating lens, incident to 
the corresponding crystal that has a HR 
dielectric coating at the end-facet to reflect 
the light back to the fiber. Each of the 3 
crystals has its sensing axis aligned to one 
of the predetermined direction (X, Y, or Z). 
Incident electric-field will cause changes to 

Figure 1. Construction of the EO-Probe tip. 
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the state of polarization of the reflected light. 
An all-optical polarization analyzer is 
constructed with miniaturized optics inside 
the probe main-body housing. The returning 
light from each of the 3 crystals are coupled 
back to 3 high-speed photo-detectors, 
respectively for the measurement of the 
vectorial electric field strength. 

3. Experimental Setup

The performance of the probe is 
measurement using the experimental setup 
as shown in Figure 2. 1550nm CW laser 
with 80mW output power is launched into 
the EO probe, and the returning signal from 
the EO probe is detected using a high-speed 
photo-detector with frequency response of 
1MHz – 18GHz. An optical low-noise 
optical amplifier is inserted together with a 
narrow band optical filter for the 
suppression of the amplified spontaneous 
emission (ASE) from the optical amplifier.   

An RF signal generator with 16dBm 
output power is used to drive an antenna 
placed close to the tip of the probe with 
different orientation to suit the axis of 
measurement. The signal from the photo-
detector is measured using an RF spectrum 
analyzer. It is evident that the signal-to-
noise ratio and hence the sensitivity of the 
measured signal can be greatly enhanced 
with the low-noise optical amplifier and 
optical filter (Figure 3). 

The frequency response of the EO probe 
is measured and the results are shown in 
Figure 4, exhibiting a broadband response 
from 1MHz to 18GHz, limited only be the 
photo-detector response. Z-axis has higher 

sensitivity due to its orientation favoring a 
closer placement of the test signal antenna.  

The results also suggested that the EO 
probe has a trend to have less sensitivity at 
lower frequency <1MHz. Indeed the EO 
probe has poor response for DC field. This 
can be explained by the fact that the crystal 
has no metallic contact and therefore a 
continuous DC electric-field would create a 
static charging effect, reversing the internal 
field in the crystal and results in reduction 
of the Pockel’s effects. 

4. High-Speed Optical Sampling System

The sampling configuration is shown in 
Fig. 5. A polarization diversified fiber four-
wave mixing gate is used as the ultra-fast 
sampling gate. The input signal is sampled 
by the free-running CNT mode-locked laser 
pulses via four-wave mixing, and the 
converted signal is filtered and detected 
using a photo-detector with 125MHz 
bandwidth and analog-to-digital (A/D) 
converted at 14bit into a long memory 
buffer. A fast algorithm similar to the one 

Figure 2. Experimental setup. 

Figure 3. Sensitivity enhancement with optical amplifier. 

Figure 4. Frequency response of the 3-axis EO-
Probe.
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reported in [6] is used to recover the 
sampling internal for eye-diagram 
reconstruction. 

The optical sampling system is used to 
measure (a) 40Gb/s RZ, and (b) 160Gb/s RZ 
signals. Both signals are optical time-
domain multiplexed signals of 10Gb/s 
PRBS data streams. The real-time 
reconstructed eye-diagrams are shown in 
Fig. 6.  

 

5. Summary

We have introduced a 3-axis EO probe 
which is completely non-metallic and 
therefore non-invasive. The EO probe has a 
broadband frequency response >18GHz, 
limited by the photo-detector used in the 
receiver. We proposed a technique to extend 
the frequency response using an all-optical 
sampling system and we expect the system 
to measure beyond 160GHz signals. 
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Figure 5. All-optical sampling system configuration. 

Figure 6. Waveforms of (a) 40Gb/s, and (b) 160Gb/s signals. 
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Coherent Detection of Terahertz-Wave

by Parametric Up-Conversion at Room Temperature
Shin’ichiro HAYASHI* and Yoshinori UZAWA

National Institute of Information and Communications Technology, 184-8795, Koganei, Japan 
*hayashi@nict.go.jp

Abstract – We demonstrate the coherent detection of terahertz-wave using parametric up-conversion in a 
nonlinear LiNbO3 crystal. Nonlinear wavelength up-conversion techniques allow the terahertz waves to be 
visualized and their frequency and intensity determined directly. These results are very promising for extending 
applied research into the terahertz region, and we expect that these will open up new research fields such as 
information communications or nonlinear optics in the terahertz region. 

Keywords – terahertz wave, nonlinear optics, wavelength up-conversion 

1. Introduction

Over the past decade, there has been
remarkable growth in the field of terahertz 
frequency science and engineering, which 
has become a vibrant, international, cross-
disciplinary research activity [1]. 
Wavelength conversion in nonlinear optical 
materials is an effective method for 
generating and detecting terahertz waves 
owing to the high conversion efficiency, 
wide tunability, bandwidth, and room 
temperature operation. The large figure of 
merit of lithium niobate (LiNbO3) makes this 
well-known nonlinear crystal ideal for such 
an application; terahertz wave parametric 
generation and detection are realized by 
stimulated polariton scattering via transverse 
optical phonons [2]. 

In this study, we propose up-conversion 
detection of terahertz waves in a LiNbO3 
crystal. The energy of one pumping photon 
split into two photons, a terahertz-wave and 
an idler wave. Mixing the terahertz-wave 
with the intense pumping beam at the input 
of the crystal, up-converted signal photons 
are created in difference-frequency mixing. 
Then, by injecting the terahertz-wave 
satisfying phase matching condition, the up-
converted signal was seeded and 
parametrically amplified by the LiNbO3 
optical parametric amplifier. 

However, a number of other nonlinear 
processes also occur when a high-intensity 

laser beam propagates through a nonlinear 
crystal. By exploiting a single-mode 
oscillated microchip Nd:YAG laser with a 
sub-nanosecond pulse width [3], a narrow 
linewidth, high-efficiency wavelength 
conversion can be performed by the SRS [4]. 

2. Experiment

In our experimental setup, shown in
Figure 1, the pumping beam from the 
microchip Nd:YAG laser is amplified in two 
Nd:YAG rods in a double-pass configuration. 
The seeding beam from an external cavity 

Figure 1. Experimental Setup. Terahertz waves are 
generated by an injection-seeded terahertz wave 
parametric generator (is-TPG). 
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diode laser is amplified by an Yb-doped fiber 
amplifier. The pumping and seeding beam 
diameter on the crystal are about 1.5 mm 
(FWMH). We used a 50-mm-long nonlinear 
MgO:LiNbO3 crystal with a Si-prism as an 
efficient output coupler for the terahertz 
waves. Owing to the grating and confocal 
arrangement, the noncollinear phase 
matching condition is satisfied automatically 
when the wavelength of the seeding beam is 
changed. The terahertz-wave output 
extracted through the Si-prism was measured 
using a calibrated pyroelectric detector 
(THZ5I-MT-BNC; Gentec-EO) with two 
lenses (Tsurupica, Broadband Inc.), 
attenuators (TFA; CDP Corp.), an optical 
chopper, and a thick black polyethylene sheet 
for precise power measurements. The 
temporal waveform, wavelength, and 
linewidth of the terahertz wave were 
measured by a Schottky barrier diode and a 
pair of metal mesh plates. For the nonlinear 
up-conversion detection, the terahertz wave 
was focused onto another MgO:LiNbO3 
crystal. The incident angle between the 
terahertz wave and the pumping beam 
satisfies the noncollinear phase-matching 
conditions in the MgO:LiNbO3 crystal. 
Mixing the terahertz wave with the pumping 

beam created a seeded difference-frequency 
up-converted signal, which was 
parametrically amplified by the 
MgO:LiNbO3 optical parametric amplifier. 
The up-converted signals were visualized 
using an infrared laser visualizer (10VIZ-35; 
Standa Corp.) as visible green lights; the 
frequency and intensity were determined 
from the blinking position and intensity [5]. 

3. Results

Figure 2 shows the pictures of visualized
up-converted signal on the laser beam 
visualizer and their positions as a function of 
the frequency of input terahertz wave. The 
red circles represent measured distance from 
the pumping beam, and the blue line 
represents the calculation results. The 
position and intensity of the up-converted 
signal depend on the frequency and intensity 
of the input terahertz wave respectively. As 
the frequency (intensity) of the input 
terahertz wave increases, the noncollinear 
phase-matching angle between the pumping 
beam and up-converted beam (intensity) also 
increase, which shifts the position (changes 
the brightness) of the signal. This is in good 
agreement with the calculation, and this 
makes it easy to identify the frequency and 

Figure 2. Pictures, observed and calculated position of the up-converted signals as a function of the frequency 
of input terahertz wave. 
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energy of the input terahertz wave from the 
position and intensity of the up-converted 
signal. When the energy of the input terahertz 
wave and pumping beam were 1 μJ/pulse at 
1.9 THz and 10 mJ/pulse, respectively, the 
energy of the up-converted signal was 2 
mJ/pulse at 1072 nm. 

4. Conclusion

We demonstrated here the coherent
detection of terahertz-wave by parametric 
up-conversion at Room Temperature, which 
is similar to a wavelength dispersive 
spectrometer. Additionally, this method also 
provides phase information of the terahertz 
wave through the interaction with a 
simultaneously generated terahertz wave and 
the idler beam, and furthermore, works as a 
terahertz wave amplifier by extracting the 
terahertz waves generated in a detection 
crystal. We speculate that the wavelength 
conversion techniques could be powerful 
tools not only for solving real world 
problems but also fundamental physics, such 
as real-time spectroscopic imaging, remote 
sensing, 3D-fabrication, and manipulation or 
alteration of atoms, molecules, chemical 
materials, proteins, cells, chemical reactions, 
and biological processes. We expect that 
these methods will open up new fields and 
tune up killer applications. 
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Abstract – All-dielectric optical fiber coupled photonic probes offer many key benefits for electric field sensing. 
Benefits include ultra-high bandwidth from near DC to 100’s of GHz, high spatial resolution on order of 
millimeters, and minimal perturbation of the measured field. Active remote biasing of such photonic probes is 
critical to maintain sensitivity and dynamic range performance over practical environmental test conditions.  The 
challenge is in implementing active bias control without the use of field perturbing electric wires. In this paper, a 
commercially available power over fiber (PoF) component has been successfully used to control the bias of a 
lithium niobate Mach Zehnder interferometer (MZI) electric field sensor.  Bias compensation over the entire Vpi 
characteristic of the sensor was demonstrated, completely mitigating any bias drift effects.  

Keywords–photonic electric field sensor; bias control; power over fiber; Mach Zehnder Interferometer; lithium 
niobate 

1. Introduction

The Mach Zehnder Interferometer (MZI) 
is one of the most widely used device 
structures for photonic electric field sensors. 
The MZI, implemented in lithium niobate 
(LiNbO3) or similar materials, is a proven 
solution for electric field measurement from 
near DC to microwave frequencies. The 
primary challenge of the MZI is the tendency 
of the operating point to drift with 
environmental fluctuations, causing 
instability in the sensor response. 
Stabilization of the sensor response is crucial 
in applications that involve data acquisition 
over an extended time or over a wide range 
of operating temperatures. Near-field 
mapping of antenna radiation patterns is one 
such application. LiNbO3 photonic E-field 
sensors have been demonstrated as near-field 
probes [1,2]. The ability to control and 
stabilize the operating point has the potential 
to substantially improve the performance of 
the sensors in near-field scanning 
applications. 

In externally modulated analog optical links, 
bias drift of the MZI device is addressed by 
application of a DC bias voltage [3,4]. A 
feedback mechanism is used to adjust the 
bias and maintain a stable operating point. 

However, in electric field sensing, the 
electrical cables and wires needed to apply a 
bias voltage are undesirable, as they may 
perturb the electric field. Such perturbation 
obviates key benefits of an all-dielectric, 
fiber-coupled sensor. One solution, 
presented here, is remote bias control by a 
photovoltaic power-over-fiber module, 
which enables all-fiber sensor control and 
readout. 

2. Drift Compensation

The same characteristic that gives the 
MZI high sensitivity to electric fields – its 
dependence on sub-wavelength variations in 
optical path between the two arms of the 
interferometer - makes it susceptible to 
operating point drift due to environmental 
fluctuations. Since the sensor response varies 
as the slope of the cosinusoidal MZI transfer 
function, this drift can lead to large variations 
in sensor response, making it difficult to 
extract the electric field from the measured 
signal. In particular, as the operating point 
approaches the null (zero optical 
transmission) or peak (maximum optical 
transmission) the slope approaches zero, and 
the sensor response becomes a quadratic 
function of the input field, resulting in 
frequency doubling [5]. Maximum response 
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and maximum linearity occur when the 
operating point is at the quadrature point, 
where the optical transmission is one-half of 
its maximum value, and the slope is 
maximized. 

One means of dealing with operating 
point drift is through post-processing of the 
measured signal based on monitoring of the 
received optical power. This technique has 
been demonstrated with electrode-free, z-cut 
sensors [6]. Correction of the measured field 
within a few percent is achievable even as the 
sensor operating point drifts over its entire 
range, with the exception of a narrow dead 
band around the null point, where the 
received optical power is too low to measure 
accurately. 

While post processing can correct 
measurements that are well above the 
minimum detectable field, it cannot 
compensate for the loss of signal-to-noise 
ratio (SNR) as the operating point drifts far 
from the quadrature point. Active bias 
control must be implemented to maintain 
MZI probe sensitivity and dynamic range 
under varying environmental conditions. 
Commercially available bias controllers for 
electro-optic modulators are typically 
specified with phase stability of ±1o [7,8]. 
Even a much greater variation of ±5o around 
the quadrature point for an electric field 
sensor would result in less than 0.5 % 
variation in the measured field due to bias 
stability. 

3. Bias Adjustment with Photovoltaic
Power-Over-Fiber Module

For the remote electric field sensing 
application, the active bias control signal 
must be applied to the MZI sensor without 
the use of field perturbing electrical cables. 
One biasing method that avoids the need for 
an electrical cable is photovoltaic (PV) 
power-over-fiber (PoF) technology. The 
electrical output of a compact, fiber-coupled 
photovoltaic module is connected to the 
sensor electrodes. The output voltage of the 
photovoltaic is adjusted by varying the power 
of a remote, fiber-coupled optical source. In 

this proof-of-concept experiment, a 980 nm 
laser was used. The PoF module was a 6.0V 
unit produced by MH GoPower. 

As an initial proof-of-concept, the PoF 
module was used to adjust the bias point of a 
commercial MZI telecommunications 
modulator. Figure 1 shows the experimental 
setup. Figure 2 shows the optical output 
power at 1550 nm of the modulator with the 
PV module connected to the bias electrode in 
parallel with a 1 MW load as a function of the 
current in the 980 nm laser. Once the current 
reaches the threshold of the 980 nm laser 
(approximately 25 mA) the modulator output 
decreases until the null bias point is reached, 
then increases as the current is increased 
further. The voltage output of the PV module 
at the null was 2.5 V. Beyond approximately 
60 mA the output of the photovoltaic begins 
to saturate, producing the asymmetry in the 
curve. 

Figure 1. Experimental setup for demonstrating bias 
adjustment of a commercial MZI modulator using a 
power-over-fiber module. 

Figure 2. Optical output power of MZI modulator vs. 
current in the 980 nm laser. 
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4. Sensor Bias Control by Power-Over-
Fiber

Once the feasibility of adjusting the bias 
point of a modulator was established, the PoF 
module was connected to the electrodes of an 
X-cut Ti:LiNbO3 photonic electric field 
sensor to demonstrate optimization of sensor 
response. Details of sensor design and 
fabrication have been reported elsewhere [9]. 

The response of the sensor to a 300 MHz 
tone in a TEM test cell was measured as a 
function of the 980-nm laser current. The 
experimental setup was comparable to Figure 
1, except that the output of the sensor was 
split by a 3-dB coupler, to enable 
simultaneous measurement of the received 
optical power and the RF signal. One output 
of the coupler was connected to the input of 
a high-speed photoreceiver. The 
photoreceiver output was connected through 
a low-noise amplifier to an RF spectrum 
analyzer (SA). The -20 dBm, 300 MHz 
calibration output of the SA was used to drive 
the TEM cell input. 

The sensor operating point at room 
temperature was initially near the null 
(approximately 16 dB below the peak) at 
zero applied bias. Figure 3 shows the 
received optical power and the RF signal 
power vs. the laser current. The sensor’s 
quadrature (maximum-slope) point was 
reached at approximately 25 mA. The 
discontinuity in slope at approximately 30 
mA is due to crossing of the laser threshold 
current. The peak (zero-slope) operating 
point, where the sensor response becomes 
quadratic, was reached at approximately 45 
mA. Beyond this point, the signal increased, 
but the increase was more gradual than the 
drop, due to saturation of the PV output 
voltage. 

Figure 3.Received optical power and RF signal power 
vs. 980 nm laser current. 

Figure 4 shows the measured output signal 
with zero bias applied, at the quadrature 
point, and at peak optical transmission (i.e. 
zero-slope point). An improvement of 10 dB 
was achieved at the quadrature point relative 
to the zero-bias point. 

Figure 4. Sensor output signal at zero bias, at the 
quadrature point, and at the peak (zero-slope) 
operating point. 

5. Conclusions

The use of a photovoltaic power-over-
fiber module to adjust the bias point of a 
LiNbO3 MZI electric field sensor has been 
demonstrated. This technique can be used to 
enhance sensor response by operating at a 
more favorable point on the MZI transfer 
function, as well as stabilize the sensor 
response against environmental fluctuations. 
In this demonstration, PoF active biasing was 
shown to compensate drifts over the entire 
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characteristic Vpi range of the sensor. An 
improvement of 10 dB in sensor response 
was achieved by optimizing the operating 
point. 

This initial proof-of-concept 
demonstration used a commercially available 
power-over-fiber photovoltaic element in a 
metallic package. Future work will focus on 
integration of a bare photovoltaic chip within 
the dielectric sensor package to virtually 
eliminate any field perturbing effects of the 
PoF element. 
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Abstract – We have developed a microwave measurement system using optical fiber link transceivers for a vector 
network analyzer. Our proposed system can extend the ports of the VNA by using optical devices and optical 
fibers. Further, it can measure S-parameters in a full 2-port calibration up to 4GHz. In order to validate our system, 
we demonstrate antenna property measurement for double ridged guide horn antenna. Difference of estimated 
antenna gain between using our proposed system and using coaxial cables is less than 0.3 dB from 1 GHz to 3.5 
GHz.  
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1. Introduction

We have already proposed the bi-
directional type optical fiber link transceiver 
that can extend the port of vector network 
analyzer (VNA) [1][2][3]. Our system can 
replace the coaxial cables to optical fiber 
cables. Further, it can eliminate the unwanted 
influence of coaxial cables and decrease the 
attenuation of microwave signal. 

In this paper, we explain the antenna 
measurement results using our proposed 
optical fiber link port extender of VNA. At 
first, we explain the outline of our proposed 
system. Second, we explain the antenna 
measurement results for double ridged guide 
horn antenna. Finally, we compare with the 
estimated antenna gain between using our 
transceiver and using the coaxial cables. 

2. Outline of Bi-Directional Type
Optical Fiber Link Transceiver

Our proposed bi-directional type optical 
fiber link transceiver can extend a port of 
VNA. It can measure S-parameters of 
microwave device under measurement in full 
2-port calibration of VNA. In this section, we 
explain the outline of our proposed optical 
fiber link system. Figure 1 shows the outline 
of our system with VNA. Figure 2 shows a 
photo of our proposed system with VNA.

Figure 3 shows the linearity of the system. In 
the case of attenuation is less than equal 60 
dB, linearity of the system is less than 0.1 dB 
in the frequency range from 100 MHz to 4 
GHz.  

Figure 1. Our newly proposed optical fiber link port 
extender with VNA 

Figure 2. Photo of Our newly proposed optical fiber 
link port extender with VNA 
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Figure 3. S21 linearity of the system 

3. Antenna Gain Measurement for
Double Ridged Guide Horn Antenna

In order to demonstrate the validity of our 
proposed optical fiber link transceiver with 
VNA, we carry out the antenna gain 
measurement of double ridged guide horn 
antenna (DRGH) 3115 of ETS-Lindgren Inc. 
[4] in full 2-port calibration of VNA. Two 
DRGH set face to face with the variable 
distance from 3 m to 5 m. S-parameters 
(S11(ω), S21(ω), S12(ω), S22(ω)) are measured 
by our proposed system with VNA. Figure 4 , 
5 and 6 show the outline of measurement 
setup, measured S21(ω) magnitude and 
measured S11(ω) magnitude.  

Then we estimate the antenna gain G() 
using Friis transmission formula [5] and 
three antenna method with fixed antenna 
face to face distance.  

Figure 7, 8 and 9 show the estimated 
antenna gain using our system with VNA, 
using 10m coaxial cables with VNA and 
difference of estimated antenna gain 
between them. Difference of estimated 
antenna gain between them is less than 0.3 
dB in the frequency range from 1 GHz to 3.5 
GHz and is less than 1.0 dB in the frequency 
range from 0.5 GHz to 4 GHz. 

4. Conclusion

We have proposed the optical fiber link 
port extender for VNA. It can measure S-
parameters for microwave devices and 
antennas in full-2-port calibration of vector 
network analyzer. In order to validate our 
proposed system, we carry out the antenna 
gain measurement for double ridged guide 
horn antenna using Friis transmission 
formula and three antenna method. 
Difference of the estimated antenna gain 
between using our proposed system and 

using the coaxial cables with VNA is less 
than 0.3 dB in the frequency range from 1 
GHz to 3.5 GHz. These results show the fact 
that our proposed system can measure S-
parameters of antenna under test up to 3.5 
GHz. 
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Figure 4. Antenna measurement setup for double 
ridged guide horn antenna using our proposed system 

Figure 5. Measured frequency domain S21(ω) 
magnitude 
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Figure 6. Measured frequency domain S11(ω) 
magnitude 

Figure 7. Estimated antenna gain of double ridged 
guide horn antenna using our proposed optical fiber 
link transceiver with VNA 

Figure 8. Estimated antenna gain of double ridged 
guide horn antenna using our 10 m coaxial cables 
with VNA 

Figure 9. Difference of Estimated antenna gain 
between them 
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Abstract – An approach for designing antennas for Electric/Optical (E/O) sensors is introduced to develop an E/
O measurement system with high position resolution and high sensitivity. The E/O measurement device 
including optical modulator, demodulator and active circuit is regarded as a 2-port equivalent circuit, and the 
scattering matrix of the equivalent circuit is obtained from measurement. The antenna is designed to make a 
trade-off between the sensitivity and the frequency bandwidth based on the scattering matrix. Performance of 
the designed antenna is demonstrated by experiment.
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1. Introduction

The problem of electromagnetic 
interference between electrical circuits and 
devices is becoming more and more serious 
because the clock frequency of the electrical 
circuits is increasing rapidly, and high-
density packaging and multilayer printed 
circuit board (PCB) technologies are widely 
applied to PCB design. When a problem 
occurs in an electrical device, it is necessary 
to know in advance the near-field 
distribution of the electrical device in order 
to identify the location where the undesired 
electromagnetic wave is being radiated. The 
near-field distribution is usually measured 
directly by a small probe antenna. However, 
scattering of the metal cable of probes 
causes a interference problem and degrades 
the measurement accuracy largely.

Measurement of electromagnetic field 
using Electric/Optical (E/O) sensors has 
been studied for a long time [1]-[11]． 
Because the metal cable is placed by a 
optical fiber, the electromagnetic 
interference between the probe and the 
measured devices can be reduced largely and 
the measurement accuracy can be improved 
greatly．However, this method has a 
problem of low sensitivity. It is 
required to increase the sensitivity while 
keeping the low interference．

In this report, an approach for designing 
antennas for E/O sensors is introduced 
to develop an E/O measurement system 
with high position resolution and high 
sensitivity. The E/O measurement device 
including optical modulator, demodulator 
and active circuit is regarded as a 2-port 
equivalent circuit, and the scattering matrix 
of the equivalent circuit is obtained from 
measurement. The antenna is designed to 
make a trade-off between the sensitivity 
and the frequency bandwidth based on 
the scattering matrix. Performance of 
the designed antenna is demonstrated by 
experiment.

2. Equivalent Circuit

It is supposed to design a dipole antenna 
for E/O sensor using LiNbO3 crystals. The 
dipole antenna is used to measure the near 
electric-field.

The measurement system using the E/O 
sensor is composed of probe antenna, optical 
modulator, demodulator, active circuit, and 
spectrum analyzer. Equivalent circuit of the 
sensor system is shown in Fig. 1, where V0 is 
open voltage of the antenna, Za is input 
impedance of antenna, Γa is reflection 
coefficient between antenna and 
transmission line, Zl is input impedance of 
spectrum analyzer，usually 50Ω. Γin is the
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Figure 1. Equivalent circuit of measurement system
using E/O sensors.

reflection coefficient at port 1,

Γin=S11 (1)

when the impedance matching condition is
satisfied at Port 2. In this case, the power
consumed in Zl is

Pl =
1−|Γa|2

|1−ΓaΓin|2
|S21|2Pinc (2)

where Ra is the real part of Za , and Pinc is

Pinc=
V 2

0
4Ra

(3)

The maximum Pl is obtained when the
impedance matching condition

Γa=Γ∗
in (4)

is satisfied. Then,

Pl =
1

1−|Γin|2
|S21|2Pinc (5)

2.1 Antenna Design

Fig. 2 shows the antenna we designed
for the E/O sensor. Fig. 3 shows the
input impedance of the designed antenna
which satisfies the impedance matching
condition at about 1 GHz. Figure
4 shows the receiving power using the

0.7 cm
Ground plane

0.6 cm 5.4 cm

0.9 mm

Figure 2. Monopole type of proposed antenna.
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Figure 3. Input impedance of proposed antenna.

designed monopole compared with that of
the conventional monopole antenna. The
receiving power was increased about 17
dB at the operation frequency. It is also
found that the operation bandwidth became
narrower than that of normal monopole,
indicating the trade-off design is required in
the practical applications.

3. Summary

An approach for designing antennas
for Electric/Optical (E/O) sensors was
introduced to develop an E/O measurement
system with high position resolution and
high sensitivity. Receiving power of the
sensor using the designed antenna was
increased about 17 dB in a design example.
It was shown that a trade-off consideration
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Figure 4. Received power of proposed monopole
antenna and nomal monopole antenna.
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is required between the sensitivity and the
bandwidth in the practical applications.
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Abstract – In this paper, we describe in detail a low-perturbation method for measuring complex impedance for 
which full calibration of the measurement device can be achieved. The apparatus for measurement of electrically 
small antennas employs miniature photonically powered radio-frequency over fiber links to ensure that the 
electrical footprint of the measurement device is minimized. The challenge to achieve accurate measurement of 
electrically small antennas for communications bands up to 6 GHz is demonstrated, along with the ease of obtaining 
erroneous results for the impedance and resonant frequency when traditional methods are used.  
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1. Introduction

Modern wireless devices such as mobile 
phones and tablets support ever more standards 
across wider frequency ranges, with an 
increasing number of antennas integrated, 
requiring that the antennas be electrically small. 
The large vector network analyzers (VNAs) 
used at the frequency range applicable to 
portable wireless devices must be connected via 
coaxial cables, and methods for connection of 
an antenna directly to a VNA result in widely 
different and uncontrolled electrical sizes. The 
difficulties of making antenna measurements 
and the sorts of errors that can be encountered 
when a coaxial cable is connected to a small 
device are discussed in detail in [1] and [2]. The 
approaches used by experimenters (traps, 
chokes, ferrites, or other methods) to minimize 
the impact of cabling [3] introduce errors of 
varying and unknown magnitude. Methods 
proposed to allow antenna impedance to be 
indirectly measured [4] require special circuitry 
integrated in a device to perform the 
measurement, and the sensing antenna must be 
positioned close to the antenna under test 
(AUT). An experimental transmitter and 
method to measure the magnitude of the 
reflection coefficient of an antenna with a 
phase-locked loop voltage-controlled oscillator 
(PLL VCO) and directional coupler integrated 
into the portable device has been described [5]; 
an optical fiber link was used for the PLL 
reference frequency (10 MHz), and the 
measured return loss magnitude could also be 
conveyed optically to a computer, but 

impedance measurement was not possible. A 
hybrid fiber-optic system for measurement of 
radiofrequency (RF) reflection based on an 
external signal generator and fiber radio link to 
provide the RF source for the reflectometer has 
been described ([6] and [7]) and a patent 
application submitted [8]; log detectors capture 
the reflected signal, and a further optical link to 
a computer gives the reflection measure. This 
is, however, only a single-port scalar network 
analyzer, and the device is not small enough for 
integration into portable devices. A battery-
operated optical extension for a VNA with a 
circulator rather than a directional coupler to 
separate forward and reverse signals, thereby 
limiting the frequency range to 700–1000 MHz, 
that could measure antenna impedance has been 
produced [9], but at 80 × 40 × 20 mm, is also 
too large to fit inside modern portable devices. 
Optical links described by others to measure the 
gain of small antennas [10] are large in 
comparison to modern wireless devices. Optical 
fibers that extend over the distance at which 
measurements can be performed have been 
proposed [11], but these also do not address the 
requirement of being electrically small.  

The measurement device outlined in this 
paper represents an advance relative to the 
device reported in [12]. It is operated in 
conjunction with a two-port VNA (or signal 
source and vector measurement receiver) 
connected with only three optical fibers to the 
remote unit and VNA. The conductive part of 
the measurement head, only 9 × 9 × 4 mm, is 
electrically small enough to impose little impact 
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for any but the most miniature of devices. A 
standard open-short-load protocol for 
calibration is presented together with 
expressions to use calibration standard data to 
correct experimental measurements. 

2. Methods

A schematic diagram of the new measurement 
system configured for use with a VNA, shown 
in Figure 1, includes two RF-over-fiber (RFoF) 
links – one each for the forward and reverse 
directions (nominal power 1 mW) – and an 
optical power fiber link (~35 mW) to power a 
photovoltaic cell and remote circuitry. Forward 
signals from port 1 of the VNA, modulated on a 
direct current (DC) biased vertical cavity surface 
emitting laser (VCSEL) and transmitted over an 
optical fiber to the remote VNA head, are 
demodulated via reverse biased photo diode 
with 50 Ω bias resistor output impedance. The 
signals for excitation along the forward path of 
the remote head connect to the through line of 
the chip directional coupler via one of three 
MCE-15A connectors (Sunridge Corp., Taipei, 
Taiwan). The output of the through line 
connects to the AUT or measurement standards 
that allow calibration of the system, also via 
MCE-15A. The reflected power from the 
reflection port of the directional coupler is 
amplified and modulates the current through a 
VCSEL for transmission back to the base unit 
for demodulation and transmission to port 2 of 
the VNA. 

Calibration of the device involves 
measurement of three known impedances – 
typically open, short, and a matched load with 
known S-parameters – such that the three 
unknown error correction terms can be 
determined. These standards of known complex 
impedance are measured, and the S21 
measurement results are collected from the 
VNA for each standard. The output port is then 
connected to the AUT, and S21 data is collected. 

The correction parameters are calculated and 
applied to the antenna measurement data. It is 
then possible to consider any other parameter of 
interest, such as the influence of the hand, head, 
or body on antenna impedance with no 
interfering measurement interconnections.  
A. Error Correction. Error correction here is 
based on standard terms modified for the two-
path case, i.e., the two fiber radio links. The full 
signal flow diagram shown in Figure 2 can be 
simplified, as the fiber radio links are 
unidirectional, to provide the standard one-port 
error model shown in Figure 3, where e00 is the 
directivity error, e11 is the source match error, 
and e10.e01 is the reflection tracking error. 

For any load with reflection coefficient GA, 
the uncalibrated/uncorrected device measures a 
reflection coefficient GM: 

( )
( )A

A
M Ge

GeeeG
×-

××+
=

111
011000 (1) 

Simultaneous solution of a measurement of 
three known standards allows e00, e11, and 
e10.e01 to be determined. 

Figure 1. Schematic diagram of the measurement 
system. 

Figure 2. Signal flow diagram of the 
measurement device. 

Figure 3. Error model after simplification. 
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3. Results

A. Measurement Device. The optically coupled 
antenna impedance measurement device 
prototype is shown in Figure 4; with the 
directional coupler included, the device covers 
the 1.5–3.5 GHz frequency range. The device 
was calibrated with nominal open, short, and 
50 Ω loads, and error terms were determined.  

B. Validation. Three known impedances were 
measured: 82 Ω in parallel with 1 pF, 120 Ω in 
parallel with 3.9 nH, and 20 Ω. The expected 
and measured values are shown in the Smith 
chart plots in Figure 5, where it can be seen that 
there is excellent agreement between actual and 
measured values for the phase and good 
agreement for the amplitude. 

C. Bluetooth Antenna. A meandered inverted F 
antenna (IFA) was designed and fabricated to 
test the optically coupled VNA measurement 
head and illustrate the difficulties of measuring 
real antenna impedances via direct VNA 
connection. The antenna dimensions are shown 
in Figure 6; the overall electrical size of the 
antenna and ground plane is 25 × 30 mm with a 
ca. 10 mm extension due to an end fire SMA 
connector at the end of the microstrip feed line. 
The antenna was simulated with SEMCAD X 
Matterhorn, and the frequency response and 
impedance are shown in Figure 7. 

D. Direct Measurement of the Antenna with a 
VNA. Figure 8 shows the responses obtained 
with the antenna connected directly to port 1 of 
the VNA or with varying lengths of coaxial 

Figure 4. Optically coupled measurement device. 
a) Base unit and network analyzer; b) optical head,
input and output ports, and directional coupler board 
with compression connectors; ruler numbering in cm 
with mm tick marks. 

b 

a 

Figure 5. Measured and expected impedances of the 
validation loads. 

Figure 6. IFA and ground plane dimensions; 1.2 mm 
FR4 substrate; the matching stub is 5.1 mm long from 
the center of the T; microstrip lines are 50 W. 

a 

b 

Figure 7. Simulated a) frequency response and b) 
impedance of the bluetooth antenna. 
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cable, calibrated to the end, running directly 
away from the VNA. The response complexity 
increases with electrical size of the 
counterpoise, due to increasing cable length, 
illustrates the difficulties in measuring small 
antennas. The complexity of the frequency 
response is due not to reflections in the cable 
(each is individually calibrated) but to the 
increase in electrical size and the currents 
flowing along the outer perimeter of the cable. 
Although the addition of ferrite clamps to the 
cable close to the antenna improves the 
situation, it remains unclear how much 
improvement has been afforded. 

E. Measurement of the Antenna with the Optical 
VNA Head. The optical VNA head is relatively 
small electrically, only 9 × 9 × 4 mm including 
the directional coupler board, though large 
enough to allow the optical fibers to be 
connected and supported. The all dielectric 
remaining materials have limited influence on 
performance. The measurement of the antenna 
with substrate required that appropriate 
footprint pads be included, and the connection 
frame was glued to the substrate for alignment 
and interconnection (Figure 9); a sharp scalpel 
was used to cut the line connecting the SMA. 
An additional length of 50 Ω line was added 
between the interconnection point for the 
optical VNA head and the connector; the 

additional phase shift is removed 
mathematically to bring the phase reference for 
both measurement sets to the same location. 
The optical head and VNA combination were 
calibrated with the known open, short, and 
matched loads, and the error terms were 
determined.  

Figure 10 shows the antenna as measured by 
the optical VNA head; the simulation and 
measurement at the fundamental frequency are 
in good agreement. The resonance at 3 GHz is 
shifted by <0.5%, but this may be because the 
antenna was manufactured by milling away the 
copper and some of the top surface of the 
substrate; also, the internal corners are curved 
rather than right angled. More importantly, as 
the current through the return RF link laser 
diode is not stabilized, the amplitude is sensitive 
to temperature, particularly when handled; 
changes of up to 1 dB were common. An 0.8 dB 
correction of the baseline return loss improves 
the match between simulation and measurement, 
which is more in line with observations made 
with direct VNA connections remote from the 
resonance.  

4. Conclusions

An optically coupled add-on to an existing 
VNA or vector measurement system was 
designed and tested. The device has a very small 
electrical footprint for low perturbation 
measurement of electrically small antennas. The 
calibration method developed and implemented 

Figure 9. The antenna and the optical head connected 
to the antenna.

Figure 8. Possible response magnitudes of the 
bluetooth antenna reflection coefficient measured via 
connection to a VNA either directly or with coaxial 
cables 0 (blue), 30 (green), 50 (orange), and 100 cm 
(magenta) long. 

Figure 10. a) Reflection coefficient of the antenna 
and b) impedance as measured with the new device; 
red: simulation, blue: measurement.  

b 

a 
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provides good performance. The dynamic range 
is adequate even for cases of low reflected 
power. Although the stability of the output 
power level of the return link laser diode could 
be improved to boost performance and accuracy, 
the device represents a useful measurement tool. 
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Abstract – We propose a method for phase-locking of THz sources by electro-optic sampling (EOS) using 
optical combs and demonstrated accurate frequency measurement of THz waves as a first step of the phase-
locking. By using an EOS system with a Mach-Zehnder-modulator-based flat comb generator (MZ-FCG), 
frequency measurement of a 600 GHz-band signal was successfully demonstrated. 
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1. Introduction

With recent progress in semiconductor
device fabrication technologies, oscillators 
operating in the terahertz (THz) frequency 
range such as quantum cascade lasers and 
resonant tunneling diodes are available, and 
then being applied to remote sensing and 
wireless communications. The linewidth of 
such devices is generally few megahertz, 
which does not fulfill that required in the 
applications mentioned above, so that they 
need to be stabilized by phase locked loop 
techniques. Thus, electric field 
measurement is also important in the THz 
range. For the phase locking of the THz 
oscillators, frequency mixers are generally 
used. However, the frequency mixers have 
a limited bandwidth. On the other hand, 
electro-optic sampling (EOS) is capable of 
broadband detection in the range from 
microwave to THz waves in room-
temperature [1-3]. In this paper, we propose 
a method for frequency stabilization of THz 
sources and demonstrate accurate frequency 
measurement of THz waves based on EOS 
using a Mach-Zehnder-modulator-based flat 
comb generator (MZ-FCG). 

2. Basic Concept of Frequency Control
by Optical Combs
Figure 1 shows the basic concept for

frequency stabilization of cw-THz sources. 
This method is based on optical heterodyne, 
where optical combs are used as the local 
oscillator and an EO crystal acts as the 
mixer. When an optical comb with a mode 
spacing of frep is input to the mixer, it is 
down-converted from the optical domain 
into the THz domain, creating a THz comb 
which covers the frequency range from DC 
to the THz region while preserving the 
mode spacing. By mixing the optical comb 
with an incoming THz wave, fTHz, the THz 

Figure 1. The schematic of frequency stabilization of 
THz sources by EOS using the MZ-FCG.  
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wave is down-converted to the RF region, 
outputting an intermediate frequency (IF) 
signal. By feeding back the IF signal as the 
error signal to the THz source through PLL 
systems, the THz source is locked to the 
optical comb. 

3. Accurate Frequency Measurement
of THz Waves

As a first step to accomplish the phase-
locking of THz sources, accurate frequency 
measurement of THz waves using the EOS 
is important. By adopting an optical-
modulator-based comb source as an optical 
local signal, highly accurate spectrum 
measurement can be realized. Thus, we used 
the MZ-FCG as the LO source in the optical 
heterodyne system. Figure 2 shows the 
setup for EOS-based frequency 
measurement system using the MZ-FCG. 

The THz source was composed of a 
Gunn oscillator and a frequency multiplier 
chain, which emits a signal with a frequency 
of 624 GHz. On the EO crystal, 10 GHz-
spaced optical combs generated by the MZ-
FCG [4] are modulated by the THz signal, 
which creates optical sidebands. By 
detecting the modulated optical comb using 
a balanced photodetector and a spectrum 
analyzer (SA), spectra of THz signals are 
observed.  

Figure 3 shows a spectrum of a detected 
THz signal. In this case, the frequency of rf 
signal driving the MZ-FCG was set to 
which the frequency difference between the 
THz wave and the corresponding comb 
modes (f = fTHz  63frep) was 100 kHz. An 
extremely sharp line was successfully 
observed. The linewidth was narrower than 
1 Hz, and the signal-to-noise ratio was 
greater than 20 dB (at the resolution 
bandwidth of 100 Hz).   

4. Conclusion

We proposed a method for phase-locking 
of THz sources by EOS, which is based on 
optical heterodyne using optical combs for 
the LO source and an EO crystal for the 
mixer. As a first step for the phase-locking, 
we demonstrated accurate frequency 
measurement of THz waves. By using the 
EOS system with the MZ-FCG, frequency 
measurement of a 600 GHz-band signal was 
successfully demonstrated.  
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Abstract – Radiation pattern measurements of electrically small antennas are often impaired by the connected
cabling. We have numerically modelled and measured the radiation pattern of a commercially available 915 MHz
reference helical antenna design. We show that a cable attached to the antenna can significantly impair the
antenna radiation pattern. Our study shows that this effect can be removed by the use of an active microphotonic
radiofrequency-over-fiber transducer.
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1. Introduction

Radiation pattern measurements of
electrically small antennas are impaired
by the connected feed cabling [1]. Even
the use of chokes or ferrite beads cannot
always fully remove these effects. To fully
eliminate these effects, a radiofrequency
(RF) interconnect that does not extend the
electrical size of the antenna is desirable. In
this paper, we show that the use of an active
microphotonic RF-over-fiber transducer
can remove the cable effect from antenna
radiation pattern measurements.

2. Methods

We selected a commercially available
helical antenna operating at 915 MHz [2].
This antenna was modelled numerically
with SIM4LIFE (ZMT ZurichMedTech AG,
Switzerland). In the numerical model, the
antenna was modelled with and without and
without the feeding cable to study its effect
on the radiation pattern (Figure 1). The
numerical model is validated by means of
azimuthal radiation pattern measurements
in a 2-D measurement system. For
the isolated antenna measurements, we
use an active microphotonic RF-over-fiber
transducer (RFoF1P, SPEAG, Switzerland)
shown in Figure 2.

The system (Figure 3) uses direct laser
modulation for signal transmission of the RF

Figure 1. Numerical model of the the helical antenna,
left: without feed cabling, right: with feed cabling.

signal fed to the 50Ω SMA input of the
probe. The RFoF1P probe and the Remote
Unit are optically linked exclusively by fiber
optics. A power laser is used to illuminate
a photovoltaic converter inside the probe
head via the fiber optics. The electrical
energy from the photovoltaic cell drives
a small current-stabilized laser inside the
sensor head. The input RF signal modulates
the optical output power of the vertical
cavity surface emitting LASER (VCSEL).
This signal is then transmitted to the remote
unit over an optical fiber. At the remote
unit, the optical signal is demodulated again
with a fast photodiode, and the RF signal
received is amplified by a transimpedance
amplifier and made available with a standard
50Ω output used to connect RF equipment.

33



Figure 2. Helical antenna operating at 915 MHz
connected to an isolating RF-over-fiber transducer
and with a spectrum analyzer to remotely receive the
signal.

Figure 3. Schematic representation of the RFoF1P
active microphotonic RF-over-fiber system.

3. Results

Figure 4 shows the test results of the
antenna’s radiation pattern in the azimuthal
plane with and without a cable attached. It
is very apparent that the RF cable has a
significant effect on the antenna radiation
pattern. From the results of the 3D
full-wave simulation (Figure 5), it is obvious
that the attachment of the conductive cable
introduces a tilt in the entire radiation
pattern, resulting in a large change in
azimuthal plane radiation pattern.

4. Conclusions

We show that an attached RF coaxial cable
can significantly impair the radiation pattern
of electrically small antennas in comparison
to the isolated case. As electrically small
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Figure 4. Azimuthal radiation pattern of the 915 MHz
antenna with a traditional RF coaxial cable connected
(red) and in the isolated case without the feed cable
(blue).

Figure 5. Numerical 3D radiation pattern of the
915 MHz antenna without (left), and with (right) a
cable attached modelled in SIM4LIFE.

antennas are very commonly used in mobile
and body-worn devices, this impairment
poses a significant challenge to designers
developing prototype antennas. In this
study, we propose the use of an active
microphotonic RF-over-fiber transducer to
eliminate the effect of the cable. Final
experimental validation results will be
presented.
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Abstract – The terahertz pulse electric field reflected from porcine skin was measured using a reflection time-
domain spectrometer with photoconductive antennas. We observed two signals reflected from the skin surface 
and probably from the interface between the epidermis and dermis. To analyze the reflection properties, the 
average complex refractive indexes of the epidermis and dermis were measured using a transmission 
spectrometer in the band from 0.2 to 1 THz, and the reflectance was calculated from a flat double-layer model 
and the absorption coefficient in each layer. We indicated that the property differences between the skin and the 
flat double-layer model were caused by the refractive index difference between the upper and lower epidermis, 
and the measured values were reasonable in terms of geometrical optics. This finding suggests that the 
comparison between the reflection and transmission measurements was useful for verifying the optical property 
distribution of skin. 

Keywords – terahertz pulse electric field; photoconductive antenna; epidermis; dermis

1. Introduction

Nondestructive inspection using 
terahertz waves with frequencies from 0.1 
to 1 THz are emerging technologies [1–3]. 
For the inspections of biological tissues 
such as skin, a reflection terahertz time-
domain spectrometer with photoconductive 
antennas is frequently used [4]. To evaluate 
the spectrometer, the biological phantoms 
having optical properties similar to those of 
tissues are useful. However, there is no 
appropriate phantom in the terahertz band. 
We therefore measured the reflectance of 
skin tissues (epidermis and dermis) with 
reflection terahertz time-domain 
spectrometers to design a phantom of skin. 
We considered an appropriate method for 
verifying the optical property distribution of 
skin as a first trial. 

2. Measurement Specimens and Systems

We prepared a frozen porcine skin block,
from which the epidermis surface was 
slightly shaved to remove hair. The block 
was thawed and then used for reflection 
measurement using a terahertz time-domain 
reflection spectrometer (T-Ray 4000, Luna 
Innovations Inc.). To measure the complex 
refractive index of the epidermis and dermis 

for input to the flat double-layer model, thin 
epidermis and dermis samples were 
prepared. Note that the optical property of 
the epidermis was almost the same with that 
of dermis at 0.2 THz when the free-water 
content was the same [5]. The complex 
refractive index spectra of the epidermis and 
dermis samples were measured using a 
transmission terahertz time-domain 
spectrometer (Rayfact SpecTera RS-01020, 
Tochigi Nikon) in the band from 0.2 to 1 
THz.  

3. Measurement Results

To verify the terahertz reflection
properties of skin tissue consisting of the 
epidermis and dermis, as shown in Figure 1, 
we compared terahertz pulses reflected from 
the skin block and an aluminum plate 
(Figure 2). The time waveforms include the 
components of frequencies from 
approximately 0.2 to 1 THz. The peak 
frequency was around 0.2 THz. Porcine skin 
1 was a single layer not including the 
epidermis, used for comparison with 
Porcine skin 2 having the double layer. As 
shown in the inset of Figure 2, the 
differential time waveform between the 
Porcine skins 1 and 2 had two negative 
peaks. This finding indicated that the 
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waveform of Porcine skin 1 differed from 
that of Porcine skin 2; the time waveform of 
Porcine skin 2 included a signal reflected 
from the interface between the epidermis 
and dermis (R2). The values of R1 and R2, 
calculated from the square of the ratio of the 
electric field reflected from the sample to 
that from the metal, were 12.7 and 0.29%, 
respectively. From R1 (=0.127) and the 
interval between the negative peaks t, the 
epidermis thickness de was estimated to be 
0.0134 cm from Equation (1). Here, the 
refractive index of the epidermis ne was 
derived from R1 excluding the extinction 
coefficient of the epidermis e. We therefore 
considered that de was underestimated. 

de= ct/2ne (1) 
To establish whether the above 
consideration is reasonable, we acquired the 
average complex refractive index spectra of 
the epidermis and dermis (Figure 3), and 
then calculated reflectance R1, R2 and 
absorption coefficient  at approximately 
0.2 THz. R2 was derived from Equation (2). 

R2= (1-R1)2×exp (-e×2de)

×|(ne-ie-nd+id)/(ne-ie+nd-id)|2 (2) 

 

 

de was estimated to be 150 m using 
microscope at 200 times magnification 
(Figure 1). As shown in Table 1, R1 for the 
skin block was smaller than that for the flat 
double-layer model. We considered that the 
skin block had a keratin layer, reducing the 
refractive index. The estimated de was 
smaller as mentioned above. R2 for the flat 
double-layer model was smaller than that of 

Figure 2. Time waveforms of terahertz electric 
field reflected from metal and two porcine skin 
blocks. The inset shows the differential electric 
field between the skin samples 1 and 2. 

Figure 1. Schematic and microscope image of 
skin sample. R and  indicate the reflectance and 
absorption coefficient, respectively. Subscripts e 
and d respectively denote the epidermis and 
dermis.

Figure 3. Refractive index and extinction 
coefficient of the epidermis and dermis 

Table 1. Reflection and absorption properties of 
porcine skin block and double-layer model 

R1
(%) 

e
(cm-1) 

R2
(%) 

d
(cm-1) 

de 
(cm)

Tissue 12.7 - 0.29 - 0.0134 

Model 15.4 72.7 0.16 80.2 0.015 
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the skin block owing to a large value of R1 
estimated from average complex refractive 
index. These results indicated that the 
differences in the reflection properties 
between the skin block and the flat double-
layer model were caused by the refractive 
index difference between the upper and 
lower epidermis, and the measured values 
were reasonable in terms of geometrical 
optics. 

4. Summary

Reflection properties from porcine skin 
were measured in the terahertz band using a 
reflection time-domain spectrometer. 
Comparing with the properties of a flat 
double-layer model based on a transmission 
measurement, we indicated that the 
refractive indices of the upper and lower 
epidermis differed, and the measured values 
were reasonable in terms of geometrical 
optics.  This finding suggests that the 
comparison between the reflection and 
transmission measurements was useful for 
investigation of the optical property 
distribution of skin for phantom design in 
the terahertz band. 
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Abstract – Optical-based electric field sensors have been commercially available for more than a decade, yet their uptake 
in industry has been relatively slow, principally due to their higher cost and fragility compared to antennas or 
diode/thermocouple probes. However, the EMF environment is evolving rapidly and for some applications these sensors 
now offer specific advantages or unique capability. This paper provides an over-view of the current state-of-art of 
commercially available optical-based field sensor systems, their principle of operation and performance achieved. 
Further, specific application examples are developed for which the use of optical-based sensors justifies the additional 
costs of the systems. 

Keywords – Electric field sensor, Pockels effect, VCSEL, EMF, autonomous vehicle 

 Introduction 

Optical-based field sensors can be small, 
minimally perturbing and yield both 
magnitude and phase of the E- or H-field 
components being measured (i.e. full time-
domain sensors). They are ideal for use in 
harsh EMF environments as the sensors can 
withstand high fields (i.e. 10kV/m) and the 
fibre optic cable is immune to EMF 
interference. Bandwidths in excess of 
10 GHz can be achieved with 100 dB 
dynamic range and excellent linearity. Also, 
the signal attenuation for rf-on-fibre will be 
lower than for coaxial cable.  

These sensor have been available 
commercially for more than a decade, and 
yet their uptake in industry has been 
relatively slow. Their high cost, fragility and 
difficulty in achieving high stability in real-
world environments are factors in this. 
Detector bandwidths of a few Hz may be 
required for measuring weak fields, which is 
incompatible with measuring broadband 
signals and spectra. This paper examines 
three commercially available optical-based 
field sensor systems and examines specific 
application areas where their use is 
warranted. 

 Commercially Available Systems 

The systems detailed represent state-of-
the-art performance, and illustrate the 
different methods for achieving rf 
modulation of the optical carrier.  

(a) Seikoh-Giken (Japan) 

The Seikoh-Giken sensors [1, 2, 3]  utilize 
the Pockels effect, whereby the refractive 
index of an electro-optic material changes 
linearly with applied electric field. The 
sensor consists of a Michaelson 
interferometer (reflections type) infused onto 
an electro-optic substrate, as shown in Fig. 1. 
An electrode structure applies the incident 
field differentially across the two optical 
tracks of the interferometer resulting in 
amplitude modulation of the optical signal. 
The modulated signal is reflected from the 
end of the modulator chip by an angled 
mirror so that it passes back down the input 
fibre and is diverted to the photodiode by a 
circulator. The rf output is then amplified and 
measured with a suitable receiver.  

The main specifications for the Seikoh-
Giken sensors are given in Table 1. A 6 mm 
diameter single axis sensor (model NLD) is 
also available.  
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Figure 1. Schematic of single axis optical electric field 
sensor. In the diagram (1) is the input fibre (2) is optical 
waveguide, (3) is the lithium niobate substrate, (4) is the 
electrode structure, (5) antenna elements, (6) is a mirror 
and (7) is a circulator. PD is the photo-detector.  

Table 1. Seikoh-Giken OEFS- sensor types and their 
specifications 

Parameter Sensor model 

SH-03EX SH-10EX SH-10EL 
Type 3-axis, 

high 
sensitivity 

3-axis, 
broadband 

3-axis, 
compact 

Frequency 100 kHz to 
3 GHz 

100 kHz to 
10 GHz 

100 kHz to 
10 GHz 

Sensor size 30 mm Ø × 
90 mm 

40 mm Ø × 
90 mm 

12  mm Ø × 
80 mm 

E-field 
range(1) 

2 mV/m to 
100 V/m 

10 mV to 
500 V/m 

0.5 V/m to 
25 kV/m 

Isotropy 
(typical) 

± 1 dB ± 1 dB ± 0.5 dB 

(1) With 10 Hz detector bandwidth 

(b) Kapteos Field Sensor 

The Kapteos system uses an optical cavity 
with mirrored surface opposite to the input 
fibre. Modulation of the optical carrier is 
achieved using changes in polarization state 
in the cavity. This method achieves a high 
sensitivity with a relatively short interaction 
length, yielding  bandwidths of up to 
40 GHz. The optimal choice of modulator 
material and polarization state are described 
in [4, 5]. The sensor is housed in a hermetic 
case, allowing it to be used in liquids and 
plasmas.  

The DC output of the optoelectronic 
detector correlates to the sensor temperature 
and is used to correct for changes in 
sensitivity due to temperature. The rf output 
provides the amplitude and phase of one 
component of the incident electric field. 
Table 2 lists the main system specifications. 

Three separate sensors  can be connected to 
the controller unit so that isotropic field 
levels can be determined. Note that the E- 
field sensor is unaffected by magnetic fields 
up to 4.7 T. 

Table 2. KAPTEOS sensor specifications 

(c) SPEAG TDS System 

The SPEAG TDS system is based on 
direct modulation of a high speed solid state 
laser VCSEL (vertical cavity surface 
emitting LASER) [6]. The signal from the 
field sensor is amplified and used to 
modulate the VCSEL laser. The modulated 
optical signal passes along the fibre-optic 
cable and is demodulated using a 
photodiode. This approach achieves 
outstanding sensitivity for the small size of 
sensor and the sensing elements is very close 
to the tip of the probe.   

Fig. 2 shows a magnetic field sensor 
comprising loop antenna, low noise 
amplifier, VCSEL laser and photovoltaic 
cell (PV) used to power the electronics in the 
sensor head. These are contained within a 
probe tip having dimensions 4 mm by 4mm2. 
The system has single-axis E-field and H-
field probes and their key specifications are 
given in Table 3. Probes are designed to be 
use as handheld nearfield probes for locating 
EMC emissions in PCB, and also with an 
automated scanning system [7].  

Parameter Specification 
Sensor type Single axis, linear polarised 
Dimensions Ø = 5 mm, L = 35 mm 
Field range 0.05 V/m to 2 MV/m 
Damage level  E-field: >10 MV/m 
Operating 
temperature 

0 to 50°C and changes of up to 
30°C/minute  

Bandwidth of 
sensor 

10 GHz or 40 GHz versions 

Controller (3-
channel) 

LF controller: 40 Hz to 30 MHz 
MF controller: 1 kHz to 1 GHz 
HF controller: 3 kHz to 40 GHz  
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Figure 2. Showing the H-field sensor. This incorporates 
the loop, amplifier, VCSEL and photo-voltaic (PE) cell. 
This structure fits within a cube having linear 
dimensions 4 mm. 

Table 3. SPEAG TDS system specifications 
E1TDS H1TDS 

Type Single axis E-
field (1) 

Single axis H- 
field(1) 

Measurement 
range (2) 

0.3 mV/m to 
300 V/m 

0.3 µA/m – 1 
A/m at 2 GHz 

Frequency 
range 

10 MHz to 10 
GHz 

10 MHz to 10 
GHz 

Tip 
dimensions 

4 mm by 4 mm2 4 mm by 4 mm2 

Sensor 
element 

2.8 mm dipole 2 mm by 2mm 
loop 

(1) Sensitivity	may	be	 radial	or	parallel	 to	 the	probe	
axis	dependent	on	version.	

(2) Low	 level	 sensitivity	 corresponds	 to	 a	 detector	
r.b.w.	of	1	Hz.	

 Application Examples 

Optical-based field sensors have been 
applied to a number of research areas 
including plasmas, railway transformer 
harmonics, automotive EMC, shielding 
effectiveness tests, MRI scanners, and 
monitoring base stations on HV pylons. 
They have also been used for field 
measurements in close proximity to circuit 
boards (EMC emission) and absorbers (radar 
stealth applications). In this section, three 
application examples for the optical-based 
field sensors are presented.  

(a) Magnetic Resonance Imaging (MRI) 

Optical-based field sensors are ideally 
suited for use in the MRI environment, and 
can measure the rf signals in the presence of 

high static and switched gradient magnetic 
fields. Optical sensors have been applied for 
B-field shimming within the bore and 
artefact location. They can also be used for 
local specific absorption rate (SAR) 
assessment in implant heating.  

For patient safety it is necessary to test an 
implants MR compatibility, and in particular 
the tissue heating that occurs when it is 
exposed to the rf fields from the scanner. 
This involves submerging the implant in a 
gel phantom, and measuring the temperature 
rises recorded during a 15-minute exposure 
[8]. The local SAR at the measurement 
positions is then assessed, normally by 
thermal methods. Time constraints when 
using MRI scanners mean that the phantom 
is normally cooling down from the implant 
test when the local SAR is assessed, and this 
results in an error of around -1.2W/kg (-
30%). Using the optical-based E-field probe 
eliminates this error and reduces the 
measurement time. Note that the electric 
field in the phantom is predominately along 
the axis of the scanner bore, so that a single 
axis probe is sufficient. 

(b) Mobile Phone Handset EMF Safety 
Assessment 

The method for assessing SAR from 
handsets involves measuring E-fields over a 
2D surface and 3D cube within a phantom to 
give the spatial peak 1g or 10g mass-
averaged SAR from the device [9]. The 
probe positioning is accomplished using a 
robot. The testing time for a modern 
SMART phone, which may have thirty or 
more transmission bands/protocols 
embedded within it, is excessive. As a result, 
systems that “image” the electric field 
distributions using arrays of electric field 
sensors (magnitude and phase) embedded in 
a phantom have been developed. However, 
it is difficult and costly to establish 
calibration and validation of the sensor 
arrays and to quantify the uncertainties. 

Using a two-axis optical-based field 
sensor on the scanning system reduces the 
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test times compared to scanning 
measurements with a diode-based probe. 
This is because field reconstruction 
algorithms allow the fields in volumes to be 
determined from the complex fields 
measured on a 2D plane. However, it is 
much simpler to establish traceable 
calibration of the single probe system than 
for the array. The use of a full time domain 
sensor also means multiple frequency bands 
can be tested in a single scan, and MIMO 
devices can be assessed more accurately. 
Further, the vector probe can be retro-fitted 
to existing SAR measurement systems with 
robots, reducing the costs of 
implementation. 

(c) High Data-Rate Up Link in Wireless 
Communications 

Most consumer applications in mobile 
communications require high data download 
rates, for example video streaming or mobile 
internet applications. However, there are 
some that require high data bandwidth for 
the uplink, which can be achieved using rf-
over-fibre. This is particularly attractive if 
the existing fibre-optic networks can be 
utilized. The large bandwidth (10 GHz or 
more) of the optical-based field sensors offer 
the potential as the transducer for this 
application. Specific examples are: 
Spectrum monitoring for license 
enforcement and dynamic spectrum 
allocation, mobile TV broadcast unit data 
links for live coverage of sporting events, 
and real time monitoring of sensor and 
image data from a number of driverless 
vehicles at road junctions to analyse their 
performance. RF-on-fibre systems are also 
of great interest for use in satellites because 
they have potential to reduce the weight and 
power budget. VCSEL devices are 
particularly suited to this application. 

4. Conclusions

Very high performance optical-based 
field sensors are available commercially, 
and these employ a number of different 
approaches to modulating the optical carrier 

with the rf signals. They are small, 
minimally perturbing and provide full time 
domain measurement capability (magnitude 
and phase). However, they are expensive 
due to the complexity of their fabrication and 
low volume of production (their main use 
has been in research applications). The EMF 
spectrum, usage and applications are 
evolving rapidly, and this affords great 
opportunities for the use of these sensors in 
a number of important application areas.  
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Abstract – We present two photonics-based millimeter and THz wave visualization systems for industrial
applications. Synchronized coherent measurement system reveals not only the antenna radiation pattern but also
several unique phenomena such as wavefront conversion by a metal hole array and a sub-wavelength compressed
beam generation by a dielectric cuboid. Asynchronous measurement system visualizes the near-field of the
electric field radiated from the antennas integrated with self-oscillating generators such as CMOS oscillators, Gunn
oscillators, resonant tunneling diodes, and quantum cascaded lasers. Asynchronous measurement system enables
us to diagnose and characterize the on-chip antenna devices without antenna detachment.

Keywords – electrooptic measurement; non-polarimetric technique; self-heterodyne technique: antenna
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1. Introduction

Recently, millimeter (mm) and terahertz
(THz) waves have attracted significant
attention owing to their applications in radar
systems [1], 5G networks [2], THz wireless
communication [3], etc. In these higher
frequency regions, the electromagnetic (EM)
waves are inevitably used as beams and
beam quality becomes more important
compared with the microwaves. Short
wavelength makes antenna small, and
on-chip antenna devices, in which the
antennas are integrated with peripheral
circuits have been extensively studied [4].
Near-field mapping or visualization has
proven to be a powerful technique to
diagnose the antennas and characterize the
beam quality in the microwave frequency
range. Visualization systems for EM
beams in mm and THz frequency band will
become an important key to their industrial
utilization.

In this paper, we introduce the two
photonics-applied visualization systems for
mm and THz waves; synchronized coherent
measurement system and asynchronous
measurement system (Fig. 1). We measure
the amplitude and phase of the EM waves
by the electrooptic (EO) probes. The
key techniques are (1) non-polarimetric
EO down conversion technique [5, 6],
(2) self-heterodyne technique [7], and (3)

Figure 1. Two measurement systems. (a)
synchronized coherent measurement system and
(b)asynchronous measurement system.

phase noise cancellation technique [8].
Non-polarimetric EO down conversion
technique has solved an intrinsic problem of
the conventional polarimetric EO detection
technique, in which the sensitivity of the
measurements can be changed drastically by
the fluctuation of the polarization state of the
optical local oscillator signal (LO signal) for
the EO detection. Self-heterodyne technique
enable us to measure the amplitude and
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phase of the mm-wave and THz wave
precisely with wide frequency tunability
using free-running laser diodes (LDs).
The phase noise cancellation technique
cancels out the relative frequency/phase
fluctuation between the EM wave (RF
signal) and LO signal in the measurement
system to measure the relative phase of
EM waves generated by the free-running
self-oscillating sources.

2. Synchronized Coherent
Measurement System

Figure 2. Synchronized coherent measurement
system. The RF and LO signals are generated based
on the self-heterodyne technique. The EO detection
is based on the non-polarimetric EO down conversion
technique.

Figure 2 shows the schematic of the
synchronized coherent measurement system.
The RF and LO signals are generated based
on the self-heterodyne technique. The EO
detection is based on the non-polarimetric
EO down conversion technique. Two
free-running 1.55 µm LDs are used for
the RF signal generation and also used for
the probe beam as an LO signal. The
frequencies of the LDs were f1 and f2, and
combined using polarization-maintaining
fiber (PMF) couplers to produce a beat note
at a frequency of f2 − f1 − fs for THz wave
generation (RF). Here, an EO frequency
shifter was used to shift the frequency of the
LD1 ( f1) by fs.

A uni-travelling-carrier photodiode
(UTC-PD) was used as an
optical-to-electrical (O/E) converter. As
shown in Fig. 3, the EM field to be measured

Figure 3. Principle of the non-polarimetric EO down
conversion.

is up-converted to the optical frequency
region through the phase modulation of the
probe beam. Then, the generated sideband
is down-converted to the IF frequency band
by the optical coherent detection. The
amplitude and phase information of the EM
field to be detected is copied to those of the
IF signal and detected by a lock-in amplifier.

The synchronized coherent measurement
system is suitable for the measurements of
such as (1) EM response of the devices, (2)
propagation, diffraction, and scattering of
EM beams, and (3) antennas which can be
detached from the generators. Figures 4(a)
and (b) show the examples of the visualized
THz waves (125 GHz) re-emitted from a
metal hole array (MHA) and Teflon cuboid,
respectively. The MHA is excited by the
THz wave with a quasi-spherical wavefront
at the resonant frequency. As shown in
Fig. 4(a), the excited EM field oscillates
in-phase at the surface of the MHA, as a
result, the plane wave is re-emitted from
the MHA. This result suggests that MHA
can be used as a wavefront manipulator
[8]. On the other hand, the cuboid with
a refractive index of n=1.46 at 125 GHz
generates terajet as shown in Fig. 4(b).
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Figure 4. Experimentally visualized THz waves
(125 GHz). (a)Metal hole array converts the
quasi-spherical wavefront to the plane wavefront.
(b)Cuboid focuses the EM wave in sub-wavelength
region.

The subwavelength compressed beam and
the Gouy phase shift phenomena of the
terajet are directly observed. We found
that the intensity enhancement of about
7.4 dB and full width at half maximum
of 0.6λ are obtained at the distance 0.5λ

from the cuboid [9]. We have applied this
phenomenon to the THz imaging application
[10].

3. Asynchronous Measurement System

Asynchronous measurement system
enables us to visualize the spatial
distribution of the EM field emitted from
self-oscillating devices. Figure 5 shows the
schematic of the system. The RF signal is
down converted by the non-polarimetric EO
down conversion technique. In the phase
noise cancellation stage, the frequency of
IF signal1 is up-converted by fs, using an
electrical mixer and then down-converted
to fs, by mixing with IF signal2. With this
double-stage mixing process, the common
mode phase noise is cancelled-out and only
the phase difference between IF signal1 and
signal2 are measured by lock-in detection
with a local reference signal, fs.

Figure 5. Schematic of the asynchronous
measurement system.

Figure 6 shows visualized relative phase
distribution of the mm-wave (77 GHz)
generated by the self-oscillating Gunn diode.
The long-term frequency fluctuation and
short-term frequency drift were 1 MHz
and ± 300 kHz, respectively. In this
experiment, the mm-wave was divided by
a rectangular-waveguide-type power divider.
Port1 of the divider was connected to the
pyramidal horn antenna, whereas, port2
was kept open for the phase reference
measurement. Note that the pyramidal horn
antennas in Fig. 6 are simulation models.

We also confirmed that our asynchronous
measurement system can measure the
relative phase distribution with the
theoretically limited sensitivity restricted
by a signal-to-noise ratio of the amplitude
measurement. Without detaching the
antennas from the chip, our system
visualizes the near field. The far-field
radiation pattern can be calculated from the
measured near-field data.
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Figure 6. Amplitude and phase distribution of the
mm-wave (77 GHz) generated by a free-running
Gunn diode. The mm-wave was emitted by a
pyramidal horn antenna. (a) Measured results and (b)
simulated results.

4. Conclusion

We demonstrated two systems for the
EM wave visualization. The photonics
technology is the key in both systems.
The synchronized coherent measurement
system is suitable for the measurements of
the devices which can be detached from
the source. Asynchronous measurement
system enables us to visualize the spatial
distribution of the EM field emitted from
self-oscillating devices without detaching
the antennas. We believe that both
measurement systems pave the way for mm
wave and THz wave industrial applications,
where the beam quality becomes more
important compared with the microwaves.
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Abstract – A frequency-modulated continuous-wave (FM-CW) radar system at 94 GHz with a bandwidth of 2
GHz is configured by an optical millimeter-wave synthesizer for the short-range ranging application. Obtained
bin resolution for detection is approximately 10 cm, which is caused by a sampling rate of the detector. The
millimeter-wave front-end with an IQ detector and an antenna separation feature is configured with A4-size
foot-print designed for the hand-held application.

Keywords – millimeter-wave, FM-CW radar, optical millimeter-wave synthesizer, antenna pattern measurement.

1. Introduction

Nondestructive imaging (NDI)
technologies are highly demanded to
enhance public safety and security; for
instance, security checkpoints at airports and
logistic centers require to detect burnable,
explosive, dangerous, and prohibited items
without any damages. X-ray NDI systems
are already developed and installed in
worldwide with a high image resolution;
however, high energy of the X-ray photons
may cause severe damages to the inspected
items, including human bodies. Therefore,
low-energy photons, such as microwave
and millimeter-wave radios, has become an
alternative solution for NDI emitters [1, 2].
For precise imaging, including ranging,
a high-precision signal source for radio
waves is required, but it has large SWaP
generally, and therefore, the hand-held
system is hard to be configured. Especially
in millimeter-wave signals, the extremely
high transmission loss of the transmission
media such as coaxial cables and rigid
waveguides avoids making any connections
between the signal source and a radio
front-end.

In the study, millimeter-wave signal
synthesizer based on an optical modulation
technique is configured and applied for
remote access from the source to the
radio front-end via an optical fiber
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PD Pol

Pol
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antenna
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Optical amp.

Figure 1. (top) Schematic diagram of an
experimental setup and (bottom) photo of an radar
head.

cable. In addition, in the front-end, an
IQ downconverter is used for detection with
high common-mode rejection ratio under
a frequency-modulated continuous-wave
(FM-CW) radar configuration.

2. System Configuration

Figure 1 shows a schematic configuration
of the system. An optical two-tone
generator based on an optical modulator
is driven by an input FM-CW signal at
a center frequency of 23.5 GHz with an
FM-CW sweep bandwidth of 500 MHz and
a triangle-type FM-CW duration of 100

40
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µs [3]. An optical amplifier optimizes
a power of the optical FM-CW signals
launched into a high-speed photodiode
(PD) at a radar head. Since an optical
carrier-suppressed second-order harmonic
generation is configured by the two-tone
generator, the PD regenerates the radio
signal at 94 GHz with 2-GHz bandwidths by
an optical frequency quadrupling technique.
In the radar head, 94-GHz signals are
passed through an isolator to split into
two components by a directional coupler
(CPL); one is for a transmitter and the
other for a local oscillator (LO) component
in a receiver. A power amplifier (PA)
boosts up the signal to 10 mW, and then,
a conical horn antenna with a polarization
switch (Pol) irradiate the signal into the air.
A reflected signal from targets is collected
by the other antenna with the Pol. A
low noise amplifier (LNA) optimizes the
input level of the signal into an IQ mixer,
which is operated by the LO component
amplified by the PA. Down-converted I and
Q signals, which power levels are optimized
by instrumentation amplifiers are captured
by an analog-to-digital converter (ADC). In
the proof-of-concept demonstration, digital
signal processing (DSP) including fast
Fourier transform (FFT) and peak detection
by a constant threshold value for ranging
is performed by offline processing using a
personal computer.

3. Results

For proof-of-concept demonstration, we
evaluate an FM-CW radar performance
under short-distance ranging configuration.
A metal plate is used as a target under
test. Figure 2 shows obtained peak
structures in various target distances from
the facet of the antennas. Obtained IF
peaks follow linear relationships between
the target distances and expected target
distances estimated by the IF frequency.
Differences between estimated and actual
distances from the target are caused by the
mismatch of the IF and RF electrical path
lengths in the radar front end; calibration can
compensate the mismatches. Quantization
of the obtained peaks is caused by the FFT
size of 1024 with 25-Ms/s ADC, which
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Figure 2. (a) Estimated target positions with various
distances from the antenna facet under up-chirp
(black circle) and down-chirp (red cross) waveforms
and (b) corresponding IF frequency spectra at the
distance indicated in (a) with colored arrows. Gray
dashed line shows a threshold of the peak detection in
the DSP.

provides a bin size of approximately 24
kHz. The resolution by the FFT is obtained
about 10 cm, which is comparable to an
FM-CW resolution of 7.5 cm described
by c/2 fBW . Super-resolution technique
might be applicable for improvement of the
resolution.

Spatial resolution is also a key for
obtained images. Figure 3 shows obtained
beam profiles of irradiated beams with
different distances from the facet of the
antenna. A terahertz camera with 64 ×
64 pixels is used as a beam profiler of the
millimeter-wave signal with a pixel pitch of
1.5 mm [4]. At proximal position, obtained
beamwidths seem to be constant because of
a near-field region. At far from 10 cm,
beamwidths increase with an increase of the
distance between the camera and the antenna
facet. Estimated slope of 0.24 corresponds to
the beamwidth of approximately 14 degrees.
It is consistent with the beamwidth of a
conical horn antenna with an antenna gain
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of 21 dBi. The 3-dB beam diameter is
estimated of 21 cm when the target distance
from the antenna is 80 cm; for precise
imaging, antenna gain should be increased to
30 dBi or more.

4. Conclusion

An optical fiber-connected 94-GHz
FM-CW radar with IQ detection is
demonstrated with 2 GHz bandwidth.
The obtained resolution is limited by the
sampling rate of the receiver, not by the
FM-CW bandwidth. Low SWaP operation
at the radar heads is applicable for hand-held
ranging applications such as an NDI
for construction health monitoring and
inspections of ancient arts [5, 6].
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Development of GHz-Band Optical E-Field Sensor  
Calibration System in NMIJ 

Michitaka AMEYA1* and Satoru KUROKAWA1 
1Research Institute for Physical Measurement,  

National Institute of Advanced Industrial Science and Technology, Tsukuba, 805-8563, Japan 
*m.ameya@aist.go.jp  

Abstract –To assure the reliability of the electric-field sensors for 5G mobile communication and assessing the 
human exposure limit, GHz-band electric-field calibration system is required in Japan. Our institute is now 
developing the electric-field calibration system for optical electric-field sensor and conventional electric-field 
sensor in the frequency range above 2 GHz. In this paper, we report the progress of performance evaluation of 
electric-field generating equipment and electric-field sensor itself. From the evaluation results, the optical electric-
field sensor with spectrum analyzer has bigger thermal dependency compared to the conventional electric-field 
sensor. On the other hand, it is observed that the linearity of the optical electric-field sensor is better than that of 
the conventional electric-field sensor. The field uniformity in z-axis and xy-plane is also discussed in the paper. 

Keywords – electric-field sensor calibration, time-stability, field uniformity, uncertainty evaluation. 

1. Introduction

The reliable GHz-band electric-field 
sensor is required for developing the 5G 
mobile network and assessing the human 
exposure limit of electric-field in GHz [1]. 
To assure the reliability of the electric-field 
sensor, the sensor should be calibrated by the 
manufacturer of the sensor or an accredited 
calibration laboratory. Our NMIJ is only the 
national metrology institute in Japan. We 

establish a lot of metrology standard for the 
domestic user and other neighbor countries. 
The electric-field calibration service up to 2 
GHz is already available from 2015. Now 
we are developing the calibration system 
above 2 GHz for the GHz-band electric-field 
sensor. In this paper, we report the progress 
of developing the GHz-band (especially in 
the frequency range from 4 to 6 GHz) 
electric-field sensor calibration system in 
our institute. 
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Figure 1. Setup of electric-field sensor calibration system in NMIJ. 
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2. Electric-Field Sensor Calibration
System Using Standard Gain Horn
Antenna

According to the IEEE Std 1309-2013[2], 
the use of standard gain horn antenna is 
recommended for calibrating the electric-
field sensor operated in GHz-band. The setup 
of our calibration system is shown in Figure 
1. Basically, the electric-field generated from
the antenna can be calculated by the equation. 

୑ୗୖܧ ൌ
ܩ30ܲ√
݀

(1) 

where ERMS is generated electric field 
strength in rms value, d is the distance 
between antenna and the electric-field sensor, 
P is the input power to the antenna and G is 
the antenna gain of standard gain horn 
antenna. 

To develop a calibration system for 
electric-field sensor, we should evaluate the 
performance of electric-field generating 
system and the electric-field sensor itself. In 
addition, the measurement uncertainty 
should be estimated for issuing the 
calibration certificate. There are a lot 
uncertainty factors for electric-field sensor 
calibration system. The list of uncertainty 
factors is shown in Table 1.  

Table 1. Uncertainty factors for electric-field 
sensor calibration 

Uncertainty factors TX or RX
Time stability both 
Field uniformity TX 
Non-linearity both 
Thermal effect both 
Cable flexure TX 
Effect of supporting jig TX 
Reflection from the environment TX 
Multiple reflections both 
Mismatch effect TX 
Power measurement TX 
Antenna gain TX 
Probe positioning both 
Spectrum purity TX 
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3. Performance Evalution of Calibration
System and Electric-Field Sensors

For evaluating the performance of the 
calibration system, time-stability and field 
uniformity of electric-field generating 
system and electric field sensor itself is quite 
important. To check the time-stability, we 
measured the electric-field at same position 
in 3 hours. Figure 2(a) to (d) show the 
measured time-stability of room temperature, 
output power from coupler forward port, 
output from conventional electric-field 
sensor, and output from optical electric-field 
sensor with spectrum analyzer, respectively. 
The temperature stability is 22 ºC ±1 ºC. 
Compared to the room temperature 
fluctuation, the variations of the output from 
coupler forward port and conventional 
electric-field sensor are about ±0.1 dB. On 
the other hand, the variation of the output 
from optical electric-field sensor with 
spectrum analyzer is about ±0.5 dB. As a 
result, the temperature dependence of our 
optical electric-field sensor is higher than 
that of generated electric-field and 
conventional electric-field sensor. 

To check the field-uniformity of the 
calibration system, we measured the 1D 
distribution along the z-axis and 2D 
distribution in xy-plane at z = 3000 mm. We 
set the x = 0 and y = 0 to the center position 
of standard-horn antenna and set the z = 0 
mm to the antenna aperture of horn antenna. 
The results of 1D distribution measurement 
are shown in figure 3.  The figure 3(a) shows 
the maximum electric-field strength in 4, 5 
and 6 GHz from z = 1750 mm to 3250 mm. 
The figure 3(b) shows the normalized 
electric-field distributions in 5 GHz 
measured by conventional electric-field 
sensor and optical electric-field sensor. In 
both figures, the sensor is located at the 
center of the antenna (x = 0 mm and y = 0 
mm). The simulation results calculated by 
MoM [3] are also shown in figure 3(b).  From 
figure 3(a), the calibration system can 
generate more than 100 V/m (=160dBuV/m) 
electric-field at 3 m distance from the horn 
antenna aperture in the frequency range from 

4 to 6 GHz. The non-linearity region around 
164 dBuV/m is observed in the figure. From 
figure 3(b), the calculated results and the 
measured results of optical sensor quite agree 
each other. On the other hand, there are some 
discrepancies between the calculated results 
and the measured results of conventional 
electric-field sensor. These discrepancies 
come from the non-linearity of the 
conventional electric-field sensor. From 
these results, the linearity of the optical 
electric-field sensor is quite better compared 
to that of the conventional electric-field 
sensor. 

(a) Absolute electric-field strength measured by 
conventional sensor in dBuV/m 

(b) Normalized electric-field of measured results and 
calculated results 

Figure 3.  1D field uniformity evaluation in z-axis 
from d = 1750 mm to 3250 mm 

Figure 4 shows the 2D distribution in xy-
plane at z = 3000 mm in the frequency range 
from 4 to 6 GHz. The measured area is from 
–200 mm to +200 mm in both x and y
direction. The MoM simulation results draw 
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concentric circles around the center of the 
antenna aperture (x = 0 and y = 0). The 
distribution measured by the conventional 
sensor and optical sensor are quite different 
from MoM simulation results. The reasons of 
the difference will be explained at the 
presentation in detail.  

4. Conclusions

In this paper, we report the results of 
evaluation of time-stability and field 
uniformity of electric-field calibration 
system and sensor itself. Other uncertainty 
factors should be evaluated for starting the 

calibration service of electric-field sensor in 
GHz-band in Japan.  
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(a) Frequency = 4 GHz 

(b) Frequency = 5 GHz 
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Figure 4. 2D field uniformity evaluation in x-axis and y-axis in the area of  ±200 mm  at z = 3000 mm 
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Abstract – After brief introduction of our recent development of new high-hyperpolarizability chromophores and 
electro-optic polymers, we report the dielectric properties of EO polymers in a broad band THz frequency region (90 
GHz to 7 THz) by using THz-TDS as well as the absorption coefficient (αTHz [cm-1]) of EO polymers in a broader frequency 
region up to 20 THz obtained by far-infrared spectroscopy (FIR). We compare the efficiency for THz-wave generation from 
the viewpoints of the material figure-of-merit, coherence length, and absorption coefficient between EO polymers, typical 
inorganic and organic EO crystals (ZnTe, LiNbO3, and DAST), and discuss the advantageous points of EO polymers. We 
found that the EO polymer is one of the excellent materials for ultra-high speed optical modulation and THz-wave generation 
and detection. 

Keywords – electro-optic chromophores; electro-optic polymers; THz-wave generation and detection; dielectric 
properties. 

1. Introduction

On the past several decades, 
considerable attention has been paid to the 
development of organic and polymeric 
electro-optic (EO) materials due to their 
potential applications in ultrahigh-speed 
optical modulators and switches, optical 
interconnect technology, electric field 
sensing, and THz-wave generation and 
detection. Recent advances in the molecular 
design and synthesis have yielded a variety 
of EO polymers with high 
hyperpolarizability (β) chromophores and 
excellent thermal and chemical stability [1]. 
We have developed EO polymers with new 
high-β chromophores comprising amino-
benzen with additional alkyloxy groups as 
the donor unit [2,3], thienyl-di-vinylene 
with ethylendioxy as the π-electron bridge 
[4], and the tricyanofuran (TCF) derivatives 
(TCF, CF3-TCF, and CF3-Ph-TCF) as the 
acceptor unit. Our EO polymers exhibited a 
large EO coefficient r33 and an excellent 
thermal stability. In this paper, we briefly 
introduce recent development of our EO 

chromophores and polymers. We also report 
the dielectric properties of EO polymers in a 
broad band THz frequency region (90 GHz 
to 7 THz) by using THz-TDS as well as the 
absorption coefficient (αTHz [cm-1]) of EO 
polymers in a broader frequency region up 
to 20 THz obtained by far-infrared 
spectroscopy (FIR) [5]. We also compare 
the efficiency for THz-wave generation 
from the viewpoints of the material figure-
of-merit (FOMTHz=r2nopt

6/16nTHz) [6], 
coherence length (lc), and absorption 
coefficient (αTHz [cm-1]) between EO 
polymers, typical inorganic and organic EO 
crystals (ZnTe, LiNbO3, and DAST), and 
discuss the advantageous points of EO 
polymers. 

2. Experimental

The synthesis procedures for our EO 
chromophores were shown elsewhere [2-4], 
and chemical structures of the EO 
chromophores will be shown later.  values 
of the EO chromophores are evaluated by 
Hyper-Rayleigh scattering (HRS) 
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measurements. The apparatus used in the 
experiment and procedure for HRS were 
described in detail elsewhere [2-4]. 

The transmission ellipsometric method 
without an aperture was utilized for simple 
and reliable evaluation of electro-optic 
coefficient r33 of EO polymers [7,8] and the 
long-term thermal stability of r33 was 
evaluated by the same method. 

The dielectric properties of EO polymers 
in a broad band THz frequency region (90 
GHz to 7 THz) were obtained by using 
THz-TDS, and the absorption coefficient 
(αTHz [cm-1]) of EO polymers in a broader 
frequency region up to 20 THz were 
obtained far-infrared spectroscopy. 

3. Results and Discussion

Figure 1 shows the chemical structures of 
the EO chromophores used in our studies. 
Table 1 show β values obtained from the 
HRS measurements and the maximal 
absorption wavelength for the EO 
chromophores. The typical experimental 
error in HRS measurements is 10 to 15%, 
depending on the EO chromophores. The 
improvement of linear and nonlinear optical 
properties was found in electro-optic 
chromophores with benzyloxy and/or 
ethylenedioxy compared with the 
chromophores without these groups. The 

data obtained from HRS, absorption 
spectrum, and 1H-NMR measurements 
indicate the improved structural stability of 
π-conjugation unit, which may be induced 
by intra-molecular hydrogen bounding 
and/or the steric effect. 

Using EO polymers with the new EO 
chromophore comprising amino-benzen 
with a benzyloxy group as the donor unit, 
thienyl-di-vinylene as the π-electron bridge, 
and the tricyanofuran-based acceptor unit 
(CF3-Ph-TCF), we obtained a large EO 
coefficient r33 of about 100 pm/V [8].  
Furthermore, for the high-Tg side-chain EO 
polymers, we found an excellent long-term 
thermal stability of EO activity in the poled 
polymers by the Telcordia GR-468 high 
temperature storage test, in which test EO 
coefficient is measured for 2000 hours for 
the poled polymers stored at 85ºC.  

Figures 2(a) and 2(b) show the refractive 
index and absorption coefficient for a side-
chain EO polymer, in which the chemical 
structure of the side-chain EO polymer is 
also illustrated. We focus on the refractive 
index at around 100 GHz. The refractive 
index at around 100 GHz is 1.75 to 1.8 for 
the side-chain EO polymer. The refractive 
index at the optical wave (1.532 mm) for the 
side-chain EO polymer is 1.683. We found 
that the refractive index at around 100 GHz 

Figure 1. Chemical structures of EO chromophores 

Table 1. Hyperpolarizabilities and maximal absorption wavelength of EO chromophores 
Sample βHRS (10-30 esu) 

(@1952 nm) 
βzzz (10-30 esu) 
(@1952 nm) 

β0,zzz (10-30 esu) βEO,zzz (10-30 esu) 
(@1.55 m) 

λmax (nm) 

(a) 1090 2630 798 1310 780 
(b) 1660 4010 950 1670 823 
(c) 1930 4660 988 1780 839 

βzzz was calculated by the relation βzzz=(35/6)1/2βHRS. The two-state model was assumed to obtain β0,zzz at zero 
frequency. The hyperpolarizability βEO,zzz for electro-optic (EO) effect (βzzz(-ω,ω,0)) under the two-state 
model was calculated from the β0,zzz, using the relation βEO,zzz=β0,zzzωeg

2(3ωeg
2-ωEO

2)/(3(ωeg
2-ωEO

2)2), where ωeg 
and ωEO are transition angular frequency and angular frequency of optical wave used for EO, respectively. 
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is a little larger than that at the optical wave, 
and the difference between the two is 
approximately 8%. The near match of the 
intrinsic material indices at 100 GHz and 
the optical wave is highly desirable for 
velocity matching between the modulation 
microwave and optical wave for ultra-high 
speed EO modulation. We focus on the 
absorption coefficient at around 100 GHz 
for the side-chain EO polymer. The data 
indicates that the loss of microwaves around 
at 100 GHz by the intrinsic materials is very 
small. This characteristic is also desirable 
for ultra-high speed EO modulation. 

We examine on the frequency dispersion 
of the refractive index nTHz in the broad 
frequency region (90 GHz to 7 THz). nTHz 
tends to decrease slightly when the 
frequency increases with being about 1.6 at 
the highest frequency (7 THz) in this study. 
The difference between nopt and nTHz is very 
small. Thus, better phase matching between 
the THz wave and optical wave is expected, 
which leads to a longer coherence length. 
Therefore, the EO polymer with a large 
electro-optic coefficient is one of the 
promising materials for THz generation and 
detection. We also examine the absorption 
coefficient (αTHz [cm-1]) in the broad 

frequency region (90 GHz to 20 THz). The 
EO polymer has broad absorption bands, 
although αTHz in the low THz frequency 
region is small. The structure of main-chain 
polymer may need to be reconsidered, 
especially for application in long THz 
waveguide devices. 

Finally, we compare the efficiency for 
THz-wave generation from the viewpoints 
of the material figure-of-merit, coherence 
length, and absorption coefficient between 
EO polymers, typical inorganic and organic 
EO crystals (ZnTe, LiNbO3, and DAST). 
We found that EO polymer is an 
advantageous material from these 
viewpoints. 

4. Conclusions

We designed and developed new high β 
EO chromophores utilizing the 
intramolecular hydrogen bonding and steric 
effect. The poled polymer with the new EO 
chromophore showed a large EO coefficient 
r33 of about 100 pm/V.  For the high-Tg 
side-chain EO polymers, we found an 
excellent long-term thermal stability of EO 
activity. We investigated the dielectric 
properties of EO polymers in a broad band 
THz frequency region (90 GHz to 7 THz) 
by using THz-TDS as well as the absorption 
coefficient (αTHz [cm-1]) of EO polymers in 
a broader frequency region up to 20 THz 
obtained by far-infrared spectroscopy (FIR). 
The data indicate that EO polymer is one of 
the excellent materials for ultra-high speed 
optical modulation and THz wave 
generation and detection. 
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Abstract –Recently, there are growing concern about possible health effect of electromagnetic fields in 
intermediate frequency (IF) band due to the widespread use of the equipment operating in these frequencies such 
as wireless power transfer (WPT) systems, induction heating (IH) hobs, electronic article surveillance (EAS) 
systems and so forth. In this study, we constructed electric field measurement system with optical electric field 
sensor and measured near-field of two types of fabricated WPT systems. Measured electric fields were compared 
to that evaluated with numerical simulation. 
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1. Introduction

Recently, the devices using radio waves 
in the intermediate frequency band (300 Hz 
– 10 MHz) are increasing such as wireless
power transfer (WPT) systems, induction 
heating (IH) hobs, electronic article 
surveillance (EAS) systems and so forth. A 
large electric power in the order of kW is 
sometimes applied to those systems. In 
consequence, a strong electromagnetic 
(EM) near-field can be produced around the 
system. Therefore, the confirmation of the 
exposure level to biological body is 
essential. 

International guidelines have been 
established for the safety use of radio waves 
[1][2]. In the intermediate frequency band, 
there are two major biological effects 
needed to be considered as direct effects. 
One is a thermal effect defined in terms of 
specific absorption rate (SAR) for a 
frequency higher than 100 kHz. The other is 
a stimulus effect defined in terms of 
induced electric field strength for a 
frequency lower than 10 MHz. Incident 
electric and magnetic field strength are also 
defined as reference level, since the SAR 
and induced electric field inside biological 
bodies are difficult to evaluate. 

We have measured EM fields around 
our fabricated WPT system and 
calculated induced electric field and SAR 
inside human in the vicinity of the system 
[3][4]. We found that the maximum 
allowable input power (MAIP) for EM 
reference level are much lower than that for 
basic restrictions. Especially the limitation 
due to incident E field is dominant for MHz 
band WPT systems. In the guidelines, 
limitation of contact current is also defined 
as indirect effect. The electric field 
reference levels for general public exposure 
up to 10 MHz is shown to prevent adverse 
indirect effects (contact current) for more 
than 90% of exposed individuals. Therefore, 
evaluation of electric fields around those 
systems is also important.   

In this study, we constructed electric 
near-field measurement system with optical 
electric field sensor and measured the 
incident electric fields in the vicinity of 
WPT systems operating in MHz band.  

2. Measurement System

We have constructed a electric near-field
measurement system as shown in Fig, 1.  

58



Electric field is measured with 
optical electric field sensor (Seikoh 
Giken, SH- 03EX) having three 
antennas arranged in the mutually 
perpendicular directions [5]. |S21| 
between power supply to the 
WPT systems and output of the 
optical electric field sensor is 
measured with a vector network 
analyzer (Agilent, E5071C). The 
system also contains a PC to acquire 
data and to control three-dimensional 
positioner. This system allows us to 
measure not only amplitude but also phase 
for each axis.  

Figure 1. Measurement system for electric field. 

3. Measurement Condition

We have fabricated two types of WPT
systems operating around 10 MHz. Figure 2 
shows (a) solenoid-type and (b) spiral-type 
WPT systems. The solenoid-type WPT 
system is composed of two single loops for 
feed and load terminals, and two 6-turn 
solenoidal coils having a radius of 30 cm 
and a height of 20 cm. The spiral-type WPT 
system consists of two single loops and two 
13-turn spiral coils. Power transfer 
efficiency with the spacing of transmitting 
and receiving coils of 20 cm is summarized 
in Table 1. 

Figure 3 illustrate the measurement 
region assuming human stand in the vicinity 
of the systems. Electric fields are measured 
in a volume of 35 x 70 x 180 cm3 with 
measurement interval of 5 cm. The distance 
from the system to the measurement region 
was 20 and 15 cm for solenoidal type and 
spiral type, respectively.  The input power 
was 1 W. 

Table 1. Resonant frequency and efficiency of 
fabricated WPT systems. 

System Frequency [MHz] Efficiency [%] 
Solenoid 8.62 83 

9.79 79 
Spiral 6.35 94 

7.74 90 

(a) Solenoidal  type    (b) Spiral type 

Figure 2. Fabricated WPT systems. 

Figure 3. Illustration of measurement region. 

4. Results

Figure 4 shows distributions of measured
electric field (a) Ex, (b) Ey, and (c) Ez, in 
the vicinity of the spiral type WPT system at 
6.35 MHz. In Fig. 4, the measured 
distributions for both magnitude and phase 
were compared with those of numerically 
calculated by method of moments. It was 
observed that both measured and calculated 
distributions are in good agreement for both 
amplitude and phase of each component.  

The values of measured and calculated 
were compared with the reference levels and 
shown in Fig. 5. For the spiral type WPT 
system, differences in maximum value are 
36.2 and 43.6 % at 6.35 and 7.74 MHz, 
respectively. The differences are 33.9 and 
37.1 % at 8.62 and 9.79 MHz for solenoidal 
type. The difference may be attributed to 
fabrication errors of the WPT coils.

WPT System

E-field probe

PC

Network Analyzer

O/E

O
ptical fiber

50Ω Load

GPIB

Tx Rx

Feed Port Load Port
Tx

Rx

Feed Port

Load Port

20 cm

20 cm
Rx Tx

Feed port
Load port

59



(a) Ex 

(b) Ey 

(c) Ez 
Figure 4. Distributions of amplitude and phase 
measured and calculated at 6.35 MHz for  spiral type 
WPT system. 

Figure 5. Comparison of measured electric field 
values to calculated ones. 

5. Conclusion

We have constructed near-field 
measurement system with the electric field 
optical sensor. This system allows us to 
measure three directional distributions of 
both amplitude and phase. Electric near-
field radiated from the WPT systems were 
measured with the system and compared 
with the numerically calculated ones.  
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Abstract – A new non-invasive method to measure the temperature distribution due to high frequency
electromagnetic field power absorption is proposed. A micro-encapsulated thermo-chromic liquid crystal (MTLC)
is employed as the temperature probe because of its nature of high resolution and high sensitivity. In this paper,
we show the temperature visualization with transparency phantom including MTLC for the dosimetry under
millimeter-wave exposure. As the preliminary investigation, a non-linear coordinate transformation method and a
feedforward neural network method are examined to quantify the temperature distribution from the visualization
image.
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1. Introduction

Millimeter-waves (MMWs) exposure
causes highly localized temperature
elevation in the surface of biological tissues,
because the penetration depth of MMWs
is smaller than 1 mm into the biological
tissues [1]. In order to measure this local
temperature change, micro-encapsulated
thermo-chromic liquid crystals are proposed
as the method of temperature measurement
[2]. The diameter of MTLC is about 20 to 30
micrometers. The cholesteric liquid crystal,
which has suitable nature of high resolution
and high sensitivity to detect the changes
of temperature, is encapsulated within urea
resin or gelatin capsule. Wavelength of
scattered light from MTLC is changes as
the environmental temperature surrounding
MTLCs. Therefore temperature distribution
is observed by the color image.

The purpose of this study is to show 
the feasibility of MTLC method to detect 
the temperature distribution changes due 
to MMW frequency band exposures. 
in situ experiments are performed with 
transparency gel phantom to visualize the 
temperature elevation, and temperature 
distribution is tried to quantify by a 
non-linear coordinate transformation 
method and a feedforward neural network 
method.

2. Experimental Setup

MTLCs, which is produced by Japan
Capsular Products, used in this experiment
is toned depending on the environment
temperature from 25 to 30◦C. This MTLC
scatters red light at 25◦C and scatters blue
light at 30◦C for the observation angle of 90◦
to the incident direction of the slit light.

Transparency gel phantoms containing
MTLCs are made for this experiment. This
phantom is composed of 0.06 wt% MTLC,
2.0 wt% carrageenan, 30.0 wt% sucrose, 0.5
wt% KCL and 67.5 wt% water. It has a
cuboid form with the size of 50 mm × 50
mm × 45 mm, and is sustained by itself
without any container. Here, "carrageenan?
denotes the material which is extracted from
seaweed and has high transparency.

Figure 1 shows the block diagram of
the exposure system that was used in
this preliminary experiment. One of the
lateral surfaces of the phantom is irradiated
by 40 GHz MMWs with an open-ended
waveguide.

The schematic view of measurement setup 
is shown in Fig. 2. The distance between the 
phantom and the open-ended waveguide is 5 
mm. We irradiated 40 GHz MMWs whose 
input power into the open-ended waveguide
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Figure 1. Block diagram of the exposure setup.

Figure 2. Schematic view of the exposure experiment
for the visualization of temperature distribution inside
the transparency phantom.

is 27.9 dBm. The inner cross-section of 
phantom was illuminated by a slit light. The 
change of MTLC’s coloring distribution was 
recorded by a digital camera. The slit light 
source was located at the counterposition of 
open-ended waveguide as shown in Fig. 2.

3. Visualization and Quantification of 
Temperature Distribution

Figure 3 shows an example of 
visualization of temperature distribution 
inside the transparency phantom at 600 s 
from the onset of exposure. The penetration 
depth is approximately 500 µ m for the 
high water content phantom exposed to 
40 GHz MMW. It is found that 
temperature distribution caused by 
conduction, whose heat source is absorbed 
power of MMW, is visualized in the 
relatively tiny area of 10.3 × 4.6 mm.

In this study, a feedforward neural 
network (NN) as shown Fig. 4(a) 
is examined to quantify temperature 
distribution from recorded visualized 
images. A NN is composed by one input 
layer, one hidden layer and one output layer, 
and each layer has 4 (including a bias unit), 
1000, and 1 units, respectively. Temperature 
distribution estimated by NN is shown in 
Fig. 4(b).

Figure 3. An example of visualization of temperature
distribution inside the phantom.

(a) (b)

A feedforward neural network

Figure 4. Quantification of temperature distribution
by a feedforward neural network. (a preliminary
study)

4. Conclusion

We have examined temperature
visualization caused by MMW exposure
with non-destructive MTLC method. As an
preliminary investigation, quantification of
temperature distribution inside phantom is
performed by the feedforward NN, and the
feasibility of this method is shown.
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Abstract – Recently there have been great interests in applying silicon photonic resonator in bio-sensing, it has 
potential to achieve high sensitivity. Bio-sensing applications rely on the principle of changing the effective 
refractive index of silicon waveguide resulting in resonant wavelength shift. In this paper, we discuss the design 
factors affecting the sensing sensitivity include coupling efficiency between input or output waveguides and the 
resonating cavity as well as the cavity effective refractive index change. Then we measure the results on our 
resonators comparing with simulations. The procedure to coat antibody for bio-analyte detection is also outlined 
and demonstrated.   
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1. Introduction

Silicon photonic resonator based devices 
have received attention recently in bio-
sensing applications. The resonant 
wavelength shift of the resonator is 
responsive to the effective refractive index 
change occurred through bio-material 
binding at the sensor surface such as 
antibody-antigen binding. This technique is 
called label-free sensing as opposed to the 
label sensing using fluorescent dye. The 
label-free sensing is quantitative and more 
sensitive to the concentration of the target 
bio-analyte, thus it is promising to be used in 
early diagnosis [1-3]. 

Resonator for bio-sensing purpose should 
satisfy the design requirement in two 
aspects. Firstly, the sensor should have high 
quality factor with large extinction ratio. 
Secondly, the interaction of the combined 
receptor molecules and the target bio-analyte 
with light in the resonator cavity should be 
high. This paper presents the discussion of 
the issues in silicon photonic ring resonator 
design and fabrication in the context of bio-
sensing. We present the simulated and 
measurement results of our racetrack ring 
resonators with large coupling gap between 
silicon nanowires, thus the device can be 
fabricated using low resolution lithography.  

2. Theory

Silicon photonic ring resonator has the 
advantage of high index contrast between 
silicon nanowire which has refractive index 
of 3.45 and the oxide cladding (SiON or 
SiO2) with refractive index of approximately 
1.5. The theory of standard ring resonator is 
well established where, due to phase-
matching condition, the resonant 
wavelengths ( m ) and free-spectral range
(FSR) depend on the effective index ( effn ), 
group refractive index ( gn ) and the length ( L

) of the resonant cavity as in the following 
relationships,  

,m effn L m  (1)
2 .m gFSR n L (2)

In sensing application, large quality (Q) 
factor is desirable since the wavelength shift 
can be detected more precisely.  The Q factor 
is typically defined as the ratio of the stored 
energy to energy loss per round trip and it 
indicates the width of the resonant peak. The 
Q factor depends on the coupling coefficient 
from waveguide to the resonator and the 
intrinsic loss of resonator as the followings,  
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where 0 is the cavity free-space resonance
wavelength,   is the loss coefficient of the 
cavity,   is the coupling coefficient and rt

is the roundtrip propagation time. 

3. Challenges in Silicon Photonic
Resonator in Bio-Sensing Applications

3.1. Waveguide to Resonator Cavity
Coupling

As summarized in the previous section, 
coupling coefficient is among the design 
parameters that need to be considered. In 
traditional CMOS fabrication with low 
resolution lithography, the gap between Si 
nanowires, parameter g  as shown in Figure 
1, can be rather large in the order of 0.3-0.5 
µm. Longer coupling section is required for 
larger gap which results in racetrack design.  

We have fabricated and measured device 
performance of such design. Our devices use 
edge coupling by spot size converter using 
inverted taper coupler design to minimize 
fiber to chip loss. The results are shown in 
Figure 2 (a) and (b) for two coupling gaps, 
0.3 and 0.5 µm, compared with simulated 
results using commercial OptiFDTD 

software.  Note that with larger gap, longer 
coupling length is required which also results 
in longer resonant cavity and narrower free 
spectral range.  Large Q factor can be 
achieved but careful design is required 
between coupling coefficient and cavity loss 
which has been increased.  

3.2. Evanescent Field Interaction with
Target Biomaterial

The principle of bio-sensing relies on 
interaction of optical field with the combined 
antibody and bio-analyte, which then causes 
changes in effective refractive index. Thus 
we can simulate to the wavelength shift to the 
percentage change of refractive index, as 
shown in Figure 3, for two extreme cases, i.e. 
when the resonator cavity refractive index is 
changed and when the cladding refractive 

index is changed. The slope of / n   
reflects how sensitive the sensor is. For 
actual sensing we can expect the slope to be 
between these two cases.  To increase the 

(a) 

(b) 

Figure 2. Experimental results of silicon ring 
resonator with coupling gap (a) 0.3 µm and (b) 0.5 µm

Figure 1. Top view and cross-section of a racetrack 
Si Photonic ring resonator. 
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sensitivity it is important to increase the 
interaction area, i.e. the antibody and bio-
analyte binding surface.  

4. Procedure of Antibody Coating

In this section we summarize a procedure
of antibody coating onto silicon resonator. 
The silicon device surface is cleaned in 
methanol and 1 M HCl at room temperature 
and thoroughly rinsed with deionized water. 
The salinization procedure is then performed 
by applying the method in [4]. Initially, the 
cleaned silicon device is immersed in 10% 3-
aminopropyl-triethoxysilane (APTES) in 
ethanol and a small amount of deionized 
water at room temperature over a long period
Figure 5 (a). These sensors would be rinsed 
with deionized water and dried. Then, the 
silanized silicon devices will be coupled with 
2.5% glutaraldehyde (GA) and 160 mM 
sodiumcyanoborohydride in PBS, pH 7.4 at 
room temperature and will be wash with 
deionized water. The APTES-GA modified 
Silicon devices is then immersed in antibody 
solution, in our case we use anti-human IgG 
antibody, at room temperature, excess 
antibody is washed out by phosphate buffer 
saline (PBS). We then achieved 
functionalized silicon resonator as in Figure 
5 (b), which is ready for bio-analyte 
detection.  
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Abstract – Certification of active medical implants for use in magnetic resonance imaging machines requires
the testing of immunity with respect to radiofrequency voltage induced into the active electronics of the implant.
Immunity is tested on the bench by injection. The injection voltage must be determined under real exposure
conditions. We have developed an optical differential voltage probe to be used in electromagnetically hostile
environments like magnetic resonance imaging that is able to deliver the full complex-valued voltage signal with a
dynamic range of 120 dB and a frequency range from 100 kHz to 1 GHz and with a total measurement uncertainty
of 1.14 dB.

Keywords – implant safety; magnetic resonance imaging; MRI; immunity testing

1. Introduction

Magnetic resonance imaging (MRI) scans
of a patient with an active implantable
medical device (AIMD) may result in
radiofrequency (RF) induced malfunction
caused by the induced voltages that are
coupled via the leads into the AIMD.
Clause 15 of [1] describes the procedure
for determination of the fields induced by
elongated leads. To date, proprietary
solutions provided by the implant
manufacturers or relatively large external
probes that monitor the induced absolute
voltage [2] are available. All existing
monitoring solutions lack the ability to
capture the complex voltage signal required
for Tier 3 evaluations according to [1].

In this paper, we present the
RFoF1P4MED, which offers a completely
optically isolated active differential RF
probe capable of acquiring the complex
voltage signal at frequencies from 100 kHz
to 1 GHz. When connected to the terminals
inside the AIMD, this probe enables induced
RF voltages to be monitored with minimal
parasitic pickup under MRI exposure
conditions.

2. Sensor System Design

The system (Figure 1) uses direct laser
modulation for signal transmission of the RF
signals fed to the 300 kΩ, <1 pF differential
input of the probe. The RFoF1P4MED probe
and the remote unit are optically linked
exclusively by fiber optics. A power laser is
used to illuminate a photovoltaic converter
inside the probe head via fiber optics. The
electrical energy from the photovoltaic cell
drives a small current-stabilized laser and
a differential amplifier inside the sensor
head. The input RF signal, amplified by the
differential amplifier, modulates the optical
output power of the vertical cavity surface
emitting LASER (VCSEL). This signal is
then transmitted to the remote unit over an
optical fiber. At the remote unit, the optical
signal is demodulated again by means of
a fast photodiode, and the received RF
signal is amplified by a transimpedance
amplifier and made available via a standard
50 Ω output to connect to standard RF
equipment. Calibration of the voltage probe
system is accomplished by means of a
calibration device (Figure 2) that enables
system calibration with any standard vector
network analyzer (VNA).
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Figure 1. Schematic diagram of the RFoF1P4MED fiber-optic RF voltage probe.
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Figure 2. Schematic diagram of the RFoF1P4MED calibration setup.

Figure 3. Left: RFoF1P4MED measurement setup inside the MITS1.5 (ZMT ZurichMedTech AG, Switzerland)
MRI birdcage. Right: Measured radio-frequency signal at the output of the Remote Unit (SPEAG, Switzerland)
opto-electrical converter.

3. Results

We have implemented the novel photonic
voltage probe in a miniaturized design.
The probe was successfully applied in the
certification of a medical device according
to clause 15 of [1] in a realistic MRI

environment (Figure 3). The measurement
uncertainty of this voltage probe system was
found to be as low as 1.14 dB (k = 1). The
overall specifications of the probe system are
summarized in Table 1.
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Table 1. Specifications of the RFoF1P4MED optical
voltage probe system reported here.

Bandwidth (3 dB) 100 kHz – 1 GHz

Signal input

Connector preci-dip 851

Input impedance 300 kOhm

Diff. range ±12 V

Noise floor <100 µV/
√

Hz

Signal output

Probe MU-duplex

Remote Unit 50 Ohm (SMA)

4. Conclusions

We present a novel microphotonic
radiofrequency voltage probe capable of
acquiring the full complex-valued voltage
signal under electromagnetically hostile
exposure conditions. The voltage probe has
been successfully applied to certify an active
medical implant according to clause 15 of
[1]. The overall measurement uncertainty
was found to be better than 1.14 dB (k = 1).
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Abstract – This article shows the system variation of the gain measurement system for extrapolation method 
using optical fiber link technologies. The S21 of the standard horn antennas have been measured from 26 GHz to 
40 GHz. The vibration of S21 by the optical system has been compared with the result by the conventional system. 
The system using the optical fiber link technologies has an acceptable stability. 
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1. Introduction

The optical fiber link system has many 
advantages. The fiber is very lightweight 
and easy handling. The dielectric fiber can 
replace the metal coaxial cable and suppress 
the unwanted waves from the coaxial cable. 
The effect of the cable which distort the 
radiation pattern of the antenna can be 
avoided. And, the uncertainty of long time 
stability of the coaxial cable can be 
suppressed. [1-4] 

2. System ＆Results

The proposed system is shown in Fig.1. 
The reference antenna is fixed, the antenna 
under test (AUT) is set on a moving rail. 
The distance of the antennas D is from 1.5 
m to 4.1 m along the rail. The S21 of the 
standard horn antennas have been measured 
from 20 GHz to 50 GHz. 5 times have been 
measured at each position. 

Figure 1. Extrapolation measurement system by 
using optical fiber link technologies 

Fig.2 shows the Standard deviation of 
measured S21 at 33 GHz. This optical fiber 
link system is still in trial and test. 
Compared with the conventional system, the 
optical fiber system has a larger deviation 
but an acceptable stability. 

Figure 2. Standard deviation of measured S21 
(33GHz 5 time) 
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Abstract – This paper describes the outline of recent standardization activities for Radio over Fiber transmitter by 
IEC TC103WG6. Radio over Fiber transmitter consists of optical fibers, electrical to optical converter, and optical 
to electrical converter. IEC TC103WG6 is working on standardization on measurement method of these devices, 
and technical report for some applications using Radio over Fiber transmitter (totally 10 projects). This paper 
overviews those standardization activities which are being developed by TC103WG6 in 2017.

Keywords – Radio over Fiber transmitter, electrical to optical converter, optical to electrical converter, 
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1. Introduction

Radio over Fiber (RoF) system is widely 
recognized as broadband wireless signal 
infrastructure to shadowing areas such as the 
underground, the subway stations, inside the 
train, and inside the building. Further, RoF 
system can transmit and receive broadband 
microwave modulated light wave. For this 
reason, variety of RoF systems are utilized 
in the area of transmitting broadband 
microwave signal such as TV broadcasting 
signals, mobile phone signals, WiFi 
(Wireless Fidelity) signals. 
 IEC TC103WG6 (International Electro 
Technical Commission, Technical 
Committee 103 Working Group 6) has 
started standardization of RoF transmitter 
from 2005. The national committee of 
TC103WG6 has more than 9 work programs. 
This paper presents recent standardization 
activities for RoF transmitters within IEC 
TC103WG6. 

2. Outline of Working Programs

IEC TC103WG6 standardize RoF 
transmitter and related technologies. This 
working group has 9 projects as follows; 

conversion device in high-
frequency radio over fibre systems - 
Measurement method [1]. 
This International Standard provides a 
method for measuring the frequency 
response of optical-to-electric 
conversion devices in wireless 
communication and broadcasting 
systems. The frequency range covered 
by this standard goes up to 100 GHz 
(practically limited up to 110 GHz by 
precise RF power measurement) and the 
wavelength band concerned is 0,8 µm to 
2,0 µm. 

(2) Measurement Method of a Half-
Wavelength Voltage for Mach-Zehnder 
Optical Modulator in Wireless 
Communication and Broadcasting 
Systems [2] 
This standard gives a measurement 
method of half-wavelength voltage 
applicable to Mach-Zehnder optical 
modulators in wireless communication 
and broadcasting systems. In addition, 
this method is also effective for the 
estimation of the intermodulation 
distortion of Mach-Zehnder optical 
modulators in the frequency range from 

(1) Frequency response of optical-to-electric
70



10 MHz to 30 GHz. 

(3) Measurement Method of a Half-
Wavelength Voltage and a Chirp 
Parameter for Mach-Zehnder Optical 
Modulator in High-Frequency Radio on 
Fibre (RoF) Systems [3] 
The standard defines the measurement 
methods of a half-wavelength voltage 
and a chirp parameter which have a 
significant impact on the performance of 
RoF systems. Additionally, these 
methods are also used for the estimation 
of the intermodulation distortions and 
transmission performances. The half-
wavelength voltage and the chirp 
parameter can be measured at the same 
time using the methods defined in this 
standard. The nonlinear distortion 
characteristics are also important for the 
performance of the systems. The 
intermodulation distortion of the MZM 
is calculated from the driving voltage 
and the half-wavelength voltage in the 
frequency range from 5GHz to 110GHz. 

(4) System applications of radio over fibre 
technologies [4] 
 This document provides information on 
the current and latest applications of 
radio over fibre technology. Wireless 
communication, broadcasting, and 
airport multilateration systems which are 
already implemented or will be in the 
near future, are introduced. This 
document includes the basic concept, a 
brief outline and related standards of the 
applications of RoF technology. 

(5) Radio-over-Fibre Technologies for 
electromagnetic field measurement - 
Part 1: Radio over fibre technologies for 
antenna measurement [5] 
This document provides information on 
the current and latest applications for 
antenna measurement using radio-over-
fibre technology. Antenna gain and 
antenna pattern measurement systems 
are covered, which are practically in use 

or will be used soon. It will be beneficial 
to system developers and system users in 
the fields of antenna measurement. 

(6) Radio-over-Fibre Technologies for 
spectrum measurement - 100-GHz 
spectrum measurement equipment [6]. 
This document describes 100-GHz 
spectrum measurement methods using 
RoF technologies. It covers the 
background to measurement over 100 
GHz, the configuration of a spectrum 
analyzer, the key technologies, such as 
mm-wave tunable filter, and RoF-
technologies-based local oscillator, and 
provides some measured examples. 

(7) Radio over fibre fronthaul network for 
train communication network [7] 
This document introduces detail of a 
radio over fibre fronthaul network for 
train communication networks. A 
network topology of a train 
communication network with a radio 
access system is shown in the figure 1. In 
the proposal, network configuration 
based on a wavelength-division 
multiplexing (WDM)-RoF system is 
implemented to the network between the 
node base station and the track-side radio 
access units (TS-RAUs). For realization 
of broadband connections between the 
TS-RAU and the train car, broad 
bandwidth radio signal such as a 
millimeter-wave radio could be applied 
for realization of the capacity of 1 Gbit/s 
or more. 

Figure 1. Schematic of millimeter-wave radio-over-
fiber backbone for high-speed trains. 

(8) Radio-over-Fibre Technologies and their 
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performance standard - Part 3: Foreign 
object and debris (FOD) detection radar 
system [8] 
This standard provides the link 
performance of RoF which connects the 
central station and remote antenna 
stations of foreign object and debris 
(FOD) detection radar system. The FOD 
detection radar system utilizes 
millimeter-wave frequencies carried 
through the optical fibre to perform high-
sensitivity and high-range resolution. 
The system to detect FOD on airport 
surfaces plays an important role in 
managing airport security and safety. 

(9) Frequency response of optical to 
electrical conversion device in high 
frequency radio over fibre systems - Part 
2 Measurement method of common 
mode rejection ratio of optical coherent 
receiver [9] 
Measurement method of frequency 
response of common-mode rejection 
ratio of optical coherent receiver 
discusses state-of-the-art measurement 
method of commonly used balanced 
optical-to-electrical conversion devices 
and provides useful technical 
specifications for measurement of 
frequency responses of common-mode 
rejection ratio. 
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Abstract – In this work we present a technique based on photonics applied to electromagnetic measurements 
and electromagnetic systems that are able to identify, process and transmit nonlinear optical signals and quantum 
optical effects from the interaction of light with matter. The photonic device developed applied to these 
electromagnetic measurements can generate and control the non-linear optical beams and quantum noises 
through the interaction of  light (lasers) with matter, from optical fibers to photonic crystals.  
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1. Introduction

A specific waveguide can be projected for 
generation, control and sensing of nonlinear 
optical beams. The waveguide crystal 
lattice generates and keep the nonlinear 
optical pulses that propagates through the 
guide. Quantum effects such as the Raman 
and Brillouin scattering add up to the 
nonlinear effects so that the effective effect 
is the propagation of these nonlinear pulses 
by the guide, figure 1. Nonlinear effects due 
to polarization of an optical beam 
propagating through a waveguide may be 
responsible for selecting certain 
propagation modes acting as a self-filter of 
wavelengths. Polarization in a nonlinear 
medium can be written as 

                                    (1)   

where, E, 0, 
(1) and P

NL are the Electrical
Field, the Electrical permissiveness, the 
Electrical susceptibility and the non-linear 
polarization term respectively. The 
propagation of an optical beam in a non-
linear medium is described by equation  

                                                          (2)   

where 0 is the magnetic permeability.   

2. Applications

We can consider the propagation of an 
optical pulse in a given medium whose 
interaction of light with the constituents of 
this medium produces nonlinear optical 
effects such as the Kerr effect, for example, 
whose propagation equation can be derived 
from equation (2) taking into account the 
symmetries of the waveguide structure 

           (3)   

where the functions V(x,y) and W(x,y) are 
called optical potentials and describe the 
interaction between the optical beam and the 
waveguide structure, (x,y) is the optical 
pulse profile and  is the propagation 
constant. We are able to reproduce the 
profile of the optical beam, as showed in 
figure 2, scattered by the crystal lattice 
described by optical potential, figure 3. 
These functions can properly describe an 
optical network. The optical potential can 
describe an optical scattering network and 
its symmetry properties. In this sense, the 
non-linear effects from scattering of light 
with the constituents of the waveguide 
material as the non-linear polarization 
effects carry information with respect to the 
crystal lattice acting as a scattering element. 
Thus waveguides can be appropriately 
designed to drive certain modes of 
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propagation and exclude others. Thus these 
non-linear optical beams act as natural 
optical filters that have their own band 
structure [1,2]. 

Figure 1. Waveguide with Electrical Field E 
directions, refractive indices, incident wave, 
dimensions and polarization (second harmonic 
generation). 

Figure 2. Optical beam profile as solution of equation 
(3) on the waveguide. 

Figure 3. Optical potential: (x2
-a

2)2 where a is a 
constant. 

3. References

[1] Noda J, Optical Communication Handbook, 1st. 
ed., (H. Yanay, Asakura Book Co., Japan, 
1982). 

[2] Musslimani Z. H, Makris K. G, El-Ganainy R 
and Christodoulides D. N, “Optical Solitons in 
PT Periodic Potentials” Phys. Rev. Lett. 100, 
030402 (20085). 

74



Sensor Based on an Optical Diffraction Network 
Antônio C. AMARO DE FARIA Jr1*

1Photonics Division, Institute for Advanced Studies, 1222000 Sao Jose dos Campos, Brazil 
2Mechanical Eng. Department, Federal Technological University of Parana, 85053525, Guarapuava, Brazil 

*Corresponding author: atoni.carlos@gmail.com

Abstract – We present the design of a sensor based on a optical diffraction network whose applications extend 
from optical filters to the processing and transmission of optical signals in integrated circuits. The 
characterization and application of  this sensor are also presented. The physical parameters of the sensor such as 
the wavelength of the light used, the width of the optical diffracted pulse, the distances between the diffracted 
beams among others may be conveniently correlated with their respective functions and sensitivity. 
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1. Introduction

We designed a sensor based on an 
optical diffraction network characterized by 
a set of slits that one extend regularly 
through a planar network. An incident 
optical beam is diffracted in each slit 
producing a scattered optical beam whose 
relative optical intensity can be controlled 
by the diffraction grating dimensions and 
the angle of incidence of the optical beam 
[1]. The result is an optical beam that 
produces a precisely localized interference 
pattern on a particular bulkhead in the 
device itself. The relative light intensity of 
the scattered beam is given by 
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with  = sin  ,   the angle of direction of 
the incident optical beam, N is the number 
of slits,  the lag between corresponding 
points of the two slits and I1()  is the 
intensity of the beam scattered through a 
slit. We can modulate the signal of the 
diffracted beam by regulating the 
dimensions of  and N. For || << 1 and N 
>> 1, for example, we obtain a distribution 
function of the relative optical intensity of 
the scattered beam characterized by 
N

2sin2(N/2)/(N/2)2, figure 1 Left.

2. The Sensor

These illumination points may be 
suitably coupled to a waveguide or to a 
network of waveguides which will conduct 
the modulated optical beam from the 
diffraction point considered. The network 
has a periodic structure along the plane of 
the waveguide. The guided modes of the 
propagating beam are collinearly coupled 
by the network. The optical beam can reach 
on the diffraction grating through a 
waveguide that produces distinct 
wavelengths by collimating and focusing on 
a set of photodiodes [2]. The photodiode 
array may be located appropriately at the 
points of maximum or minimum optical 
intensity according to the angular spacing 
that can be properly regulated through the 
deflection angle: 2b = d/ where d is the 
spacing between the slits which are 
represented by the traces indicating the 
transmission grating filter of figure 1. The 
diffraction pattern is shown in figure 2. 

Figure 1. Layout of the sensor consisting of a 
diffraction grating and photodiodes. 
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3. The Optical Diffraction Network

As shown in figure 2 the interference 
pattern given by the optical intensity I(α) is 
fully characterized by the parameters (λ/d), 
giving the optical intensity peak width, 
(λ/Nd) giving the distance between two 
consecutive peaks and (N2) giving the
amplitude of the optical intensity. 

Thus all these parameters can be 
converted into electrical signals whose 
corresponding electrical voltage can be 
properly recorded and processed. 

In Figure 1, these interference patterns 
can be properly generated and transmitted 
by the transmission grating filter and 
appropriately correlated through wave 
packets with corresponding wavelengths 1, 
2 and 3. 

Figure 2. Graph of function I().The peak width is 
given by /Nd, the distance between the peaks is /d 
and the intensity is given by N2. As we can observe 
these parameters can be properly modulated in order 
to control the scattered optical beam.  

4. The Optical Diffraction Network

As shown in figure 2 the interference 
pattern given by the optical intensity I(α) is 
fully characterized by the parameters (λ/d), 
giving the optical intensity peak width, 
(λ/Nd) giving the distance between two 
consecutive peaks and (N2) giving the
amplitude of the optical intensity. 

Thus all these parameters can be 
converted into electrical signals whose 
corresponding electrical voltage can be 
properly recorded and processed. 

In Figure 1, these interference patterns 
can be properly generated and transmitted 
by the transmission grating filter and 
appropriately correlated through wave 
packets with corresponding wavelengths 1, 
2 and 3. 

The optical diffraction network 
consisting of a array of diffraction gratings, 
in figure 1, is an integrated device with an 
As2S3/SiO2/Si waveguide that is a 
micrograting-array demultiplexer.  

5. Conclusion

In this work we present the design of an 
optical sensor based on an optical 
diffraction network. This sensor is 
characterized by physical parameters such 
as wavelength of light used, width of 
separation between the slits, among others, 
whose sensitivity and precision can be 
conveniently adjusted by these parameters. 
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Abstract – We have proposed and developed antenna-coupled-electrode (ACE) electro-optic modulators (EOM), 
which enable us to convert microwave (MW)/millimeter-wave (MMW) wireless signals to optical signals 
directly without external power supply.  The basic operations of the proto-type ACE EOMs have been 
demonstrated successfully in the frequency range of 10-65 GHz.  Their applications to MW/MMW sensing, 
radar systems, and 5G wireless communication systems are now undergoing.  In this paper, a new challenge for 
the operation in higher frequency range, 80 GHz band by use of fluorine-based resign with low dielectric 
constant and low loss from Sumitomo Electric Industries is presented.  By using the fabricated ACE EOM, 80 
GHz wireless signals of a few mW were directly converted to optical signals without external power supply.  
The frequency response was in good agreement with the designed characteristics.   

Keywords – Array Antenna, Optical Modulator, Millimeter-Wave, Fluorine-Based Resin, Radio-over-Fiber 

1. Introduction

Recently, applications of millimeter-
wave (MMW) wireless are attracting a lot 
of interest: for high-resolution 
radar/imaging systems, next generation 
(5G) mobile communication systems, 
remote sensing, and molecular spectroscopy. 
One drawback of MMW wireless systems is 
a large transmission loss in both air and 
cables compared to microwave (MW).  
Therefore, the radio-over-fiber (RoF) 
technique is important for the MMW 
applications [1].    

Our group has proposed and developed 
antenna-coupled-electrode (ACE) electro-
optic modulators (EOM) [2]-[5], which can 
convert wireless MW/MMW signal into 
lightwave (LW) signals directly without a 
power supply.   Therefore, ACE EOMs are 
suitable for RoF systems in MW and MMW 
frequency ranges.  In addition, by utilizing 
an array structure in ACEs and polarization-
reversed structures in ferro-electric crystal 
substrate, wireless signal discrimination 
according to the irradiation angle to the 

array is also possible without complicated 
MW/MMW signal synthesis circuits like a 
Butler matrix [4], [5].  The basic operation 
of the proto-type ACE EOMs have 
demonstrated successfully in the frequency 
range of 10-65 GHz.  In this paper, a new 
challenge for the operation in the higher 
frequency range of 80 GHz band is reported. 
By use of fluorine-based resign with low 
dielectric constant and low loss from 
Sumitomo Electric Industries, an 80 GHz 
wireless signal was successfully converted 
to a LW signal without external power 
supply. 

2. Device Structure

The structure of the proposed device is
shown in Fig. 1, where an array of ACEs is 
set along optical waveguides in a ferro-
electric electro-optic (EO) crystal of 
LiNbO3.  The ACE is composed of a pair of 
planar patch antennas for receiving 80 GHz-
band MMW signals and a standing-wave 
resonant electrode for conversion a signal 
from MMW to LW.  The patch antennas are 
simple square-shape micro-strip based ones, 
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and the standing–wave resonant electrode is 
composed of a coupled micro-strip line with 
short lines in the both ends.  The two 
antennas and the resonant electrode is 
connected by use of a pair of micro-strip 
feedlines.   

In order to have a good conversion 
characteristic in the MMW frequency 
ranges, the stacked-substrate structure 
composed of a thin (50 m) LiNbO3 crystal 
film and a 100 m-thick fluorine-based 
resign plate is adopted.  By using the 
stacked-substrate structure, the effective 
dielectric constant of the whole substrate 
becomes small compared with the substrate 
of an EO crystal only. Therefore, the 
antenna areas and modulation electrode 
length become larger and the conversion 
efficiency from the wireless to optical 
signals becomes higher. 

Figure 1. Basic structure of the ACE EOM. 
(a) Whole view.  (b) Cross sectional view. 

3. Analysis and Design

For the analysis and design of the ACE,
we used 3-dimensional electric field 
analysis software, HFSS ver. 16 to obtain 
effective operation in the 80 GHz band.   

Figure 2 (a) shows examples of the 
calculated surface electric field distributions 
on the metal of the ACE when an x-

polarized plane-wave wireless signal of 79 
GHz was irradiated to the ACE from above. 
In Figure 2 (b), we can see that a clear 
standing-wave electric field is induced 
along the electrode, and that its maximum 
value is over 150 times of the irradiated 
field.  Therefore, an effective conversion of 
an 80 GHz-band MMW signal to a LW 
signal is expected.   The designed 
parameters of the ACE is summarized in 
Table I. 

Figure 2. Pattern of the ACE and calculated surface 
electric field distribution when a 79 GHz plane-wave 
MMW signal is irradiated from above by use of 
HFSS ver. 16.  (a) Surface electric field distribution. 
(b) Electric field distribution along the optical 
waveguide (modulation electric field). 

(a) 

(a) 

(b) 

(b) 
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Table 1.  The parameters of the designed ACE EOM. 
Antenna-coupled electrode (ACE) 

Operational frequency fm 79 GHz

Electrode material and thickness te Al, 1 m 

Square patch antenna length   L1 536 m 

Width of connection MSL  W1 40 m 

Groove length for antenna coupling  Gx   182 m 

Groove width for antenna coupling  Gy   40 m 

MSL length along y-direction  y1 900 m 
MSL connection point to the electrode 
from the center  x 182 m 

Resonant electrode length   L2 921 m 

Resonant electrode width   W2 30 m 

Resonant electrode separation   S 30 m 

Stacked substrate and optical waveguide 

Operational light wavelength   ~ 1.55 m 

Base substrate material and thickness tb Fluorine-based resign
100 m

EO crystal material and thickness tc z-cut LiNbO3
50 m

Optical waveguide fabrication method Annealed proton-
exchange

Optical waveguide core size   w x d 3 m x 2 m 

4. Experiments

Based on the design, the 80 GHz-band
ACE EOM was fabricated.  The fabrication 
processes are essentially the same as for the 
previous devices [4], [5].  Figure 3 show a 
photograph of the fabricated ACE EOM for 
the 80 GHz band. 

Figure 3 shows an example of the 
measured spectrum of the output light from 
the ACE EOM when a 79 GHz MMW 
signal of 10 dBm was irradiated from above.  
Clear modulation sidebands are identified. 
The measured frequency response is shown 
in Figure 4.  The 3 dB bandwidth is over 5 
GHz, therefore, this ACE EOM can be used 
for the data transfer over 5 Gb/s with a 
simple ASK modulation scheme. 

Figure 3. Photograph of the fabricated ACE EOM. 

Figure 4. Measured optical spectrum from the 
fabricated ACE EOM. 

Figure 5. Measured frequency response of the 
fabricated ACE EOM. 

5. Conclusions

The MMW-LW signal conversion in the
80 GHz band was demonstrated 
successfully.   The obtained modulation 
index in the 80 GHz band is enough for the 
data transfer or detailed field sensing.  We 
have also succeeded in the IF-band (~1 
GHz) of the MMW signal by using the 
photonic technology of high-speed optical 
phase modulation in ~20 GHz.     

The applications of the ACE EOM to 
MMW wireless channel sounding 
measurement systems are also expected. 
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Abstract – Today, many types of surgical devices using radio frequency (RF) current, ultrasound, laser etc.  They 
are called “energy devices”.  The energy devices are indispensable for modern surgical operations.  This paper 
describes development of surgical devices by use of the microwave thermal effect.  There are some merits using 
the microwave devices by comparison with other practical surgical devices.  However, the microwave devices also 
have some weaknesses.  Therefore, in this study, surgical devices combining the RF current and the microwave 
energy will be developed. 

Keywords – surgical device; microwave; RF current; pencil type device 

1. Introduction

Generally, electric scalpel has widely
been used for surgical operation and em-
ploys the RF (from several hundred kHz to 
several MHz) current.  The electric scalpel 
can sharply incise biological tissue.  On the 
other hand, the device is not good at the tis-
sue coagulation.  In order to realize clear co-
agulation of the tissue, modern electric scal-
pel system equips several wave forms of RF 
current.  However, fog and tissue carboniza-
tion will occur, because the device based on 
the discharge between the device tip and the 
tissue surface.  According to our preliminary 
investigations, a surgical device based on the 
microwave technology can coagulate the tis-
sue appropriately [1].  These characteristics 
are listed in Table 1.  In this study, pencil 
type device by combining the RF current and 
the microwave (2.45 GHz) are developed.  
Moreover, the performances of developed 
devices are evaluated by the numerical cal-
culations based on the finite difference time 
domain (FDTD) techniques and some exper-
iments by use of extracted organs. 

Table 1. Characteristics of surgical devices. 
Tissue 

resection 
Tissue

coagulation
RF current
(from several hundred 
kHz to several MHz)
Microwave 

Figure 1. Proposed surgical energy device. 

2. Device Structures

The authors have been studying several
types of microwave surgical devices.  In this 
paper, a “pencil type” device shown in Fig. 1 
is introduced.  The device tip operates such 
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as a monopole antenna a role of electrode for 
tissue incision by the discharge.  The energy 
source (RF current or microwave) can be se-
lected according to preference of the surgeon.  
The RF current can cut target and the micro-
wave generates coagulated region for the he-
mostasis.  Of course, the RF current can be 
used for the tissue coagulation. 

The operating frequency of the micro-
wave region is 2.45 GHz, which is one of the 
industrial, scientific and medical (ISM) fre-
quencies. 

3. Characteristics of Device

Figure 2 shows calculation model for in-
vestigations and some parameters for the cal-
culation are listed in Table 2.  Detail proce-
dure of the calculation is explained in [2].  
Figure 3 shows a calculated reflection coeffi-
cient of the device around the operating fre-
quency.  At the operating frequency, reflec-
tion coefficient is -10.9 dB.  It is acceptable 
for practical use.  Figure 4 shows calculated 
temperature distribution [3] around the de-
vice when the device is used for microwave 
tissue coagulator.  From the results, high 
temperature region can be observed around 
the device tip. 

4. Summary

In this study, pencil type surgical device 
combining the RF current and the microwave 
was developed and evaluated its characteris-
tics.  As a further study, practical device 
based on this technique should be developed. 
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Table 2. Physical properties for calculations. 

Electrical properties (@2.45 GHz) 

Relative permittivity Conductivity [S/m] 

Liver 43.0 1.69 

Blood - - 

Thermal and other properties 
Specific 
heat 
[J/kg/K]

Thermal 
conductivity 
[W/m/K] 

Density 
[kg/m3] 

Blood 
flow rate
[m3/kg/s]

Liver 3,540 0.52 1,079 1.43 10-5

Blood 3,960 - 1,050 - 

Figure 2. Calculation model. 

Figure 3. Calculated reflection coefficient. 

Figure 4. Calculated temperature distributions. 
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Non-Destructive Inspection of Buried Pipeline Composed of 
Fiberglass-Reinforced Plastic Mortal Using Electro-Optic 
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Abstract – We have proposed and developed a new non-destructive inspection method for buried fiberglass-
reinforced plastic mortar (FRPM) pipelines by using precise photonic measurement of transmission and 
scattering of microwave guided-modes.  In this paper, new measurement results for a buried agricultural water 
pipelines under a road are reported.  

Keywords – Electro-optic sensor, Microwave, Dielectric waveguide, FRPM, non-destructive measurement 

1. Introduction

An electro-optic (EO) sensor is a small
invasive sensor for electro-magnetic fields 
in RF and microwave (MW) frequency 
ranges, since it can be composed of non-
metal or minute metal elements.  Therefore, 
an EO sensor is useful for many application 
of RF and MW field measurements required 
small invasiveness and high accuracy [1], 
[2]. 

Fiberglass-reinforced plastic mortar 
(FRPM) has high mechanical strength and 
high chemical corrosion resistance despite 
being lightweight.  Therefore, FRPM is 
used in many application fields such as 
protecting tubes for electric power/optical 
fiber cables, sewer pipes and agricultural 
water pipes.  Especially, the total length of 
the FRPM pipelines used for agricultural 
water supply is approximately 50,000 km in 
Japan.  Therefore, an easy-to-use 
nondestructive inspection method for 
FRPM pipelines is required for regular 
testing and maintenance. 

There are several candidates for the 
inspection method for FRPM pipelines: 
magnetic resonance imaging (MRI), X-ray 
and ultrasonic waves [3]. However, these 
methods are unsuitable for inspection of 
long and buried FRPM pipelines, since they 
require rather large and specific 

measurement machines. Therefore, there is 
no effective inspection method for long 
FRPM pipelines yet, as far as we know. 

We have found that FRPM is a dielectric 
material with relatively small loss in the 
MW frequency range of 1~10 GHz and that 
a buried FRPM pipe can be a cylindrical-
shaped dielectric waveguide for MW with a 
relatively low propagation loss.  By 
utilizing these interesting characteristics, 
we have proposed a new inspection method 
for FRPM pipelines; the MW guided-modes 
are excited by use of appropriate antennas 
installed at the connection joint in the 
pipeline, and the transmission 
characteristics of the MW guided-modes 
are to be measured by use of an EO sensor 
or a small probe precisely.  If a defect, 
crack or foreign object is in/on the FRPM 
pipe wall, the MW guided-mode 
propagation is disturbed, which leads to 
MW scattering into inner/outer spaces or 
coupling between guided-modes.  As a 
result, the MW transmission is degraded [4], 
[5]. These change can be measured by use 
of an EO sensor or probe.  In addition, by 
scanning the distribution of the evanescent 
MW fields on the inner surface of the 
FRPM pipe, we can also identify the 
position, size, and electrical characteristics 
of the defect, crack or object 
nondestructively.  Therefore, we can 
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inspect FRPM pipelines [4], [5].  In this 
method, an EO sensor is suitable since the 
invasive field measurement is a key point. 

In this paper, new experimental 
measurement results of a buried agricultural 
water pipeline under a road are reported for 
the first time.  

2. Principle of Measurement

A schematic of the proposed inspection
method is shown in Figure 1.  In this 
method, an FRPM pipe is used as a core of a 
cylindrical-shaped MW dielectric 
waveguide, which is composed of a FRPM 
pipe wall (core), surrounding sand (outer 
cladding), and inside air (inner cladding).  A 
MW signal is to be input from one end of 
the FRPM pipe at the connection joint, and 
propagates along the pipe-wall.  The 
propagated MW signal can be detected at 
the opposite end of the pipe by use of an EO 
sensor.  If there is a defect, crack or foreign 
object in the pipe wall inside or on the outer 
surface, the MW propagation is distorted by 
them.  Thus, the transmitted signal level is 
degraded and the MW distribution on the 
inner surface is changed.  Therefore, we can 
detect them as the change in the 
transmission and distribution of the MW.  

Figure 1. Schematic of the proposed inspection 
method.  (a) Whole view.  (b) Cross sectional view 
along the pipeline direction. 

3. Analysis

The detailed analyses of the MW guided-
modes along buried FRPM pipelines have 
been reported in [4] and [5].  Then, only 
some important results are shown here. 
Figure 2 shows modal dispersion curves of 
the guided-modes propagating along FRPM 
pipelines buried underground.   We can see 
that there is only a single guided mode 
(TE00) for TE waves at 2.4 GHz, while there 
are two TE guided modes (TE00, and TE01) 
at 6 GHz.  The field distributions of the two 
modes at 6 GHz are plotted in Figure 3.  

Figure 2. Dispersion characteristics of guided-modes 
propagating along the FPRM pipeline underground. 

Figure 3.  Electric field distributions of the guided-
modes indicated by (a) and (b) in Figure 2. 

(a) 

(b) 

air = 1 
FRPM = 10 
sand = 4 

air = 1 
FRPM = 1 
sand = 1 

D = 250 mm 
T = 18 mm 
f = 6 GHz 
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Another important characteristic is that in 
Figure 2, the three dispersion curves with 
the same thickness (T =18 mm) but different 
diameter values (D = 250/500/1000 mm) are 
almost overlapped in these frequency ranges. 
Therefore, this method can be applied 
various diameter pipelines as long as the 
wall thickness value is almost the same. 

4. Experiments

We have tried to do experiments of the
proposed inspection method for a FRPM 
pipe/pipeline in an experimental room and 
in a factory, and verified its usefulness for 
nondestructive inspection.  Based on these 
results, we have tried to do an experiment 
for a buried agriculture water pipeline under 
a public road.    

The photographs for the agriculture water 
pipeline to be measured and the 
surroundings are shown in Figure 4.  We 
have tried to measure MW transmission 
/scattering for the selected 10 pipes 
underground from a 2 km-long pipeline for 
agriculture water supplying.  The 
experiment was done in the off-season of 
agriculture in the area.  Therefore, the 
pipeline inside was not water filled, but a 
little water remained (wet condition).  

The diameter, D, and thickness, T, of the 
buried pipe were 1,350 mm and 34 mm, 
respectively. In the pipeline, 4 m-long pipes 
were connected by use of connection joints 
with a slightly larger diameter and sealing 
rubber.   At the connection joint, a few mm-
long gap was located between the connected 
pipes, and we can install a small dipole 
antenna to input MW signals from 1 to 6 
GHz along the pipeline.   

 An example of the measured MW 
transmission along a 4-m-long pipe is 
shown in Figure 5.  We can see that clear 
MW signal transmission in the underground 
pipeline.  The measured transmission 
characteristics indicates a clear co-
relationship with other measurement results 
of mechanical strains and deformations. 
For the pipes with large mechanical strains, 

less MW transmissions were identified, 
which coincided well with our expectation.   

For the two pipes which indicated the 
small MW transmission and large 
mechanical strains, we also tried to do 
measurement by scanning the probe on the 
inner pipe walls.  The results are shown in 
Figure 6.  Although the surfaces of the inner 
pipe walls were clean and uniform, the MW 
intensity variations along the inner surface 
were identified clearly.  The measured 
variation patterns were in good agreement 
with the mechanical strain distributions. 
Therefore, the patterns of Figure 6 indicate 
the existence of foreign objects on the outer 
surfaces of the measured pipe, we believe. 

Figure 4.  Photographs about the FRPM pipeline 
used for the field experiment.  (a) The road where the 
FRPM pipeline is buried 2 m underground.  (b) The 
man-hole to access the buried FRPM pipeline.  (c) 
Inside the FRPM pipeline to be measured. 

(a) 

(b) 

(c) 
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Figure 5. Measured MW transmission 
characteristics for the buried FRPM pipe. 

Figure 6.  Measured MW intensity distribution on 
the inner surface of the selected two buried pipe. 

5. Discussion and Conclusion

We have demonstrated the new 
nondestructive inspection method for FRPM 
pipelines.  The MW signals propagating 
along the FRPM pipe-wall were affected by 
a defect, crack or foreign object in/on the 
pipe walls.  The difference of MW 
transmission and field distributions between 
normal and abnormal pipes were clearly 
identified by use of an EO sensor.  We can 
also identify the position of the defect, crack 
or foreign object by scanning the EO sensor 
with small invasiveness from the inside 
surface of the pipe wall.  Therefore, the 
pipelines can be inspected nondestructively 

from its inner surface by use of the MW and 
photonic techniques. 
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