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Abstract — Different systems of protection have been applied to different types of effects in terms of dose-effect
relationship. Protection system against exposures to electromagnetic fields (EMF) have been recognized to be a
health threshold based system. There seems a gap between EMF safety and other product safety. This fact raises a
question whether there is some implicit optimization in the system of protection against EMF. The author
recommends to identify real threshold of health damage and to clarify the cautionary nature of the current
guidelines. Exposure assessment should be done considering this nature.
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1. Introduction

Exposure assessment is indispensable in
any applications of electromagnetic energy.
Methods for assessment of electromagnetic
fields have been developed with regard to
human exposures. PEM technology is
expected to make a breakthrough in the

measurement instrumentation for this
purpose.
The major objective of exposure

assessment is to assess the compliance of
products or environments with limit values
given by exposure guidelines. Difficulties
are in the large uncertainty in the compliance
assessment. The uncertainty in the
compliance assessment comprises  of
measurement instrumentation uncertainty
(MIU) and intrinsic uncertainty of
measurand (IUM) [1]. The latter is
significantly large in exposure compliance
assessment as well as the EMC emission
compliance assessment. It is difficult to
decide to what extent the measurand
uncertainty should be taken into account.

It is warranted to go back to the
philosophy of protection behind the
exposure guidelines when we discuss this
problem. I would like to present my personal
view on the required strictness of exposure
assessment in  consideration of the

philosophy of protection against exposure to
electromagnetic fields.

2. EMF and Safety

Safety is a mandatory requirement for any
product or environment. Safety is defined as
“freedom from risk which is not tolerable”
according to the definition in ISO/IEC Guide
51 [2], which provides guidance on the
inclusion of safety aspects in standards
developed by ISO/IEC. Here risk is defined
as the combination of occurrence of harm
and the severity of that harm, where harm is
defined as injury or damage of people, or
damage to property or the environment.

Those definitions are of importance when
we discuss safety of electromagnetic field
(EMF) exposures. We need to identify what
is the intolerable risk and the harm which
may be caused by EMF exposures.

Current guidelines to limit exposures to
EMF are based on the short-term exposure
effects. Those are stimulation effect for low
frequency region and thermal effect for high
frequency region.

Advisory Committee on Safety (ACOS)
of IEC published IEC Guide 104 “The
preparation of safety publications and the use
of basic safety publications and group safety
publications (Ed..4.0)” in 2010 [3]. This



document provides explanations of safety
aspects of electrical equipment as a
normative annex. Electrical hazards and
temperature hazards are included in the list of
hazards that shall be protected. Those are
common safety aspects among most of
electrical equipment. Their harms are
reasonably judged whether tolerable or not.

Non-ionizing radiation, including EMFs,
is also listed as one of safety aspects. It is
interesting to note that the annex reads “non-
ionising radiations generated by the
equipment are limited to the extent necessary
for its operation, and operate at a safe level”.

It should be noted that the treatment of
EMF safety is different from those of
electrical safety and temperature safety
though the established EMF effects are
stimulation and heating. Requirement to
limit the level to the extent necessary for its
operation sounds quite different from
requirement for safety or freedom from risk
which is not tolerable. It is more like a
cautionary approach described in the
following.

The Guide 104:2010 has recently been
revised [4] and the Annex A (Normative)
described above has disappeared.

3. System of Protection

Protection against radiation should be
managed based on the characteristic of the
dose versus effect relationship. Three types
of protection systems exist [4].

First is the health threshold based system.
This system is applied to deterministic effect
with threshold below which the effect is
negligible. Exposure limit is determined
based on the threshold with a relevant safety
factor. This system of protection should be
organized based strictly on scientific
considerations without any social and
economic factors.

Second is optimization of a known and
accepted hazard. This system of protection is
applied typically to a stochastic effect with
substantial plausibility of the absence of
threshold. Delayed effect of low level

ionizing radiation is a typical example.
Optimization is an approach to manage this
type of exposure. Exposure should be kept
as low as reasonably achievable (ALARA) as
there is no threshold of the effect. In other
words, exposure is managed with limits
determined by optimization of the trade-off
between benefit and cost of reducing the risk.
It should be noted that social and economic
factors are taken into account to determine
optimized exposure limits as cost and benefit
are determined in consideration of social and
economic factors.

Third is the protection against hazards or
risks that are uncertain. ALARA or
optimization principle is often considered
applicable to this type of possible hazard but
it is not correct because there are no criteria
available to optimize the cost and benefit
because of the absence of knowledge about
reduction of risk expected by the reduction of
exposure. It should be noted that uncertain
effects are substantially different from
stochastic effects. Stochastic behavior and
uncertainty of risk should not be confused.

4. Protection against EMF Exposures

Health effects of EMF exposures are
divided into two categories; short-term
effects and long-term effects. The former is
deterministic effects and the threshold
system of protection is applied. ICNIRP [5]
and IEEE/ICES [6] derives their exposure
limits based on the threshold of effects.

The latter, long-term effects, includes
possible carcinogenicity of ELF and RF
EMFs suggested mainly from
epidemiological studies. The evidence of
causality between exposure and disease is
weak and the effect is uncertain. Exposure
limits given by ICNIRP and IEEE/ICES do
not use those uncertain effects in the
derivation of exposure limits.

Here 1 would like to raise two questions.
First is whether the threshold for EMF
protection is consistent with other safety
aspects such as electrical safety and
temperature safety. ICNIRP’s draft RF



guideline proposed a concept of “operational
adverse health effect threshold”, which
appeared to be far from the threshold of
intolerable risk, such as that of stimulation or
temperature elevation.

Second question is whether current EMF
limits really exclude optimization of
uncertain effects of long-term exposures. It
Is true that the exposure limits are explained
as threshold based and uncertain effects are
not taken into account by ICNIRP as well as
IEEE/ICES. In my personal view, however,
some optimization should implicitly be
applied in the threshold identification and the
safety factor to derive the EMF exposure
limits.

5. Discussion

Current EMF exposure guidelines have
evolved in the history since 1950’s and now
play stable roles in sound use of EM energy
applications. The framework should be
maintained. Nevertheless, | would like to
propose some new approaches to clarify
sound ways of using current EMF guidelines.

First we need to identify the real
thresholds of intolerable health risks, not just
“operational  thresholds”. This safety
threshold should include temporal factors.
The ICNIRP ELF guidelines request to limit
exposure with instantaneous (<100 ps) levels
considering the instantaneous nature of
stimulation effect. More duration of
exposure, however, should be acceptable at
the level of “operational threshold” in the
ICNIRP guidelines. We experience transient
shock of electrostatic discharge in daily lives.
Repeated or continual exposures above the
operational threshold should be intolerable
but transient and occasional experience of
such exposure should be less than intolerable
or health threatening experience.

I will be useful to identify the real hazard
threshold to manage safety of occupational
exposure.

The real threshold is crucially important
when we introduce functional safety means
in the ELF/IF applications by shutting down

the field when a human body approaches
unexpectedly close to the source. Real
threshold must be identified in consideration
of duration of exposure. The data will be
useful to determine how fast the functional
safety measure is activated.

Second, we need to visualize the implicit
optimization included in the current exposure
limits. The real safety threshold will be sure
to provide exposure limits higher than
current limits, which were the result of
optimization considering uncertain effect
implicitly.

It is reasonable to keep current guidelines
levels as the use of current guidelines are
well established. But I propose to clarify the
current guideline is rather cautionary and
safety limit based of real threshold should be
given separately. Two different natures
should be operated separately between safety
limits and cautionary limits.

Regarding the aspect of measurement and
assessment, separation of the concept
between safety and caution will clarify the
relevant approaches to deal with uncertainty.

Compliance of products with standards
should be judged in consideration of
standards compliance uncertainty (SCU),
which is composed of measurement
instrumentation uncertainty (MIU) and
intrinsic uncertainty of the measurand (IUM).

Compliance with safety standards must
take the SCU into account and conservative
assessment is required. In contrast the
assessment of conformity with cautionary
limits may be more flexible. Consideration of
MIU is of more priority than UIM for cost
effectiveness. This concept of MIU based
assessment has been proposed in CISPR 16-
4-2 by CISPR SC/A [1] for compliance
assessment of electromagnetic compatibility
(EMC). Cautionary limits do not directly
mean the limit of threat health damage but it
is a consensus level considering uncertain
effects.

The PEM technical group is expected to
improve MIU of EMF exposure assessment
drastically. The EMF exposure assessment



suffers from difficulty of explosive UIM
issues. However, reduction of MIU should
be of priority in consideration of the
cautionary nature of current exposure limits.

6. Conclusion

In conclusion | would like to recommend
the followings.

Identify real threshold of health damage.
The threshold should be dependent on
exposure duration.  This is especially
important for low frequency EMF exposures.

Clarify the cautionary nature of the
current guidelines. Current exposure limits
(or even lower limits) may be justified
considering the cautionary nature. However,
recognition of real hazard threshold is
important.

Simplify the exposure assessment. The
limits values are rather cautionary. Too much
effort to reduce UIM does not make benefit

of health protection but just increases the cost.

Efforts should be made on reduction of MIU.
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Abstract — This paper presents a novel micro-photonic radio-frequency differential voltage probe able to acquire
the full complex-valued voltage signal under electromagnetically hostile exposure conditions. The probe system
design supports a frequency range from a few Hertz up to 1 GHz, with a sensitivity of 100 uV/v/Hz 110dB

dynamic range and a frequency response of < £2 dB.
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1. Introduction

Conducted EMC tests in
electromagnetically hostile environments
such as electric vehicle drive trains, ignition
systems or power transformers can become
a challenging if not impossible task for
test engineers. In such environments, cable
pickup or pickup by the test equipment
itself can be significant compared to the
measured voltages inside the equipment
under test.  Further the electrical size
of traditional probes makes it more and
more challenging to provide a high input
impedance up to frequencies as high as
1 GHz. With the RFoF1P4med probe [1]

___________________
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we have developed a differential voltage
probe system functional from 10 MHz to
1 GHz with a specific application focus
on radio-frequency immunity testing when
active medical implants are exposed to
the strong radio-frequency magnetic fields
inside magnetic resonance imaging system.
However, this system design was not able
to cover requests from the automotive,
power electronics and medical industries
to measure voltages with frequencies as
low as a few Hertz. With the optical head
for EMC (OH4EMC) — Figure 1 — we have
addressed these needs by a re-design of
our time-domain sensor optical platform to
support DC-coupled measurements.
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Figure 1. Schematic diagram of the OH4EMC fiber optical differential voltage probe system.



2. System Design

The system (Figure 1) uses direct laser
modulation for the transmission of the
signals fed to the 300 kQ, <1 pF differential
input of the OH4EMC probe. The
OH4EMC probe and the remote unit are
exclusively optically linked 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 and a differential
amplifier inside the sensor head.  The
input signal, amplified by the differential
amplifier modulates the optical output power
of the wvertical 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
signal is amplified by a novel DC-coupled
wideband transimpedance amplifier and
made available via a standard 50 Q output
to connect to standard test and measurement
equipment.

2.1 Transducer Design

The voltage probe electro-optical
transducer is designed in a highly symmetric
manner as shown in Figure2. The probe
circuitry has a total electrical size of
4x2x1mm’ including the preci-dip
differential connector. In order to
reduce parasitic pickup, the connector
and electronics are inserted into a brass
shield.
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Figure 2. Schematic diagram of the OH4EMC
differential active electro-optic voltage probe .
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2.2 Receiver Design

The opto-electrical receiver to the probe
had to be re-design in order to provide DC
coupling. In the presented design (Figure 3)
this is achieved by a zeroing switch to
determine input bias drifts, a DC setpoint
circuitry and a 2dB attenuator pad in order
to protect external equipment.
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Figure 3. Schematic diagram of the OH4EMC
DC-coupled opto-electrical converter.

2.3 Calibration Unit

A Dbattery-powered single-ended to
differential calibration unit (Figure4) has
been designed in order to determine the
transmission coefficient of the OH4EMC



system. Using the calibration unit on-site
allows reducing transmission coefficient
uncertainties, e.g., due to change of
thermal environmental conditions or due
to optical connector mating uncertainties.
The frequency-dependent transmission
coefficient of the calibration unit has to
be calibrated (denoted here as T¢y in
dB). Then the user can determine the
transmission of the entire OH4EMC system
(Tonaemc in dB) on-site by measuring the
transmission (T,4jiprarion in dB) from the
single-ended input of the calibration unit to
the single-ended output of the remote unit
using the following calculation:

Tornaemc = Teativration — Teu- (1)
g Ny
SMAin
41—0
ts(i)ngle-ended ggicggri\%ector
differential out
amplifier

Figure 4. Schematic diagram of the OH4EMC
calibration unit for on-site transmission coefficient
calibration.

3. Results

We have implemented the novel optical
differential voltage probe system in a
miniaturized design. Figure5 shows the
prototypes of the developed OH4EMC
electro-optical  transducer, optoelectric
receiver, and calibration unit. The
calibration unit is inserted in a shielded
housing in order to improve the isolation
and phase stability of the calibration unit.
The electro-optical transducer and the
calibration unit have been equipped with
guiding notches in order to protect the
sensitive preci-dip 851 connectors.  For
the system evaluation, the opto-electrical
receiver was integrated into a remote unit
that also provides the forward photonic
power to the OH4EMC opto-electrical
transducer.

(a) OH4EMC calibration unit electronics.

-8

(b) OH4EMC calibration unit final assembly.

(d) OH4EMC electro-optical receiver.

Figure 5. OH4EMC prototype system.



Figure 6 shows the measurement results
for the transmission from 5 Hz to 1000 MHz
as well as the noise floor from 10Hz to
500 MHz. Based on these measurements
as well as a dynamic range test and a
repeatability evaluation we have determined
preliminary specifications as well as a
preliminary ~ measurement  uncertainty
budget. The measurement uncertainty of
the differential voltage probe system was
found to be as low as 1.14dB (k=1). The
preliminary specifications of the probe
system are summarized in Table 1.

(a) Transmission characteristics of OH4EMC

system  (calibration  unit, electro-optical

transducer, opto-electric receiver) measured
with a vector network analyser from 5Hz to

1000 MHz.

(b) Red curve: Displayed average noise floor
(30 averages, 100 Hz resolution bandwidth) from
10Hz to 500 MHz.
analyzer displayed average noise floor.

White curve: spectrum

Figure 6. Measurement results for transmission and
sensitivity of the OH4EMC prototype.

Table 1. Specification of the developed
RFoF1P4MED optical voltage probe system.

Bandwidth(3 dB)
Signal input

5Hz -1GHz

Connector preci-dip 851

Input impedance >300kOhm

Diff. range +12V

Noise floor <100 uV/\/Hz
Signal output

probe MU-duplex

remote unit 50 Ohm (SMA)

4. Conclusions

This  paper  presents a  novel
micro-photonic radio-frequency
voltage probe able to acquire the full
complex-valued voltage signal under
electromagnetically hostile exposure
conditions. The novel design allows for
DC-coupled measurements from a few Hertz
up to 1 GHz with a single probe system.
The OH4EMC system is specifically
designed for measuring small conducted
voltage levels in electromagnetic hostile
environments such as electric vehicle drive
trains, power converts, ignition systems or
magnetic resonance systems. The overall
measurement uncertainty was found to be
better than 1.14 dB (k=1).
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Abstract — Demand for transportation systems using airplanes is rapidly growing in all over the world. Quick and
precise detection of foreign object debris (FOD) on the runway is vitally significant to maintain the safe operation
of the airdrome. We are trying to establish the new RADAR system which is employing both Radio-over- Fiber
technologies and millimeter-wave radar technologies for high-performance and cost-effective foreign object debris
detection systems (FODDS). In the radar system under consideration, it is possible to supply, transmission signals
from a single signal source to multiple Radar Antenna Units (RAU) using Radio-over-Fiber technology. For this
reason, not only the Monostatic radar systems but also Bistatic radar systems can be realized. To evaluate the
system performance of the radar system, the radar cross section (RCS) of the foreign object debris on the runway
is key parameters. On-site measurement of RCS is difficult in the millimeter-wave band. For this understanding,
simulation by electromagnetic field analysis using the Finite Element Method and Integral Equation Method is
performed. MonostaticRCS simulation results have employed for the performance evaluation of the practical
system. The fundamental research of the Bistatic radar system was carried out using the calculation result of
BistaticRCS. As a result, the Bistatic radar system showed superior detection performance than the Monostatic
radar system. We introduce the essential performance of the demonstration system installed at Narita and/or Kuala
Lumpur international airport along with RCS simulation.

Keywords — radar; millimeter-wave; FOD; RCS

1. Introduction

The demand for transportation systems
using airplanes is rapidly growing all over
the world. Quick and accurate detection of
foreign object debris (FOD) on the runway
is vitally important to maintain the safe
operation of the airport. We are studying the
new RADAR system which is employing
both Radio-over-Fiber technologies and
millimeter-wave radar technologies for
high-performance and cost-effective foreign
object debris detection systems (FODDS). In
the radar system under consideration, it is
possible to supply, transmission signals from
a single signal source to multiple Radar
Antenna Units (RAU) using Radio-over-
Fiber technology. For this reason, not only
the Monostatic radar systems but also
Bistatic radar systems can be realized. To
evaluate the system performance of the radar
system, the radar cross section (RCS) of the

foreign object debris on the runway is key
parameters. On-site measurement of RCS is
difficult for the millimeter-wave band. For
this reason, simulation by electromagnetic
field analysis using the Finite Element
Method and Integral Equation Method is
performed. MonostaticRCS  simulation
results have employed for the performance
evaluation of the demonstration system
installed at Narita International Airport. This
study showed that RCS simulation by
electromagnetic simulation is useful. Also,
the fundamental research of the Bistatic
radar system was carried out using the
calculation result of BistaticRCS. As a
consequence, the Bistatic radar system
showed superior detection performance than
Monostatic radar system. We present the
essential operation of the demonstration
system installed at Narita airport along with
RCS simulation.



2. System Configuration and RCS

Fig. 1 shows the system configuration of
the runway surveillance radar system for
FOD detection. The radar performance is
essentially defined by the radar equation
shown in Fig. 2 and the reception sensitivity
of the radar system. Therefore, it is possible
to evaluate the detection performance,
according to the radar equation of FIG. 2. In
order to quantitatively evaluate what can be
detected by radar, the radar cross section
(RCS) can be the most important parameter
if the transmission power, antenna gain, and
frequency of utilization are given. Regarding
objects with basic shapes such as cylinders or
spheres, the RCS can be obtained

analytically, but it is necessary to determine
the general shape by actual measurement or
electromagnetic field analysis. However, it is
not easy to measure the RCS of an object in
the millimeter-wave band, and the simulation
by the electromagnetic field analysis
becomes important.

Figure 1. System Configuration.
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Figure 2. Basic Radar Equation

3. Bistatic Radar System

FIG. 3 is a schematic view of a Bistatic
radar system in which the antenna stations A
and B share the signal sources via RoF
technology.
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Figure 3. Definition diagram for RCS

As can be seen from the definition of the
radar cross section ¢ in the figure, the RCS is
a reflection coefficient unique to the object,
the shape, and the material. The Monostatic
RCS is a factor indicating how much
reflections of a signal incident on an object
returns to the incident direction. On the other
hand, the Bistatic RCS is an amount in which
the incident signal hits the object and reflects
in all directions. Therefore the Monostatic
RCS is a single value for a single incident
direction, and the Bistatic RCS has the 3D
direction for a single incidence direction.

4. RCS simulation results

The RCS of the M10 bolt was calculated
at 100 GHz by using the finite element
method as an example of an object with
anisotropic shape. Fig. 4 shows the model
used for the simulation and Fig. 5 shows the
calculation results of the Monostatic RCS.

As shown in FIG. 6, the BistaticRCS has
a different 3D characteristic depending on
the incident direction. Thus, yet when the
MonostaticRCS is small, a large reflected
power may reflect in a direction not in the
incident direction. If Bistatic radar is
available, it may be possible to observe
targets that are not sensitive to reception
sensitivity in  Monostatic.  However,
BistaticRCS has a shape dependency, so
statistical discussion needs to be done. As the
first step in this field, the contour display of
BistaticRCS in the focal point of incidence



and reflection direction is indicated in Fig. 7.
FIG. 7 includes a BistaticRCS for all incident
angles relative to the inherent elevation angle.
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Figure 4. Simulation model for M10 bolt
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Figure 7. Calculated Contour plot of Bistatic RCS

The plot in FIG. 7 is like a foot-print
unique to the object. This pattern is definitely
determined by size, shape, and material. In
the case of M10 bolt, it is clearly shown that
the radar signals are strongly scattered in a
specific direction.

5. Conclusion

This paper introduces the outline of the
runway foreign object detection system
being examined. Recent results of the RCS
simulation required for the system evaluation
are presented. In order to improve the
detection performance of radar, this paper
examines a method that calculates RCS at
100GHz. In the future, we will proceed with
a statistical evaluation method of detection
performance, including the cumulative
distribution of RCS.
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Abstract —\We are investigating the method to detect the presence of water or ice layer on the runway at the airport.
We propose a method to use a line laser and a camera. Perpendicular configuration between the laser and camera
produces the horizontal shift of the lines according to the thickness of the layer on the ground. The preliminary
results indicate the capability to distinguish between water and ice using the scattering of the laser.

Keywords — remote sensing, laser, water/ice layer

1. Introduction

To decrease the occupancy of the runway
by landed aircraft, rapid exit taxiways are
greatly spread in the world[1]. In the winter
airport operations, water or ice on the
runway affected the path of the
deacceleration of the aircraft. To keep the
safe landing, the International Civil Aviation
Organization (ICAQ) determined the report
of the runway condition to the pilot on the
landing aircraft[2]. In the regulation, we
have to measure the thickness of the
contaminant on the runway if the thickness
of any kind of contaminant exceeds 3 mm.
However, no technology to measure it
remotely. Therefore, the airport operation in
the early 2020s must rely on human
inspection.

Under these conditions, we have started
to develop the method to measure the thin
layer of water or ice on the runway remotely.
In this paper, we tried to develop a new
method to measure the thickness of the
water/ice layer by laser. The preliminary
trials in the laboratory are presented.

2. Realtime runway sensing system

The concept of the runway measurement
system is shown in Figure 1. The sensors are
located on the side of the runway and rapid
exit taxiway where the aircraft moves fast.
The lasers make many lines on the surface of

the runway. The camera observes the surface
and movement of the laser lines if the layer
of water or ice appears on the runway. All of
the images are transmitted to the monitoring
station which is located at quite a far place
from the runway. So, we can survey the
runway condition not to go to the runway
directly.

Laser & Camera Laser & Camera Laser & Camera

N B N

loe/snow T Water —

Runway

Figure 1. Conceptual figure of realtime remote
sensing for runway conditions

3. Laboratory tests

To achieve the detection of the quite thin
layer on the runway below 3 mm, we have
tried to test many conditions of the line laser
and the camera. A typical configuration of
the measurement set up is shown in Figure 2.
Test samples such as an acrylic plate or
measured materials place on the ground plate
as the observation area. The laser module
placed 1m far from the center of the
observation area and 10 cm higher than the
ground plate. The images were taken in the
various orientation of the camera which is
optimized to obtain the larger difference
according to the change of the thickness. In
our trials, the perpendicular configuration as



shown in Figure2 is the best orientation to
transfer from the thickness to the horizontal
shift of the laser lines.

Testsample

im

Camera

Ground plate

Cross Line
Laser Module

Figure 2. Configuration for the preliminary test
4. Results

Figure 3 shows typical measured results
using the solid acrylic plates. The horizontal
shift of the laser line is proportional to the
thickness of the acrylic plate. 1 mm increase
of the thickness is transformed to the 10 mm
of the horizontal shift of the laser lines.

1 mm of
Acrylic
plate

3 mm of
Acrylic
plate

Figure 3. Horizontal shift of lines according to the
thickness of acrylic plates

Figure 4 shows the difference between the
water and ice layer with 3 mm depth. In the
case of the water, several solid lines are
observed caused by the reflection on the floor
of the palette and surface of the water. In the
case of the ice, the broad width of the lines is

observed caused by the scattering from the
bubbles in the ice. Using pattern recognition,
we can discriminate the type of the layer
between water or ice with measuring the
width of the laser line.

Water in
Palette

Ice in
Palette

Figure 4. Spread of the light caused by 3 mm depth of
the water/ice in the palette.

As a result, we found the laser monitoring
method will be applicable for the remote
sensing of the growth of the water/ice layer
on the runways.

5. Conclusion

We introduced a new method to measure
the thickness of the thin water/ice layer. We
will improve the focus of the laser to increase
the resolution of the system and will develop
the invisible system using infrared devices
for the airport operations as the future work.
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Abstract — The advantage of the use of electromagnetic waves in nondestructive test is that its imaging
technology can provide internal structure of opaque objects without contact. We have been applied to THz time
domain imaging to examination of paintings and revealed techniques of artists and previous conservators. By
using multiple devices from microwave to near infrared, it is possible to examine wide range of heritage objects
from ancient mural paintings to contemporary plastic artworks.
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1. Introduction

In general nondestructive tests, the most
commonly used electromagnetic technique
is the X-ray radiography, and eddy current
comes the second. Even microwave, which
is considered to be a mature technology, has
been only used for underground radars in
the limited field of civil engineering. The
reason could be that large structural parts
are made of metals, and ultrasonic waves
and thermography have been sufficient for
the inspection. In addition, nondestructive
inspection technology itself is categorised in
one field of mechanical engineering, which

may cause the lack of radio wave specialists.

In the present day, however, reinforced
plastics and their composite materials have
come to be used for infrastructures, and thus
the importance of nondestructive inspection
using electromagnetic waves will increase.

The advantage of using electromagnetic
waves in nondestructive test is that the
technique can provide internal structure of
opaque objects without contact. Except
ionizing  radiation, such as X-ray
radiography, when the frequency is high, the
spatial resolution is high, but the penetration
depth becomes short from the surface. In
these 20 years, terahertz (THz) time domain
imaging technology has been actively
developed and has been applied to examine

coatings of various objects, including
radomes and oil tanks.

We have been applied to THz time
domain imaging to cultural heritage objects,
and proved that THz frequency range is
particularly useful for observing the
preparation layer of painting that cannot be
observed by other nondestructive measures.
In this talk, practical applications of THz
time domain imaging are introduce by
showing case studies on masterpieces in
these ten years, and future prospects are
discussed.

2. Electromagnetic waves used in
nondestructive test

Figure 1 introduces the wuse of
electromagnetic waves from microwave to
X-ray for internal structure observation,
with some examples obtained in our
previous works. Here material identification
and/or spectroscopic imaging are not
mentioned in this talk, because there are
various established methods that give
sufficient information to conservators and
historians [1, 2]. Figure 2 shows typical
painting layer structures and applicable
frequency range to observe their interfaces.
The oldest Paleolithic mural paintings, such
as those in Chauvet Cave are still clear
because they were painted in the limestone
caves with mineral colours, although we do
not know it was intentional or not. At the



latest, in 6000 BC, humans created mortar
layer, and particular mineral pigments were
used to paint. This leads to the current
fresco technique established in the 1300s, of

which cross section is described in Fig. 2 (a).

Microwaves are necessary to observe the

Figure 1. Electromagnetic waves used in
nondestructive tests.

Figure 2. Penetration depth depends on frequency
range.

support, and mm-wave and THz can be
applied to observe preparation layers. X-ray
transmission can be used only for fragments.
In general, the fresco technique does not use
binders, and colours are covered by
chemical reactions that generate calcite
layer on the surface. On the other hand,
painting technique with binders can be
applied to any types of support without
mortar layers. There are various techniques
from Egyptian mummies to modern acrylic
paintings. The thickness of preparation
layers indicated in Fig. 2 (b) depends on the
technique and varies from sub-micron to
several hundred microns. If the work is
small, the internal structure can be observed
by X-ray CT, but THz is particularly
effective for the restoration staff because
they want to know the support and the
underlying layer.

While THz technology is not yet
commonly used in most industries, the THz
time-domain imaging technique has been
adopted in heritage science, because it non-
destructively reveals the internal layer
structure from support to painted surface
that is the most important part for
conservation treatment. Details of the THz
time-domain technology are precisely
introduced in many review articles
including a recent milestone article of THz
imaging by D. M. Mittleman [3].

3. Examples of THz imaging applied to
cultural heritage

THz imaging technique has been applied
to various museum objects, and some
examples carried out by NICT are shown in
Fig. 3, along the chronological table of art
history [4]. The first application was
performed in 2008, during the conservation
of "Polittico di Badia" (1300), a masterpiece
of Giotto, at the Uffizi Gallery. The non-
destructive cross-section image clearly
showed that two gesso layers exist in the
panel, which proved that the artist followed
the medieval technique. The "Cypress Tree"
on Tokyo National Museum is a panel
screen, which was under conservation from
2012 to 2014. THz imaging revealed many
pieces of mending paper below the painting,



which give the history of the artwork, as
well as useful information for treatment
planning.

Among these examples, up to now, there
are two unsolved issues. One is the original
painting technique of Bernt Notke's canvas
painting "Danse Macabre" (15th century) in
the Niguliste Museum in Estonia. Some
parts seem to have two painting layers. A
conservation scientist suggested that the
technique might be the glue-sized, which
uses animal glue and pieces of thin fabric to
paint. Further investigation is required to
interpret the experimental results. Another
issue is over-paint layers of “Homme au
Chapeau” (1915), by Pablo Picasso, in the
Tokyo Station Gallery [4]. The layer

structure of the painting depends on the area.

By extracting the second layer, the image
becomes similar to a photograph shown in a
catalogue [5], which is rather different from
current 1image introduced in another
catalogue and a book [6]. Art historians'
viewpoints are required to understand these
results.

4. Possible contribution to emerging
issue in heritage science

Recently we found that THz time-domain
imaging is effective for a specific problem
that has been one of the emerging issues in
conservation of canvas paintings, during the
measurement of "Venus and sailor (Homage
to Salvat-Papasseit, 1925, 215 x 147.5 cm)"
by Salvador Dali (1904-1989)" [7].
According to the artist himself, it was
painted many times on another old painting
acquired by his father. First, Dali made an
impressionist painting on it, then friends'
portraits, then another subject with tempera,

and finally it has become "Venus and sailor".

Moreover, several intervention treatments
were carried out on this painting in the 20th
century. The back of the original canvas
may have been lined with linen sheets that
were glued with wax, then finally tightly
glued to an aluminium panel with wax [8].
This type of "wax-conservation" was
developed, patented and used mainly in the
US, resulting in serious problems. Indeed,

Figure 3. Artworks investigated by NICT.



the removal method is an emerging issue in
heritage science [9].

Figure 4 shows a typical cross section
image of this painting, and output signals at
the points A and B indicated in the image.
In both signals, the first reflection peak is
generated at the painting surface, and the
last peak is from the aluminium plate that
was used for conservation purposes by a
previous conservator. The peaks appeared
between these two are generated by internal
interfaces. Since the refractive index of each
layer depends on the material, the velocity
of the THz wave is different in each painted
layer. Although the exact thickness of each
layer cannot be obtained without knowing
the precise material properties, qualitative
characteristics including the number of
layers can suggest the history of this
painting. The reflection signals from the
aluminium support clearly appear as a white
line at the bottom of the cross section image.
Then, there is a thick uniform layer, which
could be composed of three internal layers.
Judging from the edge of this layer and the
literature on wax treatment, this bottom
uniform layer is deduced to be a lining layer
composed of linen fabric sheets and wax.

On the other hand, multiple layers near
the surface, which appear in most part of the
painting, are considered to be "painted"
layers. This structure agrees with the artist's
comments. On the right end, however, a
thick single paint layer exists. As the delay
of the reflection signal from the lining layer
is much larger in other areas, the unknown
material should have a larger refractive
index. Such internal structure observation
can provide useful information for future
conservation planning.

To conclude, it is important for users to
select the appropriate frequency band
according to the object to be measured.
Hopefully, more electromagnetics and
optics experts join nondestructive inspection
research fields, especially in heritage
science.

Finally, the author acknowledges
conservators, curators and art historians for
their fruitful discussions.

Figure 4. Example of cross section image of a part
of "Venus and sailor", by Salvador Dali.
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Abstract — It is important to build the antenna and propagation models of THz wireless communications in order
to evaluate the interference between other services, and to estimate communication quality of THz wireless
communications. ThoR (TeraHertz end-to-end wireless systems supporting ultra-high data Rate applications)
project is a joint EU-Japan project to provide technical solutions for the data networks beyond 5G based on 300
GHz RF wireless links. This paper presents the measurement results of 300-GHz-band antenna and propagation
characteristics in ThoR project.
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1. Introduction

Terahertz (THz) wireless systems are a
very promising solution for beyond 5G
system [1]. World Radiocommunication
Conference (WRC) 2019 will be held in
Oct-Nov 2019, and its agenda item 1.15
relates to consideration of identification of
frequency bands for the land-mobile and
fixed services applications operating at 275-
450 GH [2].

It is important to evaluate the antenna
pattern in order to evaluate the
communication quality of THz wireless
system, or in order to avoid the interference
between backhauls and fronthauls or with
these passive services. There are passive
services, such as earth exploration-satellite
service (EESS), operating in this frequency
range, and sharing between THz wireless
links and EESS will be discussed at WRC
2019.

One of the important parameters for
evaluation of the interference between
different systems is the radiation pattern of
antennas. International Telecommunication
Union Radiocommunication Sector (ITU-
R) defines the antenna pattern models in
Recommendation ITU-R F.699 and F.1245
[3]. However, these Recommendations
cover at a frequency range of up to 87 GHz,
and there are no recommendations that
defines the radiation pattern of antennas at a
frequency range of over 100 GHz. It is

difficult to measure accurate radiation
patterns at THz frequency range, because
the output power of THz transmitter and the
sensitivity of THz receiver is not so high,
which makes the measurement system
dynamic range small.

ThoR (TeraHertz end-to-end wireless
systems supporting ultra-high data Rate
applications) project is a joint EU-Japan
project to provide technical solutions for the
data networks beyond 5G based on 300
GHz RF wireless links [4]. One of the
objective of this project is the experimental
characterization of 300 GHz antennas and
to build antenna model at THz range. This
paper presents the overview of ThoR
project and the measurement results of THz
antenna and propagation characteristics.

2. Overview of ThoR project

The ever-increasing demand for higher
data transfer rates in up- and down-link for
each device in a mobile network leads to
huge aggregated data rates, especially in
cities [5]. To service a fully mobile and
connected society networks beyond 5G
system must undergo tremendous growth in
connectivity, data traffic density and volume
as well as the required multi-level ultra-
densification. The ThoR project is a joint
EU-Japan project and started July 2018.
Figure 1 shows an overview of ThoR
project [4]. ThoR will apply state-of-the-art
photonic and electronic technologies to



IEEEB02.15.3d

ThoR THz link 2@13‘8‘0G{§E§ O
1 km
A" A
= . ’ '. ES
R
arn

Figure 1. Overview of ThoR project [4].

build an ultra-high bandwidth, high dynamic
range transceiver operating at 300 GHz
combined with state-of-the-art digital signal
processing units, and final objective is >100

Gbps P2P link at 300 GHz.

One of the objective is the
characterization of the antenna and
propagation environment and produce

advisory documents, which will be fed into
international standardization conferences.
Figure 2 shows the antenna and propagation
studies in ThoR project. The objectives of
this activities are (a) to make an antenna
model in the 275-325 GHz region, (b) to
derive THz propagation models, (c)
interference studies with passive services,
and (d) to make the base station deployment
scenario for space division multiplexing of
backhaul/fronthaul links.
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Figure 2. Antenna and propagation studies in ThoR
project [4].

3. Antenna pattern measurement

WRC 2019 will be held in Oct-Nov 2019,

and identification of frequency bands for the
land-mobile and fixed services applications
operating at 275-450 GH will be discussed.
One of the main issues in the conference is
frequency sharing between THz wireless

service and EESS. In order to evaluate the
interference from THz wireless service to
EESS, the accurate antenna model is
necessary. However, there is no ITU-R
model of radiation pattern that covers up to
300 GHz. Therefore, the sharing studies on
Agenda Item 1.15 employs the existing
Recommendation ITU-R F.699 and F.1245
that covers up to 87 GHz. Moreover, the
experimental characterization data of high-
gain antenna at THz range is few [6]. It is
difficult to measure accurate antenna
patterns at THz frequency range. The output
power of THz transmitter and the sensitivity
of THz receiver is not so high because of
the limitation of semiconductor devices at
these frequency range. Therefore, the
dynamic range of radiation pattern
measurement system at THz range is
smaller than that at microwave range and
millimeter-wave  range. The  narrow
dynamic range of measurement system
makes it difficult to obtain accurate sidelobe
pattern of high gain antenna, because the
power ratio of sidelobe is much smaller than
that of main lobe. The antenna pattern
should be measured at far field. In case the
antenna gain is 45 dBi (antenna diameter:
0.15 m) and the frequency is 300 GHz, the
boundary of far field is 45 m. In this case,
the free-space propagation loss (FSPL) is
about 115 dB, and the received power is
quite small, especially in case of the
measurement of side lobe pattern.

Figure 3 shows the measurement results
of a low-gain antenna (WR-3.4 standard
horn antenna). In order to achieve accurate
radiation pattern measurement of this
antenna, we employed a vector network
analyser (VNA) and the measurement was
conducted in a small anechoic chambers at



NICT. Two horn antennas were opposed to
each other at a distance of 0.5 m. The
measured radiation pattern agreed well with
the simulation results.
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Figure 3. Radiation patterns of WR-3.4 standard
horn antenna at 300 GHz.

We also measured the radiation pattern
of a high-gain Cassegrain antenna with a
diameter of 150 mm (45 dBi). The
experimental results are shown in Figs. 4.
The antenna pattern models described in
Recommendation ITU-R F.699-8 and
F1245-3 are also shown. A small dip was
observed at the top of the main lobe. In this
experiment, the transmission distance was
20 m. This distance is smaller than the
boundary of far field (45 m). Therefore, the
shadowing effect of the secondary reflector
are observed. The sidelobes of measured
radiation patterns are larger than that of
ITU-R antenna pattern models. These
results indicate that new antenna pattern
models at 300-GHz band are necessary. In
order to measure the accurate radiation
pattern of the Cassegrain antenna, we have
to increase the transmission distance. It is
difficult to set the transmission distance
over 45 m in an anechoic chamber. We are
going to make a transmitter and to obtain an
experimental radio station license. By using
this transmitter, we are going to conduct
outdoor transmission experiments. Another
way to obtain an accurate radiation pattern
of the high-gain antenna is the conversion of
measured near-field pattern to far-field
pattern. Near field measurement of high-
gain antenna by EO probe is one of the
promising solution [7].

As shown in Fig. 2, it is important to
suppress sidelobes of high-gain antennas.

We are now investigating a 300-GHz-band
THz absorber that employs surface
metamaterials. The THz absorber employs
slot ring resonator (SRR) absorber [8] that is
shown in Fig. 5(a). The SRR patterns are
made by a 2-pum-thick gold on a 200-pum-
thick quartz substrate. The simulation
results of Sy1 is shown in Fig. 5(b). So1 at
296.7 GHz is -32.4 dB, and -10-dB
bandwidth is about 37.7 GHz. We are
planning to use these THz absorber to
suppress the sidelobes of THz high-gain
antenna.
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Figure 4. Radiation patterns of Cassegrain antenna at
300 GHz, and that of Recommendation ITU-R.
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Figures 5. (a) Unit cell of THz absorber. (b)
Simulation result of transmission characteristics of
THz absorber.

4. Reflection characteristics of building
materials

To increase the accuracy of radio wave
propagation simulation, accurate material
property model, such as reflection
coefficient of building materials, should be
used. Material property models described in
Recommendations IUT-R P.1238 and
P.2040 are usually used for the propagation
simulations [9]. However, there is no
recommendation of material property
models that can be used for the 300-GHz-



band THz wave propagations. We measured
the reflection characteristics of various
building materials on the incident angle. We
used two diagonal horn antennas with a gain
of 25 dBi, and they are attached with the
frequency extenders for the VNA. Figure 6
shows the dependence of reflection
characteristics of wood and glass on the
incident angle. Periodic fluctuations are
observed. These periodic fluctuations come
from the superposition of reflection wave at

the sample surface and at the sample bottom.

As the incident angle increases, S
increases. The period of the fluctuations
becomes shorter as the incident angle
decreases. = We  conducted  outdoor
propagation  simulations using these
measured reflection characteristics in order
to evaluate the interference between
fronthaul wireless links that are placed
nearby each other. We are going to measure
the complex permittivity of building
materials by using terahertz time domain
spectroscopy (THz-TDS) [10].
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Figures 6. Reflection characteristics of (a) wood and
(b) glass at 280-320 GHz.

5. Conclusion

We conducted the measurement of 300-
GHz-band antenna and propagation
characteristics in ThoR project. Radiation
pattern measurement of high-gain THz
antenna is difficult due to the limitation of
measurement equipment dynamic range and
that of transmission distance of propagation
experiment. The sidelobe pattern of high-
gain antenna did not coincide with the
antenna model described in
Recommendation ITU-R. These results
indicate we have to evaluate the accurate
radiation pattern of high-gain antenna at 300

GHz, and make new antenna model at this
frequency. The conversion of measured
near-field pattern by EO probe to far-field
pattern is one of the promising solution to
obtain an accurate radiation pattern of the
high-gain  antenna. = Measurement  of
reflection  characteristics of  building
materials is important to evaluate the
interference between fronthaul wireless
links that are placed nearby each other.
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Abstract — Terahertz dual-comb spectroscopy (THz-DCS) enables high spectral resolution, high spectral accuracy,
and broad spectral coverage; however, the requirement for dual stabilized femtosecond lasers hampers its
versatility. We here demonstrate THz-DCS using a free-running single-cavity wavelength-multiplexed mode-
locked fiber laser. By multiplexing the mode-locking oscillation in wavelength region, dual-wavelength comb light
beams with slightly detuned repetition frequencies are generated in a single laser cavity. Due to sharing of the
same cavity, such comb light beams suffer from common-mode fluctuation of the repetition frequency, and hence
the corresponding frequency difference between them is passively stable. The demonstrated results indicate that
this system is an attractive solution for practical applications of THz spectroscopy and other applications.

Keywords — terahertz; optical comb; dual-comb spectroscopy; gas spectroscopy

1. Introduction

Since many materials indicate spectral
fingerprints in the terahertz (THz) region
(freq. = 0.1~10 THz), THz spectroscopy has
attracted great research interests. In contrast
to the traditional THz time-domain
spectroscopy, THz dual-comb spectroscopy
(THz-DCS) could potentially measure broad
THz spectrum with high resolution and
moderate acquisition speed [1]. Besides, its
absolute accuracy can be traceable to the
Rubidium frequency standard [2]. However,
this system requires a pair of two stabilized
comb lasers for generation and detection of
THz comb. Although the requirement for the
frequency stabilization can be cancelled by
help of adaptive sampling technique [3], a
pair of comb lasers is still required. The
associated cost and system complexity
hinder the wider application of THz-DCS
technique. Recently, multiplexed mode-
locked fiber lasers based on wavelength-
multiplexing, polarization-multiplexing,
bidirectional lasing or intracavity nonlinear
pulse shaping [4-7] have emerged as a
choice of dual-comb sources with low
common mode noise [8, 9], and been
successfully applied to the asynchronous
optical sampling [10, 11], frequency
metrology in the microwave [12] and THz
region [8], and optical spectroscopy [9].

In this paper, by tailoring the intracavity
dispersion, wavelength-multiplexed mode-
locked fiber laser with low repetition-rate-
difference (Afp) is realized to enable
sufficient temporal magnification in the
asynchronous optical sampling. Without any
stabilization, such a fiber laser is effectively
applied to a THz-DCS system [13].

2. Experimnental setup

THz-DCS consists of the wavelength-
multiplexed mode-locked fiber laser (4; =
1531nm, 4> = 1543nm; P; = 20mw, P, =
27mW, T =172 = 130fS, ﬁepl zf;fep2 ~ 64.55
MHz, Afrp = 245 Hz), a cross-correlation
signal generator for the trigger generation,
two fiber-coupled InGaAs PCAs as the
emitter and detector of THz pulse, and the
data acquisition electronics. The emitted THz
pulse was generated from the PCA emitter
triggered by the A; pump light, propagated in
free space, and then was incident onto the
PCA detector together with the 4> probe light.
Then the generated electrical signal from the
PCA detector was acquired by the fast
digitizer after amplified by a current
amplifier. For comparison, two
commercialized frequency-stabilized fiber
lasers (A7 = A2 = 1550nm; P; = P, =20mW,
T =172~ SOfS;ﬁep] :ﬁepZ ~ 250MHZ, Aﬁep ~
893Hz) that provide the same time



magnification factor are used in the same
THz-DCS setup, and their performance are
compared to each other.

Dual-wavelength
mode-locked fiber oscillator

I
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() Optical Optical
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1557nm,
130fs)

Fig. 1. Experimental setup.

3. Results

Figure 2(a) shows the comparison of THz
power and noise spectra between the present
THz-DCS system using the dual-A-ML fiber
laser and previous THz-DCS system using
two stabilized lasers. The spectral bandwidth
was comparable to each other.

We next evaluated dynamic range of
spectral power at 0.2~0.4 THz with respect
to the data acquisition time for both systems
as shown in Fig. 2(b), showing the similar
linear slope. Also, the slopes of them are
overlapped, indicating comparable DR
characteristic to each other. In this way, the
present system shows the comparable
performance to the present system in the
spectral bandwidth and dynamic range even
though dual stabilized lasers are not used.
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Fig. 2. Basic performance. (a) Power and noise spectra and (a)

dynamic range of spectral power for present and previous ASOPS-

THz-TDS systems.

Finally, @~ we  demonstrated  THz
spectroscopy of acetonitrile (CH3CN) gas
under atmospheric pressure. Since CH3CN
gas is contained in the interstellar medium,
incomplete combustion gas of nylon textiles,
volatile organic compounds related with
atmospheric pollution and biomarkers, it is
important to perform THz spectroscopy of
this molecular gas in astronomy, fire
accidents, atmospheric analysis, and health
monitoring. Due to the symmetric top
molecule, CH3CN gas exhibits characteristic
spectral fingerprints with GHz structure in
the THz region under atmospheric pressure:
a series of manifolds of multiple rotational
transitions regularly spaced by 2B, where B
is the rotational constant (= 9.194 GHz).
After an enclosed box for THz optics was
filled with CH3;CN gas at atmospheric
pressure, the THz power spectrum was
acquired by the present THz-DCS system.
Figure 3 shows the absorbance spectrum of
CH;CN gas (data acquisition time = 257 s).
Thirty-nine manifolds of absorption lines
periodically appeared with a constant
frequency separation, and could be assigned



to rotational quantum numbers from J=15
around 0.29 THz to /=53 around 0.98 THz
correctly.
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Fig. 1. Spectroscopy of CH3CN gas.
4. Summary

THz-DCS with a free-running dual-A-ML
fiber laser has the great potential for low
complexity, cost-effective and portable,
high-performance spectrometer.

This work was supported by JST, ERATO
MINOSHIMA Intelligent Optical
Synthesizer (I0S).
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Abstract — We demonstrate two driving scenarios for an optical frequency comb generator (OFCG), namely an
OFCG driven by an optoelectronic oscillator (OEO) driven, and a self-oscillating version. These are then applied
to mm-wave generation and radio over fiber (RoF) links. In the OEO driving structure, the electrical output of
an OEOQ drives the OFCG while in the self-oscillating topology the oscillating loop also functions as an OFCG.
With the combination of two-tone selection and optical heterodyning, mm-wave and THz signals are generated.
We implemented a RoF link based on a self-oscillating OFCG where the modulating signal was a standard LTE-
A signal with 64 QAM modulation format and EVM lower than the EVM limit.

Keywords — radio-over-fiber, optical frequency comb generator, optoelectronic oscillator, microwave photonics

1. Introduction

The integration of the optical frequency
comb generator (OFCG) and optoelectronic
oscillator (OEO), either in a self-oscillating
mode or as a separately driven architecture
is a promising concept for mm-wave and
THz signal generation, and further
implementation in a radio over fibre link
[1],[2]. The conceptual block diagrams of an
OFCG, OEO, OEO-driven OFCG, and self-
oscillating OFCG are shown in Fig.1. An
OFCG can provide evenly spaced discrete
optical multi-tones as shown in Fig. 1(a) and
a conventional optical modulation based
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cw. J;\: Comb
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RF
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® |

comb generator is driven by an external RF
source which determines the comb spacing.
An OEO is a hybrid oscillator which can
yield pure oscillation either in the
microwave  domain  or  microwave
modulated optical domain as shown in Fig.
1(b) [3]. The integration of an OFCG and
OEO is shown in Fig. 1(c), in which the
OEO drives the OFCG, in Fig. 1(d) a self-
oscillating version is depicted in which the
OFCG is embedded directly into the OEO
loop.
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Figure 1 (a) Conventional optical frequency comb generator (OFCG) (b) optoelectronic oscillator (OEO) (c) OEO
driven OFCG (d) self-oscillating OFCG. The optical paths are represented by black lines while the electrical paths are

represented by blue lines.


mailto:ghasan01@ucy.ac.cy

2. Mm-wave and THz generation
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Figure 2. (a) Conceptual diagram of optical
frequency comb with optical heterodyning based
mm-wave generation. The OFCG block can be
realized as an (b) OEO-driven or (c) self-oscillating
architecture.

Fig. 2(a) shows the arrangement for
generating mm-wave and THz signals with
the combination of an OFCG and the
optical heterodyne technique. Two optical
tones with the desired frequency spacing
are selected by a wavelength selective
switch (WSS) and then beat in a high speed
photo-detector (PD) to generate the
electrical signal at the required frequency.
Specifically, if AA is the wavelength
spacing of the tones then the corresponding
frequency Af that is generated at the PD is
given by:

A cAA
=

where A1 and A are the wavelengths of the
two selected tones. As stated earlier, we
have generated an OFC in two scenarios;
when the OEO directly drives the OFCG as
shown in Fig. 2(b) and a self-oscillating
architecture as illustrated in Fig. 2(c). We
used a dual-drive Mach-Zehnder modulator

DFB
1553.73 nm

Figure 3. Experimental set-up of OEO-driven
OFCG.
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Figure 4. Electrical spectrum of the generated RF
signal from an OEO at 17.33 GHz with span of
5 MHz and RBW of 3 kHz.

as a comb generator where RF signals of
different amplitudes and phases are applied
to the two RF ports of the DD-MZM [4].

OEO-driven OFCG:

The OEO block of Fig.2(b) was realized
using the arrangement in Fig.3. Light from a
DFB laser is routed via a 50:50 coupler to
an OEO loop and OFCG. The dual-loop
OEO is based on a microwave photonic
filter (MWPF). As illustrated in Fig.3, the
combination of the phase modulator (PM)
and the tunable optical band pass filter
(TOBF) functions as microwave photonic
filter (MWPF) [5] where the center
frequency of the MWPF and hence the
oscillation frequency is determined by
bandwidth of the TOBF. Amplifiers both in
optical and electrical domain are used in the
OEO loop to maintain the oscillation
condition. By tuning the bandwidth of
TOBF we were able to generate the 17.33
GHz oscillation as shown in Fig. 4. The
electrical output of the OEO was then
connected to the electrical port of a DD-
MZM to generate an optical comb. Optical
frequency combs are shown in Fig. 5(a) and

RBW=10 MHz

(a) 16.92 GHz
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RBW=10 MHz

17.33 GHz
—

Optical power [dBm]

1552 1552.5 1553 1553.5 1554 15545 1555 1555.5

Wavelength [nm]
Figure 5. Optical spectra of the generated optical
frequency combs with a frequency spacing of (a)
16.92 GHz and (b) 17.33 GHz at the center
wavelength of 1553.73 nm



5(b) for the oscillation frequency of 16.92
GHz and 17.33 GHz respectively. We
selected two comb lines (from spectrum
5(b)) with a WSS that are spaced 242.6 GHz
apart and then beat then in a uni-travelling
carrier  photo-diode (UTC-PD). The
generated electrical signal was then passed
through a down-conversion process. The
electrical spectrum of the generated 242.6
GHz signal after down-conversion is shown
in Fig. 6.
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Fig.6. Electrical spectrum of the generated 242.6

GHz signal after down-conversion.

mm-wave

Figure 7. Experimental set-up of self-oscillating
OFCG.

Self-oscillating OFCG:

The experimental set-up of a self-oscillating
optical frequency comb is shown in Fig.7.
An optical signal from a fibre laser was
passed through a DD-MZM which functions
both as an electro-optic converter in the
OEO loop and a comb generator. We used
the dual-loop balanced detection in which a
dual-loop is used for side-mode suppression
[6] and balanced detection is used to
suppress common mode noise [7]. An
electrical band pass filter with a center
frequency of 12 GHz and bandwidth of 300
MHz is used to define the oscillation
frequency. Electrical and optical amplifiers
are used in the loop to meet the necessary
gain condition for oscillation. The optical
spectrum of the self-oscillating OFCG is
shown in Fig.8 with a frequency spacing of
11.84 GHz; 23 comb lines were generated
with 12 dB deviation. The electrical
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Figure 8. Optical spectrum of the self-oscillating
OFCG with 23 comb lines spaced at 11.84 GHz.
The red and blue lines are the selected tones for
mm-wave generation and radio over fibre link.

spectrum of the 11.84 GHz signal is shown
in Fig.9(a). To generate a mm-wave signal
we selected two comb lines (red and blue
lines of Fig.8) and at the output of the
photo-diode an electrical signal of 94.8 GHz
was generated, the electrical spectrum of
which is shown in Fig.9(b).
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Figure 9. Electrical spectrum of the generated RF
signal (a) from self-oscillating OFCG at 11.84 GHz
(b) 94.8 GHz

3. Radio over fibre link

We implemented a RoF link based on the
self-oscillating OFCG. The conceptual
diagram is shown in Fig. 10. We selected
two comb lines generated from the SOFCG
with WSS at 94.8 GHz separation (red and
blue lines of Fig.8) and directed them to two
different ports of the WSS; one of the tones
was data modulated while the other tone
was transmitted for heterodyning. A
standard LTE advanced signal centered at 1
GHz and a bandwidth of 20 MHz and 64
QAM modulation format was used as a
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modulating signal generated from an
Agilent PSG vector signal generator
(E8267D). The two tones were then
combined, amplified and detected in a high-
speed photo-detector. The generated mm-
wave signal at 94.8 GHz was transmitted
over a 1.3 m wireless path through a set of
horn antennas with a gain of 23 dBi. The
received mm-wave signal was then
amplified by a low noise amplifier, down-
converted by an envelope detector and
analyzed by a vector signal analyzer. We
used a variable optical attenuator prior to
the photo-detector to adjust the input optical
power and hence the photo-current. We
measured the error vector magnitude
(EVM) at different photo currents as
depicted in Fig.11. The measured EVM is
within the limit of the ITU recommendation
(8% for 64 QAM) for the photo-current
above 0.6 mA.

4. Conclusions

We have considered two scenarios of an
OFCG; an OEO-driven and a self-
oscillating architecture. In the self-

EVM [%]

Quadrature

0.5 1 15 2 25 3
Photocurrent [mA]
Figure 11. EVM vs photocurrent of the self-
oscillating OFCG based RoF system. The insets
are the constellation diagram of (64 QAM OFDM
sianal, 1.3 m wireless transmission distance).

oscillating OFCG, a single DD-MZM
functions as both an E/O converter and a
comb generator, whereas in the separately
OEO-driven  system  two  separate
modulators are required (one for the OEO
loop and another for the comb generator).
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Abstract —Recently, electromagnetic (EM) wave pollution in air are important issue for human welfare and
health. Wireless EM wave in air should be monitored and regulated by government by following international
standards. The key device for sensing the wireless EM wave is an antenna. In here, wireless microwave antennas
on electro-optic (EO) modulators are presented and discussed. Several type antenna structures fabricated in EO
modulators such as patch, slot, yagi, and metamaterial are reported. This device has advantages of low
microwave distortion and no microwave induction also directly converted to lightwave signal in the EM

measurement system.

Keywords — EM measurement; microwave antenna; EO modulator;

1. Introduction

Electromagnetic measurement is
required for measuring characteristics of the
radiated electromagnetic (EM) in our world.
The EM radiation in air should be
monitored to minimize EM pollution or
unwanted radiated EM [1]. The EM can be
radiated by following world standardization
which are regulated by the government. In
the EM measurement need an EM sensor
for identifying EM characteristics with
precise sensing and low induction.

Recently, the EM sensor consists of an
antenna or probe where can detect the
generated or radiated EM from the device
under test (DUT) [2,3]. The EM
measurement is developed and applied in
technology with microwave bands to
measure current available electronic
equipment in the market. In the near future,
high-quality,  high-speed, and  high-
resolution are the wuser demands in
communication and imaging applications.
Bandwidth enhancement can meet the user
demands by using  high-frequency
operation. In order to anticipate it, high-
frequency EM measurement should be
prepared. The high-frequency EM sensors
are also required.

In this paper, wireless EM sensors using
microwave antennas on electro-optical (EO)
modulators are presented for wireless EM
measurement. Several types of microwave
antennas on EO modulators are discussed
such as patch, slot, quasi yagi, and
metamaterial types. The design, fabrication,
and characterization of the EM sensing
devices are reported. Typical applications in
wireless EM measurement are also briefly
described.

2. Patch Antennas Coupled with EO
Modulators
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Fig. 1 Typical structure of patch Antennas with EO
modulators.



Several devices using patch antennas
coupled with EO modulators were reported
[4,5]. Figure 1 shows the patch antennas
coupled with EO modulators. The device is
fabricated on a z-cut LiNbOs optical crystal.
It has advantages to identify wireless EM
irradiation  angle by  manipulating
interaction  between microwave and
lightwave signals along the modulation
electrodes with  polarization reversal
techniques. The typical experiment results
of the fabricated devices is shown in Fig. 2
where several wireless EM irradiation angle
pattern can be observed. Therefore, the
devices can be used for wireless EM
measurement.
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Fig. 2 Experimental results for wireless EM
characterization.

3. Slot-antennas on EO Modulators
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Fig. 3 Typical structure of slot antennas on EO
modulators.

We have reported also the devices using
slot-antennas on EO modulators [6,7]. Fig.
3 shows the slot antennas on EO modulator.
His device can be used for detecting
wireless microwave and converting it
directly to lightwave signal. Very low
microwave loss can be achieved using the

device. The typical measurement result of
the optical modulation by irradiating
wireless microwave is shown in Fig. 4. The
device can be used for detecting wireless
EM through optical modulation.

20dB/ div

20GHz/ div

Fig. 4 The measured wireless EM on lighwave signal

4. Quasi Yagi Antennas with EO
Modulators
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Fig. 5 The structure of quasi yagi antennas with EO
modulators.
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Fig. 6 The calculated electric field distribution on the
EO substrate.

We designed the wireless EM sensor
using quasi yagi antennas with EO
modulators [8]. It consist of planar yagi
antennas coupled with standing-wave EO
modulators as shown in Fig, 5. This device
has high sensitive EO sensors due to high-
gain characteristics of the yagi antenna.



5. Metamaterial Antennas on EOQ
Modulators
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Fig. 7 The structure of metamaterial antenna on EO
modulators.

Figure 7 shows the device using
metamaterial antennas on EO modulators
[9]. The device consists of a straight optical
waveguide and ELC resonators fabricated
on an EO crystal. It can be used for
receiving wireless high-frequency
microwave and converting it to loghtwave.
The device has easy design for high-
frequency operation especially. The typical
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Fig. 8 The calculated modulation index of the
wireless EM sensor.

6. Summary

We have reported wireless EM sensors
using microwave antennas on EO
modulators for wireless EM measurement.
Several type antennas were used for
wireless EM detector and converted it to
lightwave using EO modulation. By using
this technique, low microwave distortion
and no microwave induction can be
achieved for wireless EM measurement
system.
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Abstract —We present a pulse waveform metrology system based on electro-optic sampling at the Korea
National Institute of Standards and Science (KRISS). A fast pulse measurement system using a femtosecond
laser and a photodiode up to 100 GHz bandwidth has been implemented. We adopted this photodiode and system
to generate and measure standard pulse waveform. The photodiode was calibrated in full 100 GHz bandwidth for
utilization in transfer standard pulse generation for the Korean national standard.
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1. Introduction

Conventional fast pulse waveform
metrology based on electrical sampling
oscilloscopes has been considered a
challenging task. This is mainly because the
calibration method is not well-established
beyond 50 GHz. One excellent
breakthrough is the technique of electro-
optic sampling (EOS). EOS employs a
femtosecond pulsed laser source that can
realize even sub-ps ultrafast transient
sampling. Thus, the EOS technique has
evolved into a mature solution for Terahertz
science.

National Metrology Institutes (NMls)
have adopted this technique to enhance
their calibration bandwidth of waveform
metrology up to 100 GHz (or beyond) for
employment as primary standards for high-
speed waveforms. The National Institute of
Standards and Technology (NIST) of the
US was the first to use an EOS system with
a 100 GHz high speed photodiode (PD)
[1,2]. Other major NMIs — PTB of
Germany, NPL of the UK, and NIM of
China — have also built their own EOS
systems associated with high speed
photodiodes for calibration service and
measurement capability enhancement [3-5].

Fig.1 explains the traceability chain for
the waveform transfer standard. The

calibrated PD associated with the EOS
system serves as a primary pulse standard
for each NMI. Such primary standards are
utilized to make secondary standards or to
calibrate customers’ instruments.

NMIs compare their EOS systems with
others to wvalidate their own standards.
NIST, PTB, and NPL have compared their
results and, recently, NIM and KRISS
joined the comparison group to corroborate
their systems [5].
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Figure 1. Traceability chance for pulse standard in
NMIs (from NPL website)

2. KRISS EOS system

We at KRISS also launched time domain
EOS research in 2013. Our EOS for 100
GHz pulse waveform metrology is
illustrated in Fig.2. This is implemented
with a pump-probe style interferometric
scheme. As a national standard system,
uncertainty and system stability are major



concerns for metrology grade systems in
NMIs. We used dual variable attenuators at
the pump and probe paths. Optical
instability, which degrades measurement
reliability, 1s monitored and stabilized
during measurement by programmable
attenuators.

100 fs probe
laser pulse

servo motor delay

pellicle/ >

g W1

PBS, Qwp

mirror

waveplates ==

free space path

polarizer (] fiber path

slowPD "] = electrical path

amp | e control path

Figure 2. KRISS EOS system for 100 GHz pulse
waveform metrology.

Pump pulse is used to excite a fast
photodiode with 100 GHz bandwidth. The
fast electrical pulse from the photodiode is
delivered from its intrinsic 1 mm coaxial
port to a coplanar waveguide on an x-cut
LiTaO; wafer through a GSG style on-wafer
probe.

To serve as a primary transfer standard, a
waveform with perfect 50 ohm mating at the
PD output port needs to be characterized.
Although there is no way to measure this
directly, the pulse travelling along the line
on the EO wafer can be precisely measured
instead. The measured pulses become
inherently  non-invasive  because the
waveguide itself on the EO wafer works as a
sensor. We present such pulses on the wafer
and techniques to obtain precise response at
the PD port by compensating for errors in
the measurement system.

3. Results and Discussion

The 100 GHz pulses are generated by our
fast PD (u2t: XPDV4120R), which is
excited by ~100 fs laser pump pulses. The
pulses from the diode are launched onto a
coplanar waveguide made with EO substrate,
as shown in the inset of Fig.3. The probe

pulses in the EOS system sample the 100
GHz pulses in a reconstructed pulse shape
with a 10 um translation step. The pulse
needs to be measured at both gaps in the
coplanar waveguide (CPW). The results are
averaged to cancel the undesired mode
effect in the CPW. The measured and mode-
cancelled pulses are presented in Fig.3.
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Figure 3. Measured pulse from the fast
photodiode on EO wafer with KRISS EOS system.

One of main factors that affects pulse
measurement is mismatch at the on-wafer
probe tip and the pads of the CPW. The pad
quality degrades for every probe contact,
which ruins repeatability. The insets in Fig.4
show that mismatch causes secondary
pulses, raising a concern about repeatability.
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Figure 4. Measured pulse from fast photodiode
with KRISS EOS system.

The microwave transmission
characteristics from the PD port to the
measurement spot must be thoroughly
measured with uncertainty analysis. We
designed and fabricated TRL calibration kits
on the same EO wafer. Fig.5 shows our on-
wafer probe station to measure S-parameters
up to the W-band. Therefore, spectral



components with phase information can be
de-embedded up to the PD port.

Frequency B
Extender -
" (~110 GHz) -

Figure 5. KRISS on-wafer probe station for TRL
calibration.

In addition to microwave impedance error
correction, the EO system itself must be
calibrated. This is mainly because the ~100
fs Gaussian laser pulses broaden as they
propagate through dispersive optical fibers.
The broadened pulse widths at pump and
probe sides were measured at ~3400 fs and
~6450 fs, respectively. Pump broadening
slows the optical excitation of the PD. For a
similar reason, probe broadening degrades
the sampling measurement speed. Fig.6
shows the spectral response due to pump

and probe broadening with 10 % uncertainty.

This optical response must be systematically
de-convoluted to obtain an impulse response
in the EOS measurement associated with the
femtosecond laser.
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Figure 6. EO system response for pump/probe
pulse broadening.

Considering both microwave and optical
system error-corrections (i.e., de-embedding

and de-convolution), the spectral response
from the measured pulse is corrected as
shown in Fig.7.
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Figure 7. Spectral response of PD with 100 GHz
bandwidth.

The genuine spectral response of the PD
with expanded uncertainty (k=2) is
presented in Fig.8. The magnitude is
normalized to the mean in the frequency
range from 5 GHz to 100 GHz. As a transfer
standard, the PD should present its
uncertainty. For microwave uncertainty,
noise floor/trace-noise/linearity in a VNA
device, on-wafer cable stability, on-wafer
crosstalk, and definitions of calibration
standards are considered. For optical
uncertainty, = probe = beam  position,
pump/probe beam stability, type A
uncertainty, multiple reflection due to
LiTaO; wafer surfaces, and time delay jitter
error due to probe translation stage are
considered. Finally, the uncertainty due to
pump-probe de-convolution is included.
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Figure 8. Normalized spectral response of PD
with 100 GHz bandwidth with expanded
uncertainty (k=2).
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Figure 9. Frequency-domain phase of PD with 100
GHz bandwidth with expanded uncertainty (k=2).

To validate our results, this PD (u2t:
XPDV4120R, SN: 10125001) has since
2018 been measured among five different
NMIs including KRISS. The comparison is
completed as of August 2019 and the inter-
comparison results are to be released during
the presentation.

4. Conclusions

We briefly introduced the EOS system for
a 100 GHz pulse standard at KRISS. A
photodiode calibrated using this system
serves as a time and frequency-domain
transfer standard and allows for subsequent
calibration of high-speed oscilloscopes and
high-speed modulated signals.
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Abstract — In recent years, eectric field sensors have attracted attention again for purposes such as 5G
power density measurement. When using an electric field sensor, not only calibration of the sensitivity of
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1. Introduction

In recent years, electric field sensors have
attracted attention again for purposes such as
5G power density measurement. When using
an electric field sensor, not only calibration
of the sensitivity of the sensor but also
evaluation of the receiving pattern is
important. In this paper, we focus on the
application to antenna measurement and
power density measurement in near-field,
and report on the effect of the receiving
pattern of the electric field sensor on the
measurement results.

2. Application of electric-field sensor

The applications of electric field sensors
have been the main needs so far for
evaluating the uniformity of electric fields in
radiation immunity tests [1] and measuring
radiation patterns of antennas in near-field
[2]. It has been decided that it will be used to
measure the power density of mobile
terminals for human exposure, and the
international standard is now under
discussion [3]. As the measurand of the
electric field sensor, the absolute electric
field strength is a typical calibration target,
but isotropy, Cross polarization
discrimination level, and receiving pattern
are also important. This time, we focused on
the receiving pattern and investigated the
effect of the difference on the estimation
result of power density.

3. Antenna Element Shapev.s. Receiving
pattern of electric-field sensor

The radiation pattern of the antenna for
electric field sensor was calculated by MoM.
The structures of electric field sensors are
shown in Fig. 1 (a), (b), and (c). We
calculated WR28 open ended waveguide
(abbreviated as OEWG), 0.2\ dipole, 1.0A
dipole, and 0.1A monopole antenna on 1.0 A
chassis at 30 GHz.

Fig.2 shows the frequency characteristics
of the antenna gain of each antenna, and Fig.
3 shows the radiation patterns for each
antenna on the E and H planes. As can be
seen from the figure, the directivity gain is
highest in the OEWG, which is 5.5 dBito 7.7
dBi, which is the most sensitive result than
other three sensors.

In the case of the dipole type sensor, a
uniform pattern is obtained in the azimuth
direction. On the other hand, in the case of
OEWG, the beam is focused on both the
horizontal plane and the vertical plane, but
the beam is relatively wide. It can be seen
that the maximum radiation direction of the
monopole antenna with a chassis is inclined
in the direction of 6 = 75 degrees.
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Fig.1 Element structure of Electric-field
sensors

10‘ T T T

—e— OEWG (WR28)
—v— 1.0 A dipole (@30 GHz)
—2—0.2 A dipole (@30 GHz)

Gain [dBi]

L L L | L L L L | L L L L
0 30 35 40

Frequency [GHz]

Fig.2 Frequency characteristics of Antenna
directivity
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Fig.3 Receiving Pattern of Electric-field
Sensors.

4. Effect of Receiving Patten on Power
density measur ement by Back-
projection method

In power density measurement for human
exposure, it has been studied to estimate the
power density at a position of 5 mm to 20 mm
from the antenna. However, it is difficult to
directly measure the electric field near the
antenna with a sensor. The electric field at a
distance of 5A to 10A is measured, and the
power density at 5 mm to 20 mm is estimated
by the back-projection method [2].

In the back-projection method, the
observation plane can be changed to an
arbitrary z-position by first converting the
electric field strength into a plane wave
spectrum and then changing only the phase
term in the z direction.

The 16-element patch antenna shown in
Fig. 4 was simulated by MoM and the
electric field distribution of z= 50 mm and z
= 5 mm were calculated. The calculation
results are shown in Fig.5.

Fig. 6 shows the electric field distribution
at z= 5 mm, which is obtained by simulating
electric field measurement results using
various sensors and reproduced by the back-
projection method. The difference from the
calculation result by MoM is shown in Fig. 7.

Table 2 shows the average and maximum
differences within the antenna area (within =
13 mm or less). From Table 2, the average
difference was 6.7% for 0.2A dipole, 8.5%
for OEWG, and 9.7% for 1.0A dipole. In the
case of a 0.1A monopole with chassis, the
position of the distribution shifts in the -y
direction, and it can be seen that the correct
result is not obtained.
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Fig.4 Structure of 4x4 Patch Antenna
Table 1 Design Parameter of 4x4 Patch

Antenna
Value Explanation
f 30 GHz Frequency (A =10 mm)
Xsub 26 mm ‘Width of substrate
Ysub 26 mm Height of substrate
hgup 0.4 mm Thickness of substrate
Xpatch 2.57 mm Width of patch
Ypatch 2.57 mm Height of patch
AX 5.3715 mm Element spacing in x-direction
AY 5.3715 mm Element spacing in y-direction
& 3.5 Dielectric constant of substrate
Ny 4 Number of element in x-direction
Ny 4 Number of element in y-direction
AXmeas 0.5 mm (= 0.05%) Sampling interval in x-direction
AYmeas 0.5 mm(= 0.05}) Sampling interval in y-direction
Xmeas -100 mm to 100 mm Measurement range in x-direction
Ymeas - 100 mm to 100 mm Measurement range in y-direction
Zmeas 50 mm Measurement height
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Fig.5 Simulation results of Electric field at z
=50 mm and z =5 mm by MoM
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Fig.6 Estimated Electric-field by electric-
field sensors at z =5 mm.
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Fig.7 Difference between estimated electric-
field distribution by back-projection method
and directly simulated electric-field

distribution by MoM
Table 2 Average difference and Maximum
difference.
Avg. Difference [%] | Max. Difference [%]
OEWG (WR28) 8.5 315
0.2 A dipole 6.7 26.3
1.0 Adipole 9.6 30.7
e 2324

5. Conclusions

In this paper, we investigated the effect of
the receiving pattern of the electric field
sensor on the measurement result of the
power density estimation. It was found that



0.21 dipole has the highest accuracy when
probe correction is not performed. In the
monopole type sensor, since the maximum
receiving angle does not face the front, it
became clear that there is a difference in the
position of the electric field distribution after
back-projection. From these results, it has
been clarified that when designing an
electric field sensor, it is necessary to
consider the feeding balance of the element
and the symmetry of the receiving pattern.
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Abstract — A phase measurement method for millimeter-wave 3-tone signals using electro-optic frequency
conversion is presented for phase calibration of frequency converters. A three-frequency optical local signal
instead of a conventional single-frequency local signal was used for down conversion with bandwidth reduction.
A 300-GHz band 3-tone signal with 100-MHz spacing was converted to 1.5-Hz I/Q signals with 4-Hz spacing
that can be digitized using a low sampling rate of 50 sample/s. The phase measurement results matched the
theoretical phase, accounting for 3rd-order nonlinearity, and the standard deviation of the measured phase was

less than 1 degree.
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1. Introduction

High-capacity wireless networks are re-
quired to handle the huge increase in data
traffic from increasing numbers of mo-
bile terminals. High-carrier-frequency sig-
nals, such as millimeter wave (mmWave)
or THz wave, are effective for increasing
data rates [1]. Since wireless networks com-
monly use multilevel modulation to improve
spectral efficiency, accurate measurement of
mmWave signals is required in the near
future.

mmWave frequency converters in test
equipment usually have imperfect frequency
characteristics and should be calibrated for
precise measurement. Although amplitude
characteristics can be calibrated easily using
a mmWave calorie meter, phase character-
istics are difficult to calibrate due to need
for waveform measurement. The electro-
optic (EO) sampling method using an EO
crystal and a short optical pulse has been
proposed for measuring waveforms of high-
frequency signals without using electrical
mixers [2], [3]. We have proposed a phase
calibration method by measuring mmWave
3-tone signals using EO sampling [4]. How-
ever, the measurement frequency resolution
is limited by the sampling time span. On the
other hand, photonics-based frequency con-

version has also been proposed using either
an EO crystal [5], [6] or photoconductive
antenna [7] as a harmonic mixer. Although
the frequency-conversion method can mea-
sure waveforms with high frequency resolu-
tion, the intermediate frequency (IF) signal,
which has the same bandwidth as the radio
frequency (RF) signal, is affected by the fre-
quency characteristics of electrical circuits
downstream from frequency conversion.

This presentation describes a phase mea-
surement method using EO frequency con-
version with bandwidth reduction, and
discusses phase measurement results of
mmWave 3-tone signals [8] for phase cal-
ibration.

2. Principle of EO frequency conversion

Figure 1 shows the principle of conven-
tional EO frequency conversion. The mea-
sured RF signal is a 3-tone signal with
carrier frequency frr and frequency spac-
ing f,; the optical local signal consists
of two continuous-wave (CW) signals with
frequency spacing fLo = fr2 — fr1- A pho-
todiode (PD) detects polarization changes of
the reflected light due to the EO effect, and
the PD output is proportional to product of
the optical local signal intensity and electric
field. Hence, the RF signal frequency fgrr is
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Figure 1. Conventional EO frequency conversion
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Figure 2. Proposed EO frequency conversion

converted to the IF signal frequency fip =
|frr — fLo| and the frequency spacing f,,
of the IF signal is preserved. An IF signal
with wide frequency spacing f,, is affected
by the frequency characteristics of electrical
circuits downstream from the PD, and a high
sampling rate is required to digitize the IF
signal.

Figure 2 shows the principle of the pro-
posed EO frequency conversion. One op-
tical CW signal is changed to an optical
3-tone signal with frequency spacing f,..o
set to a slightly different frequency from
fm. The intensity of the optical local signal
has three frequency components: f1o, and
fro = fmro. The RF signal frequencies frp
and frr =+ f,, are converted to IF signal fre-
quencies fig and fig=+ f,,;¢ With a frequency
spacing shortened to f,ir = |fimn — fmLo|-
Other frequency components generated by
frequency conversion are removed by a
bandpass filter (BPF). The IF signal with
narrow frequency spacing f,,ir is less sus-
ceptible to the frequency characteristics of
downstream electrical circuits.

3. Experiment

Figure 3 shows the experimental setup for
phase measurement of a mmWave 3-tone
signal. In part (a) generating the mmWave
3-tone signal, a 3-tone IF signal generated
by an arbitrary waveform generator (AWG)
is up-converted using a local frequency of
15.9 GHz x 18, and the upper sideband is
extracted by a BPF. A 3-tone RF signal with
frequencies of 307.1, 307.2, and 307.3 GHz
is input to the EO probe.

In part (b) generating the optical local
signal, an optical frequency comb with a
spacing of 19.199937375 GHz is gener-
ated by a mode-locked fiber laser. The
two optical CW signals with a spacing
of 307.198998 GHz are extracted by the
optical BPFs; one of the two signals is
modulated by a LiNbOj3 phase modulator
to generate an optical 3-tone signal with a
spacing of 99.999996 MHz, and the optical
local signal is amplified by an erbium-doped
fiber amplifier (EDFA).

The EO probe has a 0.6-mm thick GaAs
EO crystal. The 307.2-GHz RF signal frp
with f,, of 100 MHz is converted to a
1.002-MHz 1st IF signal figp with f,,;¢p of
4 Hz. Since the signal-to-noise ratio at a
frequency range of less than 100 kHz is
severely deteriorated by 1/f noise at the
EO probe outputs, the frequency of the 1st
IF signal fir is set to 1 MHz to avoid 1/f
noise.

In part (c) performing 2nd frequency
conversion and phase detection, the 1st IF
signal is converted to an in-phase (I) signal
and a quadrature-phase (Q) signal, and the
frequencies of the I/Q signals are —2.5, 1.5,
and 5.5 Hz. To avoid any impact of DC
offset and I/Q imbalance, the frequencies of
the 1/Q signals are designed to be asym-
metric about the zero frequency. The 1/Q
signals are digitized by A/D converters at
50 sample/s. The phase of the 3-tone 1/Q
signal is measured by subsequent offline
digital signal processing (DSP). First, re-
sampling compensates for sampling timing
difference between the I and Q signals.
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Figure 3. Experimental setup for phase measurement of mmWave 3-tone signal

Since the carrier phase fluctuation is not
negligible for mmWave signals, the carrier
phase is detected from the 3-tone signal and
the carrier phase fluctuation is corrected by
phase rotation. The sampling rate error due
to the asynchronous A/D conversion clock
is compensated for by calculating the phase
slope relative to the time and resampling
I/Q signals. Finally, the phase of the 3-
tone signal is detected and the phase be-
tween the three frequencies of the optical
local signal is subtracted from the measured
phase. The absolute phase and phase tilt in
the frequency domain are not obtained by
these experiments because the origin of the
time axis is indefinite for high-frequency
signal measurements. Consequently, at least
3 tones are required for phase measurement.
In our experiments, phase ¢ in Eq. (1) was
used as the phase measurement result.

o(f1) = 20(f2) + o(f3)
2

where, ¢(f1), ¢(f2), and ¢(f3) are the

phases of the 3 tones with frequencies fi,
f2, and f3, respectively.

¢ = (D

4. Experimental results

The circles in Fig. 4 show the mea-
sured phases of the 3-tone RF signals while
changing the phase of the 3-tone IF signal.
The measurement time span was 512 s.
The circles indicating measured phase are
different from the dashed line, showing the
RF signal phase equals the IF signal phase,
and the difference depends on the IF signal
phase. This cannot be explained by linear
frequency characteristics. Therefore the 3rd-
order nonlinear coefficient was estimated
by the method shown in Fig. 5. A 3-tone
signal with frequencies of 307.15, 307.2,
and 307.25 GHz and a phase ¢ of 45° was
generated, and the amplitudes at frequen-
cies of 307.1, 307.2, and 307.3 GHz were
measured using the experimental setup. The
measured 3rd-order intermodulation distor-
tion (IMD) level was —22.9 dB. The 3rd-
order nonlinear coefficient was obtained by
numerical simulation for 3rd-order nonlin-
earity showing an IMD level of —22.9 dB.
The phase characteristics of the 3-tone RF
signal were calculated using the estimated
nonlinear coefficient and were plotted as the
solid line in Fig. 4. The circles indicating
the measured phase agree with the solid line
for theoretical phase taking account of 3rd-
order nonlinearity.
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The 512-s phase measurement time span
was repeated 12 times to evaluate the preci-
sion of the measured phase. The circles in
Fig. 6 show the standard deviations for the
measured phases using various time spans
on acquired data, and the error bars show
95% confidence intervals for the standard
deviations. The standard deviation was less
than 1 degree for measurement times longer
than 8 s.

5. Conclusion

A 300-GHz band 3-tone RF signal was
measured by EO frequency conversion us-
ing a three-frequency optical local signal.
The 3-tone RF signal with 100-MHz spac-
ing was converted to 3-tone 1/Q signals with
a frequency spacing of just 4 Hz; the 1/Q
signals were digitized by low-speed A/D
converters of 50 sample/s. The phase results
measured by varying the phase of the 3-tone
signal matched the theoretical phase, taking
account of 3rd-order nonlinearity.
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Figure 6. Standard deviation of measured phase

Acknowledgments

This research was supported partly by the Min-
istry of Internal Affairs and Communications pro-
gram for expansion of radio-wave resources. We
thank the members of the research working group
for their valuable advice and opinions.

References

[1] Nagatsuma T. THz communication systems.
2017 Optical Fiber Communications Conference
and Exhibition (OFC). Mar. 19-23, 2017. Los
Angeles, CA. paper Tu3B.1. pp. 1-90.

[2] Valdmanis JA, Mourou G. Subpicosecond elec-
trooptic sampling: principles and applications.
IEEE J Quantum Electron. 1986 Jan;22(1):69—
78.

[3] Kolner BH, Bloom DM. Electrooptic sampling
in GaAs integrated circuits. IEEE J Quantum
Electron. 1986 Jan;22(1):79-93.

[4] Kimura Y, Fuse M, Mattori S, Mori T. Study
of Phase Calibration Method of Terahertz-
wave Down-converter by Electro-optic Sam-
pling. 2018 IEICE General Conference. Mar.
20-23, 2018. Tokyo, Japan. paper BCI-1-7.
pp. SS-87-88.

[5] Sasaki A, Nagatsuma T. Millimeter-wave imag-
ing using an electrooptic detector as a harmonic
mixer. IEEE J Sel Topics Quantum Electron.
2000 Sept/Oct;6(5):735-740.

[6] Hisatake S. Visualization of millimeter and
terahertz waves based on photonics. 2016 IEEE
International Topical Meeting on Microwave
Photonics (MWP). Oct. 31-Nov. 3, 2016. Long
Beach, CA. paper TuM2.5. pp. 73-74.

[7] Yokoyama S, Nakamura R, Nose M, Araki T,
Yasui T. Terahertz spectrum analyzer based on a
terahertz frequency comb. Optics Express. 2008
Aug;16(17):13052-13061.

[8] Mori T, Mattori S. Phase Measurement Method
for Millimeter-wave 3-tone Signal using Electro-
optic Frequency Conversion. IEICE Technical
Report. vol. 118. no. 251. Oct. 18-19, 2018.
Saga, Japan. paper OCS2018-38. pp. 55-59.



