/inritsu

Development of High-performance
FBG Sensor Monitor AR4041A/AR4011A

Masaru Koshihara, Kenichi Nakamura, Noriaki Yamasaki, Takanori Saitoh, Hiroshi Furukawa

[Summary]

1510 and 1590 nm.

We developed a high-performance Fiber Bragg Grating (FBG) sensor monitor for strain and tem-
perature measurements. The new FBG sensor monitor is composed of a novel wavelength-swept
light source that sweeps wavelengths with single-mode lasing in the range of 110 nm and a sweep
frequency of 1.25 kHz. The FBG sensor monitor can measure FBG wavelengths with a stability of
0.08 pm (corresponds to 0.064 pe) and a measurement frequency of 1.25 kHz in the range between

1 Introduction

With the construction of high buildings and bridges, etc.,
in recent years, the importance of structural health moni-
toring technologies to assess building safety is being
re-examined. In previous systems using electrical strain
sensors, every sensor required a power supply and the in-
stalled sensors were easily affected by electromagnetic
noise, thunderstorms, etc., causing noise components in the
electrical signal measured by remote sensing and present-
ing a risk of degraded accuracy.

Optical fibers have been used as sensors to solve these
problems with a focus on optical sensing technology. Since
optical sensing technology does not require supplying pow-
er to the sensor itself, it offers many advantages including
long life spans with excellent corrosion resistance?, excel
lent explosion-proofness, easy remote measurement at dis-
tances of more than 10 km with no concerns about electro-
magnetic noise effects, etc. In addition, the characteristics
of optical fibers lends them to linear and sheet designs for
extreme environments, making them ideal for disaster
monitoring and structural health monitoring systems.

Some of the well-known technologies in optical fiber
sensing rely on measuring changes in the frequency of
Brillouin backscatter occurring in optical fibers to deter-
mine structural deformations and temperature changes
(Brillouin Optical Time Domain Reflectometer (BOTDR)),
and measuring changes in the intensity of Raman scatter-

ing to determine temperature changes (Raman Optical

Time Domain Reflectometer (ROTDR). Another method us-
es a Fiber Bragg Grating (FBG) forming a diffraction grat-
ing at the optical fiber core as a sensor to measure changes
in the center wavelength of the optical spectrum reflected
from the FBG sensor as an index of the amount of strain
impressed on the fiber, and temperature changes.

Comparing the BOTDR and ROTDR methods to meas-
urement methods using an FBG sensor, the former use
commercially available optical fibers as the sensor without
any special processing, permitting construction of relatively
low-cost monitoring systems. However, because the sensor
is long, the measurement distance resolution is poor. In ad-
dition, capturing the minute changes in the reflected light
requires averaging of measured data and filter processing,
so measurement requires times ranging from several tens
of seconds to several minutes. As a consequence, the re-
quired real-time measurement is not achieved.

On the other hand, if it is possible to assure the dynamic
range of the reflected spectrum, measurement methods us-
ing an FBG sensor can support real-time measurement rel-
atively easily. Furthermore, installing many gen-
eral-purpose 10-mm long FBG sensor gages along the opti-
cal fiber in series both improves the measurement distance
resolution and supports strain and temperature change
measurements over a wide range. Due to these many ad-
vantages, methods using FBG sensors have been adopted
for monitoring large structures such as high bridges and

dams®?, monitoring river levels after cloudbursts®, de-

tecting landslips®, detecting intruders at airports®, and
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monitoring the arrival of tsunami waves®, etc.

We have previously developed the SF3041A/SF3011A
FBG Sensor Monitor (commercial launch in 2007) using an
FBG for measuring strain and temperature change(™13,
This equipment is constructed from a wavelength swept
light source (WSLS) composed of an external resonator
with a MEMS scanning mirror (MEMS: Micro Electro Me-
chanical Systems) formed from a silicon wafer, and an op-
tical receiver, and a signal processing circuits for control-
ling the WSLS and processing the measured data. This
equipment inputs the wavelength swept light via an optical
fiber to the FBG sensor and measures the reflected spec-
trum and its center wavelength by detecting the reflected
light with the optical receiver.

In a FBG sensor monitoring system using a WSLS, the
measurement accuracy of the FBG sensor center wave-
length depends on the wavelength fluctuation of the
built-in WSLS and changes in the output optical power. The
sweep characteristics of the WSLS are broadly linear in the
range of the spectrum width (<0.1 mm) reflected from the
FBG sensor and the amount of fluctuation is extremely
small. Conversely, variations in the optical output power
caused by the internal mode of the WSLS have a large ef-
fect on the wavelength measurement accuracy. The WSLS
in our previously developed FBG sensor monitor oscillated
in multimodes and had large variations in optical output
power. As a result, the strain measurement accuracy was
about 2 to 3 pe, which was lower than the measurement
accuracy (about 1 pe)of general electrical-type strain
measurement systems. Moreover, since the oscillation
spectrum width during sweeping is about 0.1 nm, which is
about the same reflected spectral width as a commercial
FBG sensor, the measured spectrum width was wider than
the actual spectrum width.

More recently, we have developed a new WSLS that can
sweep wavelengths over 100 nm with single-mode lasing
and higher speeds¥. This WSLS has small variations in
output power and features a narrow oscillation spectrum

width, during sweeping. This paper describes the develop-
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ment of the new AR4041A/AR4011A FBG Sensor Monitor
using this new single-mode WSLS and presents some good

evaluation measurement results.

2 Development Concept

Since FBG sensor monitors are used mainly for natural
disaster and structural health monitoring they are de-
signed to be convenient for installation, small and light-
weight. Additionally, to be able to measure small strain and
temperature changes quickly, they require a high respon-
sivity of better than 1 kHz as well as better measurement
accuracy than commercially available FBG sensor monitors
and our previously developed model. With respect to the
FBG sensor monitor control program, we placed heavy im-
portance on compatibility with our previously developed
model control program so that customers with the earlier
system would be able to transition smoothly to the new
system. The control program was developed to run on PCs
using the Windows XP, Windows Vista, and Windows 7 op-

erating systems.

3 Single Mode Wavelength Sweep Light Source

3.1 Oscillation Principle

Figure 1 shows the structure and external view of the
developed single-mode WSLS. This WSLS is composed of a
Littmann type external resonator with a semiconductor la-
ser diode (LD), diffraction grating, and electromagnetically
actuated MEMS scanning mirror.

The light output from the LD to the mirror is split at a dif-
fraction grating. The diffraction grating side of the LD is
covered with a antireflection coating to suppress the internal
mode created within the LD. The light split by the diffraction
grating is reflected by the MEMS scanning mirror and is led
back down the reverse path to once again return to the LD.
The isolator side of the LD is covered by a low-reflection
coating, forming an optical resonator between the MEMS
scanning mirror. The MEMS scanning mirror rotates back
and forth about a center pivot actuated by an alternating

magnetic field generated by electromagnet.
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Figure 1 Schematic diagram and overview of single-mode wave-
length swept light source (WSLS).
This back and forth rotation repeatedly sweeps the
wavelength in a sine wave form due to the change in the

external resonator length (Figure 2).
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Figure 2 Lasing wavelength change of single-mode WSLS during
wavelength sweeping

Since the MEMS scanning mirror rotates using a me-

chanical resonance, the rotation angle changes according to

a sine wave form. As a result, the oscillation wavelength is

also swept in a sine wave form at the same frequency. The

MEMS scanning mirror resonance frequency was designed

so that the sweep frequency is 1.25 kHz. The light output
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from the end face of the LD with the low-reflection coating
passes through lenses and isolator to be supplied to the op-
tical fiber for output.

At single-mode oscillation of the laser in the external
resonator structure with the diffraction grating, the exter-
nal resonator mode interval must be wide relative to the
wavelength selection width of the diffraction grating. The
external resonator mode interval is inversely proportional
to the optical resonator length between the LD and the
MEMS scanning mirror. As a result, this WSLS supports a
shorter optical resonator length due to the smaller size of
the optical source itself and attains the single-mode lasing
due to the wider external resonator mode interval. In addi-
tion, matching the rate of change of the diffraction grating
wavelength selectivity corresponding to the MEMS scan-
ning mirror rotation angle with the rate of change of the
external mode resonator wavelength determined by the op-
tical path length from the LD to the MEMS scanning mir-
ror achieves a configuration without mode hopping over the
whole oscillation wavelength band. Moreover, the sweep
wavelength band of this WSLS is 1550 nm, which is ideal
for an FBG sensor.

Internally, this WSLS is designed with a wavelength
monitoring function. In this wavelength monitoring func-
tion, the O-order light from the diffraction grating is input
to an etalon with a free spectrum range of 5 nm and the os-
cillation wavelength during sweeping is calculated by de-
tecting the transmittance profile from this etalon at the op-

tical receiver.

122 %228 X61 mm

Figure 3 Overview of conventional multi-mode WSLS
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The entire optical system is enclosed in a metal chassis of
32 X 40 X 27 mm and is temperature stabilized using a
Peltier element. Figure 3 shows an external view of the
conventional multimode WSLS. It is 122 X 228 X 61 mm
in size, whereas the newly developed single-mode WSLS is
just 1/50th the size of the conventional model.

3.2 Evaluating Oscillation Spectrum during Sweeping

As described previously, when this WSLS is used in an FBG
sensor monitor, variation in the amplitude in the output opti-
cal power and the oscillation spectrum width during sweeping
are important items, so we measured these characteristics of
this WSLS. Here, we evaluated a single-mode WSLS with a
sweep frequency of 1.45 kHz but since the characteristics for
other sweep frequencies are the same as the 1.25 kHz sweep
frequency of this WSLS, it was also used for subsequent
measurements.

First, we measured the oscillation spectrum of this WSLS
during sweeping using an optical spectrum analyzer; the
results are shown in Figure 4. The x-axis is the wavelength
and the y-axis is the optical output power. In this meas-
urement, the sweep speed of the WSLS is faster than the
optical spectrum analyzer measurement sweep speed, so
the observed spectrum is trapezoidal. Here, asynchronous
measurement was performed using a 10-Hz video band-
width and a measurement resolution of 0.07 nm to assure
stable measurement.

From the results, the wavelength sweep range is 110 nm
from 1492 to 1602 nm. In addition, both sides of the 1550-
nm center sweep wavelength have a strong output power.
Since the oscillation wavelength of this WSLS changes as a
sine wave, the sweep speed near the sweep return point
becomes 0 and the time that the light is received by the op-
tical spectrum analyzer becomes longer at wavelengths
near this point, explaining why a stronger optical power is
observed. Although the optical output fluctuation seems to
be about 2 to 3 dB within the sweep range, the true power
fluctuation is about 0.1 dB, because we were unable to ob-
tain synchronization between this WSLS and the optical

spectrum analyzer sweep as described later.
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Figure 4 Spectrum of single-mode WSLS

When observing the output light at a sweep width of 110
nm with an optical spectrum analyzer set to a measure-
ment resolution of 0.07 nm, the measured result is about 32
dB (= 10xlog10(0.07/110 nm)) smaller than the actual out-
put power. In this measurement result, the actual output
power during sweeping can be estimated to be about 10
dBm because the power near the 1550-nm wavelength is
about —23 dBm.

When applying this WSLS to an FBG sensor monitor,
since the sweep wavelength changes as a sine wave as
shown in Figure 2, the wavelength at both sides of the
sweep range does not change linearly with respect to time.
Consequently, the wavelength linearity is degraded and
there is a deterioration in the accuracy for determining the
wavelength reflected from the FBG sensor. As a result,
when applying this WSLS to an FBG sensor monitor, the
light in the wavelength band swept repeatedly near 1492
and 1602 nm is not used and only the 80-nm output light
band between 1510 and 1590 nm, which is broadly linear
with respect to time, is swept.

3.3 Evaluating Output Optical Power

Next, we measured the optical output power wavelength
dependency from 1510 to 1590 nm. In this measurement,
we measured the light output from the WSLS using the in-
ternal monitor function of the FBG sensor monitor when
the WSLS was built into the FBG sensor monitor as de-
scribed later. Figure 5 shows the measured results. The
x-axis is wavelength and the y-axis is optical output power.
The optical output power was more than 10 dBm over the

whole wavelength range and the difference between the
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maximum and minimum values was about 1.5 dB. Moreo-
ver, since there was no discontinuity in output power dur-
ing sweeping, we confirmed that there was no mode hop-
ping. There were some small fluctuations in the optical
output power, but since the amplitude was only about 0.1
dB, the WSLS was evaluated as being sufficiently applica-

ble to the FBG sensor monitor.

Output power [dBm]

9 | | | | | | |
Jstm 1520 1530 1540 1550 1560 1570 1530 1590
Wavelength [nm]

Figure 5 Wavelength dependence of optical output power for sin-
gle-mode WSLS

Figures 6 (a) and (b) compare the variations in optical power
with elapsed time of the conventional multimode WSLS and
this newly developed WSLS. The measured wavelength was
the center wavelength of the sweep frequency range for each
WSLS (1570 nm for the multimode WSLS and 1550 nm for the
new WSLS). The x-axis is elapsed time, and the y-axis is opti-
cal output power. The measurement time was 1 minute. The
standard deviation of the multimode WSLS output power was
0.1 dB compared to 0.03 dB for the new WSLS, indicating the
better stability of the latter.
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Figure 6 (a) Output power fluctuation for multimode WSLS at
1570 nm
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Figure 6 (b) Output power fluctuation for single-mode WSLS at
1550 nm
3.4 Evaluating Oscillation Spectrum Width during
Sweeping

Next, we measured the oscillation spectrum width of this
new WSLS during sweeping. Figure 7 shows the measure-
ment setup. The output from the WSLS was input to a
Fabry-Perot interferometer and the transmittance profile
converted to an electrical signal at the optical receiver was
observed with an oscilloscope to obtain an estimate of the
oscillation spectrum width during sweeping. In the actual
measurement, a trigger signal from the WSLS module is
input to the oscilloscope to obtain synchronization and ob-
serve the transmittance profile from the Fabry-Perot inter-
ferometer converted to an electrical signal. The Fabry-Perot
interferometer is composed of two flat-mirrors with a 90%
reflection rate to obtain a free spectrum range of 250 pm

and a finesse of 15. The optical receiver band is 50 MHz.

Mirrors
Single-mode i %
Wi | h | 1 Optical
avelengt I I_|_ ptica Oscilloscope
| 1 receiver
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—— Opticalsignal
—— Electrical signal

Figure 7 Spectrum width measurement setup
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Figure 8 shows the transmittance profile observed with
the oscilloscope. The x-axis is elapsed time and the y-axis is
the transmitted optical power from the Fabry-Perot inter-
ferometer. The Fabry-Perot interferometer original trans-
mittance spectrum width is calculated as about 16.7 pm (=
250 pm/15) from this free spectrum range and finesse,
while as shown in Figure 8, a transmittance spectrum
width of 23.4 pm was observed as calculated from the ratio
with the free spectrum range and the transmittance spec-
trum width. The observed spectrum width is the sum of the
Fabry-Perot interferometer original transmittance spec-
trum width and the oscillation spectrum width of this
WSLS. Consequently, the oscillation spectrum width during
sweeping of this WSLS can be estimated as about 6.7 pm (=
23.4 — 16.7 pm).

Based on the above results, this is WSLS has excellent
optical output power stability and a narrow spectrum width,

making it ideal for use in an FBG sensor monitor.
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Figure 8 Transmission profile of Fabry-Perot interferometer

4 Development of FBG Sensor Monitor

4.1 Outline of FBG Sensor Monitor

We developed the FBG sensor monitor using this WSLS.
Figure 9 shows the external appearance of the FBG sensor
monitor. As shown in the figure, the AR4041A is a 4-port
type to which separate FBG sensors can be connected for
independent measurement at each port. However, we also

developed the single-port AR4011A simultaneously.
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Figure 9 External view of AR4041A FBG Sensor Monitor

Compared to our previously developed
SF3041A/SF3011A, the WSLS module built into this new
model is about 1/50th of the previous size. In addition, the
signal processing circuits for controlling the WSLS and
processing the measured data have also been greatly re-
duced in size. As a result, both the equipment weight and
size have been reduced by about 40% compared to the pre-
vious model. This equipment is connected via a USB cable
to the PC as in the previous model and an FBG sensor
monitor system can be configured by connecting FBG sen-
sors to the optical output ports.

We also developed the AR4042A program to control the
equipment simultaneously. This control program runs on a
PC to measure the reflected spectrum and the center
wavelength, save the data, and measure the fiber length
from the equipment to the FBG sensor. In addition, as a
sample, we developed programs that display the reflected
spectrum and center wavelength data, perform FFT analy-
sis on the center wavelength data captured during each
sweep and displays the results, and controls the AR4042A
sending commands to the mapping file region of the PC, etc.
Since these sample programs and program resources are
open source, we hope customers will be easily able to in-
corporate the developed FBG sensor monitor into their ex-
isting systems.

4.2 Internal Structure of FBG Sensor Monitor and
Measurement Principle

Figure 10 shows the internal structure of the
AR4041A. The equipment is composed of a single-mode
WSLS, optical coupler, optical circulator, optical receivers

and signal processing circuit, etc. The optical output from
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the WSLS module is split into four at the optical coupler,
and after the optical signal passes through the optical cir-
culator, is output to the FBG sensors arranged externally to
the equipment. Light reflected back from the FBG sensors
is passed once again through the optical circulator and
converted to an electrical signal by the optical receivers.
This electrical signal is amplified by a logarithmic amplifier
to increase the dynamic range, and is then converted to a
digital signal by sampling with an Analog to Digital Con-
verter (ADC) before input to the signal processing circuits.
The signal processing circuits calculate the wavelength dif-
ferential from the reflection spectrum converted to this
electrical signal and find the wavelength where this value
is 0 as the center wavelength. This method for determining
the center wavelength is very accurate because it is detect-
ed by computing the peak position of the reflected spectrum
and it can be performed easily by digital processing using a
Field-Programmable Gate Array (FPGA). This equipment
sweeps 1250 times every second and supports high-speed
sensing by calculating the position of the spectrum peak
from the FBG sensor at every sweep, as well as the center
wavelength using the waveform monitoring signal from the
WSLS module.

The AR4011A features a higher optical output power be-
cause the light output from the WSLS is input to the optical
circulator without splitting at the optical coupler. The opti-
cal output power of the AR4011A is +9 dBm +4 dB com-

pared to values of +2 dBm +4 dB for the AR4041A.
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Figure 10 AR4041A FBG Sensor Monitor block diagram
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4.3 Evaluating FBG Sensor Reflection Spectrum

Next, we evaluated the performance of this equipment.
Since the WSLS built into this equipment has a narrow os-
cillation spectrum, it can measure the spectrum reflected
from FBG sensors at much higher resolution compared to
conventional model using multimode WSLS.

First, we observed the spectrum reflected from FBG sen-
sors. Figure 11 shows the measurement setup. At meas-
urement, 10 FBG sensors were connected in series with re-
flection wavelengths at every 5 nm as 1525, 1530, 1535,
1540, 1545, 1550, 1555, 1560, 1565, and 1570 nm. The light
passing through all FBG sensors was reflected by the fiber end
face. An optical terminator was connected to the fiber end face
to prevent degradation of the dynamic range by the return to

the equipment.

FBG sensor

FBG sensor
monitor

1525nm

1530nm

1535nm  1540nm

1550nm

1555nm 1545nm

1560nm 1565nm 1570nm Optical
terminator

Figure 11 Measurement setup for reflection spectrum of FBG
sensors
Figure 12 shows the spectrum reflected from the FBG
sensors measured by the AR4011A. In addition to the main
reflection spectrum from the 10 FBG sensors, a number of

side lobes are shown.
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Figure 12 Reflection spectrum of FBG sensors
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Figure 13 shows an expanded view of the spectrum re-
flected from the 1525-nm FBG sensor. Figure 13 (a) is the
measurement result using the conventional SF3011A with
a multimode WSLS, and Figure 13 (b) is the measurement
result using the AR4011A with the single-mode WSLS. As
shown in Figure 13 (a) using the conventional model, the
spectrum width is 280 pm and, as well as a side lobe near

1525.5, there are shoulders on the left and right sides near

—20 dBm. In contrast to this, the measurement result in Fig.

13 (b) shows a spectrum width of 220 pm, which is narrow-
er than the result observed with the conventional model.
Furthermore, although the shape is like a shoulder near
—20 dBm as shown in Figure 13 (a), we can clearly see the
side lobes near the peak in Figure 13 (b).

As described above, the measured spectrum width reflect-
ed from the FBG sensor is the sum of the original spectrum
width of the FBG sensor and the oscillation spectrum width
of the WSLS. As described in section 3.4, since the oscillation
spectrum width during sweeping of the WSLS built into this
model is 6.7 pm, we can note Figure 13 (b) broadly displays
the original form of the spectrum reflected from the FBG

sensor. Moreover, we can also note that the FBG sensor

original reflection spectrum width is 213 pm (= 220 — 6.7 pm).

In addition, the oscillation spectrum width of the multimode
WSLS in the conventional model can be estimated as being

about 67 pm (= 280 — 213 pm).

Reflection power [dBm]

-50
24 1525 1526 15824 1525 1528
Wavelength [nm] Wawvelength [nm)

() (b)

Figurel3 Reflection spectrum of FBG sensor at 1525 nm
(a) Conventional FBG sensor monitor

(b) New FBG sensor monitor
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4.4 Evaluating Wavelength Measurement Accuracy
Next, we evaluated the wavelength measurement accu-
racy of this equipment. As an example, we wrapped the
FBG sensor in thermal insulating material to remove the
effect of external heat and positioned it so that it was not
subjected to any external forces and then measured the
center wavelength of the reflected spectrum. Figure 14
shows the measurement results using the AR4011A for an
FBG sensor with a reflected wavelength of 1550 nm. The
x-axis is elapsed time and the y-axis is wavelength. The
measurement time was 1 minute. The variation in the cen-
ter wavelength measured under these conditions was
caused by the equipment. In other words, it is the equip-
ment wavelength observation accuracy. The standard devi-
ation in the center wavelength over a 1-minute period was
0.08 pm. Consequently, the wavelength measurement ac-
curacy of this equipment (wavelength repeatability) is 0.08
pm. This converts to a strain measurement accuracy of
0.064 pe when using general-purpose FBG sensors (wave-
length and strain conversion factor of 0.8 pe/pm). Since the
strain measurement accuracy of a conventional model is 2
to 3 pe, we can note that we have achieved more than one
order of magnitude better accuracy. Furthermore, since the
measurement accuracy of a general electrical-type strain
sensor is about 1 pe, this system can also measure with

1-digit higher accuracy than electrical sensors.

1 T T T T T
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Figure 14 Wavelength fluctuation of center wavelength for FBG

sensor at 1555 nm

Figure 15 shows the observed vibration when attaching a

1545-nm FBG sensor to the side of a tuning fork with a res-
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onance frequency of 64 Hz. The x-axis is elapsed time and
the y-axis is the wavelength difference from 1545 nm. It is
possible to precisely observe the vibration attenuation be-
havior. This figure also shows an expanded view from
elapsed time 38 s to 38.1 s where an amplitude of about 0.5

pm can be observed clearly.
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Figure 15 Result of vibration measurement at 1545 nm

5 Summary

We have developed an FBG sensor monitor using a sin-
gle-mode WSLS with a sweep frequency of 1.25 kHz, and a
wavelength sweep range of 110 nm and evaluated its char-
acteristics.

First, we evaluated the characteristics of this WSLS. The
output power wavelength dependency was small. After con-
firming the narrow oscillation spectrum width during
sweeping, we developed the AR4041A/AR4011A FBG Sen-
sor Monitor using this WSLS. In addition to having high
responsivity of 1.25 kHz over the 80 nm between 1510 and
1590 nm, we also confirmed high measurement accuracy. As
an example, we observed the spectrum reflected from FBG
sensors and described a measurement accuracy of 0.08 pm.
Converting this measurement result to strain measurement
accuracy when using a general-purpose FBG sensor gave a
measurement accuracy of 0.064uge, which is at least one or-
der of magnitude better than the previous conventional
measuring equipment and electrical-type strain measure-

ment equipment.

Development of High-performance FBG Sensor Monitor AR4041A/AR4011A

References

1) H. Iwaki, “Structural Health Monitoring for the building us-
ing FBG-based optical fiber sensors,” Proceedings of 47th
Meeting on Lightwave Sensing Technology, LST47-15, 2011, in
Japanese.

2) N. Kamiakito et al., Proceedings of 45th Meeting on Lightwave
Sensing Technology, LST45-5, 2010, in Japanese.

3) M. IZUMO, and K. Matsuda, “Optocal water-level-sensor sys-
tem using FBG,” Technical report of IEICE. OFT 104(700),
43-46, 2005-02-25, in Japanese.

4) E. Sugai et al., Japan Society of Civil Engineers Annual Meet-
ing, pp.1431-1432, 2002, in Japanese.

5) H. Takeya, and T. Ozaki, “Application of FBG sensor to prod-
ucts in Mitsubishi Electric Corporation,” Proceedings of 37th
Meeting on Lightwave Sensing Technology, LST37-16, 2006, in
Japanese.

6) K. Fujihashi, T. Aoki, K. Okutsu, K. Arai, T. Komori, H. Fujita,
Y. Kurosawa, Y. Fujinawa, and K. Sasaki, “Development of
Seafloor Seismic and Tsunami Observation System , ”
Underwater Technology, pp. 349-355, 2007.

7) T. Saitoh, K. Nakamura, Y. Takahashi, and K. Miyagi,
“High-speed MEMS swept-wavelength light source for FBG
sensor system,” 17th International Conference on Optical Fi-
ber Sensors, Proceedings of SPIE Vol. 5855, pp.146-149, 2005.

8) T. Saitoh, K. Nakamura, Y. Takahashi, H. Tida, Y. Iki, and K.
Miyagi, “Long-distance FBG sensor system using high-speed
swept-wavelength light source,” in Proc. 18th International
Conference on Optical Fiber Sensors (Cancun Mexico, October),
ThE24 (2006).

9) T. Saitoh, "Optical spectrum analyzer and wavelength swept
light source utilizing MEMS scanning mirrors," 7th Chitose In-
ternational Forum on Photonics Science & Technology, 2006.

10) T. Saitoh, K. Nakamura, Y. Takahashi, H. Iida, Y. Iki, and K.
Miyagi, “Ultra-Long-Distance Fiber Bragg Grating Sensor
System,” IEEE Photonics Technology Letters, Vol. 19, No. 20,
pp. 1616-1618, Oct. 2007.

11) Y. Takahashi, K. Nakamura, T. Saitoh, and H. Iida, “Devel-
opment of High-speed FBG sensor monitor,” Anritsu Technical
No.84, pp.28—33, 2007, in Japanese.

12) T. Saitoh, K. Nakamura, Y. Takahashi, H. Tida, Y. Iki, and K.
Miyagi, “Ultra-long-distance (230 km) FBG sensor system," in
Proc. 19th International Conference on Optical Fiber Sensors

(Perth Australia, April), 70046C (2008).

75 (9)



Anritsu Technical Review No.20 March 2013

13) T. Saitoh, “Ultra long distance FBG sensor system,” The
Pa-pers of Joint Technical Meeting on Light Application and
Visual Science and Instrumentation and Measurement, IEE
Japan, IM-08-1-1, 2008, in Japanese.

14) K. Nakamura, S. Morimoto, and T. Nakayama, “Single-Mode
and Mode-Hop-Free Wavelength Sweep Light Source with
Range of Over 160 nm and High Swept Frequency,” IEEE
Photonics Technology Letters, Vol. 22, No. 19, Oct. 2010.

Authors

Masaru Koshihara
Anritsu Devices Co., Litd.
Sensing Equipment
Development Dept.

Kenichi Nakamura
Anritsu Devices Co., Ltd.
Sensing Equipment
Development Dept.

Noriaki Yamasaki
Anritsu Devices Co., Ltd.
Sensing Equipment
Development Dept.

Takanori Saitoh
Anritsu Devices Co., Ltd.
Sensing Equipment
Development Dept.

Hiroshi Furukawa
Anritsu Devices Co., Ltd.
Sensing Equipment
Development Dept.

76 (10)

Development of High-performance FBG Sensor Monitor AR4041A/AR4011A

Publicly available





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




