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waveguide.
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Fig. 3 Calculated nonreciprocal phase shift depending on
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A
ZIRTCRER O FE M O JEA SO AR B O fEAT % 1B )
W TITo 7, BEKIRIEDS 2um BL EiZBW T, FE

PR AR IZE—EDMEITIIRT 5 Z & 3 oTz,

2 3k

1) N, Bahlmann et al., “Improved design of magnet-optics
rib waveguides for optical isolators”, Journal of Lightwave
Technology, vol.16, no.5, pp.818-823, 1998

03-319

3.13



19a-P06-2

© 2024%F ISRYMEZ S

HBEERI?Y—zy FPVDETHRESIS SiBRBEFEIT S
AFHERFEFOHRE
Nonreciprocal Devices with Si Guiding Layer Fabricated by Supersonic Free-Jet PVD
ZHEIKRETL, C(M2)HEE &8, #HF Fi

Shibaura Inst. of Technol.

°Yuki Tamaki, Hideki Yokoi

E-mail: ma23119@shibaura-it.ac.jp

LE=

HBEICEWT, BRICAVLWLNZEEEKL —F D
HIRALTENSED1-DICHIERREFTTHDIHT A
VL —RIIMERAIRTH D, T4V L —&ITIEE
FAEIR THOBRIUBEINNE L M OKERHETHN
FMREET AHMEH— v MCeYIG)ABLWHLN 3,
M BESNRAFNB LT AV L—&E, —RK
DHTEET 5 Z L LBABENRETH Y. M
WROFEL BB THB[1,2] AR TIHEBDOMUE
ICEEOMEIOKENAIEETHIBERY -V
~ PVD(Physical Vapor Deposition)i&Z & Y Si E
E£IT CeYIG EFEA KB L THSLREREA BN
22 EERFLI-ODTRET %,

2. =FEER RN
Fig.1 ICERY 7RI B S 7 5 IR ST E—
FEBBYXT A YL —RERT, BIXFEFREIL
Ce:YIG/Si/SiO, #EZH L T\ 5, ENINE N7 A 8Bk
FRIZBII DN FEOETHEICEELRRMICL Y., TR
BEGIRT 2 TM E— FOXKICIZSERREEMDED
(L%, 22T, V7BEREOEBESS2HEHT S
Z & T ERERICIZUT ORISR Y LD,
BE < BE < By (1

BYEBYliEFZENZNIBEA M, EHED TM E— FiZH
VT BIEME. BSIL TE E—FDhy bF 7ETH 5,
WHEICEHT 5 TM E— R TE BETE— RIck
BB EICLY, TM E— FBEORTA VL —%
& LTHERET B, Figl ISRTIATA VL —RZER
1.55umTEME & B % 728 12 Ce: YIG/SI/SIO B E DRGSR
HEEREOIEMRBEEELTE Lz, SiEFBDE
EH0.2umD K, Ce:YIG 7 7 v FEDE X 1£0.5umd
LTTCIHEBRBHEEIIRAKERD, LA >T, BFE
DEX%#02um, 77 v FEDEX%05um& LT, Y
TEIEREOREEIAANT 52 LT ERERD
BRAVZHET 25 2R/EL =

3R TFEER VT

7+ MUYV T T T 4 Ffi& W T SOI (Silicon On
Insulator)ZAR_FICEREE/ N2 —> %L, D EIC
BE®R7Y—Y v b PVDIEZAWVWT, CeYIG %5k
fE9 % Z & T Figl ICRTEREESEREL, &
L - A FEREEICERL55umD L —H X% A
HEE T, ERFBHBEHRE L7, Fig2 I~ EREHR
LU HRIESIEFEBICHACADONTEHRL TLD
ZENHERTET,

Ce: Y1G(n=2.22)

$i0,(n=1.45)

Fig. 1 Optical isolator employing nonreciprocal

guided-radiation mode conversion

Fig. 2 Near field image
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Fig. 1. Experimental setup of high-speed BOCDR. ESA:
electrical spectrum analyzer, FUT: fiber under test, PD:
photodetector, FG: function generator, VCO: voltage-

controlled oscillator, EDFA: erbium-doped fiber amplifier.
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Fig. 3. Temporal variation of BFS distribution.
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Fig. 1. Experimental setup. EDFA: erbium-doped
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Introduction

Fiber-optic sensors use light as the propagation medium to
transmit the signals they detect. Immunity to electromagnetic
interference is their key feature. They can be divided into two
categories: (i) distributed sensors, often based on Rayleigh,
Brillouin, and Raman scattering phenomena [1], and (ii) single-
point or multiplexed sensors, which include fiber Bragg grating
(FBG) sensors [2]. Various physical quantities have been measured
with them, such as temperature [3], strain [3], and refractive index
[4], among others.

In the first category, distributed temperature sensors based on
Raman scattering are well known, which take advantage of the
temperature dependence of the Raman scattering power.
However, their compatibility with simple point-type sensors, such
as FBG-based strain sensors, leaves room for improvement.

Herein, we will focus on such compatible Raman scattering-
based temperature sensor. Many of the existing simple FBG-based
strain sensors share three common characteristics [5]: (i) they use
a continuous light source at the communication wavelength of
1550 nm (193 THz), including an amplified spontaneous emission
(ASE) source, (ii) they incorporate standard silica single-mode
fibers (SMFs), and (iii) they are capable of real-time operation.
Despite this, the observation of weak Raman scattered light
usually requires the use of either short wavelength light, optical
pulses, or highly nonlinear optical fibers, coupled with time-
consuming signal processing, especially for distributed sensing [6].
However, a recent study has shown the potential development of
a Raman scattering-based temperature sensor that incorporates
all these features (i)-(iii) [7]. However, the peak power around the
reported frequency (195 THz) is significantly low, which represents
a low signal-to-noise ratio (SNR).

In this work, we propose a pump-probe method to significantly
improve the SNR around the frequency of interest, 195 THz.

Principle and setup

Raman scattering spectrum of a silica SMF for incident light in
the 193 THz band manifests in the bands shifted by approximately
10-13 THz on both the low-frequency and high-frequency sides,
referred to as the Stokes and anti-Stokes components,
respectively as depicted in Fig. 1. The intensity of these
components changes with temperature fluctuations. Generally,
the temperature T is calculated by the ratio between the
intensities of the anti-Stokes and Stokes components (Is / Is),
according to the expression:

IAS AS 4 hCU,
R(T) = (=)= (= -—],
™ =(5)=() e (-7
where v’ = Av / c is the wavenumber separation from the source

wavelength, ¢ is the light speed, k is the Boltzmann's constant,
and h is Planck's constant. The coefficients 145 and As represent

the wavelengths of the anti-Stokes and Stokes signals, respectively.

However, for short-range applications, system simplicity and
high-speed operation, the anti-Stokes component can be
independently exploited as its power exhibits a pronounced
temperature dependence. Moreover, it has been demonstrated
that the temporal stability at a frequency of 195 THz is significantly
higher than at a frequency of 206 THz (represented as point B and
point A in Fig. 1 respectively) [7]. Although the signal strength at
point B is considerably higher than at point A, the SNR remains
suboptimal. To improve the SNR at point B, we propose a pump-
probe technique, whose experimental setup is depicted in Fig. 2.
The output from two semiconductor lasers in the communication
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Fig. 1 RKaman scattering spectrum in wide frequency range.
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Fig. 2 Proposed experimental setup of pump-probe
configuration for temperature sensing using Raman spectrum
near Rayleigh peak. EDFA: erbium-doped fiber amplifier.

wavelength band (frequency: 193 THz and 195 THz) will be
injected into a fiber under test (FUT) via an optical circulator. The
output form pump will be amplified to, for example, 25 dBm by an
erbium-doped fiber amplifier (EDFA) and subsequently filtered to
reduce the influence of the ASE noise. It should be noted that the
output of the probe will not be amplified. Prior to the coupling of
both signals from the pump and probe, their co-polarization will
be ensured by a polarization controller. The backscattered light
from the FUT was fed into an optical spectrum analyzer (OSA) via
the optical circulator, where its spectrum will be observed.

When a pump beam is launched into the fiber together with
a weak probe beam, it is amplified because of the Raman gain as
long as the frequency difference lies within the bandwidth of the
Raman gain spectrum. Silica fibers are distinguished by their
Raman gain spectrum which extends over a broad frequency
range (up to 40 THz) and exhibits a pronounced peak around 13
THz. Consequently, by taking advantage of this phenomenon, the
injection of a weak probe signal beam at the frequency of 195 THz
allows for the significant amplification of power and the
improvement of the SNR at this frequency due to the Raman gain.
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K7 7 A ANFHRPICERVKS STk, HROEHRESE2 AT 3,

K7 7 ANDEME LTALKFIHENTHE Y Y KA T RL SiO007m5HT7 AT, %
DEZIRFTIZS x 1077 KL TNI K, REF v v 7H 6 eV U ETH 270, RV
R#iF O NI UGERMED & L IFRIBEZR RN S v,

BE—MRICHIH I N T 27 7 4 NOREEKIEH 0.2 dB/km TH D 25X V&
BHDIEERE W B, LA L, HETOHEIESROHIE P, FERICHEESTE R BT
HBEOERDOHIC, kBRI b 2liflxko o T, TICHL, EFEZY
NI T AT 7 A ANDEIBRACTEATS L o T 5,

K7 7 A NDIRIEEED 80 %A L34V —HELOEETH 5, L4 U —BELIEKIZE
B ELHBIGES EICERL, v ) AN 7 ZAOBBITREL _BHEOATH L LEE X
5 LHBHED FII/NT v, 2o, BAOKEICIIHERS TOMHAEEL s, &
FEREOE I 7 AMEICB T 3 RTFRECEL ETH Y, 77 A 2dilET 2RE (KR
) ICXkoT&EDb 3B,

K7 7 A AN ORI L EE 1400 ‘CLALTH 2, I T 7 4 N2 8LET 2 BRI,
#7 A% 2000°CHA Lo ER O ERE CHHEICGEWHECTAHT 5720 THL, ZDLXD
. RO TEWIRE 2 O OFRD THWEGHEFRIC B T 2 7 7 A& o 21 b, RIBRE D
ZALICBHL T, REICTH~N S TwZan,

Z TR TR, DFEHEY I 2L —va v EHWT, Y AH T RICEBIT G
MW AR OBR R N2, S TEINEY 2 21— 3 vicid LAMMPS v, K
T v x LBAEICIE SHIK K7 vy v v [1] 2 Hw7z,

BHIZH 7 AOfEE L DRERICOWTH ML 72\,
[1] S. Sundararaman et al, J, Chem, Phys, 148, 19 (2018): 194504.
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