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Design of Single Layer Grating for Flat-top Bandpass Filter
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[1]R. Magnusson, et al., Appl. Phys. Lett., 61, 1022
(1992).
[2] M. Niraula, ef al., Opt. Lett., 40, 5062 (2015).
[3]1Y. H. Ko, et al., Opt. Lett., 41, 4704 (2016).
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Fig. 1 Schematic diagram of designed filter.
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Fig. 2 Transmission spectra at different F)1.
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YEHHT 5, ThbbiEAIKEIZLY,
WRZELHFFTE 2P, LL DBR OHA
Fe—712 Lo TR ICB T 2B ME
TLEENEL S, #Z2CTE5RE, THRZA XL
(2% DBR W AT b DUGEE, OB
@ CRIGM DV % BEEG I RE LT,

H A — R S 7= 2 D CRIGM & il
GO T % Fig. 1 1577, GCIZASEnT-
Ze ML, IR R 2T R B R
TR &, —EIXER IR G S5, i
Jid DBR HAREEZRICER &4 GC 12 L - THH
FATHES D 728 CRIGM 135 SO Rt 2 o
9, A {fll DBR % %5#fi L 7= S-DBR & 4 d4RE
FRN O A T & B, WG R S E)
VeI D CRIGM 1BV T GC 12 L 2 i 2%
& DBR IZ X B HHEKRZ%1T 5, 48], DBR
T IREA X B 2L TEWERESL T DBR
S S DARR & 3 A T

B K2 BB 20 nm 2 48E L CRIGM % %5
L7, EPEEIX, Si0, Sty 7 7 EUsrg

JIE(E S 40 nm) & L7, EfERE 1060 nm (2
B T DBR & S-DBR (%, Wi 2305 T MIEbhE
DL ALY H T VB CERS T,
JE M 2 12 302.2 nm, FEROMIEE A 1:1 &
L, BREZ182umBILO110um & L7z,

DBR DR A7 R L% Fig. 2 1077,
1080 nm ERSEDOFH=RIT, T HRL A XL T
586 (EM)-0.6 x 1073 dB, L TV RWEEGR
#)-0.57 dB & FAE D HiL7z, CRIGM DU
AR MV(EBE L ORHNIFARS h v
(FR#) % Fig. 3 1ZR7, R R T 97%0D
B ER &, RIRIR SR ZE LS AR D B
7z. LAk, 7HZA X DBRIZLD CRIGM #fi
ANBREDERR PRI S, 7ARZA X DBR %
M7z CRIGM DA HPEDS BRI R S 7z,
[1]J. Inoue et al., Opt. Lett., vol. 39, pp. 1893-1896, 2014.

[2] A. Watanabe et al., IEEE 73rd Electronic Components
Tech. Conf. (ECTC), 2023.
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Fig. 1 Configuration of cascaded two CRIGMs and optical wave

propagation.

Fig. 3 Reflection spectra of CRIGM of
operation wavelength of 1060 nm.
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Discussion on noise floor in optical correlation-domain reflectometry
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(OCDR) [1] iciEHT %, OCDR IE, {FEOHIEME ICH T 3 EE %
HIEZTA[REL T2 [TV X LT 222 26T 2008/FED—>T
BH2, i, SHFFFIKEE (OTDR) <o & I BURE I S 41 5t
(OFDR) TIIEHWHETH 5 .

OCDR TiE, #IE7 748 (FUT) FoREBBELETFOE—2
ELTHEMENG, 2O, 20THE Y — 2 ORMHICIE, HED Y —
IERBETBE AR 7T BEREINERl, LAL, 2D/ A X770
T, BED OCDR MG CIRFETRBHHTE b o7,

Z TCARMIE TR, R 2 ERFHECBINGE /A X7 aT O
Ko, /A XOREBEREZHE L, ZOMHTEERGTT 2,

2[RI L EERR

ARHFFECH 2 R % Fig. 1 ICR"d, —fi%ic OCDR T, SOCF
ICHo &, L—HFHNICERIC X B EBEEME S Z &, FUT
< v =21 (=8IEME) 2R L, FHEME» Lo KEHED
HEERM I T2, coc, ZHFABEREHHLEBEy—2 %
FUT iICifi > TRl 5 2 & T, KEKOSHEEZFEHT 5,

T, LV OREEROBEREAHTIC X > CRKEEER A S N
HWAk%E, #7710k > TASEESIBRICHIE L 72, ASEI,
YiE%s (EDFA) T8.3dBm ¥ THIIEL 721, PC 2427 X I X 2 EX
W70 BB % 3% 72 FUT IS ABT L 72, SIE)¢6I1Z, 300 m D7 7
AR ZEBEE, RRERIREEZ 27 7 771X FEL 72,
FUT 205 D1, Hlld EDFA T 1.8 dBm £ THIE L 721, 2%
A5 F% (AOM) 12X Y 100 MHz DA 7 P Z i L 72, ‘Rikic,
Kat & Bk, ~XF v A7+ X4 A —F (BPD) icT~78 X
AV L7z, DML, BRARZ P 74T F 749 (ESA) i
BT B4 REEEIRIE 100 kHz O ¥ b 28 VHSEEIC X 0, HE 0 B K
WO DOAEBAL 72, % OEFEGIE 100 MHzZ, 70 MHz, 40 MHz,
10MHz ¢Zfbde, /A X7uTofREZEEL -, LiRicizAy
uza—7%Mv, B3] 64 B2 LU R (T o 7=, ZHE R
1% 122.98 kHz-130.78 kHz DO #ifAcf#5I L, K& O 60 m ©X
[ SR D 3 A IE 21T - 72,

3RBHER, R

¥ 3, Fig.2(a)#%, % @ OCDR HIE DR TH % 100 MHz ICF51F
L7 —EETH D, INE TOMERE[,2] L FfkC, Kife—7
ZHL e LTENROMEIC Y — 2 kD 2 4 XBBN, Ric, 70
MHz % Hb & 324 <id, hRo -7 2 2IKHRT 3
(Fig. 2(b)) - 40 MHz ¥ 1F 2 EEREER (Fig. 2(c) Tk, 2 DH%
I HICARY, 10MHz Tlit, AR LZZE—IBELD /) A XL —
ke e—2132oL o7 (Fig. 2(d)

DY —27DEHI, ©—FZARZ FPABIICBT BESDIT VIR
LEEZ 5 LHAHABTFRETH b, 9, ©—F 227 P LOMEK%E
Fig. 3@/ T, T, X774 NOFMETKE L7ztE~T 1
ZA R LZIBEDARZ PATHY, 2N EXICFRTERL
72% DA Fig. 3(b) TH 3, T I T, Fig. 3D L 5ic, AOM Ick - T
B— R 27 P 100 MHz 7 38, BRI S DY
BLICK 2T, €= AR PR OER-REL RS, 22
5, Fig.3(d)D kI ic, ¥r AV ERWTESEZIY H &
AOM D 7 + R ECH % 100 MHz Tldv¥— 272332, 2L T, &
A i icoh, hRov—2B80RL 408k, X HICEKRER
EmBE, INTNOEY—7HBEEL, OHz IS IgEe—2132
DIPERT 2, 2o — 7 HOLEPZ OME ITEBRELL —&T 2,

ZO VIR LESICGERT 2/ 4 X2 l#H$ 37012, AOM %
Bl AT C TR L, I KEARBREMY 7 MR C
EDBFONDE, ThickY, FEKY 7 BELAREIREO 2 500 1
KF22LC, HVBELOE—FRARZ ML EDERY ZERTE 2
tEZLND,

SE R

[11 K. Hotate, et al,, J. Lightw. Technol. 11, 1701 (1993).
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Fig. 1. Schematic experimental setup of optical correlation-domain
reflectometry (OCDR). EDFA: erbium-doped fiber ampilifier.
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Fig. 2. Experimental results at zero-span frequencies of (a) 100 MHz,
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Fig. 3. Explanation based on folded beat spectrum. (a) 3-dimensinal schematic
of beat spectrum, (b) simplified 2-dimensinal schematic of beat spectrum, (c)
beat spectrum shifted by acousto-optic modulator (AOM), and (d) its
magnified view in the frequency range from 10 MHz to 100 MHz.

[2] K. Hotate, Meas. Sci. Technol. 13, 1746 (2002).
[3] T.Kiyozumi, et al., submitted to IEEE Trans. Instrum. Meas.
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Modulation amplitude dependence on modulation frequency in BOCDR
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K7 7 A NNFOT VT CEGELE AW E REE Y,
BELASZ OB 7 MCHS X LRI SRS E 224
HWENFRRETH DO, A 7 T7EF=XY U IHTELTD
ICHABHIFENTWD, BTH, [V L7 A8 B e S 5t
# (BOCDR) | 1%, HIE 7 7 A /D F i b O AFHT X v 8l
EL., mETmm A —X OBWEMOHIEE T X 57 7k
A% RE 2 DME—DHAMTTH B[1],

BOCDR Ti, M=t — L ABBOEAIEIZESE, HI
ET 7 A N~OANF AR EER 2 T = & CALE S RE
FKHA 5, BRBEEREKS HFkEE LTS AWLR TS
O TEEEFFA Thd, EEERFNIL, EERRS
POKI R NTHDL K, () BEHPORNEFICHE L7 —
PERETIHEND D, (i) B H L& R ST —255H
D (i) ERIEEASEREREBCREKGET D R ED
RIEDNDH D, BT, (i)OEEIC Ly, BIEMBIC k-T2

IRENRESEBLTLEOIBAN DD EEZ DTV,

—J5, ZTNETIZ, BELFAFTRICEDLLIHaTHELELT

[HNE TR DRERENTWA[2,3], SR T,
FERADEM - A e R-oTLEI bOD, EHELSHS
RORBEFEMTHLETEDEZZLNTND, LiL,
WZE 3 7 U I 1) 2 ZE FRHRNE 0D 25 F8 W B AR M O E BRI
L. FHTHL LTV R VR TS 5,

T ZTCTABFE TR, BEEERAFR LI ER X0 ZFNnE
NOBEEITDNT, EFRIRNE O ZZ 588 1 B AR A7 & Fin 32
BICX VRIS 2 L L bz, FuH0d BOCDR OMEREIZ KIFE

B OW TS LT,

2. JiHE
BOCDR D HgmZe M/ iR hEAZIT.
Ag — cAvg )
2= 2anfAf

THZOND[4], T 2T, ¢ ITEHE AvglZ7 VLT HE,
n X2 7 ORITR, [ IEFEE L. AfITEFRIETH 5,
Tibb, ZEMA MERE IR AR AL & A FIRE ORI S A
9%, BOCDR Ti&, ZilJE B ORI X - THIEN & % it
Bl %70, HIEMBEIC X - TZEMSIBEEN & HIRELbd
D, ZOEE, EHEES—E THIVUINEIZ X B LR fE
REOEBIIIEA/ NS <MmA bbb, L, EFEELZE
TR AT L C L E DB, ERISMEEON B IR
DNEARE & 72 D ATHEMEN S D, T uid BOCDR 022 M « Rl
IR .2 D iade o ZEFRHRNE 0 28 5 8 Uk T
EHMICHA L, XIREMFTHZENHETH D,

3. EBRARP LURREH

AW EEER T RO LR %Z Fig. 11277, L—¥ D8R
BB A HET 2 2 L TREEEFEEB L., —F, A
TR RO FEBRFRE Fig. 2 (TR, WERAER (FG)
LB (VCO) 12k > TR LA EHRIERS 2. EX
AR (EOM) AW T L—V o eicRze, £
BRI E PRGN RXA T V% (BPF) 2L > TV H
U7zoo MHERUT & 0 ST S v iE, —A%i72 BOCDR
DEBRM, Fig. 23RN AN LT, WTho HRUTHE N TH
BRANT N T AT T4 (ESA) 12T, LA U —HELH K
DAY MADIRRY OH43[118 L TERRE A2 R L7,
IR & RN B O BIRE AT DB, FG O 1ESE
X, EEEEFF XD L E 1.0 Vpp, IMHIERFTRO L & 2.0V,
p WCHEE LTz, ZEFAIEIE 0.1-15 MHz O#iFH T2k S+,
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Fig. 1. Schematic setup of direct-modulation BOCDR.
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Fig. 2. Schematic setup of external-modulation BOCDR.
EDFA: erbium-doped fiber amplifier.
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Fig. 3. (a) Dependence of the modulation amplitude on
the modulation frequency (range: 0.1-15 MHz);
comparison between direct- and external-modulation
schemes. (b) Its magnified view around 1.5 MHz.

0.1-3 MHz T/Z 0.05MHz 8%, 3-15MHz TiZ 0.5 MHz B %
WZHIE 24T > 72,
4. EBRERLER
MZEFAH RN DN T, ZEFRIRIE 0> 2578 8 e R 7% & 0
L7zt % Fig. 3@, EHEEFHTROGE. 2HHE K
B3 < Dok, ATRIEIENT 2@ h o7z, —
U5 SNEETR T AOGE . BREREROEIK ST, AR
RIRITIFFE—ETH -7z, L L, EEEEEIZBWTE,
I RIRIE NI | Z AT DRI MEAE Ui, Z8FE % 0.1-
3 MHz O#PHDOYE KX % Fig. 3(b)ITrd, &HHDOEFITX
DA TH, 0.5 MHz FRE F CIIRMICZTHRIE M L
Z D% K2 MHZ HETRVIMEZ & 2 2 E B BMNT o T,
PALEMG . SMERATR T CIE, BRI I A TRIRE XA
BRI L2 & T bbb 22 fiEne 23 2455 5
BOHRAAFT D2 &b, ZEMORREDMIEN EIZ & 5%
I CTE D Z LR SN, —F T, BEEEFHFXO
FTe HPAEEF T RUTRB N TH, AR E A <
ZEFABENE O Z B B BARAFESPL L < 72 0 | 2SR5 fREE D
TENLENC K 2 BT BEEIZENTLE S AlREERH D Z &5
o0 oTz, T7bh, IR ERERES NS
LD RIEBEREIC IV TR, 283 A i O 70 Ja I 450 1
BRETOILERDHD EWVZ D,
BE 3
[1] Y. Mizuno, et al.,, Opt. Express 16, 12148 (2008).
[2] K. Noda, et al., Appl. Phys. Express 12, 022005 (2019).

[3] K. Noda, et al., Jpn. J. Appl. Phys. 58, 068004 (2019).
[4] Y. Mizuno, et al., J. Lightwave Technol 28, 3300 (2010).
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Brillouin Frequency Shift Estimation Using Support Vector Classifier with Brillouin Gain and Loss Spectra
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1. 8

DI TINT v 7 7 ANV Hid, —RKONT 7 4 NICih
STIRERPTELDNHZHEETE S 2 L h b, M~ 2E=
2 v 7E~OICHAPHFEEN T B[], ZoREW L v
v 7' FFD 1 212 BOTDA (Brillouin optical time domain analysis)
BdH b, —Mi7m BOTDA Tik, 77U A7 VFIfFR~<7 b
(BGS: Brillouin gain spectrum) % #{#ll L . & v 7% & BGS O &K
#(#=CdH 5 BFS (Brillouin frequency shift) D Z L2 &, @ELE
HDEAE KD B, T 2T, HEKD BGSMIETIE, A~<2 b
T—=ZWBATI =T 7 4 v T 4 ¥ 7 (CHICET % Ko
X2, 8D 1 2k ho Tz, 2T, Fall TIIEmEY
(MLYDERIC X Y CF #1Th7 v BFS HIEBIRE I N T3,
BRc, R — bR &< V(SVM)ZR & D ML & 7 1725 BGS 7
— 2D FICHIAI N TWA[2], —H. CF ZfTbhwviloF
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Introduction

Brillouin optical correlation-domain reflectometry (BOCDR)
[1] has been extensively studied over recent decades to measure
the distribution of strain and/or temperature along a fiber under
test (FUT) for the demand of health monitoring of infrastructures
susceptible to damages from earthquakes, aging, etc. Brillouin
frequency shift (BFS), defined as the frequency shift of the
Brillouin scattered light from the incident light, is proportional to
the ambient temperature and strain, and varies in different fiber
materials. ZBLAN (ZrFs—BaF,-LaFs—AlFs—NaF) glass fibers have
been widely studied for their wide-band transmission, low
phonon energy [2], etc. The characteristics of stimulated Brillouin
scattering in ZBLAN fibers has been reported to have a much
higher power threshold than that in single-mode silica fibers [3],
which indicates that Brillouin scattering in ZBLAN fibers can be
exploited for a variety of practical applications.

In this work, for sensing applications, we investigate the
dependences of the BFS on strain and temperature in a ZBLAN
fiber using spontaneous Brillouin scattering in a BOCDR system.
It is shown that the BFS in a ZBLAN fiber shifts towards negative
frequency direction with increasing strain and temperature with
coefficients of -90.9 MHz/% and -1.6 MHz/K, respectively.

Principles

The experimental setup of BOCDR is depicted in Fig. 1. The
optical output from a laser diode (LD) is divided into pump and
reference light beams. The pump light is injected into an FUT,
and the Stokes light is directed into a photodetector. The
reference light acts as an optical local oscillator. The electrical
beat signal of the two light beams gives the Brillouin gain
spectrum (BGS) and is monitored using an electrical spectrum
analyzer (ESA). The central frequency of the BGS gives the BFS in
the FUT. By holding one of the strain or temperature constant
and varying the other, the BFS dependences on either of the
strain or temperature can be obtained.

Experiments

The length of the single-mode ZBLAN fiber used in the
experiments is 5 m, and a 1550-nm band LD was used. We first
investigated its strain characteristic under the room temperature
of 21.9 °C. Each end of the fiber was fixed with tapes on a fixed
stage and a movable stage with a micrometer, and strain was
applied by adjusting the position of the movable stage. From the
applied strain of 0.063% to 0.162%, the BGS was obtained, and
the BFS was then calculated. The results of the spectra under
varied strain are shown in Fig. 2(a) and were normalized by
making the amplitude of the noise floor 0. Next, we investigated
the temperature characteristic by putting the whole slack fiber in
a thermostatic chamber. The normalized BGSs were then
obtained under varied temperatures of from 30.1 °C to 90.2 °C,
which are shown in Fig. 2(b). It is clearly depicted that the BFS
in the ZBLAN fiber shifts towards negative frequency direction
with increasing strain and temperature.

Subsequently, to obtain the BFS under varied strain and
temperature, we fit the BGS data to Lorentzian curves to acquire
the central frequency values. The fitting results of the BGS in the
strain and temperature experiments are shown in Fig. 3(a) and
(b), respectively. The BFS dependences on strain and
temperature and their linear fitting are shown in Fig. 4(a) and
(b), respectively. According to the linear fitting results, the strain
and temperature coefficients of the BFS in the ZBLAN fiber are -
90.9 MHz/% and -1.6 MHz/K, respectively.

Compared to the strain and temperature sensitivities in a
single-mode silica fiber of 580 MHz/% [4] and 1.18 MHz/K [5],
respectively, the sensitivities in the ZBLAN fiber are -0.16 and -
1.3 times the values in silica fibers. With these unique BFS
dependencies, we believe that the Brillouin scattering in ZBLAN
fibers can be a useful tool for strain-insensitive high-accuracy

FUT
ZBLAN fiber

>
o

5m
heated / strain applied

Photo- &
detector ESA
Fig. 1 Experimental setup of BOCDR. DAQ: data acquisition, EDFA:
erbium-doped fiber amplifier, ESA: electrical spectrum analyzer,
PS: polarization scrambler.
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Fig. 2 Brillouin gain spectra under varied (a) strain and (b)
temperature.
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Fig. 3 Lorentzian fitting results of Brillouin gain spectra under
varied (a) strain and (b) temperature.
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Fig. 4 BFS dependences on (a) strain and (b) temperature and their
linear fitting results.

temperature sensing needs. Distinguishing strain and
temperature measurement in Brillouin sensing with combined
use of a silica fiber would also be a potential for the ZBLAN fiber
in the future.
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Fig. a: Optical microscope image of the miniaturized twin microbottle resonator. Fig. b: Displacement noise power density
with and without the balanced homodyne interferometer (BHI). Fig. c: Allan deviation and mass resolution with respect to
integration time.
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Time- and wavelength-division multiplexed FBG sensor based on heterodyne detection
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Fig. 1. Schematic of experimental setup.
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Fig. 2. (a) Measured spectral dependence on strain. (b)
Measured strain dependence of dip frequency.
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