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Study on Sensitivity Characteristics for Long-period Fiber Grating

Absiract

Long-period fiber grating (LPFQG) is much sensitive to environment, this dissertation
contains some researches on LPFG including its sensitivity characteristics, coupled-mode
theory, spectral control and so on, the main parts are as follows.

Based on the Maxwell equations, the coupled-mode theory for LPFG is built up step by
step, ‘which is also unified and corrected. Taking use of Matlab software, the transmission
spectrum of LPFG can be simulated with the writing parameters, so the theoretical study is
much straightforward. The formation mechanism of LPFG induced by CO, laser and
controlling-spectrum theory is studied for LPFG fabrication.

The study results show that reducing cladding radius can tune resonant wavelength and
enhance its ambient refractive index sensitivity. In experiment, when cladding radius was
reduced 1.5 1 m, one resonant wavelength shifts toward long wavelength of 29nm, and its
ambient index sensitivity in NaCl solution increases 39.4%. A new type of solution
concentration sensor based on etched LPFG is proposed, and it’s convenient to be used in Seld
because of single head coated silver film. |

It is found that LPFG written symmetrically by threc-beam focused high-frequency CO»
laser pulses (STB-LPFG) has excellent temperature and strain sensitivity characteristics; in
experiment, changing LPFG temperature in a large scale, the resonant wavelength shifis toward
longer wave at the average speed of 0.11nnv/ C, but the amplitude decrease a little. The
resonant wavelength and amplitude are almost linear with strain.

The torsion characteristic shows that, for the first time to our knowledge, the amplitude of
loss peak and the resonant wavelength for the STB-LPFG depend strongly on the twist direction.
When LPFG is twisted clockwise, the amplitude and the resonant wavelength decrease linearly;
and increase linearly when twistd anticlockwise, the average sensrtivities of 1.204dB/rad and
2.04nm/rad respectively. The torsion characteristic of LPFG with longer fibre is similar with
that of pure LPFG except for a little wavelike change. Based on such characteristic, a torsion

sensor that can not only measure the twist angle but also determine the twist direction is
proposed.

Key Words: long-period fiber grating, high-frequency CO; laser, coupled-mode theory,
sensitive characteristic, three-beam inducing symmetrically
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mE (2.49) HIHEH:

1{dR .
LY Bl 2. 55
zk(d.z :a'R) ( )
KA (2.55) , WILUHEH:
2
IR 6 R+E*R=0 (2. 56)
B2’
R=c¢, exp(i\fk: {&22)4-02 e:icp(mz'\/k2 +&’z) (2.57)

BEFRRFEAIEREET 2= —o &b, BEAASZHEHN: R(0)=1F15(0)=0
WER(0)=1, MAETHIc, =1-¢,, AR (2.57) , FH 2.57) AR .55 , B
FIH S(0)= 0 X—&4, RATLIBH.

2, A2, A
NG EY #c, RARFAR, IHRPH exp BEULRER. 2R

INK? + 67
R(z)= cﬁs(\/kz + G z) o sm(-\/k2 +6° z) (2. 58)
J k? + 52
W _
[_R(2 = cusz(\sz + é‘-zz)-i» : sin’(-f k? + &2:::) (2. 59)L

1+k%3

3\ (2.588) ﬁi)\:"f‘ (2.55) , BABILIBE.
S(z) =

sin(\/ k? + &zdz) (2. 60)

J+o~
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A RSAXCET el A g ¢ A kv e, A

R{z 2 2 2| a2 ] . 2 2, a2
fmzl ( )l IR(O)F = CQS (\/k +O 3)+1+k7£-15111 (‘\/k + O Z')
z : 1 - 2 2 ﬁz
tx =|S( 1 !R({}Xz m1+&2/ S111 (‘\/k + O z)

I S S N R R Y
ERLUREE g

%] 2.2 K RWIL A i
¥ig.2.2 Cross transmission through LPFG

(2.61)

(2. 62)

(2.63)

& 2.2 PRNMYSKAMR S X AR, SemRESAL, H8E

K=TARKL =37/, 3Ho,=0,=0.

XM, TUES, 46=08, BEBANTEHE,
b e = sin® (kL)

W6 =0T, BARERF LIRS

7 = 1 2,

A
1 ""(G'u — GOy )"‘"‘2
T
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(2. 64)

(2.65)
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2
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e
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2
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X, (2.66) H[FRRHEE
sin ¥ ? 2

ﬁZ?%I =2, ’f_,c)\it: (2. 67) ’ E]‘%:

7z 116
o=+ J -1 (2. 869
2L, V #? ‘

Bea (2.54) , FUAR FraMIEEN:

2
Ad =~ 0-'82’ (2.70)
An L, | |

K A S T -t
XXBMERR {2um) ™

Bl 2.3 K ABDEA AR X i
Fig.2.3 Cross transmission through LPFG
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FANEDER AL E— A KT 1 /2,

23 KA AR 58S

ST HEIHEMB KB, REERMERNES GEXERS RNE
AR . MBRABAAFHRE, WAHFSEE (HE,) 5—WIREEEY
8] (HE,/EH,) &,

BT ERARNET FECRBRS, FUSRREIVUMNSSEEETITN. &
IR BT TE[16)4:

J,(VN1-b K, (Vb
Pi-b J:, EV\/JI_f_bg =Vib K, EVf/—E;
AF. V=Qr/Aaynt -n} . BIA—SFE; b={n} ~n2)(n? ~n?), B
B—WARIFHE, J,. JHK,. K 4FROY. 1BrE—K Bessel HHF 0 M. 1
fr58 —2K3FA Bessel BB, |

RTARAG O HNAAERE, KERFEER. NFHF TSR
AREAE (r<a) , BRATF: -

(2.71)

E’ =iEZJ, [V\/l—b%ljexp(igﬁ)exp[i(,&—ax)] (2.72)
ES’ =~EjJ, (Wl -b %l )exp(w)exp[f(& - ax )] (2.73)

BT ERS R U R BAT R MR RIS B, EHeE BRI
TRURKA#S S B, LHRT, EO HESEENA—LER, BT TEA,
22

BRREHIT RIS MR16,17,20, 21 [ F AN, WiT2AASFAGE, LB
SOERARATHE, HE5HAAICERIS0)MAEN SR LS, A TN A Erdogan BARZE
XE16)F X T B RRERT T — SRR, B2 7/BEY S, Salr e pa
G mRE R ERN.

SRR | KR A exp(t i1g), HEHEXn, <n, <n,, XEGEENEE
HTEN:

(o =C! (2.74)
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1
Hz['ﬂ‘: + alizu21u32 )P; (a,)—Kg,{a,)+JIr(a,)——s, (a,)
oo ekt : (2.75)
y = ;
a 1% U 7
2 "HZ[EEL”J__}L“KJP;(QQ+_2"32““91(az)+%r:(ﬂ2)
R4, n, g, B4, By a4y
2
U R U U
“2[“§E’J-”§";§'LKJPA31)“‘”&Q;(31)“"A-"r(az)
= e S «: % (2.76)
{:a G Hz T T U, H ??2 nz
HZ(M%JK'I” 1'12 z 33)]3‘,({12)"**-—:;_—Kq;(az)+J!‘;(a2)“+3;(dz)
n, n a,d, 1y n U,
&y OIRERFPEMSENMAERERLT:
. . 1 1
oy =il-n,/2,, 0,=il-n4 Zy, thyy =—5——5»
u, Y
= b
A
ut =@ /AP -n2), 7Ly 2, 3, e

J: J:(Hiai) , —
”1J:(”1""1) WaKr(“’sa:)

b7, (")“ Js(“z")Nz(Hzﬂz )“"‘J: (’*‘33; )Ni (“z")s

q,(r) = J,(u,r )N, (uy2, ) T} (w0, )V, (u,7),

’?("): J;(ﬁz?')N:(ﬁzaz)“Jz(“zﬂz )N;(“z?')f

5,(r)=J} (N} (33, ) = J 7 (0, )N (7).

Hep, Z,=\Ju /e, =377Q, HEFHREHET: N, BIME I Bessel B, X
R Neumann B3, ST REKEIALTCM, 181, J,. K N a8FRRS, . K-
N, MERER—H.

ST AR, TSR RFERS R E DN, BREEK,
M FAHGEE, BEEARERE, ErD . nom BRI, HEWTLETRRAER
ERMREEEIERE,
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KA LR R B R

o BOTEL, TR RR A RO, (E585F L RSN, FRNRRAER SRS
R T —BETTAT. AR, HEE B EE RS S, T S LR
Rr#%F Erdogan RUEEOTR.

AEMEFS. R, SNEE I AR A T LR AL TR 2L R
SARE. XD RPIMAEI S B K BT, BA R R SRR —
M EREEEZE (1=1) , BHNSIH—NERERBAHT:

| AEMESSETNESE (Wr<a)

E¥ ={E" %‘—{Ji (,r)+ J, (0, r) - ”;f“ BAURIENA (ulr)]}exp(w)exp[f(& —axr)] @D

i

E;’ = ES z;' { (u r)~J (ulr)-- aif“ [.}’2 (,r)+ J, (u,r)]}exp(i;ﬁ)exp[i(,&z —at)]  (2.78)

E? = E ul;f L J, (u,r Jexplig)expli( & ~ o)) (2.79

i

Hy' = By~ iy [, ur) —Joloar )]+ 16 [, nr)+ I, Gar explig)exli( — ar) (2.80)

HY =—iE! 2L i, ur) + o )]+z§D[J (r)-J, (ulr)]}exp(ws]exp[z(,& —ar)] (28D

HY = E¢ --‘ﬂ-f-lj{i_"f"--"—J1 (u,r Yexpligexpli Bz — )] (2. 82)
2 BEREXTEETHNEH SN (Hla <r<a,)

i ¢l IZJ 1 2
Ef =gy T2 2(’”’){ - (f)+—;-~q;(f - [“2‘3 Ao H,f 3*’(")]} (2.83)
x explig + i( & — ax)]

2
E = g 05 o (u‘a‘){ai [ p,(r)- n"'g" ~g, (r*)}u:f’ n(r)-s, (r)}

> " 1 0, r (2.84)
xexplig + (& - o )]
) J,
E: _ ch mluiy;?fiﬁ (Hia*)[ zpz(}’)‘" ?‘12 9‘3(?‘)]3}{}3[1¢+3(ﬁ2 mlF)] (2.85)
5 1
o mulJ (ua n
H Ef 173 ; ! 3){ pf(r)—bznlgia ?;(r)+35}[“2 z’?(r) 51{")]} (2. 86)
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J n
H;z - fEd TR U, (13131){ [ 7, (r)_____q!(p-):i_mz(}' r‘,(r)-%z ;50 S:(?‘ } (2.87)

2 u,r
< explig+ i fe — o )]
HY = —E At Uy ;;J (na, )[Fz 2,{r)- 1 g, (r):l explig + i( fz — ot )] (2.88)
Uy

Ha, F,. G,H&RERA:

F,=J- Uy Ty , G, =¢&,J+-871 Uy

n’a, a,

3 A EHAERLF AR ST A (Blr 2 a,)

E =iE] i ), (ulal){ F;[Kz(%?‘ )“"K{}("‘%’ )]'*‘ %2 [Kz (wyr )*Ka(wzr )]}

w.K (w.2) ) (2.89)
X ex]:{igé + i(& - at)]
c cf mlﬁi HZJ (ﬂ;ﬂ;) 3

xex;{z’gé-i-:(& {a‘)]
o fml"t "zJ (“1“1)
= w, K (wsfzz)

explig + z(}:t ax)]

Hcf

iR oK (o) K lwr )|~ G K, (o) - Ko (wirlt 5 g1

Hy § =ik, w}zzz z;{ (aiai) fiFa K, (wsr )= Koy )= Gyl &, (war)+ K (wyr ) (2.92)

exp[fgé + ;(& ar)}

He =g 7 ”lz"ﬁ;; "2;’ S‘ ) F,K,(wyr)explig + iz - o)} (2.93)
K&, F. G,EXA:

Fy=- Fzﬁ:("z)‘*’ f?f(az)
U,

G, = “"23_[ 2 P4 (az) ?3353 4 (‘32 ):l

2 ”1 U,
L E&RF, B RBEENE—{LEE.

MHER[52,53| B FRILIER, RitESS. AEPHIThE, SERHA T84
I, HWFEEARES, MTERISET, X E-RETRIRIL .
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KRS R ERS T RMR

HEMESHBEREFREXR M BT RERNER, Mt AER
MPRRIENE 4&3E, BT Erdogan BEAT T A0 P 5:

K. (z}:-fii [“ap [ rarae(r,2)Ex(r.0)- E1(r) (2. 94)
ERSARYNEM M PRHBSFERIEX, BERBXERA:
K (z)=k, (z{l + mcos[—z%zﬂ (2.95)

Bk, WRERHEE 2 RUNEZE, BIMEFRAERL . jAREESEE. Ax

VAR, BERERBTESBSE— M EYAKESXE.
HLER, EERNA—HEEETRANIIE PEXH, $EMREEBMR
ThE )y 1%, Bl

P=-Re ["dp [ rar(E7H; - HYE] )= 17 (2.96)

MIETHE SRR AT — L B Erdogan ESASRBENE—LERES , k=
poF
V2
E® ~ Zob _ 1 .
" "(;mz«mzba} a,J,(V1-5)
RERESHHBTEX, FOHEEN ERSFHRTCIRRhE A

() = mﬁ”g"‘"{z) {Tds [ ma{;gff +Eg 2) (2, 98)
B OERHRERAR B ERRA. Be, WrBE:

ki (z) = o(2) 2; - J;zibzm {1 + :g g:gﬂ (2.99) ‘
EHEAEENE—ERE] B, BT OBEERTHS. RN ESE=
TRESF G, EREAEAATELASN T EHESESAEX =M b T
(Pv Py B, F4HFN 1K B, |
P=P+P+P =W ~ (2. 100)
BTE K HiZHr o B R ERE—E R, Erdogan[16)# S A EEEX =AM KA
DERE: BT HENZRTEERR, EUNBESERSETEX=1E,

(2.97)
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HTHE (2 100) EHEEENE U EBUERASERSEEERNPRENEER
#.

ST AW RBEFNRES MR REEEENES, WKXHESE
BRI RRRA:

kES(z) = mﬁ*”l olz) ["ag [ rar(EZE” + EJ B (2.101)

X EFBAT Eﬁ%‘TWim IMREEANFHHFEEE (EFESIFD #Ti
®, A

[" agexplill ~1)p] = 275, (2.102)

6, B m s, REESHREEYRUTREETACERES— M EREER
K21,

WA GERAO— REBHEANE M. B MRERALR, MaTRES
BEENER B RENRES

/2 5
) oo | | 1%

ZmN1+26A ) ul -Vi{1-b)/a’ n

xE“’[u,J( a) {NC} “hl__EJa(u;ﬂ; )]

M EAATLIEY, BRERESE- R E R o(z) RIEL, BEXEKTHN
EHEA SRR R PGE

AEHFANANBEEAKABRER™ > MR T, EFSREATE
FISE, WEEHHER, MREEAEMNE, Bt e s
RS, BTLRSE SR R ARAE23,54]. SORRI221A LR S R e
PR SRS, AHCRRLA R RS A AT RO B R
SRR BRMGET THE. DROFISHRELSRIGHNE, Sk e
EHEEAAAKR, BENEBWRN, TSR,

2.4 1RHIAST

EANFRITEN, ASCHEATAN Corning SMF-28" XA HIS%, HFa . a, 25K
4.15, 62.520m, m~ n, SrHIR 1.4681. 1.4628; FEIFRHEAEBH 1.0,

(2.103)

1...21-



KRR RS I AT

KRR ER TN, SENOEEERITRENS . n ERE

=, fitEn, EnsRESGTEELSERNABTERITE, BTERNMTEER
BAERHRE, BHHBITEE Matlabb. b P& _ LEBBERRE.

BERAECTIEN HE. EH A FEH, R (2. 74) HEBH—MrE R ER
RIERGTHENZE R T HE,, - EH,, XA, EEEITHEHAR/MITFER

AP AER, WN¥ME: HE,. EH, . HE,. EH,. HE,. EH, - B—Fh

WZ[S2,331M K5 HE,, « EH,, B3, TTREBEYIFSENXBDOMRE, 5K
—MrEOREEHE, XN, —MRKEXNRE HE, #, T—BRERNREEH,
1.

'''''''''

Effective index
5

Wavelengih {p:m}

B 2. 4 R EARERITHE

Fig.2.4 Effective refractive index for
fundamental core mode

R 1550nm &b, fRABR (2. 71) HEADREE NN 2, BENIIY SR
1047, FAE 1.4651676075, 7 1200nm ¥ 1700nm P KTEEK, BB 8 HTE,
PR A ST AT T8, 118 T4 S et AR FIr K sk s, T
2.4, ATLUEH, BERERKANEN, BEAENITSENY R, BIECURSBHEER,
M 1200nm SR F) 1700nm, BHEHATHZRED T4 0. 077%,

7 1200nm B 1700nm IS TEREIR, X801 0 M—UHER S BEEYrs R
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Fig.2.5 Effective refractive index for first rank-
low order cladding mode

PRI —IE 1 0 MR EEEE S 27 1200nn~1700m EEAEEK
MAef, BEHPSEE H EEER, WEh EHBE, B&THE LM TFOMRRHAE
HE,,« HE,;» HE,.. HE B3, MEELRBEE8 M FoEREH,,. EH,
v BHy 5w EH . EH R TUEH, —MERQEEFEMNREFELKLY
ARz W/, FFEMEEPAR, SEEEENRE RGNS RERL, i,
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2 i . 1 - 4 R i a
. 13 14 14 ok 17

Wavelength (1)
& 2. 6 B AEMEH B EHKXR

Fig.2.6 Relation between the coupling constant for
core-mode-core-mode and wavelength
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b, STEBEH EREEHLCS (RN ERNRE—WITEo(z)) » A
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2.6, TUEH, BEHERKIEXR, ASEER SRS BMELRERE
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R\ Q. 10D, WETHIERE-MEREEERAPARSEE, EH:RA
Erdogan FriE RN B ERESENMRFHNIIRRIEK, MEREG M, FIHEERS
TERVE, REBR—EEE], BOREAD (RHHESRE) - 3732 e
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Fig.2.7Coupling constant divided by o{z)
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AW, Erdogan FO5EME[16,55)H = B/ R ILFEAIT T 168 ML AR B S ¥ 3
BT THE, BEEFEA, TXRAGENENRERENEL, TEFSE, &l
FHE] BRE FHIER, (HMEEEN, WLAER.

& 2.8 —Hi (1-4) KEESRGEET M RREE
Fig.2.8 Intensity of (1-4) orders of the first rank of
cladding mode along with the radium direction
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Fig.2.9 Transmission spectrum through LPFG
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BEERINA MR BT TN, $NBT 88, BANIX CoBokk
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HITTER. HEF TR S LR Fig.3.1 Refractive index changes due to
FRIBREE BN, BTN NNE the residual mechanical stress in fibers
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Tab.3.1 Sensitivity and resolution values obtained from LPFG (2;=62.5 p m)

(IR R N IR IR
REE (nmlg") REE (mlg") SR (g/1)  4WE (g/1)
Tacl; 0.00450 T, 00510 7.2 .96
NaCl 0. 00286 0. 00590 3. 50 1. 69

Stgar 0. 00350 0, 00555 2. 86 1. 80
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MBI 5.6, 5.7, 5.8 &F5. 1 6IEH, HAREREERIERNR SNSRI
WEANENELYE, EUERREREN, REBUEMSHEER T BCREEEN
KIAENSE. RBRRERSHE, ZERSMNRERNSRL SRR, FESHRE
B PR EEERENTERABRERR. MTR—MREOSR, £HRNTEE
BT (WEES) , ERERAIRE AN SR 2. MBS 0 RETUEH,
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BI-17. 545dB, Ly T -2. 13848,
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Tab. 5.2 Sensitivity and resolution values obtained from LPFG  (ay=61u m)

CIRER  ERER R B
REBE (nmlg") REFE (mlg”) HHE (g/1) SR (g/D
CaCl, 0.00540 0. 00736 1.%5 1. 36 ‘
NaCl  0.00392 0. 00864 2. 55 1. 15
Sugar 0. 00606 0. 00732 1.65 1.36

TR, MWT CaCl . MaCl F Sugar EEWIREEHAS4Y, IBRE KRS
BHREBINTLA2.9. 1.9, 4 2nn. HRBEVE. BHHTLRE, MERAE
FEEE “H” 55, BRI CaCl, . NaCl F Sugar VAR B OB A (VB 4y Bl
KT 16.8%. 39. 4%F0 30.0% MBRGEFRSHEREBITERABERE. U Aecl i,
BEXEEDE, TEERIRRE., SRERDR, REETHRE T 37. 1%5 46. 4%, 23
RTAMRET 27. 19501 32. 0%, IREMNBZOERNE, REEHENETUEN
SRR IR K RO S R R U
RS PO BRI BE Sugar WKL R P, SEREMARREYN
R RE 5. 13. NEERWE, TEBHE, B3 Sugar BHRIRERNEM, EEHR
PR b, FEBTH RSB RAERD, Rk MORER AR, WESE
UEH, 2d@ue ‘W SEKBRXA S EMaratt, REEEamlR, &
TRERMEFHCEAA A, KRR, VT, SilisREHENS
[80], BTG EZEEEB KA Al i R8N e — MR T

ARRICAT RINT R S B AR, KPR ANZENTERBSREN S ATHRY
KA AR LR, Wl — PR EREAR U R R AR R
BORIEM: Behbh, WoMERBRSLRT. MG EERSE SRR E—SWRN T .

5.5 NI BT E SRS ERIN BEHE
55.1 MGRE AT R&ESES

KRABDEA B TR A RRFER BN SRS S R BRI, 7T LR el
T B/ WBRETERAR38,81]. HEl, EIMAF PR EBREIT SRS BN EN
NHFrFv, EARESCISERTIM. KARDEARMREERENBAMRE, RATLAE
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6.1 RIS AL R ST |

KRB A YR AR AL LA A 7T S Ak

Ay = 5 (1.6)- Bis(1n6) =2 (6. 1)

SET R R AR As , SREKE A WI| A+ AL, W21,
JERiER&E AT LS L [26]

! co [ 2;1-
AB, = BO(A+AA e+ Ag)- B (A+ A4, 6+ Ac) = N+ a5 (6.2)
ZF (6.1) « (6.2) W, LB,
d("—“ﬁl ) d(‘ﬁﬂl ) 2z
mJ A4 m - .
) dA + s de A de (6.3)
ANAB, =2rAn, [4, EXFTER.
di., 2z[d(ﬁﬁ1m)]_] FH ] d(ﬁngﬁ ]
de A dA - An,  de
-1[ €o_,co gl lm el im ]
=__27r|:d("—'\-ﬁ1m) l+§ oy 4 dl”ﬂﬁ (6. 4)
Al dA Rg—ng"

N (6.4) B, &7, £ SRIRABHEEENREANCERMERE. BT
Ay = (n:} ~ n:;"')/\ , AT ERR:

dA
Kﬂm"= A =/1TH m'1+1_'J':';.,‘.m;ﬂ ; . 5)
y = ymliere ] (6.5
H:
y" = 1 (6. 6)
- co e, Im )
1— ‘x’re.s' d(nﬁf -nﬁf] )
g —n;;l”' dA
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