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K JH HEA M (long-period fiber grating, LPFG) J& —Ff 55 5 (135 4 B TR 6 7244, fEB4F @ 5 F%
CPAR IR FH T2 AR SC AN Sk 2 2 ) e o) 60 R R, AR At R 1R 417 S0 23 T ) Y% AR A 92 2k B 1)
EAFHESEL, X LPFG HHAT T 0383000 7 HAZ, & T B 8K JE B4 Y6t (novel long-period fiber
grating, NLPFG) Mt 48 7 HBF AR X R T AW LPFG SHlFH A, @57 7 NLPFG B A3 13
i #2847 NLPFG IE R [ BETHARE, BR T NLPFG 883117735, 458 T U455k NLPFG [ il K g2

Fi, JE¥ T NLPFG HF R & JEiah.

KRR SR, KEIDEL e, SeMbseit, et

PACS: 07.60.Vg, 07.60.Ly, 07.07.Df

1.1 Lt

He4F Y6t (fiber grating, FG) A& LG S 474k N
FERRDEH. FG 2R A RMREE (A 628 e i
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ST 558 2 3 () JE) B R ) o0 A, AR FEAE T 2038 B
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K i B 56 45 56 Mt (long-period fiber grating,
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— RO LT EDLERCOK, 2 MEH R FG. LPFG
AR A B K B R AT SO, T2 G B Az
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1, AT T AL HORES (fiber amplifier, FA) 34 75~
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Al 43 SN 3 2] B LPFG (uniform long-period fiber
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grating, U-LPFG) F13E 34 2] 8 LPFG (nonuniform
long-period fiber grating, NU-LPFG) . U-LPFG
Fe T8 A A% JE S VR O 21 b ey 35 5L I S A U o R
JE D i i B TR S B A AR (= T KR
MAR) 1) — 2K LPFG, W% #l LPFG(general long-
period fiber grating, GLPFG). &} LPFG(titled
long-period fiber grating, TLPFG) LA f& i} #%
Ji B Ok 2 oK 2% 1 K LPFG(ultra long-period
fiber grating, ULPFG)[>%; i NU-LPFG Il &
BER=ARESZHELHFHL - RKENE
] — K LPFG, W Wk LPFG(chirp long-period
fiber grating, CLPFG). & Ji¢ LPFG(helix long-
period fiber grating, HLPFG)+ #i# LPFG (phase-
shifted long-period fiber grating, PS-LPFG). k3
J& LPFG (sector-shaped long-period fiber grating,
SLPFG) [7—101 &,

123 mit5TRE

E M 1995 4F Vengsarkar 25 [ F1] F] 25 41 B O
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el o, B ARR MR TAE A 45 1998 4F
Davis 55 [¥] CO, WO £ 5 BB A 17, 2001 4F Lin
S5 BAPE LA i 4 R (1512006 4F Miao 55 75 5K
RO R 19, 2007 4 Bock S A LA 0],
2013 4 Cui %5 [ 3F 3 FR M £ AR 21 BLK 2015 47
Zhou ) B T 6 S il H AR 22 2%

FHXII E, U-LPFG KK Je B B, B B
BCNTTZ (I GLPFG, TLPFG, ULPFG 45). 4R,
LPFG M7 £ — S8 [l 4 G [ (40 RATBOKR S T /e
W | o5 B 5 U« BT R ' i IR AH SR A RR B e ), A
1FIX M ROV R TS o kAR, DR TR 32
S PR ).

1.3 FHEKEH A
1.3.1 NLPFG #9523

AR R i 2 G 2T i A 1 BRI O
INTHE AR PGE K, L GLPFG A3Eat, 154541
Bt S EREIR R T T AW BT, VF 2 A B s i)
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(RRFF 7TV %, 3 — b R T FR A A 8. LPFG
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#i LPFG [ 25/ FO G R R 37 (e A, PR ZH 7
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LPFG(novel long-period fiber grating, NLPFG).
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AR e A 7 T, 8 R N T BRLER T SE B
BA B A A R P LPFG 21,

1.3.2 NLPFG#F 7089 & XL

5L NLPFG )& LAE T )ik Bk LPFG {E
SER. PR N H T AN 2, S R R
IE AT 2 e P S S AR, R 90 925 2 38 3ok e A
JE A T S 25 1P 1) 3R R A T v 2 B ) = A
RS B A B RS, B H 45 8 A
BEAL 5 I T TREAL B A 1 NLPFG 884 291, [,
NLPFG ()47 5 28 8 6 A bR T8 — 4R R AL 540
FEUNE BT RRAR, R E 1A (e g R R R I [ s Bl s
3, NI S R RN TR I8
FLF A% I R SRR AL T T i 100 397 2 18] R0 Th g 11
SeHL ] R 20

2 KAHEE ME FH A

H i, LPFG Bl AR 43 A=K, B4 EAH
F i K (holographic coherent technology, HCT).
FE B 5 il 57 R (mask writing technology, MWT)
FIZ /5 il £ R (per point writing technology,
PPWT) P, Hh HCT Hi&E TS Bok 4
B, MW'T R B AR A 1) Jol SO0 ] s i ke = R 7
M. S5 R0 &AL, PPWT IR JE 7 AR RO 27
St TR SRS BT VA & S [P WSS T I
J6 ZHEATK (CO2) BWOGHAINT R AN HE A 1L
2 AT 2 UG,

WZE I I &K LPFG 5 Hl# H0R, H WA T
TESSHFEE . KRR, Rt . N AT
NLPFG. Ak, nlE LA 1 st AR g4 206 2
b AT A A AT CASE B[R, el
o3 AR B A SOGE MBS R ER, 26 NLPFG
il R EE R, DN LA, 25 R
HERF AR LPFG Sl #HA.
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(b) WU Je =TGR

Fig. 1.
(a) Mask twice scanning device; (b) double and triple

(a) MBI — A HE;
Principle of multi-exposure technique:

surface laser exposure.

2.2 TR

745 37 W B AR S i T A O A HE Th R
DA K6 IX 3 (475088 2 ) i 7 5, Se S
1l DXIRIT B R A B R R AR, ZHEAERH T
i /E AR5 51 ) NLPFG, {H B 6 o 4 H Th 2 %
PR TR, B2 NSRRI,
ok B 2 (a) A HERE B LR AR IR B 2] R
FH 2 O Dh 2R AR A AR AR S A L -
4571, T LLSE ] LPFG £ 5 2 3 5 40 A
R, B 2 (b) S COo Bk AR X R BN A2 75 I s
o B 180 SR R 3 AR T LA S A ) e B AT
VAR 53, N IRTS B R (5 BRI R 1
NLPFG.

2.3 SMAERBAR

A3 A FH AR 6 16 6 21 B ' 1) [R] I 3 3
InA e Y (R S ) B0 A sl e 4 L s ) B0% A2 5
B AR i B SR R R BUR K B 4 A ),

SEHNS 7R B 2 5 A R R T P oK
GHAE T A MR HDGET (SRR Ef . A

ek o
AR T JRRS S
enm PR v
K
Ao
Order —1 Order 0 Order +1
(> 35%) (< 5%) (> 35%)
(a)
Y
COg laer
A-side
COy laer
Ag
Core 0y
B-side
0, X
]
Cladding
Z

(b)
El2 AFTECHAREEE  (a) MO B LT E,;
(b) FEXTFRAUM AL 25 S
Fig. 2.

(a) Phase mask linear apodized exposure device; (b) asym-

Principle of apodized exposure technique:

metrical bilateral apodized exposure.

Steel coil spring

Periodic microbend

Nonmagnetic
fiber holder

Magnet

()

f(2)

Curved fiber

0 Phase mask L
(b)
K3 SMpEEAREIIE () WA 1ERIE BOLE S;
(b) ZHCA SRR LTSS 2
Fig. 3. Principle of outfield action technique: (a) Magnetic
field action leads to fiber micro bending; (b) geometrical

relationship between curved fiber and phase mask.
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JCET HEFL DG LT BRESRIOL LT 55, T F 55 i XU
Kov BRI SO LS KA L 92 e 2 25
B EPEECME, BANEIN 5 25 98 55 7045 75 6
. B 3 SN E I BOR R EE, Hor, 3 (a)
24 Sakata 45 B4 ) FH ik 8k xof e 48 J) 33 e A28 T
LPFG; & 3 (b) Jv75 i 64 5 A AR 1) J LA 2%
F 0 T ) AR G 2 7 A Bl ) S
M FH AR B MR O 12 R DG 2T, T Sk
YA R RER) NLPFG 5 i 59,

2.4 HREBEFTHEA

WE R E AR T K &8 805 Rk A 5ot
J6EF (1) 3 TH B8 P9 S 30 AT JA) 1 1 O 7R B SR A A
PR 0 58 B 2 AT 5 B A AT R4 ) T T
JEM I EOR. X T iR AR L S 78 Y 5T A
M FARYE FG g5 M A Fok vese. B4 A EREUA
FEHAR R HE ], Hod B4 (a) N Luis & BT HI1ER
KRR LPFG, & n] LA O 2 e 18 3k
WK S HE AR 4 () A Lee 25 B8 7E 25 856 £F
T HARR S YINOAGS, BT & i 5 K 4K A UK
PORHE N 28G4T, R FHHEAAR G L 58 AT S
FIE R LPFG.

Metal coating

Fiber cladding

NOA65 RAEWIHETE A it
(b)

B4 BEOARHAREIE  (a) LPFG R IH %8 H#IK;
(b) 7GRN e

Fig. 4. Principle of coating and filling technique:
(a) Metal coating of LPFG surface; (b) exposure in
medium filled hollow core fiber to form LPFG.

2.5 [BiR R

JE5 b AF B AR 2 F SR F AL 2 08 b 1 g v
AT S M OF 4 LI S Wele =W S I R G e L | U
TS 4028 S 28 1 T 55 26 43 A I A5 B JI4E H T T ik

e A, I ] £ ke (R R X, DL
X' Al v it 0 A [E] R 24 L, AT BLE % LPFG
(10 235 4« LB iR 5 RN AR RR M. P15 0 Cai 2 U R
FZ 3 A S H1 B0k LPFG JR HE M LPFG & .
Hodr, FIH COo OB CRPEOEX H2F ik 78 JE
]S48, 220 ) o TR PEAE S AN 22 A 2 R T R
LT RIIR S /312 N R i e (an HF 55) T 5
{140 ) S DR DX 3, %o g ol 110 Y6 T e o el 1) 92
TR LPFG.

CO; |
P d Computer
2-D scanner
Fixed
Coating burned Coating unburned
section section
Load

Fiber with
coating

o o —

B5  SEZIE R AP B LPFG A R 3 FOGHHAH
Bl

Fig. 5. Principle and SEM micrographs of lithography
etching strain technique to form LPFG.

2.6 YIABEREAR

DI R BOR 2 48 DA R 5 D 5 20K e £F
BEAT ORGP BEVIEE, FA T M LR 2 il
[ 85 7 A8 i v o O A AR AT T R 45 14
ROEHHOEAR. ZBORERAE AR, Bl 2R, X
A JUA A e 5 R B AT DG RONE, Ja 13
S A IR 1 4 R K R IR O R AR BOR,
HAL R RA T EROCZIH], HOATA AR i
R HERA, B 6 4 Bai % B9 R iZ 8 AR 6l 1R
(IS A AL I AL LPFG il S B 2 .

2.7 ZYEFFIRA

Z AL S BRI FHBOCHE AR X G E i 2F
O S AL R AT I F AT PR, AR il 4k B = 4
(B G BOAR. 3R & — Pl Al HL kR W& B S
WA, BA G RE MERe L] 2 50
. B 78 Zhong % ") Geng "), 4% 2 J Gao
25 SR H COo WOl 5 i 25 18] LPFG 2],
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[0} SMF
= s : [
SCSs Translation stage ¥ Cleaver Pulley 0SA o s Y 27 e :
R 5 Weigh : w
el H .
7 s s A __I doffset” ~ a5 - H :

i e

SCS = & 0SA

Translation stage Cleaver

(b)

K6 WIABHBARNIELPFG HAREH (a) #6% LPFG; (b) 4% LPFG
Fig. 6. Principle of fiber incised and welded technique to form LPFG: (a) Mismatching LPFG; (b) over-melting LPFG.

(c)

Ay

Cladding /

ujilJPFCV Eore———— I f}) >
7 EA
(b)

M 1 JEEIB i 2
(d)

7 ZYFHARBNE LPFG AR RE (o) “4ERRMMAKBIZN; (b) WIMALHSHILH; (c) Fefeim s sig;

(d) USRI

Fig. 7. Principle of multi-dimensional modulation technique to form LPFG: (a) Two-dimensional scan-

ning modulated structure; (b) double-side stagger written structure; (c) rotary refractive index modulation

structure; (d) three-dimensional helix curve written structure.

16 _FRE M S dl AR Ak E, AT AL Z1
Ji I BIHE W S L AR AR
P77, R HEE R ER. JEE R 2 X,
PRI SE KK NLPFG.

3 HAK ML LW
3.1 NLPFG 15852

Kl 8 NFRATTHE i NLPFG R 7R 2 [, %4
RO R S Rl P A% 0 1 e R T 27508 X el b i R 41
AR Z IR X a6 9t 55 = (1 9 A,
BPU R K AE 2Oz VT N I 56 4F 2 Bl e £,
RIEIARL A (0° < 6 < 90°); @ AT 45 5 il
£, BT ALA (00 < @ < 90°); 47 5 SR H IR B i X
B IR R R R, 240 = o = 0° I, BRI —
4k LPFG, Bl “28FLPFG”; 2460 = 0°1ff ¢ # 0° 5%
0 # 0°T ¢ = 0° B, XRT 48 LPFG, B “*F [
LPFG™; 240 # 0° H o # 0° i, X NF =4 LPFG,

R «#%[a] LPFG”.

HE— BT T 8 T AN, LT 5 26 1 ) R Bl
R 0 760 F8 o MRS SR A AN [E) 0 oA, fef
NLPFG I FRECAEX FR 0 A0, T2, 2480, o,
AR/ e 3 500k, TR TH 25 M8 3 PEREAE =
INLPFG, M fe 8 7 % 45 i) 45 5 rh A R R A Y
e AN A FE R G B 2 2 .

3.2 NLPFGi&itiEit

s b IA NLPFG AR 7] DL#E 7 NLPFG %
TG, B, WE NLPFG 4 () 4 55 238 il 1)
TR, AR CHT B F R e 2 A E AR A X
B Bk, REFFESLER A oM e 58
B & R B0 ¢ R 36T, 23 A AR £ 6 A
T5 A A @ 51 1AL 2 3 S5 AR A 1) o0 A B2
BARA KA, e, MRAAE RN S
T HE, SRARRE A A 5 FE FERT A B R R AT 4
Hr, S8l NLPFG #) 2.
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X-tilted grating

Y-tilted grating
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B8 NLPFG AR~ B (a) Hrid 24 B ]
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Fig. 8. Diagram of NLPFG’s model and coordinates:
(a) Refractive index spatial modulation; (b) diagram

of coordinates.
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4y

pc1 = 0% paa = 120°

a)wcg. = —120°

TR

44 e

FERLGH2

PG1 = G2 = pas = 90°

B9 JLF LR NLPFG 4584 K HoAsiz ]

(a) ARSFREFALICHE; () AXSFRMERD MY (c) PR i AR SO LB

Fig. 9. Structure and mode field figure of several typical NLPFGs: (a) Asymmetrical mismatched grating; (b) asym-

metrical titled grating; (c¢) micro-structure spatial perpendicular grating and its mode field diagram.

| 7 E BRSO IR 2L forvor

e R
YIS

v
FEAEDIGRAL
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R
(625 AV < P )
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K10 NLPFG I# itz
Fig. 10. Process of inverse design for NLPFG.
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Fig. 11. Typical examples of designing NLPFG with geometrical structure changed method: (a) Gradual changed grating

period; (b) arc-modulated refractive index; (c) gradual tilted grating plane; (d) chirp-cascaded multiple grating.
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Fig. 17. Developing and temperature and stress sensing application of few-mode LPFG device: (a) Transmission

spectra and mode field of few-mode LPFG; (b) spectra of different grating period; (c) results of temperature sensing;

(d) results of axis-direction strain sensing.
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Fig. 27. Fabrication of cascaded FBG and LPFG device and its application in gas sensing: (a) Superimposed
structure of FBG and LPFG for Hs sensing; (b) harmonic peaks in the transmitted and reflected spectra of
the sensor; (c) relation curve of the Bragg wavelength shift and the Ha concentration under different humidity;

(d) relation curve of the Bragg wavelength shift and the Ho concentration under different temperatures.
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Fig. 28. Fabrication of cascaded double-LPFG device and its application in biosensing: (a) structure and reso-
nance spectrum of double-LPFG biosensor; (b) SEM micrographs of bacterial concentration on the sensor’s surface:
@ 102 cfu/mL, @ 10% cfu/mL, @ 10° cfu/mL; (c) Dispersion curves of the germanio-silicate optical fiber with a
SiO2 core doped 3.1 mol% GeOsz: @D LPg1-LPgg mode coupling, @ LPg1-LPgs mode coupling; (d) spectral shift of

the sensor at different stages of E. coli’s concentration.
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Abstract

Long-period fiber grating (LPFG) is a kind of wide-range transmission passive photonic device with extensive
applications in the field of fiber communication and fiber sensing. In this review, from the angle of refractive index
spatial modulation, we extract three characteristic parameters of LPFG: grating period length, index modulated depth
and normal orientation of grating plane, and classify LPFG as two types: uniform LPFG (none of these three parameters
changes) and nonuniform LPFG (at least one of them changes), and analyze the deficiency of LPFG, including larger size
than fiber Bragg grating, no reflection peak, too large bandwidth, polarization loss from single-side exposure, etc. We
define the concept of novel LPFG (NLPFG) as the LPFGs based on general LPFG but having new structures and new
characters by importing new factors from different aspects, like grating formed mechanism, grating structure, making
material, processing technique, application performance, etc. Then we point out that the research significance of NLPFG
lies in improving and exploring its real usable property, and making it practical by overcoming the defects of general
LPFG in structure, property and application. We expound new techniques of LPFG fabrication, such as multi-exposure,
apodized exposure, outfield action, coating and filling, fiber incised and welded, multi-dimensional modulation, and show
some NLPFG examples written with these techniques. We build the spatial model of NLPFG to expand the refraction
index modulation region from only fiber core to both core and cladding, and to correctly mark the direction of grating
plane with tilted angle and azimuth angle. On this basis, we propose the design theory of NLPFG by adding those
two angles into the coupling mode coefficient and solving the coupling mode equation. We also expound three different
NLPFG design processes, as the direct design to start from given factors of grating, the reserve design to calculate
the factors back from expected function or spectrum, and the direct-reserve design combined by them. Meanwhile,
we introduce some typical design methods of NLPFG, like geometrical structure changed method, materials changed
method, medium coated and embedded method, etc. In addition, we review the recent fabrication and typical application
of NLPFG, then introduce different LPFG devices based on excentric core LPFG, multi-core LPFG, few-mode LPFG,
stagger LPFG, mismatched LPFG, over-melted LPFG, phase-shift LPFG, tuning LPFG, coupled LPFG and cascaded
LPFG, and show their sensing applications in strain, twisting, bending, temperature, displacement, gas concentration
and biology. Finally, we provide a developing prospect of the research on NLPFG and give three possible means to
improve the research, as innovating new gating structures, exploring new design methods and developing new fabrication
techniques.

Keywords: fiber grating, long-period fiber grating, grating design, grating fabrication
PACS: 07.60.Vg, 07.60.Ly, 07.07.Df DOI: 10.7498/aps.66.070704
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