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Û��±Ï1n1» (LPFG) ó�u� ��=ò:�n���pg����ÍÜ�)ü�°��Ñ¸,

Ù 3 dB �°�ûun��Ú����m�ÚÑ�!1»�Ý±9¥%Å�. ïÄL², ��ò�ÇÚþÝ�Cz
òK�n�������m�ÚÑ�, lK��Ñ¸� 3 dB �°, Ó��Ñ¸¥%Å�½��£Ä. ��ò�Ç
� 1.57, þÝ� 350 nm �, �Ñ¸�°�� 302 nm. ~�1»�Ý3�y¥%Å��Ñ�u 6 dB �cJe�¦�
Ñ¸ 3 dB �°O�� 334 nm. ?�ÚïÄL², 3þ! LPFG ¥ l1»¥:�·� �Ú\ü� π �£�±¦
�°O�� 372 nm ±þ.

'�c: �±Ï1n1», � ��=ò:, 3 dB �°, �£�±Ï1n1»

PACS: 07.60.–j, 07.60.Vg, 42.79.Ci, 42.81.–i

1 Ú ó

�±Ï1n1» (LPFG) U
òn�Ä�ÍÜ
�Ó�DÑ����, l3ß�Ì¥�)�X�
lÑ��Ñ¸. LPFG ��N´!�\�Ñ$!�
����!(�;n, ®²�2�A^uÏ& [1,2]

ÚDa [3,4] +�. � Bragg 1n1»�', LPFG D
ÑÌ¥�P~¸�°�, ·ÜA^u�{ÈÅ [1].

,, n���$g���ÍÜ�)��Ñ¸�°
k�, Ï~3�A�A�B���S. �ëY1Ì
Eâ�uÐ¦11Ì°Ý�L 1000 nm[5], áÅ
���u 400 nm, �Å��� 2000 nm ±þ, ��
±éÐ/ÍÜ�1n¥, ù¦äk���°�1n
�{ÈÅì�ïÄäkéÐ�A^cµ.

Shu � [6] ïÄuy, 1»±Ï�á�n���
pg���ÍÜ�� ��� (PMC) 3 900—

2000 nm �Å���Sò¥yÑ�g�A5,

PMC �¹��=ò:, 3=ò:? PMC ��Çd
�=�K. �¢S1»±Ï�u=ò:éA1»
±Ï��, n������ÍÜ�k���Ñ¸,

�Ñ¸ 3 dB �°��êzB� [7,8], äkûÐ�
°��{ÈÅ5U. Cc5, Û� LPFG �ïÄ�
5�É�'5 [9−11]. 3 LPFG L¡Û���ò�
Ç�u��á�����±UC����|©Ù,

Ïd�±ÏLUC��ò�ÇÚþÝ5N�Ú`
z LPFG �ÈÅA5. �©ÄuÍÜ�nØ, ©Û

Û� LPFG � PMC 9Ù=ò:A5, ïÄ
ó
�u� ��=ò: (PMTP) �Û�þ! LPFG �
�Ñ¸� 3 dB �°A5, &?
��ò�ÇÚþ
Ýén�������mÚÑ��K�, ?Ø
�
Ñ¸ 3 dB �°9Ù¥%Å����ëêÚ1»�
Ý�Cz5Æ. ¿?�Ú?Ø
3ó�u PMTP �
þ! LPFG ¥ l1»¥:�·� �Ú\ü� π
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�£���Ñ¸�°CzA5. �©ò LPFG ó�
u PMTP ��ü¸°�A5�Û� LPFG ��N
�5�(Ü, ��
�°�N�°�ÈÅ�J, �
��u$g���ÍÜ�)��Ñ¸�°, �±�
Û� LPFG ü¸°��{ÈÅì��OJøë�.

2 nØ©Û

2.1 ÍÍÍÜÜÜ���nnnØØØ

Û� LPFG (�Xã 1(a) ¤«, ã 1(b) ��A
�ò�Ç©Ù«¿ã. a1 Ú a2 ©O�n����
�», h3 = a3 − a2 ���þÝ, n1, n2, n3 Ú n4

©OL«n�!��!��Ú�¸ò�Ç, ¿÷
v n3 > n1 > n2 > n4. �©��[O�¥¤^
ëê� a1 = 4.15 µm, a2 = 62.5 µm, h3 = 200 nm,

n1 = 1.4681, n2 = 1.4628, n3 = 1.57, n4 = 1.

ã 1 Û� LPFG (�«¿ã (a) (��.; (b) ò�Ç©Ù

�âÍÜ�nØ, �1»Ñ\àn���Ì
� 1, ����Ì� 0, K1²Lã 1 ¤«�1»(
��, n��� m g�����Ì R Ú S �±Ï
LXe�Ý
O�¦� [12]: R

S

 = F

 1

0

 , (1)

ª¥

F =

 cos (sL) + i
δ

s
sin (sL) i

κ

s
sin (sL)

i
κ

s
sin (sL) cos (sL) − i

δ

s
sin (sL)

 ,

(2)

(2) ª��ã�Ý L �þ!1»éADÑÝ
,

ª¥

δ =
1
2

(
βco − βm

cl −
2π

Λ

)
, (3)

Ù¥ βco Ú βm
cl ©O´n��Ú m g����

DÂ~ê, �k'Xª βco = (2π/λ) nco
eff , βm

cl =

(2π/λ) ncl,m
eff , nco

eff Ú ncl,m
eff ©O�n��Ú m g�

���k�ò�Ç, �±ÏLê�¦)�Î1Å�
�A��§�� [13]; λ �1Å�, Λ �1»±Ï,

s =
√

δ2 + κ2, κ �n��� m g����pÍ
Ü~ê:

κ =
ωε0n

2
1σ (z)
2

2π∫
0

dφ

a1∫
0

rdr

×
(
Ecl

r Eco∗
r + Ecl

φ Eco∗
φ

)
, (4)

ª¥ σ (z) �n�ò�ÇN�Ý, Er, Eφ ©O��
ª>|�»�Ú��©þ, þI cl, co ©OL«�
��Ún��, õ��Î1Å�¥��ª>|©þ
�d�~³U{O��� [13]. 1²L1»��ß
LÇ� T = R × R∗.

2.2 ���   ������===òòò:::

éun��� m g����ÍÜ, � ��^
��

λres,m =
[
nco

eff (λres,m) − ncl,m
eff (λres,m)

]
Λ, (5)

λres,m �n��� m g���ÍÜ���Å�.

ã 2 ¤«��â (5) ª�Ñ�n����g���
ÍÜ PMC. dã 2(a) ��, $g���ÍÜ� PMC

¥, �^�L1»±Ï�ç����^ PMC �k
���:, éA�k����Å�. ã 2(b) Kw
«, pg���ÍÜ PMC äk�g�A5, ç
�� A � HE1,10 �� PMC kü��:, Ñy “V
¸��” y� [14]. ç�� B � PMC ��, �:
=� PMTP, PMC ��Ç3T:d�=�K, z�
� PMTP éAk����Å� (λT) Ú��1»±
Ï (ΛT). �1»±Ï�=ò:�A±Ï��, n�
�����ÍÜ�)ü��Ñ¸, Ù 3 dB �°�
�êz nm, ���u$g���ÍÜ�)��Ñ
¸�°.

éuÛ� LPFG, pò�Ç��ëêòK��
���|©Ù, ?K�=ò:� λT Ú ΛT, Xã 3
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¤«. dã 3 ��, 3�½��S, λT ���ò�
ÇÚþÝ�O\~�,  ΛT ���ò�ÇÚþ
Ý�O\O�. ��5¿�´, λT Ú ΛT ���
ò�ÇÚþÝ�?�ÚO\Ñy
aC, ù´d
u��ò�ÚþÝ�O\Úå
����ªLÞ
Ú| [15], ù�aC«�¡��ªLÞ«. ���
ëê��?u�ªLÞ«�, �Ñ¸Å/���5
òÉ�»�, Ïd LPFG ^uÈÅ�A;���ò
�ÇÚþÝ��?u�ªLÞ«.

ã 2 � ��� (a) $g���ÍÜ; (b) pg���ÍÜ

2.3 ���ÑÑÑ¸̧̧��� 3 dB ���°°°

LPFG �n������ÍÜ�)�Ñ¸ 3 dB

�°�±L«� [8]

∆λ3 dB = |γ| 0.8λ2
res

L∆ne
, (6)

ª¥ ∆ne �n������k�ò�Ç��, L �
1»�Ý, γ ½Â�

γ =

dλres

dΛ
nco

eff − ncl,m
eff

, (7)

ª¥ dλres/dΛ =� PMC ��Ç. dã 2(b) ��,

l=ò:�C |γ| ��, �Ñ¸� 3 dB �°��,

���O LPFG ó�u PMTP �, |γ| → ∞, d
� (6) ª®Ø·^uO��Ñ¸��°. LPFG ó
�u PMTP ���Ñ¸ 3 dB �° [7,8]

∆λ3 dB =
1.26λres√

cL∆D
, (8)

ª ¥ c � ý � ¥ 1 �, L � 1 » � Ý, ∆D

(ps·nm−1·km−1) �n�������m�ÚÑ�.

Û� LPFG 31n��	Ûþ��pò�Ç��,

��þÝ�ò�Ç�CzòK�1nÚÑ� ∆D,

Ïd�±ÏLUC��ëê(Ü1»�Ý5N�
�Ñ¸� 3 dB �°.

ã 3 ��ò�Ç�þÝé λT Ú ΛT �K� (a) λT; (b) ΛT

3 ��ëê�1»�Ýé�Ñ¸ 3 dB

�°�K�

3.1 ������ëëëêêêééé���°°°���KKK���

31n��L¡Ûþpò�Ç���, ��
á��ò�Ç±9Û�þÝ�CzÑòK��
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���|�©Ù, ?K����k�ò�Ç; 
n���»���u����», ÏdÏ~3?
n��Ñ���én���K�. Ïd, n��
�����m�ÚÑ�ò�X��ëêUC.

ã 4(a) ¤«���þÝ�½� 200 nm, ��ò�
Çl 1.5 Cz� 1.7 �� ∆D. dã 4 ��, ∆D

���ò�Ç�O\~�, ∆D l n3 = 1.57

� � 18.11 ps·nm−1·km−1 ~ � � n3 = 1.7 �
� 17.81 ps·nm−1·km−1. �d�q, ���ò�Ç
�½� 1.57 �, ∆D ���þÝ�O\~�, X
ã 4(b) ¤«.

ã 4 ��ò�Ç�þÝéÚÑ� ∆D �K� (a) ��ò�
Ç; (b) ��þÝ

��ëêé LPFG DÑÌ�K�Xã 5 ¤«.

�±uy, �Ñ¸�¥%Å����ò�ÇÚþÝ
�O\�áÅ���£Ä. é n3 = 1.57, h3 d 0 O
�� 350 nm �, dã 5(a) �±uy, �Ñ¸áÅ�
�ý>÷�£Äþ�u�Å��ý, Ïd�Ñ¸�
�°��O\. ��5¿�´, ã 5(a) ¥���ë
ê��3ã 3 ¤«��ªLÞ«�c, �Ñ¸Å/
��, h3 ��C�ªLÞ«, �Ñ¸�°O��¯.

ã 5(b) ¤«� h3 = 200 nm �ØÓ��ò�Ç�
�DÑÌ. � n3 l 1.57 O�� 1.67 �, �°� n3

�O�O�, � n3 UYO�� 1.85 Ú 1.9 �, �
�ëê���L
ã 3 ¤«��ªLÞ«, ���
�¤
�g�ªLÞÚ| [15], n3 �O�ØU¦
�°±YO�, ��Ñ¸¥%Å�UY�áÅ��
�£Ä. L 1 �Ñ
;.��ëê9�A=ò:ë
êÚ�Ñ¸�°. êâL², UC��ëê�±Ó
�N��Ñ¸�¥%Å�9 3 dB �°.

ã 5 � � ò � Ç � þ Ý é D Ñ Ì � K � (a) � � þ
Ý (n3 = 1.57); (b) ��ò�Ç (h3 = 200 nm)

L 1 ;.��ëê��A=ò:ëêÚ�°

SÒ h3/nm n3 λT/nm ΛT/mm ∆λ3 dB/nm

1 0 1.57 1557.8 183.3 286

2 200 1.57 1562.2 184.7 288

3 350 1.57 1534.2 187.6 302

4 200 1.67 1545.1 186.1 298

5 200 1.90 1512.4 186.0 296

I�AO�Ñ�´, þãÚÑ��DÑÌ�
©Û¤�9���ëê��þ;m
ã 3 ¤«
��ªLÞ«. ���ëê��?uã 3 ¤«�
�ªLÞ«�, ��ëê�Czò��n���
����m�ÚÑ�u)aCK��Ñ¸Å
/���5. ã 6 ¤«� n3 = 1.67, �ØÓ��
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þÝ� ∆D �Cz�9�ADÑÌ. Xã 6(a)

¤ «, é u n3 = 1.67, � � þ Ý h3 < 250 nm

�, ∆D ���þÝ�O�~�; � 250 nm

< h3 < 400 nm �, ��ëê��?u�ªLÞ«,

∆D ���þÝ�O�ÑyaC. ã 6(b) �Aw«,

��þÝ� 100 Ú 200 nm �, �Ñ¸Å/��, �
°Czk5Æ; ���þÝ©O� 300 Ú 350 nm

�, du��ëê��?uã 6(a) ¤«�aC«�,

�Ñ¸Å/���5É�
»�, lK�
�Ñ
¸��°9ÙÈÅA5.

ã 6 ?u�ªLÞ«����þÝéÚÑ� ∆D ÚDÑÌ�
K� (a) ÚÑ�; (b) DÑÌ

3.2 111»»»���ÝÝÝééé���°°°���KKK���

� â (8) ª � �, 3 1 n ( � ë ê � � �
ë ê � ½ � � ¹ e, 1 » � Ý� U C ½ ò K �
� Ñ ¸ � � °. � â Í Ü � n Ø, 3 ¥ % Å �
? δ = 0, ¥%Å�ßLÇ TT = cos2 (κL), �
÷v κL = π/2 � TT = 0. �	�Ñ¸� 3 dB

� ° �, � � y È Å � J, ¥ % Å � � Ñ � ¦
� 6 dB ± þ [7], = TT < 0.25, Ï d, 1 » �
Ý L � � 	 � � � ± � � π/3 < κL 6 π/2.

e���ëê n3 = 1.57, h3 = 350 nm, O��

� κ = 144.1 m−1, K 7.3 < L 6 10.9 mm, L � 8.2,

9.1, 10.0 Ú 10.9 mm ��DÑÌXã 7 ¤«. dã 7

��, �X1»�Ý L �O\, ¥%Å��ÑØä
O� (TT ~�), �Ñ¸ 3 dB �°��~�, ã¥
¤«o��Ñ¸� 3 dB �°©O� 334, 327, 316

Ú 302 nm.

ã 7 1»�Ý L éDÑÌ�K�

4 � é ¡ PS-LPFG � ü ¸ ° � È
ÅA5

LPFG ¥:Ú\ π �£�, 3¥%Å�üýò
Ñyü�#�{�¸ [16], �Ú\�£ � l1
»¥:�, ü{�¸òÅì�¥%� , Ú\ π �
£� �Ü·�, DÑÌLy�ü��Ñ¸. Ú\
Ïf α L« π �£31»¥� �:

α =
L1

L1 + L2
, (9)

ª¥ L1 Ú L2 ©OL«Ú\ π �£�üýüã1
»��Ý, L1 + L2 = L. �£ LPFG �DÑÌ�±
^DÑÝ
{?n [13]: R

S

 = F1 · Fp · F2

 1

0

 , (10)

ª¥ F1 Ú F2 �±ÏLò L1 Ú L2 �\ (2) ª�
�, Fp � π �£éADÑÝ
:

Fp =

 exp
(

iπ
2

)
0

0 exp
(
−iπ
2

)
 . (11)

ØÓ �Ú\ π �£� LPFG �DÑÌXã 8 ¤
«, Ù¥ n3 = 1.57, h3 = 350 nm, L = 10.9 mm.
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α = 0 �=�þ! LPFG, �Ñ¥%Å�ßLÇ TT

� 0. �X α �O�, TT ÅìO�, Ó��Ñ¸��
°O�; � α = 0.2 �, �Ñ¸�.Üm©Ñy²w
]�, Å/m©dü¸�V¸üz; α O�� 0.5 �,

üýÑyü�#�{�¸, �¥%Å�ßLÇ� 1,

=�Ñ� 0. α ��A5¿ü:: Äk, α ��A¦
�Ñ¸�±�ü¸Å/, =�Ñ¸.ÜØÑy]�;

Ùg, ��y�{ÈÅ�J, α ��A¦¥%Å�ß
LÇ TT < 0.25. ß�¸ 3 dB �° ∆λ3 dB Ú¥%Å
�ßLÇ TT � �Ïf α �Cz'XXã 9 ¤«.

dã 9 ��, α = 0 �¥%Å�ßLÇ� 0 Ú 3 dB,

�°� 302 nm, ∆λ3 dB � α �O�Cq�5�

ã 8 LPFG ¥ØÓ �Ú\ π �£��DÑÌ

ã 9 �Ñ¸ 3 dB �°Ú¥%Å�ßLÇ� �Ïf�'X

O�; ¥%Å�ßLÇ TT ���O�, � α O�
� 0.16 �, ∆λ3 dB O�� 372 nm, TT � 0.2313, �
'u�Ú\ π �£���° 302 nm, ∆λ3 dB O�

 70 nm. � α = 0.18 �, �, ∆λ3 dB ?�ÚO
�� 385 nm, �d�� TT � 0.2861, ®�u 0.25,

ÈÅ�JòÉ�K�. Ïd, 3ó�u PMTP �Ý
� L �þ! LPFG ·� �Ú\ü� π �£�±
3�y¥%Å��Ñ�u 6 dB �cJek�O�
ü¸ 3 dB �°.

5 ( Ø

Ä u Í Ü � n Ø ï Ä 
 Û � LPFG ó �
u PMTP ��ü¸°�ÈÅA5. Û� LPFG ó
�u PMTP ��)� 3 dB �°�êz nm ��Ñ
¸, Ù�°�ûun��Ú����m�ÚÑ�!
1»�Ý±9��Å�. ïÄL², 3�½��ë
êe, �Ñ¸� 3 dB �°�� 302 nm ±þ, ��
�uÄu$g���ÍÜ� LPFG �)��Ñ¸
�°. ��ò�ÇÚþÝCzK�n�����
��mÚÑ�, lUC�Ñ¸ 3 dB �°, Ó�N
��Ñ¸¥%Å�. ��ëê(½�, ~�1»�
Ý�±3�y¥%Å�Ñ��u 6 dB �cJeO
��Ñ¸ 3 dB �°� 334 nm ±þ. 3dÄ:þ,

3þ! LPFG  l¥:·� �Ú\ü� π �£
�±¦ü¸ 3 dB �°?�ÚO�� 372 nm ±þ.

����Äu$g���ÍÜ� LPFG �', ó�
u PMTP �Û� LPFG äk�Ð�ü¸°��{
ÈÅA5, ��±ÏLUC��ëê!1»�Ý
±93·� �Ú\ü� π �£�Ããé�Ñ¸
� 3 dB �°?1N�Ú`z, �±�¢S1n1
»°�ÈÅì��OJønØë�.
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Abstract

A coated long-period fiber grating (LPFG) operating at the phase-matching turning point couples the fundamental core mode

to a higher-order cladding mode, producing a single broad-band whose 3dB-bandwidth is dependent on the difference in dispersion

between the core mode and a cladding mode, grating length and central wavelength. The variations of film refractive index and thickness

influence the difference in dispersion between the core mode and cladding mode and thus, the bandwidth of loss peak. The central

wavelength of loss peak also varies with the changes of film parameters. When the film refractive index is 1.57 and the film thickness

is 350 nm, the bandwidth of loss peak reaches 302 nm. The bandwidth can be further improved to 334 nm by reducing the grating

length based on the fact that the loss at the central wavelength is guaranteed to be more than 6 dB. A further investigation shows that

introducing a π phase shift into a uniform LPFG at a proper position that is away from the grating center can increase the bandwidth

to 372 nm and more.

Keywords: long-period fiber grating, phase-matching turning point, 3 dB bandwidth, phase-shifted long-period
fiber grating
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