
Chapter 4
Optical Fiber Gratings for Mechanical
and Bio-sensing

Young-Geun Han

4.1 Theoretical Analysis of Fiber Gratings

In general, optical fiber gratings can be classified as either fiber Bragg gratings
(FBGs) or long-period fiber gratings (LPGs) depending on whether the periodic
variation in the refractive index is ranged in the submicron or in the hundreds of
microns scale [1, 2]. Figure 4.1 shows the operating principle of FBGs and LPGs.
The periodic modulation in the refractive index induce, in the case of FBGs, mode
coupling between two counter-propagating modes, whereas in the case of LPGs, it
causes coupling between core and cladding modes. FBGs can be used to perform a
wide range of functions, such as reflection, filtering, and sensing. Depending on the
configuration of their physical structures such as index profile, grating period and
tilt, FBGs can be categorized as either uniform FBGs, apodized FBGs, blazed FBGs,
or chirped FBGs. Theoretical analysis of fiber gratings can be readily obtained by
solving Maxwell’s equation and considering small index perturbation [3–5].

In order to analyze optical characteristics of LPGs and FBGs, let’s drive the
coupled mode equation starting from Maxwell’s equation. Assume that each field
can be decomposed into spatial and temporal terms as:

~E ¼ ~Eð~r; tÞ ¼ ~Eð~rÞe�ixt

~H ¼ ~Hð~r; tÞ ¼ ~Hð~rÞe�ixt
ð4:1Þ

Assuming that the medium is linear, homogeneous and isotropic, e l, r are
independent of ~H, ~E, space or time and direction, the Maxwell’s equation for a
monochromatic wave can be written as:
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r� ~Hð~rÞ ¼ �ixe~Eð~rÞ

r �~Eð~rÞ ¼ ixl~Hð~rÞ
ð4:2Þ

r � ~Hð~rÞ ¼ �ixe~Eð~rÞ
r �~Eð~rÞ ¼ ixl~Hð~rÞ

ð4:3Þ

Assuming that the wave propagates in z-direction, and the special term of fields
can be decomposed into transverse and longitudinal components as

~Eð~rÞ ¼ ~Etð~rÞ þ~Ezð~rÞ
~Hð~rÞ ¼ ~Htð~rÞ þ ~Hzð~rÞ

ð4:4Þ

Then the Maxwell’s equation can be decomposed into transverse and longitu-
dinal components.

Transverse components:

rt � ~Hzð~rÞ þ rz � ~Htð~rÞ ¼ �ixe~Etð~rÞ

rt �~Ezð~rÞ þ rz �~Etð~rÞ ¼ ixl~Htð~rÞ
ð4:5Þ

Longitudinal components:

rt � ~Htð~rÞ ¼ �ixe~Ezð~rÞ

rt �~Etð~rÞ ¼ ixl~Hzð~rÞ
ð4:6Þ

The transverse mode equation can be obtained by applying êz� on Eq. (4.5)
which results in:
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Fig. 4.1 Operating principle of (a) fiber Bragg gratings and (b) long-period fiber gratings
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o~Hzð~rÞ
oz � ixeêz �~Etð~rÞ ¼ rt~Hzð~rÞ

o~Ezð~rÞ
oz þ ixlêz � ~Htð~rÞ ¼ rt~Ezð~rÞ

ð4:7Þ

The longitudinal mode equations from Eq. (4.6) can be obtained as

~Ezð~rÞ ¼ i
xert � ~Htð~rÞ

~Hzð~rÞ ¼ �i
xlrt �~Etð~rÞ

ð4:8Þ

By substituting Eq. (4.8) into Eq. (4.5), the transverse mode equation can be
expressed by

rt �
�i

xl
rt �~Etð~rÞ þ rz � ~Htð~rÞ ¼ �ixe~Etð~rÞ

rt �
i

xe
rt � ~Htð~rÞ þ rz �~Etð~rÞ ¼ ixl~Htð~rÞ

ð4:9Þ

For an ideal waveguide, the mode profile can be written as:

~Eð~r; tÞ ¼ ~Elðx; yÞeiblz�ixt

~Hð~r; tÞ ¼ ~Hlðx; yÞeiblz�ixt; ð4:10Þ

where bl is the propagating constant of the lth order mode.
Since l ¼ l0; e ¼ e0n2

0ðx; yÞ; where n0 is a refractive index in an ideal wave-
guide, then, Eq. (4.5) in the ideal mode case can be modified as:

�i

xl0
rt �rt �~El;tðx; yÞ þ iblêz � ~Hl;tð~rÞ ¼ �ixe0n2

0ðx; yÞ~El;tðx; yÞ

i

xe0
rt �

1
n2

0ðx; yÞ
rt � ~Hl;tð~rÞ

� �
þ iblêz �~El;tð~rÞ ¼ ixl0

~Hl;tð~rÞ
ð4:11Þ

where ~El;t and ~Hl;t are the transverse field of the lth order ideal mode for electric
and magnetic waves in an ideal waveguide. bl is the propagating constant of the lth
order mode.

For the perturbed waveguide, we can expand the perturbed field with a linear
summation of ideal normal modes such as:

~Etð~rÞ ¼
P1
l¼0

cleiblz~El;tðx; yÞ ¼
P1
l¼0

alðzÞ~El;tðx; yÞ

~Htð~rÞ ¼
P1
l¼0

gleiblz~Hl;tðx; yÞ ¼
P1
l¼0

blðzÞ~Hl;tðx; yÞ
ð4:12Þ

where the constant cl and gl are the slowly varying modal amplitudes that include
phase term for electric and magnetic waves, respectively. alðzÞ and blðzÞ are the
rapidly varying modal amplitudes that include phase term for electric and mag-
netic waves, respectively. Since l ¼ l0; e ¼ e0n2ð~rÞ; Eq. (4.9) can be modified by
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inserting Eq. (4.12) into Eq. (4.9). From that we obtain the governing equations for
the perturbed waveguide as:

�i

xl0

X
alðzÞrt �rt �~El;tðx; yÞ þ

X1
l¼0

oblðzÞ
oz

êz � ~Hl;tðx; yÞ ¼ �ixe0n2ð~rÞ
X1
l¼0

alðzÞ~El;tðx; yÞ

i

xe0

X
blðzÞrt �

i

n2
0ð~rÞ
rt � ~Hl;tðx; yÞ

� �
þ
X1
l¼0

oalðzÞ
oz

êz �~Etð~rÞ ¼ ixl0

X1
l¼0

blðzÞ~Hl;tðx; yÞ

ð4:13Þ

By substituting appropriate equations in the ideal waveguide into Eq. (4.13), we
have

P
alðzÞ �iblêz � ~Hl;tðx; yÞ � ixe0n2

0ðx; yÞ~El;tðx; yÞ
� �

~El;tðx; yÞ þ
P1
l¼0

oblðzÞ
oz

êz � ~Hl;tðx; yÞ

¼ �ixe0n2ð~rÞ
P1
l¼0

alðzÞ~El;tðx; yÞ

i

xe0

X
blðzÞrt �

i

n2
0 ðx; yÞ

� i

n2ð~rÞ

 !
rt � ~Hl;tðx; yÞ

 !
þ
X1
l¼0

iblblðzÞ �
oalðzÞ

oz

� �
êz �~Etð~rÞ ¼ 0

ð4:14Þ

Rearranging Eq. (4.14) results in:

P1
l¼0

oblðzÞ
oz
� iblaðzÞ

� �
êz � ~Hl;tðx; yÞ þ ixe0 n2ð~rÞ � n2

0ðx; yÞalðzÞ
� �

~El;tðx; yÞ ¼ 0

P1
l¼0

iblblðzÞ �
oalðzÞ

oz

� �
êz �~Etð~rÞ þ i

xe0

P
blðzÞrt �

i

n2
0 ðx; yÞ

� i

n2ð~rÞ

 !
rt � ~Hl;tðx; yÞ

 !
¼ 0

ð4:15Þ

Using the equations for normal modes and using the normalization and
orthogonalization conditions such as,Z

êz � ð~Em;tðx; yÞ � ~H�l;tðx; yÞÞdA ¼ 2
b�l
blj j

Pdm;l; ð4:16Þ

Where dm;l ¼ 1 for m ¼ l and dm;l ¼ 0 for m 6¼ l
Equation (4.15) can be modified by multiplying the terms with eitherR
~Em;tðx; yÞ� or

R
~Hm;tðx; yÞ�

R
~Em;tðx; yÞ�

P1
l¼0

oblðzÞ
oz
� iblaðzÞ

� �
êz � ~Hl;tðx; yÞ þ ixe0 n2ð~rÞ � n2

0ðx; yÞalðzÞ
� �

~El;tðx; yÞ ¼ 0

� �

R
~Hm;tðx; yÞ�

P1
l¼0

oalðzÞ
oz
� iblblðzÞ

� �
êz �~El;tð~rÞ þ i

xe0

P
blðzÞrt � i

n2ð~rÞ � i
n2

0 ðx;yÞ

� �
rt � ~Hl;tðx; yÞ

� �
¼ 0

� �

ð4:17Þ

Then Eq. (4.17) can be modified by using Eq. (4.16)

94 Y.-G. Han



obmðzÞ
oz � ibmaðzÞ ¼ 2

P1
l¼0

alðzÞKm;lðzÞ

oamðzÞ
oz � ibmbmðzÞ ¼ 2

P1
l¼0

blðzÞCm;lðzÞ
ð4:18Þ

Where

Km;lðzÞ ¼
ixe0

4P

bmj j
bm

Z
n2ð~rÞ � n2

0ðx; yÞ
� �

~E�m;tðx; yÞ �~El;tðx; yÞdA

Cm;lðzÞ ¼
ixe0

4P

bmj j
b�m

Z
n2

0ðx; yÞ
n2ð~rÞ n2ð~rÞ � n2

0ðx; yÞ
� �

~E�m;zðx; yÞ �~El;zðx; yÞdA

ð4:19Þ

The solutions for the mode coupling can be expressed as:

amðzÞ ¼ aðþÞm ðzÞ þ að�Þm ðzÞ ¼ cðþÞm ðzÞeibmz þ cð�Þm ðzÞe�ibmz

bmðzÞ ¼ aðþÞm ðzÞ � að�Þm ðzÞ ¼ cðþÞm ðzÞeibmz � cð�Þm ðzÞe�ibmz
ð4:20Þ

Where cð�Þm is the amplitude for the waves propagating in forward (þ) or or
backward (-) direction. Here, it is evident that the relative direction of the
magnetic field over the electric field of a mode is reversed when the propagation
direction is reversed in an ideal waveguide as seen in Fig. 4.2.

By substituting Eq. (4.20) into Eq. (4.18), we obtain

o

oz
aðþÞm ðzÞ þ að�Þm ðzÞ
� �

� ibm aðþÞm ðzÞ þ að�Þm ðzÞ
� �

¼ 2
X1
l¼0

aðþÞl ðzÞ þ að�Þl ðzÞ
� �

Km;lðzÞ

o

oz
aðþÞm ðzÞ � að�Þm ðzÞ
� �

� ibm aðþÞm ðzÞ � að�Þm ðzÞ
� �

¼ 2
X1
l¼0

aðþÞl ðzÞ � að�Þl ðzÞ
� �

Cm;lðzÞ
ð4:21Þ

By taking the sum or the difference in Eq. (4.21), we obtain

(a) (b)Fig. 4.2 Direction of
pointing vector (~S ¼ ~E � ~H)
propagating (a) forward z-
direction or (b) backward
-z-direction
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oaðþÞm ðzÞ
oz

� ibmaðþÞm ðzÞ ¼
X1
l¼0

aðþÞl ðzÞ Km;lðzÞ þ Cm;lðzÞ
� �

þ
X1
l¼0

að�Þl ðzÞ Km;lðzÞ � Cm;lðzÞ
� �

oað�Þm ðzÞ
oz

þ ibmað�Þm ðzÞ ¼
X1
l¼0

aðþÞl ðzÞ �Km;lðzÞ þ Cm;lðzÞ
� �

þ
X1
l¼0

að�Þl ðzÞ �Km;lðzÞ � Cm;lðzÞ
� �

ð4:22Þ

By using Eq. (4.20), we can get the mode equations for the slowly varying

factors cð�Þm as
ocðþÞm ðzÞ

oz ¼
P1
l¼0

Km;lðzÞ þ Cm;lðzÞ
� �

cðþÞl ðzÞeiðbl�bmÞz þ
P1
l¼0

Km;lðzÞ � Cm;lðzÞ
� �

cð�Þl ðzÞeð�ibl�bmÞz

ocð�Þm ðzÞ
oz e�ibmz ¼

P1
l¼0
�Km;lðzÞ þ Cm;lðzÞ
� �

cðþÞl ðzÞeiðblþbmÞz þ
P1
l¼0
�Km;lðzÞ � Cm;lðzÞ
� �

cð�Þl ðzÞeð�iblþibmÞz

ð4:23Þ

To simplify the expression, we define the coupling coefficient as:

vðp;qÞm;l ðzÞ ¼ pKm;lðzÞ þ qCm;lðzÞ

¼ ixe0

4P

Z
n2ð~rÞ � n2

0ðx; yÞ
� �

� p
bmj j
bm

~E�m;tðx; yÞ �~El;tðx; yÞ þ q
bmj j
b�m

n2
0ðx; yÞ
n2ð~rÞ

~E�m;zðx; yÞ �~El;zðx; yÞ
� �� �

da

ð4:24Þ

where p; q ¼ �. Then we will finally obtain the coupled mode equation for cð�Þm as

ocðþÞm ðzÞ
oz

¼
X1
l¼0

vðþ;þÞm;l cðþÞl ðzÞeiðbl�bmÞz þ
X1
l¼0

vðþ;�Þm;l cð�Þl ðzÞeð�ibl�bmÞz

ocð�Þm ðzÞ
oz

¼
X1
l¼0

vð�;þÞm;l cðþÞl ðzÞeiðblþbmÞz þ
X1
l¼0

vð�;�Þm;l cð�Þl ðzÞeð�iblþibmÞz
ð4:25Þ

From Eq. (4.25), we can obtain the coupling mode equation for FBGs and LPGs
by considering the refractive index profile of the perturbed waveguide nð~rÞas:

nð~rÞ ¼ n0ðx; yÞ þ Dnð~rÞ ð4:26Þ

If the perturbation is small such that Dn� n0, we can approximate Eq. (4.26)
as since Dn2 ! 0:

n2ð~rÞ � n2
0ðx; yÞ þ 2n0ðx; yÞDnð~rÞ: ð4:27Þ

In conventional waveguides, most of lower guided modes have small propa-
gating angles. Therefore the amplitude of the longitudinal field in the z-direction is
much smaller than that of the transverse field in the x- and y-direction. Therefore,
we can conclude:
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~Et

�� ��	 ~Ez

�� ��
~Ht

�� ��	 ~Hz

�� ��
Km;lðzÞ
�� ��	 Cm;lðzÞ

�� �� ð4:28Þ

Then, the coupling constant can be modified as

vðp;qÞm;l ðzÞ ¼ pKm;lðzÞ þ qCm;lðzÞ � pKm;lðzÞ

¼ p
ixe0

4P

ZZ
2n0ðx; yÞDnð~rÞ~E�m;tðx; yÞ �~El;tðx; yÞda ð4:29Þ

By considering that the index perturbation is uniformly induced across the cross
sectional area of the waveguide in the z-direction but restricted in a localized area,
Eq. (4.29) can be written as:

Km;lðzÞ ¼ i2DnðzÞXm;l

Xm;l ¼
ixe0

4P

ZZ
2n0ðx; yÞDnð r!ÞE�m;tðx; yÞ � E

!
l;tðx; yÞda

ð4:30Þ

where Xm;l ¼ X�
m;l

. Therefore, Xm;l is real in general.
For the case of fiber gratings, the index perturbation can be written as

DnðzÞ ¼ DndcðzÞ þ DndcðzÞCos Kzþ UðzÞð Þ ð4:31Þ

where DndcðzÞ is a slowly varying DC part (* average index variation) and
DnacðzÞ is the rapidly varying AC part with a small phase variation, UðzÞ.

4.1.1 LPG: Co-Directional Coupling with Sinusoidal
Perturbation

From Eqs. (4.25) and (4.30), the coupled equations for the co-directional case can
be written as:

ocðþÞm ðzÞ
oz

¼
X1
l¼0

vðþ;þÞml ðzÞeiðbl�bmÞz � 2iDnðzÞ
X1
l¼0

XðþÞml cðþÞl ðzÞeiðbl�bmÞz ð4:32Þ

By inserting the periodic variation of Eq. (4.31) and decomposing it with self
coupling terms and cross coupling terms, we obtain:

ocðþÞm ðzÞ
oz

¼2i DndcðzÞ þ DnacðzÞ cos Kzþ UðzÞð Þ½ 
XðþÞm;mcðþÞm ðzÞ

þ2i DndcðzÞ þ DnacðzÞ cos Kzþ UðzÞð Þ½ 

X
l6¼m

XðþÞml cðþÞl ðzÞeiðbl�bmÞz
; ð4:33Þ

The cosine function can expressed in terms of exponential functions:
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cos Kzþ UðzÞð Þ ¼ 1
2

ei/ðzÞeiKz þ e�i/ðzÞe�iKz
� �

ð4:34Þ

Substituting Eq. (4.34) into Eq. (4.35) gives

ocðþÞm ðzÞ
oz

¼ 2iDndcðzÞXðþÞm;mcðþÞm ðzÞ

þ iDnacðzÞei/ðzÞXðþÞm;mcðþÞm ðzÞeiKz

þ iDnacðzÞe�i/ðzÞXðþÞm;mcðþÞm ðzÞe�iKz

þ 2iDndcðzÞ
X
l 6¼m

XðþÞm;l cðþÞl ðzÞeiðbl�bmÞz

þ iDnacðzÞei/ðzÞ
X
l 6¼m

XðþÞm;l cðþÞl ðzÞeiðbl�bmþKÞz

þ iDnacðzÞe�i/ðzÞ
X
l 6¼m

XðþÞm;l cðþÞl ðzÞeiðbl�bm�KÞz

ð4:35Þ

Since each cm is the slowly varying modal amplitude, the effect made by the
rapidly varying (or oscillating) terms in the above equation can be neglected in
most cases. Also for simplicity let’s only consider the mode coupling between the
core and the co-propagating cladding modes in a single-mode fiber, therefore:

cðþÞm ¼ ccore; c
m
caddðfor v ¼ 1; 2; 3; 4; . . .Þ ð4:36Þ

The effective index of the core mode is greater than that of the cladding modes
(bcore [ bm

clad for any cladding of mode order, m). The grating contains many
periods within the length of the grating, d. Then, we can get Kd 	 1, with
K ¼ 2p=K, K is the grating period. The mode spacing of the cladding modes is
wide enough or/and the length of the grating is long enough to satisfy:

bm
clad � bmþ1

clad

� �
d 	 1 ð4:37Þ

The coupling coefficient between cladding modes is extremely small. The terms
with the following phase factors in Eq. (4.35) can be sufficiently small to be
neglected;

eiKz; e�iKz; ei bcore�bm
cladð Þz ð4:38Þ

Therefore, only three terms (one self term and two sets of cross terms) are
remained;
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ocðþÞm zð Þ
oz

� 2iDndc zð ÞXðþÞmm cðþÞm zð Þ

þ iDnac zð ÞseiUðzÞ
X
l 6¼m

XðþÞml cðþÞl zð Þei bl�bmþKð Þz

þ iDnac zð Þe�iUðzÞ
X
l 6¼m

XðþÞml cðþÞl zð Þei bl�bm�Kð Þz;

ð4:39Þ

Decomposing Eq. (4.39) (when the left side is the core mode), we can obtain
the coupled core mode with a certain mode order (m) as:

occore zð Þ
oz

� 2iDndc zð ÞXðþÞcore;coreccore zð Þ

þ iDnac zð ÞeiUðzÞ
X

m

XðþÞcore;mc
m
clad zð Þei bm

clad�bcoreþKð Þz

þ iDnac zð Þe�iUðzÞ
X

m

XðþÞcore;mc
m
clad zð Þei bm

clad�bcore�Kð Þz

ð4:40Þ

In the 2-nd term, the phase factor can be vanished only for one cladding mode
that satisfies the phase matching condition defined as

Db � bcore � bm
clad � K ! 0 ð4:41Þ

Then we can obtain the expression for the phase matching condition for the
LPG as

kp ¼ Kðncore � nm
cladÞ ð4:42Þ

Note that for a given waveguide, the order of cladding mode mð Þ for the mode
coupling is determined (or selected) by the amount of K. The phase of the last term
of Eq. (4.40) is typically sufficiently small enough to be neglected, therefore Eq.
(4.40) can be written as:

occore zð Þ
oz

� 2iDndc zð ÞXðþÞcore;coreccore zð Þ þ iDnac zð ÞeiUðzÞXðþÞcore;mc
m
clad zð Þe�iDbz ð4:43Þ

By using the same procedure, the coupling mode equation can be obtained as

ocm
cladðzÞ
oz

� 2iDndcðzÞXðþÞm;m cm
cladðzÞ þ iDnacðzÞe�iUðzÞXðþÞm;coreccoreðzÞeiDbz; ð4:44Þ

By defining the coupling constant j as

jco
dc � 2DndcX

ðþÞ
core;core and jcl

dc � 2DndcX
ðþÞ
m;m

j ¼ jac � DnacX
ðþÞ
core;m; Then, DnacX

ðþÞ
m;core ¼ j�ac � j�
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And re-defining the mode indexing as

A ¼ AðzÞ � ccoreðzÞ Core mode amplitude slowly varyingð Þ

B ¼ BðzÞ � cm
cladðzÞ Cladding mode amplitude slowly varyingð Þ

Then, the coupled mode equation becomes

A0 ¼ ijco
dcAþ ijacBe�iDbz ð4:45Þ

B0 ¼ ij�acAeþiDbz þ ijcl
dcB ð4:46Þ

In a matrix form, it can be written as:

AðzÞ0

BðzÞ0

" #
¼ i

jco
dc jace�iDbz

j�aceþiDbz jcl
dc

" #
AðzÞ
BðzÞ

	 

ð4:47Þ

The solution of the coupled-mode equation of two co-propagating modes is
then given by

AðzÞ

BðzÞ

" #
¼ ei

bcoþbm
cl

2 z
cos szþ i Db

2s sin sz
� �

eiK2z i j
s eiK2z sin sz

i j�
s e�iK2z sin sz cos sz� i Db

2s sin sz
� �

e�iK2z

2
4

3
5 Að0Þ

Bð0Þ

" #

ð4:48Þ

where s is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Db
2

� �2
þ jj�

r
�

4.1.2 FPG: Co-Directional Coupling with Sinusoidal
Perturbation

A core mode can be coupled to a counter propagating mode by a periodic index
perturbation that exists in FBGs. Since single- mode fibers have only one core

mode with a mode order l, only cð�Þ1 modes are possibly confined. Thus, from Eq.
(4.25) we can obtain:

ocðþÞ1 ðzÞ
oz

¼ vðþ;þÞ11 ðzÞcðþÞ1 ðzÞeiðb1�b1Þz þ vðþ;�Þ11 ðzÞcð�Þ1 ðzÞeið�b1�b1Þz ð4:49Þ

ocð�Þm ðzÞ
oz

¼ vð�;þÞm1 ðzÞcðþÞ1 ðzÞeiðb1þb1Þz þ vð�;�Þm1 ðzÞcð�Þ1 ðzÞeið�b1þbmÞz ð4:50Þ

Since the mode order m becomes 1 in the FBG, Eqs. 4.48 and 4.49 become

ocðþÞ1 ðzÞ
oz

¼ vðþ;þÞ11 ðzÞcðþÞ1 ðzÞ þ vðþ;�Þ11 ðzÞcð�Þ1 ðzÞe�2ib1z ð4:51Þ
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ocð�Þ1 ðzÞ
oz

¼ vð�;þÞ11 ðzÞcðþÞ1 ðzÞeþ2ib1z þ vð�;�Þ11 ðzÞcð�Þ1 ðzÞ ð4:52Þ

Using the new coupling coefficient defined in Eq. (4.30) yields

vðp;qÞ11 ðzÞ � i2DnðzÞXp
11 ¼ pi2DnðzÞX11 ð4:53Þ

Xp
11 � p

xe0

4P

b1j j
b1

ZZ
pert

n0ðx; yÞE�1tðx; yÞ � E1tðx; yÞdxdy ð4:54Þ

� p
xe0

4P

b1j j
b1

ZZ
pert

n0ðx; yÞ E1tðx; yÞj j2dxdy; ð4:55Þ

with Xð�Þ11 ¼ �XðþÞ11 . The coupling intensity is proportional to the intensity of E
field of the core mode. With the sinusoidal index variation of Eq. (4.31), we have:

ocðþÞ1 ðzÞ
oz

¼ 2iDndcðzÞXðþÞ11 cðþÞ1 ðzÞ

þ iDnacðzÞXðþÞ11 cð�Þ1 ðzÞ e�iUðzÞeið�2b1�KÞz þ eiUðzÞeið�2b1þKÞz
h i

ð4:56Þ

ocð�Þ1 ðzÞ
oz

¼ iDnacðzÞXð�Þ11 cðþÞ1 ðzÞ e�iUðzÞeið2b1�KÞz þ eiUðzÞeið2b1þKÞz
h i

þ 2iDndcðzÞXð�Þ11 cð�Þ1 ðzÞ ð4:57Þ

The terms having phases of e�iKz and e�i2b1 can be sufficiently small to be
neglected. The coupling factors of the core mode to other co-directional modes
were also removed for a single core fiber. Only the terms having small phase
factors dominates the coupling that is Db � 2bcore �K! 0.

Then we obtain the expression for the phase matching condition for the FBG as

kp ¼ 2ncoreK ð4:58Þ

For the case of a uniform grating (UðzÞ ¼ 0), we can write the coupled mode
equation for the FBG as:

ocðþÞ1 ðzÞ
oz

¼ 2iDndcðzÞXðþÞ11 cðþÞ1 ðzÞ þ iDnacðzÞXðþÞ11 cð�Þ1 ðzÞe�iDbz ð4:59Þ

ocð�Þ1 ðzÞ
oz

¼ iDnacðzÞXð�Þ11 cðþÞ1 ðzÞeþiDbz þ 2iDndcðzÞXð�Þ11 cð�Þ1 ðzÞ ð4:60Þ

Here the coupling constantjand the mode indexing can be defined as

jdcðzÞ � 2DndcðzÞXðþÞ11

jacðzÞ � DnacðzÞXðþÞ11
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A ¼ AðzÞ � cðþÞ1 ðzÞ

B ¼ BðzÞ � cð�Þ1 ðzÞ

by using the relationship of Xð�Þ11 ¼ �XðþÞ11 , we have the coupled mode equations
for two counter-propagating modes as

oAðzÞ
oz
¼ ijdcðzÞAðzÞ þ ijacðzÞBðzÞeiDbz ð4:61Þ

oBðzÞ
oz
¼ �ij�acðzÞAðzÞe�iDbz � ijdcðzÞBðzÞ ð4:62Þ

with Db � 2bcore � K

This can be written in a matrix form as:

AðzÞ0

BðzÞ0

" #
¼ i

jdc jace�iDbz

�j�aceþiDbz �jdc

	 
 AðzÞ

BðzÞ

" #
ð4:63Þ

The solution of the coupled-mode equation of two counter propagating modes
is given by

AðzÞ

BðzÞ

" #
¼

cosh szþ i Db
2s sinh sz

� �
eiK2z i j

s eiK2z sinh sz

�i j�
s e�iK

2z sinh sz cosh sz� i Db
2s sinh sz

� �
e�iK

2z

2
4

3
5 Að0Þ

Bð0Þ

" #
ð4:64Þ

where s is

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jj � � Db

2

� �2
r

.

4.2 Application I: Optical Delay Control

Chirped FBGs can be used to precisely control the optical delay and this can be
used for applications in telecommunication, fiber-optic sensors, microwave pho-
tonics, and bio-imaging. Chirped fiber Bragg gratings (CFBGs) have been used for
dispersion compensating devices due to their fiber compatibility, polarization
insensitivity, low nonlinearity, low loss and so on [6]. By compensating dispersion
in optical systems, high quality optical signal transmission was realized [7, 8].
Multiple elements photonic microwave true-time delay beam-forming based on the
chirped FBGs was achieved [9]. High speed and real time optical imaging tech-
nique was also obtained by using chirped FBGs [10]. The most important property
of the chirped FBGs is that it can control the optical delay time without center
wavelength shift. A simple and convenient method to control the optical delay
time is to exploit a symmetrical bending apparatus [11]. When the linear strain like
the tension or compression strain is induced along the length of a fiber grating, the
resonant wavelength is shifted into the longer and shorter wavelength,

102 Y.-G. Han



respectively, Consequently, the chirp ratio of uniform FBG is changed by the
tension and compression strain induced by the symmetrical bending, but the center
wavelength is not changed because the effect of tension and compression strain on
the center wavelength shift should be compensated mutually. Therefore, the group
delay and dispersion can be controlled without the center wavelength shift.

Figures 4.3a and b show the experimental scheme and the photograph for the
symmetrical bending apparatus, respectively, to control the optical delay time with
a uniform FBG [11]. The sophisticated fiber bending can induce symmetrically
linear strains gradient in the center of the uniform FBG. It consists of two trans-
lation stages with gears, a sawtooth wheel, two pivots, a micrometer, and two
cantilever beam holder. Opposite movement of two translation stages with gears
converts the linear motion of translation stage into the rotary motion of sawtooth
wheel. Figure 4.3c shows the induction principle of tension and compression strain
along the uniform FBG depending on the bending direction. When the left
translation stage is moved forward by the micrometer, its gear rotates the sawtooth
wheel and the right translation stage is moved backward by the rotary motion of
the sawtooth wheel. As two translation stages are moved oppositely by the
interaction between two gears and a sawtooth wheel, the position of two pivots on
two translation stages is changed oppositely, which induces the symmetrical
bending along the flexible cantilever beam. Consequently the tension and com-
pression strain along the uniform FBG through the symmetrically curved canti-
lever beam corresponding to the bending direction can be induced. Therefore, the
optical time delay of the uniform FBG can be effectively controlled by inducing
the tension and compression strain at each side of the FBG without the center
wavelength shift.

(b)

(c)

Cantilever
beam

Uniform FBGs

Moving pivot

Tension

Compression

Tension

Compression

(a)

Fig. 4.3 a Schematic of a chromatic dispersion controller with a uniform FBG. b Photograph of
the fabricated bending apparatus. c Symmetrical bending scheme based on two moving stage.
Tension and compression strain depending on the bending direction can be induced [11]
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The flexible cantilever beam is made of a spring steel with the high resistance
against fatigue and corrosion. The uniform FBG was carefully attached to the
cantilever beam using the UV curable epoxy to reduce the phase error along the
fiber grating due to the microbending, which can induce additional phase error.
The uniform FBG was apodized by using the Blackman profile to reduce the
sidelobes and the group delay ripple [7].

Figure 4.4 shows the experimentally obtained reflection spectra of the uniform
FBG as a function of the variations in the moving distance of the translation stage.
As the micrometer moves, the bending curve along the cantilever beam becomes
larger and this increases the amount of tension and compression strain corre-
sponding to the bending direction. A large amount of strain gradient changes the
chirp ratio along the uniform FBG and consequently makes its bandwidth be broad
without the center wavelength shift.

Figures 4.5a and b show the measured group delay and the measured group
velocity dispersion of the uniform FBG with the variation of the translation stage.
When the left translation stage was changed, the dispersion of CFBG was con-
trolled in the range from 312.6 ps/nm to 35.9 ps/nm. The small difference between
two results may be caused by the imperfection in the fabrication of the grating or
in curing process and coating material. The group delay ripple and the amplitude
of group delay ripple were successfully reduced, which was measured to be less
than *±5 ps over the whole dispersion tuning range. Since the uniform FBG
apodized by the Blackman profile was utilized, the stitching error induced by the
imperfection of the phase mask could be removed and the group delay ripple could
be suppressed. It is obvious that the uniform FBG is more effective for achieving
tunable chromatic dispersion control compared to using the chirped FBG.

Compared to FBGs, LPGs have an advantage of being able to be mass produced
due to their large periodicity and the nature of amplitude masks [1]. Therefore,
LPGs have potential for various applications, for example, gain flattening of
erbium doped fiber amplifier (EDFA), band-rejection filters [1]. Additionally,
LPGs is attracting interest for applications in sensing strain and temperature due to
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its high sensitivity to these parameters [2]. LPGs are usually fabricated with the
amplitude mask method or the point-by-point method. Based on these methods,
several techniques have been developed for fabrication of the LPGs: (1) irradiation
of UV laser beam on hydrogen-loaded GeO2-doped fibers with the photosensitivity
effect [1]; (2) periodic relaxation of residual stress with CO2 laser [12, 13]; (3)
periodic physical deformation of the core with electric arc, CO2 laser, and flame
[14–16]; (4) microbending with electric arc [17]; and (5) thermal diffusion in
nitrogen-doped silica-core fiber with electric arc or CO2 laser [18]. Several
mechanisms, e.g., color center model [19] and residual stress relief model [20],
have been proposed for explanation of the refractive index change.

It is possible to realize the true time delay based on the cascaded LPGs [21]. As
seen in Fig. 4.6, the interference pattern resulting from the interaction between the
core and the cladding modes in two identical LPGs must be generated [22]. Optical
properties of the cascaded LPGs, such as peak spacing, bandwidth, and the number
of peaks, are controlled by changing physical parameter, such as the length of a
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Fig. 4.6 a Operating principle of the cascaded LPFG resulting in the interference between the
core and cladding modes. (b) transmission spectra of the cascaded LPGs with different separation
distances [22]
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LPG, the separation distance between two LPGs, the number of LPGs [22]. The
differential group delay (Ds) in the cascaded LPGs can be derived by [21]

Ds ¼ 1
c
ðnCo � nm

Cl � k
d

dk
ðnCo � nm

ClÞÞ; ð4:65Þ

where c is the light velocity and nCo and nm
Cl are effective indices of the core and the

cladding modes, respectively. m is the cladding mode order. If a single pulse in time
domain propagates along the cascaded LPGs, the first LPG divides a single pulse
into several pulses, which have different delays. Since the effective index of the
cladding is lower than that of the core, the optical pulse in the cladding mode
propagates faster than that in the core mode. As seen in Eq. (4.65), it is clearly
obvious that the amount of Ds is dominantly determined by the differential effective
group index between the core and the cladding modes in a single-mode fiber.
However, the optical time delay induced by the cascaded LPGs is very short
(*11.8 ps/m [21]) because of the small difference of the effective refractive indices.

4.3 Application II: Mechanical Sensors

Fiber gratings, in general, have high sensitivity to external perturbation such as
temperature, strain and bending, which have also led to much interest for sensing
applications [2]. The liquid level sensor based on phase shifting of LPGs induced
by the ambient refractive index was reported [23, 24] and the application of the
peak splitting of LPGs to bend sensors was reported [25, 26]. These sensors,
however, have limitations, such as concurrent sensitivities to multiple perturba-
tions; e.g., strain and temperature or bending and temperature. Versatile methods
of discriminating two coexisting sensitivities have been proposed, including
combination of two fiber Bragg gratings (FBGs) with different cladding diameter
[27] FBG-based practical sensors including a supplementary bending cantilever
beam were proposed as a promising solution for another simultaneous measure-
ment of pressure and temperature [28] and for measuring displacement and tem-
perature [29]. A single sampled chirped FBG (CFBG) embedded on a flexible
cantilever beam is capable of discriminating bending and temperature sensitivities
[30]. The sampled CFBG has multiple resonant peaks corresponding to the chirp
ratio and the number of grating samples. Figure 4.7(a) and 4.7(b) show the scheme
for the sensing probe and the transmission spectrum of a sampled CFBG
embedded on a cantilever beam for simultaneous measurement of bending and
temperature. The sampled CFBG was fabricated after exposing a photosensitive
fiber to a 244 nm Arþ laser beam through a chirped phase mask. The UV laser
was periodically opened and closed by using a shutter to modulate the amplitude
of the UV-induced refractive index resulting in the formation of the sampled
CFBG. Then the sampled CFBG was carefully attached to the cantilever beam by
using the UV curable epoxy [30].
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When the external bending is applied to the sampled CFBG, the wavelength
spacing of the sampled CFBG is changed because the compressive strain gradient
induced by the bending of the cantilever beam modifies the chirp ratio of the
chirped FBG. However, the wavelength spacing of the fiber grating is not changed
by the applied temperature because the chirp ratio of the sampled CFBG is not
changed by variation in temperature. The multiple resonant wavelengths, however,
are only shifted into the longer wavelength due to the positive thermal expansion
and optic coefficients of the fiber grating [30].

Figure 4.8a shows the transmission spectra of the sampled CFBG with varia-
tions in the bending curvature. Since the compression strain gradient induced by
the bending reduces the chirp ratio of the sampled CFBG, the wavelength spacing
diminishes as the bending curvature increases. It should be manifest that the
multiple resonant peaks also shift into the shorter wavelength due to the com-
pression strain along the sampled CFBG [30].

Figure 4.9(a) shows the transmission spectra of the sampled CFBG as the
applied temperature changes. Figuress 4.9(b) and 4.9(c) show the multiple
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Fig. 4.7 a Scheme for the sensing probe based on a sampled CFBG embedded on a cantilever
beam for simultaneous measurement of bending and temperature. b Transmission spectrum of the
sampled CFBG [30]
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Fig. 4.8 a Transmission spectra of the sampled CFBG. b Wavelength spacing change as a
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resonant wavelength shifts and the wavelength spacing change as a function of
temperature, respectively. All of multiple resonant wavelengths were shifted into
the longer wavelength due to the positive thermal expansion and optic coefficient
of the photosensitive fiber with high concentration of germanium. The wavelength
spacing, however, was not changed by the applied temperature because of the
independence of the chirp ratio on the ambient temperature variation [30].

In general, the cladding modes coupled from the core mode in the LPGs is
directly interfaced with external environment. It means that the LPGs have higher
sensitivity to the external perturbation than FBGs in terms of temperature sensi-
tivity. The temperature sensitivity of LPGs is changed by controlling the doping
concentrations of GeO2 and B2O3 in the core region. The deviation of the wave-
guide property due to temperature variation (dK/dT) is negligible compared to that
of the material property (dn/dT), and the temperature dependence of the resonance
peak wavelength can be written as [31]

dk
dtT
� K

dnCo

dT
� dnm

Cl

dT

� �
ð4:66Þ

It is obvious that the temperature sensitivity of the LPG can be controlled by
adjusting dopants, such as B2O3 with negative thermal property. For example, the
temperature sensitivity can be decreased by increasing the doping concentration of
B2O3 in the core. On the other hand, the temperature sensitivity can be positively
enhanced by doping B2O3 in the inner cladding [31].

Two kinds of single-mode fibers with similar properties except the doping
concentrations of GeO2 and B2O3 were exploited to fabricate LPGs with UV
excimer laser. The physical parameters of the two fibers are: core diame-
ter = 3.6 lm and 3.8 lm, relative index difference = 1.0 % and 0.8 %, cut off
wavelength = 960 nm and 910 nm. The cladding diameter is 125 lm for both. The
length and the period of the LPG were 1.17 mJ/mm2, 2 cm, and 400 lm, respec-
tively. The temperature and strain sensitivities of two LPGs for several cladding
mode orders (m) were then measured, and the measurement results are shown in
Table 4.1. LPG1 and LPG2 have positive and negative temperature sensitivities,
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respectively. The data also indicates that the temperature and strain sensitivities of
LPG1 and LPG2 vary with the cladding mode order. The strain sensitivity of LPGs
depends on the strain-optic coefficient, grating period K, and the cladding mode
order [2]. In previous reports, it was shown that the strain sensitivity of LPG
increases with the cladding mode order [2]. The strain sensitivity of the HE1,5 mode
in LPG1 was similar to that of the HE1,4 mode in LPG2 and their temperature
sensitivities were opposite in sign. This property makes it possible to discriminate
between the temperature and strain effects simultaneously [31].

Figure 4.10a shows the simple structure of the sensing probe based on dual
LPGs for simultaneous measurement of strain and temperature. A cladding mode
stripper between the two gratings is required to remove the interference pattern
because the cladding modes coupled from the core mode by the first LPG can
interfere with the core mode again in the second LPG. After fabricating LPG1, we
tried to make LPG2 such that the resonance wavelength coincides with the main
resonant wavelength of LPG1. To simply the sensing signal interrogation, peak
separation and shifting of two LPGs with different temperature sensitivities and the
same strain sensitivites were exploited. First of all, Two LPGs with positive and
negative temperature sensitivities were fabricated to induce the peak separation
with variations in temperature. Two LPGs, however, had similar strain sensitivity
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Fig. 4.10 a Scheme for the sensing probe based on two LPGs with similar strain sensitivities for
the simultaneous measurement of strain and temperature. b Evolution of the transmission
characteristics of two LPGs during the grating formation. [31]

Table 4.1 Temperature and strain sensitivities of LPG1 and LPG2 with the cladding mode order
(m) [31]

LPG1 LPG2

HE1,3 HE1,4 HE1,5 HE1,3 HE1,4 HE1,5

Wavelength [nm] 1217.27 1303.13 1488.86 1393.52 1488.86 1681.35
dk/dT [nm/ �C] 0.06 0.07 0.10 -0.57 -0.59 -0.65
dk/de nm/lstrain] 0.41 0.42 0.46 0.43 0.46 0.51
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so that resonant peak shift could be obtained with variations in strain. Since the
temperature sensitivities of two LPGs are opposite in sign while the strain sen-
sitivities are about the same, the resonant peak separation and shift should be
induced as the external temperature and strain change, respectively. This allows
unambiguous and simultaneous measurement of temperature and strain. The total
loss including the splicing loss and the loss due to the mode mismatch was less
than 0.1 dB. The overall length of the device is about 5 cm. Figure 4.10b shows
the transmission characteristics of LPGs with the overlapped resonant wavelength.
The circles show the resonant peaks of LPG2. In general, the core mode (HE1,1)
can be coupled to several cladding modes (HE1,m) of LPGs [1] and the multi-
resonant peaks appears in the transmission spectrum as seen in Fig. 4.10b (the
dashed line). After fabricating LPG1, we measured the variation of the trans-
mission spectra of the two gratings during the grating formation of LPG2. The
resonant wavelength of LPG2 shifted to longer wavelength due to increase of the
average index during the grating formation and finally overlapped with that of
LPG1 as shown in Fig. 4.10b (the gray line). The resonant wavelength of HE1,4 of
LPG2 overlapped with that of HE1,5 of LPG1, which has similar strain sensitivity
and opposite temperature sensitivity. The overlapped wavelength makes it easier
to measure the strain and temperature sensitivity with a single light source since
we need to detect only one wavelength. All of the resonant peaks of two LPGs
cannot be made to overlap consistently due to different photo-induced refractive
index changes with the cladding mode order during the grating formation

Figure 4.11 shows the peak separation of the sensing probe as a function of
temperature. The transmission characteristics of LPGs with the temperature
change were shown in the inset. The peak separation was induced as the tem-
perature increased because of the opposite temperature sensitivities of the two
LPGs. Since the negative temperature sensitivity of LPG2 was larger in magnitude
than the positive sensitivity of LPG1, the shift of the resonant peak to the left was
larger than to the right. The temperature sensitivity of the sensing probe was
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estimated as 0.69 nm/oC. Figure 4.12 shows the dependence of LPGs on the strain
change and the transmission characteristics are shown in the inset. Since the two
LPGs have similar strain sensitivity (*0.46 nm/lstrain), the resonant wavelength
shifted to the longer wavelength with the strain change. The measured strain
sensitivity was 0.46 nm/lstrain.

4.4 Application III: Bio Sensors

Biosensors, including biomarker detection for medical diagnostics, and pathogen
and toxin detection in food and water, have been attracting much attention. In
general, since conventional biosensors have exploited a flouro-immunoassay
method,.it is necessary to utilize the fluorescence labeling of the antigen or target
DNA, which always requires additional reagents [32]. It means that the ordinary
biosensors have many drawbacks, such as a high cost and the complicated and
real-time detection configurations. To overcome these disadvantages, many
methods have been applied to develop label-free detection biosensors [33, 34]. In
particular, there has been much interest in fiber optic biosensors have been the
promising techniques to realize high quality, label-free detection because of their
various advantages, such as high sensitivity, fast detection speed, small size,
variable and multiple detection of biosamples. A variety of biosensing techniques
based on the fiber-optic surface plasmon resonance (SPR) phenomenon have been
proposed [33, 35, 36]. In the case of the SPR biosensors, however, it is necessary
to precisely design and fabricate the SPR biosensors because the SPR properties
are highly sensitive to the metal contents, its thickness, and bio-molecules.
Recently, biosensors based on fiber gratings have been widely investigated
[37–41]. Most of fiber-grating-based biosensors have utilized long period gratings
(LPGs) tuwith radiation mode coupling at resonance wavelengths that are very
sensitive to the variation of the external medium [42]. To improve the sensitivity
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Fig. 4.12 Peak shift as a
function of strain.
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sensing probe with variations
in strain were shown in the
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of LPG-based biosensors, several methods, such as colloidal gold modified LPGs
[39], LPGs with the etched cladding, [40], and LPGs with the nanostructured
overlayer [41] have been proposed. However, these methods are disadvantageous
because of the complicated and hazardous procedure, and the requirement of
additional materials. A new, sensitive DNA biosensor based on a surface LPG
inscribed on the surface of a side-polished fiber has been recently reported [43].

To fabricate a surface LPG, a single-mode fiber (SMF) was fixed by using an
UV curable epoxy (NOA81) on a quartz block and ground down roughly on a
brass plate by using an Al2O3 powder. The thickness of the cladding region was
determined by measuring the transmission loss induced by the surface roughness
[44]. Then, the roughly polised-SMF was polished again on a polyurethane plate
by using a CeO2 powder to reduce the surface roughness. After all polishing
processes, the slurry on the flat surface should be removed by using an ultrasonic
cleaning technique with de-ionized water and was dried at a temperature of 100OC
for 10 min. The photoresist (PR, Az4210) was coated on the surface of a D-shaped
fiber by using a spin coater. Then, all samples were soft-baked in a thermal oven
for 30 min at 90O C to remove some mixed solvent from the PR. In order to
induce periodic surface gratings, the side-polished SMF with the PR coating was
exposed to an UV lamp or an UV laser through a shadow long-period mask and
developed by using a specific developer (Az400 k 1:3.5. Finally the periodic
structure of the PR overlay on the surface of the side-polished fiber was periodi-
cally could be formed, which was a surface LPG. To stabilize the properties of the
surface LPG, the post-baking process should be taken. Figures 4.13a and b show
the scheme of the surface LPG and its microscope, respectively.

Since the refractive index of the PR-LPG overlay is higher than that of the core
mode in the SMF, it couples the core mode to leaky modes excited by the surface
PR-LPGs. When the effective index of the mth leaky mode is matched with
the effective index (neff) of the core mode in the PCF, resonant coupling between
the PCF and the surface PR-LPGs occurs. The resonant wavelength (km) can be
written as [45–47]:

km ¼
2d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn2

g � ðneff Þ
2Þ

q
mþ u

; ð4:67Þ

(a) (b)Λ

Fig. 4.13 a Scheme of the surface LPG. b Microscope image of the surface LPG [44]
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where d and ng are the thickness and the refractive index of the surface grating
overlay, respectively. The phase change, u, associated with external index change
can be expressed by [45–47]

u ¼ tan�1n
ðn2

eg � n2
extÞ

1
2

ðn2
g � n2

egÞ
1
2

; ð4:68Þ

where n is a polarization dependent constant. next is an external refractive index.
n can be determined by the polarization states [45–47]. It is clearly evident that
external refractive index (next) diminishes the amount of phase shift (u), which
contributes to the resonant wavelength shift to longer wavelengths [463-48].

Figure 4.14(a) shows the transmission spectrum of the surface LPG. The three
different dips in the transmission spectrum indicate three different resonance
wavelengths where a fundamental core mode couples to three leaky modes, p, q
and r (named for convenience), in the surface LPG. Because the effective index of
a high order leaky mode is smaller than a low order mode, the mode number of the
r mode should be higher than that of the q mode and the resonant peak of the r
mode should be appeared in a longer wavelength than other two modes. The
biggest dip in Fig. 4.14a indicates that strong coupling occurred in the surface
LPG between the fundamental core mode and higher mode order. Note that the
resonance wavelengths, corresponding to the r and q modes, are changed with
variations in the refractive indices of an external medium which are shown in
Fig. 4.14b. As refractive index was increased, the resonant wavelengths shifted to
a longer wavelength. When the refractive index was changed in a range from 1.333
to 1.454, the amount of resonance wavelength shifts for the q and r modes (as seen
in Figs. 4.14b and c, respectively) were 84.4 nm and 110 nm towards a longer
wavelength, respectively. The corresponding sensitivities were estimated to be
607.2 nm/RIU and 909.1 nm/RIU for the q and r modes, respectively. In this case,
the resolutions of the biosensor were 1.6 9 10 - 5 and 1.1 9 10 - 5 RIU for the
q and r modes, respectively. It is obvious that the r mode has higher sensitivity
than the q mode because the higher order modes have higher sensitivity than the
low order ones [2, 31].

Fig. 4.14 (a) Transmission spectrum of the LPG, (b) resonance wavelengths of he q mode, and
(c) r mode as functions of ambient indices [40]
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Poly-L-lysine (PLL) has an extreme positive charge with NH3
þ in the side

chain and is frequently exploited for adsorbing biomolecules with negative charge
like DNA (deoxynucleic acid) [48, 49]. A PLL solution (0.1 % W/V in water, the
molecular weight = 150,000-300,000 g/mol, Sigma) was employed, which was
commonly used in biology to treat glass slides. The surface LPG was initially
cleaned by using a phosphate-buffered saline solution (NaH2PO4/Na2HPO4 pH
7.4, 150 mM NaCl) (PBS) before being modified with Poly-L-lysine. The PLL
solution was dropped on the surface LPG to make a PLL layer for 160 min.
at room temperature. The PLL layer functionalizes the surface LPG with an amino
group at the free end, allowing a negatively charged DNA to be immobilized on
the surface LPG. Then, the surface LPG is washed again by using a PBS buffer to
remove excess PLL layers that were not immobilized on the surface LPG. The
1 lM probe of single-stranded DNA in the PBS buffer was then dropped on the
surface of the PLL layer for 130 min. at room temperature. Then, the cleaning
process was performed again. Finally, the 1 lM target single-stranded DNA in the
PBS buffer was dropped on the surface of a probe ssDNA layer and after 65 min
the sensor was washed by using a PBS buffer. About 100 ll of all biomolecules
was added and removed using a micro-pipette. Figure 4.15 shows the molecular
structure of the PLL, probe ssDNA and target ssDNA. The DNA sequences were
(5’-CAG CGA GGT GAA AAC GAC AAA AGG GG-3’) for the probe ssDNA
and (5’-CCC CTT TTG TCG TTT TCA CCT CGC TG-3’) for the target ssDNA.

The wavelength shift of the r mode in the surface LPG was measured, which
was highly sensitive to external refractive index in a range from 1.333 to 1.454. As
shown in Fig. 4.16 (a), the resonance wavelength shifted to a longer wavelength as
the biomolecular layers was formed. When the PBS buffer was dropped on the
surface LPG, the resonance wavelength was measured to e be 1411.69 nm. The
immobilization of PLL on the surface LPG made the resonance wavelength shifted
to 1413.52 nm. Then, when the probe ssDNA was immobilized on the PLL layer
in the surface LPG, the shift of the resonance wavelength was measured to be

Fig. 4.15 Molecular
structure of Poly-L-lysine,
probe ssDNA and target
ssDNA immobilized on the
surface LPG [43]
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1416.61 nm. Finally, the hybridization with the complementary target ssDNA
induced the a resonance wavelength shift of 1418.43 nm. The overall wavelength
shift induced by the hybridization reaction was 1.82 nm, which is *2.5 times
higher than the previously reported biosensor based on a dual-peak LPG [49]
under the same 1 lM target DNA concentration. It is evident that the surface LPG-
based biosensor is highly sensitive to DNA hybridization in comparison with
previously reported DNA fiber grating-based biosensors [38, 48]. The resonance
wavelengths of the fiber grating-based DNA biosensor after each procedure are
shown in Fig. 4.16 (b).
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