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Abstract

The development of a thermo-optical model of an illuminated polymer fiber Bragg grating (PFBG), combining use of the modified
coupled-mode theory with thermal conduction theory and the modified transfer matrix method (TMM), is presented. This model is
applied to the prediction of the thermo-optical behavior of an intrinsically heated and passively cooled PMMA fiber Bragg grating illu-
minated with a LED light source and operating over a range of ambient temperatures. Parametric influences on the thermo-optic char-
acteristics and the predictive accuracy of several simplifications in the Bragg grating relations are also explored.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer components are of growing interest in the opti-
cal engineering community and while polymer waveguides
are currently receiving much of the attention [1], polymer
Bragg gratings (BGs) have been proposed as passive filters
[2], tuning filters [3], WDM systems [4], and couplers [5].
Bragg gratings (BGs) are passive optical components used
in light transmitting waveguides to produce a very narrow
band of reflected optical energy, with a maximum reflectiv-
ity at the characteristic wavelength of the grating, called the
Bragg wavelength. Such a grating can be formed by refrac-
tive index modulations in an optical fiber to form a so-
called Fiber Bragg grating (FBG), as illustrated in Fig. 1.
When used in conjunction with a broad-band light emitting
diode (LED), typically emitting light over a spectral range
of 100 nm, a BG filter can produce a narrow-band reflec-
tion just 0.1 nm wide, centered on a specific wavelength.
However, the temperature sensitivity of the properties of
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candidate polymer photonic materials, coupled with the
self-heating generated by the intrinsic light absorption of
these materials, can alter the spectral characteristics of
the reflected and transmitted light waves in such a BG. A
detailed understanding of the thermo-optic behavior of
polymer Bragg Gratings is required to rationalize the grat-
ing design and to facilitate the selection (or creation) of the
most suitable polymeric materials for a specified functional
capability.

2. Light absorption in polymer Bragg gratings

2.1. Optics of Bragg gratings

The light power incident on a fiber Bragg Grating can
typically be assumed to follow a radial Gaussian profile
and to be given by [6]

IðrÞ ¼ 2P inc

pw2
e�2r2=w2 ð1Þ

where Pinc is the incident total optical power and w is the
beam radius [6].
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Nomenclature

a dB-based intrinsic absorption coefficient (dB/
cm)

â intrinsic absorption coefficient (m�1)
h effective heat transfer coefficient (W/m2 K)
hcl total combined (convection and radiation) heat

transfer coefficient at optical fiber surface
(W/m2 K)

I(r) radial variation of power irradiance (mW/lm2)
k thermal conductivity (W/m K)
L total grating length (cm)
m eigen value of coupled-mode equations
n refractive index
neff effective refractive index
dn/dT thermo-optical coefficient (K�1)
Pinc incident total optical power (mW)
Pðk; r; zÞ distribution of optical power (mW/nm lm2)
PðkÞ normalized spectral power density
Pi(k) incident power spectrum (mW/nm)
Pref(k) reflected power spectrum (mW/nm)
qGðr; zÞ heat generation (W/cm3)
R(z) amplitude of forward traveling wave
jRj2 power of forward traveling wave
jRj2M power of forward traveling wave, calculated by

transfer matrix method, at inlet of PFBG
rco radius of fiber core (lm)
rcl radius of entire fiber (lm)
ro the radius of a volume which contains total inci-

dent optical power (lm)
S(z) amplitude of backward traveling wave
jSj2 power of backward traveling wave
jSj2M power of backward traveling wave, calculated

by transfer matrix method, at inlet of PFBG

T temperature (K)
w beam radius (lm)
r, z geometrical coordinates

Greek symbols

a coefficient of thermal expansion (K�1)
D amount of change relative to reference
d detuning value (nm�1)
Dneff index modulation for grating
h excess temperature above ambient (K)
ho excess temperature at inlet of PFBG (K)
j coupling coefficient (m�1)
K grating period (nm)
k wavelength of incident light (nm)
kB Bragg wavelength (nm)
DkB Bragg wavelength shift (nm)
kc central wavelength of light source (nm)
Dkc half of total spectral bandwidth (nm)
q(k) reflectivity spectrum
qmax maximum reflectivity
r̂j ‘dc’ coupling coefficient for a specified element

in transfer matrix method (m�1)

Subscripts

B Bragg condition
c center of wavelength window
cl cladding of optical fiber
co fiber core
eff effective
inc incident
o the outer surface of the volume which contains a

total incident optical power

Fig. 1. Geometry of polymer fiber Bragg grating thermal model.
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Similarly, engineering data [7,8] for typical light
sources of interest, suggests that the power spectrum often
follows a Gaussian wavelength distribution. The spectral
power density normalized by the power at the peak wave-
length, P ðkÞ, for such light sources can, thus, be expressed
as
PðkÞ ¼ Be4 ln 0:5ððk�kcÞ=FWHMÞ2 ð2Þ

where B ¼ 1

2
R Dkc

0 e4 ln 0:5ððk�kcÞ=FWHMÞ2 dðkÞ
ð3Þ

where kc is the central wavelength of the light source, Dkc

(equal to k � kc) is half of the total spectral bandwidth
and FWHM is the ‘‘full width half maximum”, which de-
fines the spectral bandwidth at half the maximum power.

When light is incident on the fiber grating, the refractive
index modulation results in the reflection of a narrow
bandwidth of light, centered around the Bragg wavelength,
kB, defined by the effective refractive index and period of
the grating as [9]

kB ¼ 2neffK ð4Þ

where neff is the effective refractive index, which is the index
of the guided mode through the fiber and depends on the
indices of core and cladding, and K is the grating period.
It is the temperature sensitivity of the effective refractive in-
dex, neff, and the thermal-expansion driven change in the



Table 1
Properties and geometry of PMMA fiber Bragg grating

Parameter Symbol Value

Basic parameters [14–16]
Radius of core rco 3.5 lm
Length L 1 cm
Grating period K 530.7 nm
Refractive index of core nco 1.49
Refractive index of cladding ncl 1.48
Bragg wavelength kB 1576.5 nm
Maximum reflectivity without absorption q0max 0.8

Derived parameters

Effective refractive index neff 1.4853
Coupling coefficient at Bragg wavelength jB 144.36 m�1

Index modulation dneff 7.244 � 10�5

Maximum reflectivity with absorption qmax 0.745
Beam radius w 3.7402 lm

Material properties of PMMA [17]
Thermal conductivity k 0.2 W m�1 K
Coefficient of thermal expansion a 73 � 10�6 K�1

Absorption coefficient â 11.513 m�1

Thermo-optical coefficient dn/dT �1.1 � 10�4 K�1
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Fig. 2. Coupled-mode solution for incident and reflected power along
PMMA fiber Bragg grating.
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grating pitch, K, that together are responsible for the ther-
mo-optic sensitivity of a polymer Bragg grating.

For light wavelengths sufficiently removed from the
Bragg wavelength, i.e. large values of jk � kBj, the BG
reverts to a simple waveguide, producing no reflection.
For wavelengths in close proximity to kB the optical char-
acteristics of the BG, including the reflection spectrum and
the reflectivity, can be predicted well by the coupled-mode
theory [9–12]. Following Kogelnik [10,11], with some
adjustment for the present nomenclature and coordinate
system, the z-direction derivatives of the amplitudes of
the incident (forward moving) and reflected (backward
moving) waves can be expressed in the form of the ‘‘cou-
pled-mode” equations [9,10], i.e.

dR
dz
¼ �ir̂RðzÞ � ijSðzÞ ð5Þ

dS
dz
¼ ir̂SðzÞ þ ijRðzÞ ð6Þ

where R(z) and S(z) are the amplitudes of the forward trav-
eling and backward traveling waves, respectively, the ‘dc’
self-coupling coefficient, r̂, is related to the detuning
parameter, d, and the intrinsic absorption coefficient, â,
according to

r̂ ¼ d� â
2

i ð7Þ

and j is the coupling coefficient [9]. It is to be noted that
â ðm�1Þ, as used in the present analysis, is related to the
more common dB-based absorption coefficient, a (dB/cm)
by the following relation:

â ¼ 10 � a lnð10Þ ð8Þ
The detuning value is a measure of the spectral proximity
of the incident light to the Bragg wavelength, and is defined
as [9]

d ¼ 2pneff

k
� p

K
ð9Þ

Following the procedure in [10], the closed form solutions
of the coupled-mode equations can be written as

R ¼ r1emz þ r2e�mz ð10Þ
S ¼ s1emz þ s2e�mz ð11Þ

where the Eigen value of the coupled-mode equations is

m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 � r̂2
p

ð12Þ
and is, thus, dependent on the absorption coefficient, the
detuning value, and the coupling coefficient. Using these
relations, with boundary conditions which set the ampli-
tude of the forward wave at the inlet to unity and the
amplitude of the backward moving wave at the outlet to
zero (R(0) = 1 and S(L) = 0), and multiplying the conju-
gates of the complex amplitudes of two waves, the axial
power of the forward and the backward moving waves
respectively, can be found [13].
Graphs of the axial power variation for the forward and
backward moving waves in a typical optical polymer
(PMMA) FBG (properties shown in Table 1) for several
distinct values of jk � kBj with 0.001 nm steps, are dis-
played in Fig. 2. The graphs reveal the expected behavior
at the Bragg wavelength and show the effects of diminished
coupling – on the slope and magnitude of the power graphs
– for increasing values of jk � kBj. For large values of
jk � kBj the BG reverts to a simple waveguide, producing
no reflection, and yielding an exponentially decaying, axial
power distribution as represented by Beer’s law [6].

To determine the power propagating in a BG illumi-
nated by a specified light source, it is necessary to integrate
the optical power, P ðk; r; zÞ, across the bandwidth of the
light source, including both the Bragg zone, where intense
interaction and strong reflection will occur, and the wave-
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guide zone, where the presence of the grating has no effect
on the traversing light. While a typical narrow-band single
mode laser diode (SMLD), with a FWHM of 20 pm, may
operate entirely in the Bragg zone, the vast majority of
the light from a broad-band LED light source (with a
FWHM of 50 nm) would be far removed form the Bragg
wavelength and subject only to Beer’s Law of propagation.

2.2. Non-uniform grating pitch

The generally exponential axial variation of the propa-
gating power and, hence, internal heat generation can be
expected to yield a similar exponential axial variation in
temperature in the PFBG and to thus lead to a non-uni-
form grating pitch and effective index and, hence, non-uni-
form detuning. The transfer matrix method (TMM) can be
used for determining the optical field in a Bragg grating
with a non-uniform detuning [9,18,19]. Following the
TMM, the optical characteristics of each small segment,
Fj, of a BG can be linearly coupled to the next segment
and can be represented in a matrix form as [9,18,19]

RMðkÞ
SMðkÞ

� �
¼ F ðkÞ

RðLÞ
SðLÞ

� �
;

F ðkÞ ¼ F MðkÞ � F M�1ðkÞ � �F jðkÞ � �F 1ðkÞ ð13Þ

In the TMM, at the end of the grating, unity and zero are
assumed for the forward and the backward moving waves’
amplitude, i.e. R(L) = 1 and S(L) = 0, to obtain the ampli-
tudes of both waves at the inlet of the grating. Each of the
divided segments, Fj(k), with a grating length of Dz, must
satisfy the coupled-mode theory, which results in the fol-
lowing mathematical description [9,18,19]
F jðkÞ ¼
� coshðmjðkÞDzÞ � i

r̂jðkÞ
mjðkÞ sinhðmjðkÞDzÞ �i jðkÞ

mjðkÞ sinhðmjðkÞDzÞ

i jðkÞ
mjðkÞ sinhðmjðkÞDzÞ � coshðmjðkÞDzÞ þ i

r̂jðkÞ
mjðkÞ sinhðmjðkÞDzÞ

2
4

3
5 ð14Þ
where the coupling coefficient, j(k), is again equal to
p � Dneff/k, and Dneff to the index modulation of the grating.
While Fj(k) is fundamentally identical to the transfer matrix
presented in [9], it should be noted that components of
Fj(k) were formulated to satisfy the present nomenclature
and coordinate system.
3. Self-heating in polymer Bragg gratings

3.1. Intrinsic absorption

Having established the power variation in the Bragg
grating, it is now possible to determine the heating rate
induced by the intrinsic absorption in the fiber, by an
appropriate convolution of the power functions and
absorption coefficients. Since for a LED source, nearly all
of the illumination is external to the Bragg zone, heat gen-
eration can be determined by application of Beer’s Law
and the solution of the thermal field can, then, precede
and be separate from, the solution of the coupled-mode
equations.

Assuming the absorption coefficient to be constant
along the length and radius of the grating, as well as to
be invariant with wavelength, the internal heat generation
rate in the PFBG can be found by a very good approxima-
tion, by assuming simple absorption across the full band-
width of the source, i.e.

qGðr; zÞjLED ¼ IðrÞe�âz � â ð15Þ
3.2. Bragg wavelength shift

3.2.1. Uniform grating temperature

Returning to Eq. (4), the Bragg wavelength of an intrin-
sically heated polymer fiber grating, kB2, can be written as

kB2 ¼ kB1 þ DkB ¼ 2ðneff1
þ DneffÞðK1 þ DKÞ ð16Þ

where subscript ‘1’ denotes the initial state and ‘2’ the chan-
ged state.

Assuming that the dependence of the effective index of
refraction on temperature is constant, i.e. dn/dT = con-
stant, and that the core and cladding display similar rates
of change, the index change caused by self-heating, Dneff,
can be expressed as

Dneff ¼
dn
dT

DT ð17Þ

The change of the grating period due to thermal expansion
is given as

DK ¼ KaDT ð18Þ
Substituting Eqs. (17) and (18) into Eq. (16), one can get

kB2 ¼ 2 neff1
þ dn

dT
DT

� �
ðK1 þ K1aDT Þ ð19Þ

Subtracting the expression for kB1 and dividing both sides
of Eq. (19) by kB1, the analytical relation for the normal-
ized Bragg wavelength shift, DkB/kB1, can be expressed as

DkB

kB1

¼ 1

neff1

dn
dT
þ a

� �
DT þ 1

neff1

dn
dT
� a

� �
DT 2 ð20Þ

where DkB = kB2 � kB1.
Eq. (20) provides a two-term relation for the normalized

Bragg wavelength shift; the first involving a linear depen-
dence and the second a quadratic dependence on the tem-
perature rise.

For typical glassy polymers used for optical fibers oper-
ating at 1550 nm with an index of refraction of 1.5, the dn/
dT is negative and falls in the range of 100–200 � 10�6/K,
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while the thermal-expansion coefficient, a, is positive and
can be expected to range from 60 to 80 � 10�6/K [17].
Due to the relatively large thermal-expansion coefficient
of the PFBG and the relatively small difference between
the negative thermo-optic effect and positive grating period
effect in the linear DT term, this quadratic term cannot gen-
erally be neglected in the analysis of polymer PFBG,
though it is negligible for glass FBG, for which the product
of a and dn/dT is far smaller than the sum [20].
0

100

0 0.2 0.4 0.6 0.8 1
z (cm)

1 mW 0.5 mW

Fig. 3. Heat generation densities along a PMMA fiber Bragg grating
illuminated by light emitting diode (LED).
3.2.2. Non-uniform grating temperature

The absorption-induced self-heating of the PFBG gener-
ates an axially exponential temperature profile, and results
in non-uniform index and grating period along the PFBG.
Consequently, the F-matrix, Fj, in the transfer matrix must
be modified to include the effect of these thermally induced
non-uniformities on the optical behavior of the PFBG.
Considering the thermally driven index shift, the ‘‘new”

index of refraction for each segment of the grating, neff2;j

can be expressed as

neff2;j ¼ neff1
þ dn

dT
DT j ð21Þ

Similarly, the ‘‘new” period of the grating element caused
by thermal expansion is

K2;j ¼ K1ð1þ aDT jÞ ð22Þ

Using Eqs. (21) and (22), the ‘dc’ coupling coefficient for a
specified element, r̂j, can be written as

r̂jðkÞ ¼
2pneff j

k
� p

Kj
� i

â
2

¼ 2p
k

neff1
þ dn

dT
DT j

� �
� p

K1ð1þ aDT jÞ
� i

â
2

ð23Þ

and the Eigen value of coupled-mode equations, mj, can be
expressed as

mjðkÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2ðkÞ� r̂2

j ðkÞ
q

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p
k
Dneff

� �2

� 2p
k

neff1
þ dn

dT
DT j

� �
� p

K1ð1þaDT jÞ
� i

â
2

� �2
s

ð24Þ

Substituting r̂j and mj into Eq. (14), defines all the terms of
the matrix, Fj.

Using the boundary condition (R(L) = 1 and S(L) = 0)
[9,18,19], the reflectivity spectrum can then be found as

qðkÞ ¼ jSMðkÞj2

jRMðkÞj2
ð25Þ

With the reflectivity determined, it is possible to obtain the
reflected power spectrum, Pref(k), as the product of the inci-
dent optical power and the reflectivity. Mathematically, it
can be expressed in a simple form as

P refðkÞ ¼ P iðkÞP ðkÞqðkÞ ð26Þ
4. Thermo-optical behavior of LED illuminated PMMA

FBG

4.1. Introduction

As a first illustration of the thermo-optical behavior of an
intrinsically heated polymer Bragg grating, attention will
now be focused on a polymethylmetacrylate (PMMA)
FBG, described in the literature [14–16], illuminated with a
broad-band LED light source, with a central wavelength of
1550 nm and 50 nm of FWHM [8], some 50–100 times larger
than a typical grating bandwidth. Table 1 shows all the inher-
ent and derived parameters of the chosen PFBG, including
the material properties and the structural, as well as optical
parameters. The Bragg wavelength (kB), the grating period
(K), the effective index (neff), the maximum reflectivity (qmax),
and the absorption coefficient ðâÞ are 1576.5 nm, 530.7 nm,
1.4853, 0.745, and 11.513 m�1, respectively.

4.2. Power/heat generation variation along PMMA FBG

For the broad-band illumination provided by the LED,
extending substantially beyond the 0.6 nm bandwidth of
the PFBG, to 1576 nm ± 100 nm (for 48 dB down from
the peak power), heat generation in the fiber can be deter-
mined from the inherent absorption of the propagating
beam, using Eq. (15). The resulting exponentially decaying
axial profile of heat generation along the PFBG is shown in
Fig. 3 for four different incident optical powers of 0.5, 1, 3,
and 5 mW, reflecting the impact of the 11% light absorp-
tion in the 1 cm long fiber. It should be noted that the heat
generation rates along the PFBG are significant, ranging
from 30 W/cm3 to 370 W/cm3 for 0.5 to 5 mW of incident
total optical power.

4.3. Thermal analysis

Determination of the steady-state temperature field in
the intrinsically heated PFBG requires solution of the heat
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conduction equation with non-uniform heat generation.
Since the fiber Bragg grating length is much larger than
the core diameter, with a typical aspect ratio greater than
100 [19], it is possible to neglect radial variations in heat
generation and temperature and to reduce the governing
equation to a one-dimensional heat conduction equation.
Inserting the relation for the internal heat generation (Eq.
(15)) for the broad-band LED light source, the one-dimen-
sional heat conduction equation [21] takes the form of

d2h
dz2
� p2h ¼ �P inc

kpr2
o

� e�âz � â ð27Þ

where p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2h=ðkroÞ

p
, h is the excess temperature above

ambient, and k is the thermal conductivity.
A schematic of the domain and symbols used for the

analytical thermal model are shown in Fig. 1, where rco is
the radius of the fiber core, rcl is the radius of the entire
fiber including its cladding, ro is the radius of a volume
which contains the total incident optical power, K is the
grating period, and L is the total length of the grating. In
the above equation, h is the effective heat transfer coeffi-
cient on the outer surface of the modeled volume, reflecting
the conductive resistance to heat flow through the cladding
and the convective and radiative resistance between the
exposed surface and the ambient, which can be expressed
as [22]

h ¼ 1
ro

k ln rcl

ro
þ ro

hclrcl

ffi rcl

ro

hcl ð28Þ

where hcl is the total combined (convection and radiation)
heat transfer coefficient at the optical fiber surface. For the
dimensions and conductivity of typical polymer optical fi-
bers, the conductive term ðro=k � lnðrcl=roÞÞ can be neglected
relative to the convective/radiative term (ro/(hclrcl)) in the
denominator of Eq. (28), yielding the approximation
shown. For purposes of this analysis, the outer surface of
the fiber was assumed to be passively cooled by natural
convection and radiation, with an approximate heat trans-
fer coefficient of 10 W/m2 K. Consequently, it can be
shown that when ro, rcl, and k are 7 lm, 50 lm, and
0.2 W/m K, respectively, ro/(hclrcl) is equal to 1.4 � 10�2.

The general solution of Eq. (27) can be written as

h ¼ d1epz þ d2e�pz þ hs ð29Þ

The particular solution can be expected to take the form of

hs ¼ De�âz ð30Þ

Assuming that both ends of the PFBG are adiabatic, i.e.
dh/dz = 0 at z = 0 and z = L and that all heat loss occurs
from the surface of the fiber the axial temperature variation
in the PFBG is found as

h ¼ P incâ2

pr2
ok � ðp2 � â2Þ

e�âL coshðpzÞ � cosh pðz� LÞ½ �
p sinhðpLÞ þ e�âz

â

	 

ð31Þ
where for polymer optical fibers, p is typically two orders of
magnitude greater than â due to the micron-size diameter
of the fiber core. Hence, the equation can be further simpli-
fied by neglecting, â2, in the denominator as

h ¼ P incâ2

pr2
okp2

e�âL coshðpzÞ � cosh pðz� LÞ½ �
p sinhðpLÞ þ e�âz

â

	 

ð32Þ

Examining Eq. (32), it may be seen that the temperature
can be expected to decay exponentially in the axial direc-
tion, increase with incident power and the absorption coef-
ficient, and decrease with thermal conductivity.
4.4. Temperature profiles

Fig. 4 shows the PFBG axial profiles of the excess tem-
perature (determined relative to a 25 �C ambient) for the
four incident optical powers. The fiber excess temperatures
vary from 18 K at the inlet of the fiber illuminated with the
highest incident power of 5 mW to just 2 K for 0.5 mW of
illumination. The analytical results display the anticipated,
though weak exponential decay in temperature and appear
to match FEA modeling results for this PFBG [13] typi-
cally to within 0.7%.

The finite-element model was further utilized to com-
pute the radial temperature variations in the PFBG. The
results are shown in Fig. 5, where the axial variation of
the temperature difference (Tc � Tco) between the center
of the PFBG core (Tc) and the core surface (Tco) is plotted.
The peak radial temperature differences are seen to range
from 0.06 K at 5 mW to 0.01 K at 0.5 mW of incident
LED power and to thus justify the radially uniform tem-
perature assumption used in the analytical temperature
relations. Fig. 5 also reveals a slight decrease in the radial
temperature difference as the PFBG is traversed from the
inlet to the outlet end.
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4.5. Spectral distribution

In order to obtain the reflectivity spectrum of the spec-
ified PFBG associated with the LED, the temperature dis-
Fig. 6. Thermally induced Bragg wavelength shifts in PMMA fiber Bragg grati
expansion (dK/dT), and combined effects (dn/dT + dK/dT) are shown for (a)
tribution obtained from Eq. (32) was integrated with the
modified TMM relations (Eqs. (13) and (14)). In the
TMM implementation, a total of 200 segments, each
50 lm wide, was used, along with wavelength bands of
0.5 pm. Fig. 6 displays the thermally induced shift in the
spectral reflectivity of the specified PFBG illuminated with
5–0.5 mW of LED powers and operating in an ambient
temperature of 25 �C. The individual effects of the index
change with temperature (dn/dT), and the grating period
change with temperature (dK/dT), were determined.

The results clearly indicate that the thermally driven
index change produces a negative shift in the reflectivity
spectrum, relative to the incident 1576.5 nm-centered
LED light. At 5 mW of the LED illumination, the domi-
nant ‘‘Bragg” wavelength moves lower by �2.03 nm as
shown in Fig. 6a. The change of the grating period due
to thermal-expansion results in a positive shift in the reflec-
tivity spectrum, driving the dominant wavelength to higher
values by 2.0 nm. The combined reflectivity spectrum for
the 5 mW illuminated fiber shows a very small total shift
in Bragg wavelength (�0.03 nm), with modest spectral dis-
persion. Fig. 6b–d shows the individual and the combined
reflectivity spectrums for 3–0.5 mW of the LED illumina-
tions, revealing similarly small total shifts in Bragg wave-
ng illuminated with a light emitting diode – thermo-optic (dn/dT), thermal
5 mW, (b) 3 mW, (c) 1 mW, and (d) 0.5 mW of incident optical power.
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length of �0.02 nm, �0.006 nm, and �0.003 nm for 3 mW,
1 mW, and 0.5 mW of the total optical power, respectively.
The jagged character of the reflectivity spectrum is associ-
ated with the spectral dispersion induced by the axially
non-uniform PFBG temperature and will be explored in
depth in a subsequent publication.

The Bragg wavelength shift in an illuminated PFBG is
driven by the temperature change in the PFBG induced
by both absorption and ambient temperature changes.
The Bragg wavelength shifts were evaluated using both
the modified-TMM and the analytic relation (Eq. (20)),
with an axially averaged PFBG temperature, and detailed
results can be found in [13].

The significant effect of ambient temperature on the shift
in Bragg wavelength was found to be evident; a 15 K ambi-
ent temperature rise yielded a DkB almost equivalent to that
of the incident power increased from 0.5 mW to 5 mW [13].

5. Summary

The modified coupled-mode theory has been combined
with thermal conduction theory and the modified transfer
matrix method (TMM) to study the thermo-optical behav-
ior of a polymer fiber Bragg grating (PFBG) illuminated
with an LED light source and operating over a range of
ambient temperatures. Use of the derived model revealed
that light absorption in a PMMA fiber Bragg grating, asso-
ciated with a 0.5–5 mW LED illumination, resulted in up to
400 W/cm3 of in-fiber heating and a consequent rise in the
temperature of a passively cooled PFBG approaching
18 K. The resulting changes in the effective refractive index
and the Bragg grating pitch were found to be significant in
magnitude but opposite in sign, thus leading to very mod-
est net changes in the Bragg wavelength. Moreover, an
analytical thermo-optical model was found to yield Bragg
wavelength shifts that are nearly indistinguishable from
the more rigorous numerical solution.
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