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se of dual-grating sensors formed by different types of
iber Bragg gratings for simultaneous temperature
nd strain measurements

uewen Shu, Donghui Zhao, Lin Zhang, and Ian Bennion

We report on a systematic investigation of the dependence of both temperature and strain sensitivities
on the fiber Bragg grating type, including the well-known Type I, Type IIA, and a new type that we have
designated Type IA, using both hydrogen-free and hydrogenated B�Ge codoped fibres. We have iden-
tified distinct sensitivity characteristics for each grating type, and we have used them to implement a
novel dual-grating, dual-parameter sensor device. Three dual-grating sensing schemes with different
combinations of grating type have been constructed and compared, and that of a Type IA–Type IIA
combination exhibits the best performance, which is also superior to that of previously reported grating-
based structures. The characteristics of the measurement errors in such dual-grating sensor systems is
also presented in detail. © 2004 Optical Society of America

OCIS codes: 060.2370, 060.2310.
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. Introduction

V-induced fiber Bragg gratings �FBGs� have at-
racted great attention in recent years because of
heir potential use in a wide range of applications,
articularly in monitoring the structural integrity of
uildings and bridges and in the aerospace industry,
here monitoring the fatigue loading of advanced

omposite materials is essential.1–3 The distinct ad-
antages of the FBG include providing absolute
avelength encoding of the information and wave-

ength division multiplexing capabilities. However,
he simultaneous sensitivity to temperature and
train of the resonant wavelength of the FBG has
omplicated independent measurement procedures
or these two measurands. For solution of the prob-
em of cross sensitivity, several methods have been
roposed and investigated, including dual-
avelength superimposed gratings,2 the use of first-
nd second-order diffraction from a single FBG,3 a
ybrid FBG�long period grating �LPG�,4 a FBG su-
erimposed on a polarization-rocking filter,5 and
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pliced FBGs inscribed in different fibers.6,7 All
hese methods are, in effect, dual-grating methods,
nd although they have achieved parameter discrim-
nation, most of them are far from suitable for prac-
ical use owing to either insufficiently large
ifferentiation of the thermal and strain coefficients
etween the gratings or overcomplex signal interro-
ation and processing requirements. Additionally,
n the case of the otherwise-attractive FBG–LPG
tructures, the broad spectral response of the LPG
mposes severe limitations on multiplexing.

Recently, we reported a new FBG type �Type IA�
ith a significant low-temperature coefficient and
emonstrated its application for effective simulta-
eous temperature and strain measurements.8,9 In
his paper, we report on the detailed results of a
ystematic investigation of the dependence of both
emperature and strain sensitivities on the grating
ype, including Type I, Type IIA, and Type IA, using
oth hydrogen-free and hydrogenated B�Ge codoped
bers. We have identified distinct sensitivity char-
cteristics for each grating type, and we have used
hem to implement a dual-grating, dual-parameter
ensor device with performance superior to that of
reviously reported grating-based structures.2–7

The outline of this paper is as follows. In Section
, we show the characteristics of different grating
ypes generated in B�Ge codoped fibers, which in-
lude their distinct growth behaviors and their tem-
erature and strain properties. In Section 3, we
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ompare the performance of different combination
chemes of dual-grating sensors formed by different
rating types. In Section 4, we present error anal-
sis for such dual-grating sensor systems. Section 5
oncludes the paper.

. Charcteristics of Different Grating Types Generated
n B�GE Codoped Fiber

. Growth Behavior of Different Grating Types

he FBGs used in these investigations were UV-
nscribed in B�Ge codoped fibers, with and without
ydrogen-loading, using a frequency-doubled argon

aser at a 244-nm wavelength and a phase mask.
he spectral profiles of the gratings were measured

n situ during UV exposure by use of a broadband
ED and an optical spectrum analyzer with 0.1-nm
esolution. During exposure, quite different growth
haracteristics were observed for gratings inscribed
n hydrogen-free and hydrogenated fibers, and trans-
ormations from one type to another occurred with
ong UV exposures. For the hydrogen-free fiber, as
hown in Fig. 1�a�, a Type I grating �normal� was first

ig. 1. Evolution of the transmission spectrum of a grating in-
cribed in �a� a hydrogen-free and �b� a hydrogenated B�Ge co-
oped fiber with long UV exposure. The arrows indicate the
irection of increasing exposure time.
ormed, grew to a maximum strength as the exposure
roceeded, and then grew weaker to the point of com-
lete erasure, with the Bragg wavelength shifting
ontinuously to longer wavelengths throughout the
xposure. With further UV exposure, a Type IIA
abnormal� grating10,11 was regenerated in the fiber,
rowing stronger with increasing exposure and with
he Bragg wavelength now shifting continuously to
horter wavelengths. This behavior was previously
bserved and characterized.8,9 However, with the
ydrogenated fiber, a quite different behavior was
bserved following the formation and erasure of the
nitial Type I grating: As shown in Fig. 1�b�, grating
egeneration occurred with increasing exposure, but
he Bragg wavelength shift in this case was continu-
usly to longer wavelengths, in marked contrast with
ype IIA grating growth in hydrogen-free fiber. The
egenerated abnormal grating has been designated
ype IA �Ref. 10�. As can be seen in Fig. 1�b�, the
agnitude of the Type IA redshift is significantly

arger than the blueshift accompanying Type IIA
rating formation, and a 16-nm shift was recorded
fter 2 h of UV exposure. Figures 2�a� and 2�b� de-
ict the wavelength shift and the transmission peak
epth as a function of accumulated exposure time

ig. 2. Plots of the FBG central wavelength and the transmission
eak depth as a function of accumulated exposure time. �a� and
b� correspond to �a� and �b� in Fig. 1, respectively.
1 April 2004 � Vol. 43, No. 10 � APPLIED OPTICS 2007
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orresponding to the grating evolutions in Figs. 1�a�
nd 1�b�. Comparing Figs. 2�a� and 2�b�, we can
learly see that the speed of conversion from a Type I
rating to a Type IIA grating in hydrogen-free fiber is
lmost ten times faster than that from a Type I grat-
ng to a Type IA grating in hydrogenated fiber.

For all three types of grating, we subsequently ex-
mined the spectral profiles following a period of an-
ealing at 95 °C. In all cases, blueshifts were
ecorded, but the 3–5-nm shifts obtained from Type
A gratings were far larger than the �1 nm measured
or the Type I and Type IIA gratings.

. Dependence of Temperature and Strain Coefficients
n FBG Type

or a comparative study of the temperature and
train coefficients, we produced 24 gratings, six of
ach type—two batches of Type I gratings were in-
luded, one in hydrogen-free and the other in hydro-
enated fiber. We measured the thermal response
f each FBG by heating it from 0 °C to 80 °C in in-
remental steps of 10 °C using a thermoelectric
ooler. The thermal coefficients measured are plot-

ig. 3. Distribution of �a� the measured temperature coefficient
nd �b� the strain coefficient for different types of FBG inscribed in
�Ge codoped fiber; A, Type IIA gratings; B, Type I gratings in
ydrogen-free fiber; C, Type I gratings in hydrogenated fiber; D,
ype IA gratings.
008 APPLIED OPTICS � Vol. 43, No. 10 � 1 April 2004
ed in Fig. 3�a� for all 24 gratings; the values obtained
n hydrogen-free fibers ��A� and �B�� are higher than
hose in hydrogenated fibers ��C� and �D��. For Type

gratings, the average value is �6% different.
mong the four sets of gratings, Type IIA yields the
ighest temperature coefficient, 10.80 pm�°C,
hereas Type IA exhibits the lowest at 6.93 pm�°C.
he 55% difference between these two is substan-
ially larger than in all previously reported dual-
rating sensors.
We also examined the strain response for each type

f grating by stretching the fibers between two trans-
ation stages and monitoring the Bragg wavelength
hift. The strain coefficients measured are plotted
n Fig. 3�b� for all 24 gratings; it was found that the
ratings showed a similar strain sensitivity, regard-
ess of grating type. The underlying mechanisms
esponsible for the dissimilar thermal, and similar
train responses are not considered here.

. Dual-grating Sensors for Temperature-Strain
iscrimination

he results presented in Section 2 can be exploited to
onceive dual-grating-based sensors for temperature
nd strain, with significant performance advantages
ver the alternatives previously reported. Since
ratings of each type studied exhibit narrow spectral
Bragg� response features, and grating of different
ypes may be readily produced in a single fiber, such
ual-grating sensors can take full advantage of FBG
avelength multiplexing capabilities.
We propose here a dual-grating sensing scheme by

nscribing two different types of grating in adjacent
ections of a single fiber, as illustrated in Fig. 4.
wing to the fact that four types of grating can be

abricated in either hydrogenated fiber or hydrogen-
ree fiber, one can use any two different types to
onstruct a dual-grating sensor, which theoretically
esults in six different combinations, as shown in
able 1.

Table 1. Combination of Two Different Types of Grating in a
Dual-Grating Sensing Scheme

Grating Type
Type I

without H
Type I
with H Type IA Type IIA

Type I without H No Yes Yes Yes
Type I with H Yes No Yes Yes
Type IA Yes Yes No Yes
Type IIA Yes Yes Yes No

ig. 4. Schematic of the proposed dual-grating sensor employing
oncatenated different-type gratings.
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grating; FBG2, Type IIA grating.
Experimentally, we have chosen three combinations
o investigate such dual-grating sensors. The first
ual-grating sensor is the combination of Type IA grat-
ng and Type IIA grating. The Type IA grating, with

length of 7 mm, was first inscribed in a length of
ydrogen-loaded B�Ge fiber. The fiber was annealed
or 24 h at 95 °C to stabilize the grating properties and
emove residual hydrogen. The Type IIA grating,
ith the same length as the Type IA structure but with
slightly different center wavelength, was then in-

cribed in the fiber separated from the Type IA grating
y 1 mm. The fiber was annealed once more for 48 h
t 120 °C to stabilize the final structure.
The transmission spectrum of the unstrained dual-

rating sensor at room temperature �21 °C� is shown
y the solid curve in Fig. 5. The peak wavelength
eparation between the constituent gratings is 0.22
m. When the structure was raised to a temperature
f 120 °C, the separation between the peaks increased
ignificantly, as shown in Fig. 5�a�. When, on the
ther hand, strain was applied at room temperature,
he peak separation remained essentially unchanged,
s shown in Fig. 5�b�. We investigated the linearity of
he thermal response by heating the sensor from 0 °C
o 80 °C and measuring the wavelength shifts for the
wo peaks; the results are given in Fig. 6�a�. It is clear
hat the thermal response of each grating type is lin-
ar, but there is a substantial difference between the
espective temperature coefficients. From the best-fit
traight lines in Fig. 6�a�, we obtain coefficients of 7.37
m�°C for the Type IA grating and 10.02 pm�°C for the
ype IIA; the difference between the two is �36%.
ollowing thermal evaluation, the structure was
trained over the range 0–2000 �ε, and the measured
esponses for the two peaks are given in Fig. 6�b�.
he best-fit straight lines yield strain sensitivities of
.074 and 1.075 pm��ε for the two peaks, respectively,
difference of less than 0.1%.
The second dual-grating sensor was made in

ydrogen-free B�Ge fiber with the combination of

ig. 5. Spectral response changes in the first dual-grating sensor
nduced by �a� temperature and �b� strain.
ype I and Type IIA gratings. We stabilized the
ptical properties of the sensor by annealing at
20 °C for 48 h before sensing measurement. The
esponse of the second sensor to temperature is plot-
ed in Fig. 7�a�. From the best-fit line in Fig. 7�a�, we
btain temperature coefficients of 10.20 pm�°C for
BG1 �Type IIA grating� and 9.56 pm�°C for FBG2

Type I grating�. The difference in temperature co-
fficient is �6.7%, which is quite small compared
ith the first sensor and may not be efficient enough

o discriminate the temperature and strain. Mea-
ured strain sensitivity response for the second sen-
or was plotted in Fig. 7�b�. From the best-fit line in
ig. 7�b�, we found that the two gratings have almost
he same strain coefficient of � 1.072 pm��ε.

The third dual-grating sensor was made in hydro-
enated B�Ge fiber with the combination of Type I
nd Type IA gratings. After the two gratings were
nscribed as the structure of Fig. 4, the sensor an-
ealed for 48 h at 120 °C to stabilize the grating
roperties and remove residual hydrogen. The re-
ponse of the third sensor to temperature is plotted in
ig. 8�a�. From the best-fit line in Fig. 8�a�, we ob-

ain temperature coefficients of 7.53 pm�°C for FBG1
Type IA grating� and 9.03 pm�°C for FBG2 �Type I
rating�. The difference in temperature coefficient
ig. 6. Plots of wavelength shift for the first dual-grating sensor
s a function of �a� temperature and �b� strain. FBG1, Type IA
1 April 2004 � Vol. 43, No. 10 � APPLIED OPTICS 2009
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s �19.9%, which is relatively small compared with
he first sensor. Measured strain sensitivity re-
ponse for the third sensor is plotted in Fig. 8�b�.
he best-fit straight lines yield strain very close to
ensitivities of 1.067 and 1.068 pm��ε for the two
ratings, respectively.

. Analysis of Errors in Dual-Grating Sensor Systems
nd Discussions

enerally, for a dual-grating geometry, a sensitivity
atrix

��	1

�	2
� � �
T1 
ε1


T2 
ε2
���T

�ε � (1)

an be constructed to provide for decoupling between
he temperature and the strain information in signal
rocessing.12 The matrix coefficients, 
Ti, 
εi �i � 1,
�, are determined from independent measurements
f the temperature and the strain sensitivities of the
ensor. It is significant here that since the strain
oefficients of the Type IA and Type IIA gratings are
irtually identical, the signal processing required for
ecoupling in a sensor comprising two gratings of
hese types is significantly simplified. We expect,
hen, that a well-conditioned sensitivity matrix can
e constructed for this sensor, facilitating its use in
010 APPLIED OPTICS � Vol. 43, No. 10 � 1 April 2004
ractical applications. From Eq. �1�, one can easily
ecode the temperature and strain information as

��T
�ε � �

1

T2 � 
T1

� �	2 � �	1

�
T2�	1 � 
T1�	2��
ε1
� . (2)

ssuming that the coefficients for temperature and
train are well known through careful measurement
t each wavelength, one can use the following rela-
ionship to analyze the maximum error in tempera-
ure and strain for a dual-grating sensing system3:

��Tmax

�εmax
� � � ��MT � MTε

2�Mε�
�

1
2

��Mε � MTε
2�MT

�
1
2
� , (3)

here

MT �

T1

2

a2 �

T2

2

b2 , (4)

Mε �

ε1

2

a2 �

ε2

2

b2 , (5)

MTε �

T1
ε1

a2 �

T2
ε2

b2 , (6)

here a and b are the measurement errors for wave-
engths 	 and 	 , respectively. We expect, then,
ig. 7. Plots of wavelength shift for the second dual-grating sen-
or as a function of �a� temperature and �b� strain. FBG1, Type
ig. 8. Plots of wavelength shift for the third dual-grating sensor
s a function of �a� temperature and �b� strain. FBG1: Type IA
1 2
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and 
ε2 � 1.075pm��ε.
hat a well-conditioned sensitivity matrix can be con-
tructed for this sensor, facilitating its use in practi-
al applications. Adopting the error-analysis
ethod described above, we calculated the tempera-

ure and strain errors for the above three different
ual-grating sensors, and the results are listed in
able 2.
From Table 2 it is clearly known that the Type

A–Type IIA dual-grating sensor has the smallest
rrors in both temperature and strain compared with
he other two sensors. The Type IIA–Type I �with
ydrogen� dual-grating sensor has the largest errors,
hich is not efficient for practical use. It is also
orth pointing out that the Type IA–Type IIA dual-
rating sensor represents substantial improvements
n the structures reported by Brady et al. �
1.72 °C�
m and 
17.4 �ε�pm� 3 and by Xu et al. �
1.3 °C�pm
nd 
 12 �ε�pm�.2 Furthermore, in contrast with
lternative structures, this sensor is readily extensi-
le to wavelength multiplexed arrays in one or more
bers to form an effective, quasi-distributed sensing
ystem with low splicing losses and high mechanical
trength, thereby offering the advantages of single-
ight source operation and robustness that elude

ost of the other configurations.
To optimize the proposed sensing scheme, we fur-

her investigate how the coefficient differences of
train and temperature influence the errors in the
ual-grating sensor system. Figure 9 shows the cal-
ulated maximum temperature and strain errors as a
unction of 
T1 in the dual-grating sensor system, as-
uming 
T2 � 10.02 pm�°C, 
ε1 � 1.074 pm��ε, and

Table 2. Maximum Temperature and Strain Errors for Three Different
Combinations in a Dual-Grating Sensing Scheme

Dual-Grating Sensing
Scheme

Temperature
Errors

�°C�pm�
Strain Errors

��ε�pm�

Type IA-Type IIA 
0.54 
4.4
Type IIA-Type I �no H� 
2.21 
20.4
Type IA-Type I �with H� 
0.94 
7.3

ig. 9. Maximum temperature and strain errors as a function of
T1 in the dual-grating sensor system, assuming 
T2 � 10.02pm�
C, 
 � 1.074pm��ε, and 
 � 1.075pm��ε.
ε1 ε2
ε2 � 1.075 pm��ε. It is noted in Fig. 9 that, when the
alue of 
T1 is chosen to be close to that of 
T2, both the
emperature and the strain errors increase rapidly.
he reason is that the coefficient matrix in Eq. �1�
ends toward a bad condition �i.e., 
T1
ε2 � 
T2
ε13 0�
f the value of 
T1 is close to that of 
T2. The larger
ifference between 
T1 and 
T2, the smaller errors in
emperature and strain measurements, has been con-
rmed from the conducted experiments.
Figure 10 shows the calculated maximum temper-

ture and strain errors as a function of the ratio of 
T2
nd 
T1 in the dual-grating sensor system with dif-
erent values of 
T1 assumed. It is interesting to see
n Fig. 10�b� that the maximum strain error is depen-
ent only on the ratio of 
T2 and 
T1, regardless of the
alue of 
T1. However, the maximum temperature
rror is dependent both on the ratio of 
T2 and 
T1 and
n the value of the 
T1, as shown in Fig. 10�a�. Fig-
re 10�a� also shows that a larger value of 
T1 may

ead to a smaller temperature error for the same ratio
f 
T2 and 
T1.

. Conclusions

his study has revealed that FBGs in B�Ge codoped
ber exhibit a strong dependence of temperature sen-
itivity on the grating type but weak dependence of
he strain sensitivity. The grating temperature co-
ig. 10. �a� Maximum temperature errors and �b� strain errors as
function of the ratio of 
T2 and 
T1 in the dual-grating sensor

ystem, assuming 
T1 � 8, 10, and 12 pm�°C, 
ε1 � 1.074pm��ε,
1 April 2004 � Vol. 43, No. 10 � APPLIED OPTICS 2011
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fficient is larger in hydrogen-free fiber than in hy-
rogenated fiber, with Type IIA gratings exhibiting
he largest value overall, and a new, abnormal grat-
ng type, Type IA �which occurs in hydrogenated fi-
er�, exhibiting the lowest value. The distinct
ensitivity characteristics have been used to imple-
ent a novel, dual-grating sensor for the simulta-
eous measurement of temperature and strain,
hich exhibits performance superior to previously

eported grating-based sensors for the same purpose.
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