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Abstract—The dependences of Brillouin frequency shifts (BFSs)
on strain and temperature in GeO�-doped optical fibers are inves-
tigated. Our study shows that the strain (temperature) coefficient
of the BFS is linearly proportional to the decrease of the GeO�

concentration in the fiber core with a relative rate of 1.48%
( 1.61%) per unit mol percentage. The coefficients of 0 mol%
GeO�-doped silica (i.e., pure silica) are extracted from the least
squares fitted linear dependences of the coefficients on GeO�

concentration; the results show good agreement with simulations
taking into account the changes of the refractive index, the density,
and the Young’s modulus induced by the applied strain and the
temperature change. Furthermore, when measurement upon three
fibers drawn from the same preform, but under different draw
tensions are done, this provides that there exists an optimized
tension during fiber fabrication that maximizes the difference
between strain and temperature coefficients.

Index Terms—Brillouin scattering, nonlinear acoustics, optical
fiber fabrication, optical fiber measurements, strain measurement,
temperature measurement.

I. INTRODUCTION

B RILLOUIN scattering in optical fibers occurs through a
nonlinear interaction between the optical waves and the

thermally initialized acoustic wave [1]. The high Brillouin gain
used to be a trouble in optical fiber communications [2]–[4]. On
the other hand, making use of the dependence of Brillouin fre-
quency shifts (BFSs) of Brillouin gain spectrum (BGS) in an
optical fiber on strain or temperature [5], [6], a type of fully
distributed fiber-optic sensor has been invented and extensively
investigated. Several different schemes based on correlation-do-
main [7], time-domain [8], or frequency-domain [9] techniques
have been developed. However, any of above techniques suffers
a common physical difficulty in discriminating the response to
strain from that to temperature since the BFS is sensitive to both
strain [5] and temperature [6]. To distinguish strain from tem-
perature, one solution is based on using Brillouin gain coeffi-
cient or Brillouin linewidth together with BFS of BGS [10]. This
method requires accurate measurement of the shape of BGS
and/or absolute intensity of Brillouin scattering, which is often
difficult. Another method utilizes the resonance frequencies of
the BGS from two or more different acoustic modes in a spe-
cial optical fiber [11]–[13]. The latter method is thought more
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promising because the measurement accuracy of BFS can be en-
hanced extremely and achieved, for example, within 0.1 MHz
[11], which corresponds to a precision of 2 for strain or

0.1 C for temperature change. In this method, the fiber has
to be properly designed to improve the discriminative accuracy
of strain and temperature [14]. To do so, the effect of fiber’s
parameters on strain- or temperature-dependences of the BFS
should be investigated thoroughly.

This paper presents our investigation on the strain- and
temperature-dependences of the BFS in GeO -doped optical
fibers of GeO -doped cores with different GeO concentrations
and pure-silica claddings. Experimental results show that both
the strain and the temperature coefficients of the BFS linearly
decrease with respect to the increase of GeO concentrations
while in slightly different slopes, that is, 1.48%/mol% versus

1.61%/mol%. The strain and temperature coefficients of
the BFS for pure silica, which are extracted from the fitted
linear curves to the experimental results, match well with the
theoretical values calculated by considering the strain-induced
and temperature-induced changes of pure silica’s properties,
e.g., the refractive index, the density, and the Young’s modulus.
Furthermore, the effect of draw tension during fiber fabrication
on the coefficients is also investigated.

Section II introduces the normalized strain and temperature
coefficients of the BFS, which are proposed in this paper. The
experimental details of BGS measurement of the fiber samples
are given in Section III. Sections IV and V provide our measured
and analyzed results on the effects of the GeO concentration
and the draw tension, respectively, on the normalized strain and
temperature coefficients of the BFS. Last, the main conclusions
of this paper are summarized in Section VI.

II. NORMALIZED STRAIN AND TEMPERATURE COEFFICIENTS

In a GeO -doped optical fiber, the reduction of the longitu-
dinal acoustic velocity in GeO -doped core with respect to
that in pure-silica cladding (i.e., ) provides a wave-
guide of longitudinal acoustic modes in the core region [15],
[16]. As recently studied, the acoustic modes sense a better con-
finement than the optical modes in a GeO -doped optical fiber
[14]. The enhanced confinement results in the existence of mul-
tiple acoustic modes in a single-mode optical fiber (SMF)
[17] and also leads to that the first-order acoustic mode
among all modes is best confined in the core and even better
confined than the fundamental optical mode. Furthermore,
the enhanced confinement shows that the effective acoustic ve-
locity of mode ( ) is close to , the longitudinal acoustic
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Fig. 1. Schematic of an experimental arrangement to measure the FUT’s BGS. All the abbreviations are explained in the dashed box.

velocity in the core, i.e., . Therefore, the change of
the mode’s effective acoustic velocity is dominantly due
to the change of the core’s acoustic velocity but negligibly
(less than 1%) due to that of the cladding’s acoustic velocity ,
even though the core’s acoustic velocity and the cladding’s
acoustic velocity vary equally [18].

The acoustic mode resonance frequency, i.e., the BFS
( ) of the BGS, is determined by the Bragg condition [1], [3],
[17], [19]

(1)

where is the effective refractive index and the op-
tical wavelength in vacuum (1.549 m in our experiment
described below). The longitudinal acoustic velocity in the
GeO -doped core (approximately, the mode’s effective
acoustic velocity ) is determined by the Young’s modulus
( ) and the density ( ) as follows [20]:

(2)

The linear dependence of BFS on the applied strain and the
temperature change can be expressed as [5], [6], [11]

(3)

where is the BFS measured at room temperature (25 C)
and in the “loose state” as a reference point. The loose state of
the fiber under test means that the fiber is laid freely in order to
avoid any artificial disturbances. is the strain coefficient in a
units of MHz/ and is the temperature coefficient in a unit
of MHz/ C.

In this paper, we introduce a normalized strain coefficient
( in a unit of 10 ) and a normalized tempera-
ture coefficient ( in a unit of 10 C). According
to (1)–(3), the strain and temperature normalized coefficients
can be dissolved into three parts, respectively

(4a)

(4b)

Each of the three parts in the above equations is determined by
relative change rates in , , and due to the applied strain

or the temperature change , expressed as follows:

(5a)

(5b)

(5c)

(6a)

(6b)

(6c)

Equations (5a) and (6a) are, respectively, determined by the
elastooptic and thermooptic effects; (5b) and (6b) are subject to
the strain-induced distortion and the thermal expansion, respec-
tively; (5c) and (6c) are decided by the strain-induced second-
order nonlinearity of Young’s modulus and the thermal-induced
second-order nonlinearity of Young’s modulus, respectively.

III. EXPERIMENTAL DETAILS

An experimental arrangement to measure BGS of a fiber
under test (FUT) is set up as depicted in Fig. 1. The Brillouin
pump and the Brillouin probe waves are equally divided by
a 3-dB coupler from a 1.549- m distributed-feedback laser
diode. The pump wave is chopped at 8.3 MHz for lock-in
detection by an electrooptic modulator and then is amplified
by an erbium-doped fiber amplifier (EDFA) with output power
measured before a circulator of 25 dBm. The frequency of
the probe wave is downshifted from that of the pump wave
through a single-sideband modulator (SSBM); suppression
of the frequency components other than the probe wave is
maintained higher than 27 dB by proper dc bias control. The
SSBM is driven with a microwave synthesizer to ramp-sweep
the probe wave’s frequency around the BFS ( ) for the BGS
measurement. To compensate the optical loss in SSBM, two
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TABLE I
PARAMETER LIST OF TESTED FIBER SAMPLES

additional EDFAs are inserted before and after SSBM, respec-
tively. The power of the probe wave launched into the fiber
sample under test is 2.3 dBm. A variable optical attenuator
is inserted in front of the 125-MHz photodetector (PD) to
prevent the PD from saturation. The demodulated digital signal
after a lock-in amplifier is sampled and recorded by a personal
computer through a data acquisition card.

To investigate the strain dependence, as explained in [11], the
BGS of each FUT of about 10 m in length is measured at room
temperature but under strain applied by changing an -stage’s
position. Next, to study the temperature dependence, its BGS
is detected in loose state while at different temperature within
0.1 C accuracy.

The GeO -doped fiber samples investigated are listed in
Table I, which consists of a 3.65 mol% GeO -doped traditional
SMF (Fiber-A) [17], three 8.0 mol% GeO -doped fibers drawn
from the same preform but under different tensions (Fiber-B1,
Fiber-B2, and Fiber-B3) [18], and a 17.0 mol% GeO -doped
high-delta fiber (Fiber-C). Their GeO concentrations are de-
duced according to the modeled relative refractive index change
( , where and are the core’s
and the cladding’s refractive index, respectively) since 0.1%

is induced by a unit mol percentage of GeO concentration
[21]. The 8.0 mol% optical fibers (Fiber-B1, Fiber-B2, and
Fiber-B3) are wounded with about ten turns of 2 cm circles
after the isolator and the circulator, respectively, in order to
maintain single-mode optical propagation during the experi-
mental measurement. In Table I, a single-mode optical fiber
including a pure-silica core and an F-doped cladding (Fiber-D)
is also included for further comparison and discussion, which
will be explained below. All the samples are coated with the
same 250- m polymer jacket so that the coating’s influence is
negligible.

IV. DEPENDENCE ON GeO CONCENTRATION

A. BGS in Optical Fibers

Fig. 2 shows the BGS of the fiber samples (Fiber-A,
Fiber-B2, Fiber-C, and Fiber-D) with different GeO concen-
trations, which are measured at room temperature and in loose
state. It is worth noting that the swept range of the microwave
synthesizer to SSBM for measuring each BGS in Fig. 2 is
controlled within 300 MHz around its primary BFS. Further

Fig. 2. Measured (symbolic points) and Lorenzian fitted (solid curves) BGS of
Fiber-A, Fiber-B2, Fiber-C, and Fiber-D.

Fig. 3. Measured BFS in optical fibers as a function of GeO concentration.
The solid line is the least squares fitting to the measured BFS (circles) of
Fiber-A, Fiber-B2, and Fiber-C. Pentacle, Fiber-D; triangle, F-HDF.

studies for the entire BGS indicate that the BGS of Fiber-A,
Fiber-B2, and Fiber-C have three to four peaks while Fiber-D’s
has only one peak. The frequency spacing between neighboring
modes increases by degrees when the GeO concentration
is enhanced, for example, 50 60 MHz for Fiber-A versus

700 720 MHz for Fiber-C.
To find the value of each FUT’s , we fit each measured

BGS to a Lorenzian function with an offset, as depicted by the
solid curves in Fig. 2. According to repeatability test, the is
confirmed within 0.1 MHz accuracy. The are concluded in
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Fig. 4. Measured BFS dependence on strain for (a) Fiber-A, (b) Fiber-B2, (c) Fiber-C, and (d) Fiber-D, respectively.

TABLE II
SUMMARY OF DETECTED BFS AND MEASURED STRAIN AND TEMPERATURE

COEFFICIENTS OF FIBER-A, FIBER-B2, FIBER-C, AND FIBER-D WITH THOSE

OF PURE SILICA INCLUDED

Table II and plotted in Fig. 3 as a function of GeO concentra-
tion.

Fig. 3 shows that the BFS of Fiber-A, Fiber-B2, and
Fiber-C has a linear dependence on GeO concentration.
Through the least squares fitting to the measured values, the
linear slope of with respect to GeO concentration is found

87.3 MHz/mol%, which corresponds to a change of
87.3 MHz regarding an incremental of 0.1%. This result

confirms and specifies previously reported values [22]–[24].
The value of of pure silica corresponding to 0-mol% GeO
concentration extracted from the fitted linear curve in Fig. 3
is 11198.0 MHz, which is in excellent agreement with the
detected value (11165.2 MHz) of Fiber-D (a pure-silica-core
fiber). The finite discrepancy possibly results from the F-doped
cladding in Fiber-D.

The of a high-delta optical fiber with F-doped inner
cladding (F-HDF) [11] is also included in Fig. 3 for com-
parison; its maximum GeO concentration is 24 mol% in

the core. This is beyond the fitted linear curve in Fig. 3,
and its location in Fig. 3 corresponds to a lower GeO con-
centration. The reason is understandable because the F-HDF
has an approximately triangular refractive index profile [11],
which results in an averaged GeO concentration lower than its
maximum.

B. Strain and Temperature Coefficients

The BFS of Fiber-A, Fiber-B2, Fiber-C, and Fiber-D mea-
sured under different strain and temperature are plotted in
Figs. 4 and 5, respectively. The least squares linear fittings give
the strain and temperature coefficients. Furthermore, the
normalized coefficients and are deduced, respectively,
according to the measured coefficients and and the BFS

at room temperature in loose state. All of these results are
summarized in Table II.

The and are plotted as a function of GeO concen-
tration in Fig. 6(a) and (b), respectively. The least squares
linear fittings to the measured data of Fiber-A, Fiber-B2, and
Fiber-C give the linear dependence slopes of 1.48%/mol%
and 1.61%/mol%, which denote that the and are rela-
tively decreased by 1.48% and 1.61% for 1-mol% increase
of GeO concentration in the core, that is, an incremental
of 0.1%. The normalized coefficients of 0-mol% GeO -doped
silica (pure silica) are extracted from the linearly fitted curves
in Fig. 6, which are and . The
extracted values are not coincident with our measured ones of
pure-silica-core Fiber-D. This is possibly due to the influence of
F-doped cladding. The detailed persuadable evidences should
be clarified by investigating optical fibers with F-doped core
with a lower fluorine concentration while F-doped cladding
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Fig. 5. Measured BFS dependence on temperature for (a) Fiber-A, (b) Fiber-B2, (c) Fiber-C, and (d) Fiber-D, respectively.

Fig. 6. Normalized (a) strain coefficient and (b) temperature coefficient as a function of GeO concentration. The solid lines are the least squares linear fittings to
the experimental results (circles) of Fiber-A, Fiber-B2, and Fiber C. Pentacle, Fiber-D.

with a higher fluorine concentration, which are now under
study in our group.

C. Discussion

The normalized strain coefficient and the temperature coef-
ficient for fused quartz are estimated, each of which includes
three contributions from the , , and as defined in (5)
or (6), respectively. Afterwards, they are compared with the ex-
tracted values from Fig. 6.

According to the elastooptic change of due to the applied
strain, the factor of (5a) is determined by

, where [25] in 1.549- m region
and the averaged elastooptic coefficient [18]. The
factor determined by the strain-induced density change, defined
in (5b), is relative to the Poisson ratio as

[20]. The factor of (5c) is decided by the strain-
induced nonlinear coefficient [26] as .

As a result, the normalized strain coefficient is evaluated to be
, which is in good agreement with the extracted

value of from Fig. 6(a).
Meanwhile, the factor of (6a) is significantly responsible from

the thermooptic effect, which leads to [27],
[28]. The thermal expansion due to the temperature increase
enhances the silica’s volume and in turn reduces the density,
which results in , where the thermal ex-
pansion coefficient of pure silica is C [29].
According to Pine [30] and Bucaro et al.. [31], the Young’s
modulus is nonlinearly dependent on the temperature change,
which determines that the factor of (6c) is .
The above thermal-induced second-order nonlinear coefficient
of Young’s modulus C is referred to [30] while
not to [31] because the pure silica for fabricating optical fibers
is more probably a synthetic silica rather than a natural one.
To sum up, the normalized temperature coefficient is equal to
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Fig. 7. Measured BFS dependences on (a) strain and (b) temperature of three 8.0-mol% GeO -doped fiber samples. Symbolic points denote the experimental
results: (squares) Fiber-B1 (48 grams); (circles) Fiber-B2 (143 grams); (triangles) Fiber-B3 (293 grams). The solid lines correspond to the least squares linear
fittings to the measured data.

TABLE III
COMPARISON OF MEASURED STRAIN AND TEMPERATURE COEFFICIENTS OF

THREE 8-MOL% FIBERS

Fig. 8. Normalized strain coefficient (left vertical axis) and normalized tem-
perature coefficient (right vertical axis) as a function of fabricated draw tension.
Symbolic points denote the experimental results. The solid and dashed curves
correspond to the quadratic fittings, respectively.

, which matches well the extracted
from Fig. 6(b).

In addition, the above calculations show that the strain co-
efficient is significantly ( 97.8%) subject to the strain-induced
second-order nonlinear change of Young’s modulus; similarly,
the temperature coefficient is also dominantly ( 91.9%) de-
cided by the thermal-induced second-order nonlinear change of
Young’s modulus. Spinner et al.’s study of modulus-temper-
ature relations [32] demonstrates that the positive thermal-in-
duced second-order nonlinear coefficient of vitreous GeO from
above 100 C to below 400 C is substantially smaller
than that of vitreous silica. These facts could explain our exper-
imental observation that the strain and temperature coefficients
of BFS in GeO -doped optical fibers decrease with increasing
GeO concentration in the cores.

V. INFLUENCE OF DRAW TENSION

Fig. 7 depicts the measured strain and temperature depen-
dences of BFS of three fiber samples fabricated from the same
8.0-mol% GeO -doped preform but drawn under different ten-
sions (Fiber-B1, 48 grams; Fiber-B2, 143 grams; Fiber-B3, 293
grams). Through least squares linear fittings (solid lines) to mea-
sured data (symbolic points) as shown in Fig. 7, we obtain the
strain and temperature coefficients and further evaluate the nor-
malized coefficients, all of which are included in Table III.

The normalized coefficients are plotted as functions of draw
tension in Fig. 8. From Fig. 8, it is shown that there is a draw
tension to maximize the difference between the strain coefficient
and the temperature coefficient. In other words, by applying this
draw tension during fiber fabrication, the strain coefficient can
be maximized whereas the temperature coefficient can be mini-
mized, which is useful for optical fiber design in applications of
Brillouin-based discriminative measurement of strain and tem-
perature.

To estimate this draw tension, we fit the measured results in
Fig. 8 by a quadratic function. According to the fitted results, the
optimized draw tension has a little discrepancy for maximizing
the strain coefficient versus for minimizing the temperature co-
efficient, that is, 146 grams for strain versus 109 grams for
temperature. The reason for these quadratic dependences is not
known. One possible explanation is that the higher order (e.g.,
third-order) nonlinearity of Young’s modulus can be significant
if the entire strain/stress becomes comparatively high [33].

VI. CONCLUSION

We have investigated the strain dependence and the temper-
ature dependence of BFS in GeO -doped optical fibers. The
strain and temperature coefficients of the BFS are found lin-
early proportional to the increase of GeO concentration in the
core but in slightly different rates, i.e., 1.48%/mol% versus

1.61%/mol%. These similar behaviors show that using a high-
delta optical fiber with high GeO concentration in the core [34]
could not provide significant performance improvement in dis-
criminative measurement of strain and temperature. The linear
dependences of the coefficients on GeO concentration and their
corresponding rates obtained in this paper provide a set of useful
parameters for optical fiber design in order to enhance the dis-
criminative measurement of strain and temperature [14]. The
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theoretical study on the normalized strain and temperature co-
efficients of pure silica gives matched results compared to those
extracted from the linear dependences of the normalized coef-
ficients on GeO concentration. The theoretical study further
indicates that both the strain and temperature dependences of
BFS are dominantly responsible from the strain-induced and
thermal-induced second-order nonlinearities of Young’s mod-
ulus, respectively. The investigated effect of the fabricated draw
tension shows that the difference of strain and temperature co-
efficients could be optimized by a suitable draw tension.
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