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Owing to their interesting linear and nonlinear optical properties, Germania-based core optical fibers are being widely
used in a wide range of applications ranging from nonlinear optics to optical sensing. We here examine both the
strain and temperature coefficients of stimulated Brillouin scattering in heavily-doped core optical fibers with ultra high
GeO, doping level up to 98-mol %. Our results show that the temperature dependence of the Brillouin gain spectrum
becomes almost negligible (Cr = 0.07 MHz.°C!) for high doping content, while its Brillouin strain coefficient remains
significant (Ce = 21.4 kHz.pue~!) compared to that of standard single-mode optical fibers (Ce = 48.9 kHz.ue™!). It
is further shown that the temperature coefficient tends to zero when removing the fiber coating, indicating that those
athermal highly GeO,-doped-core optical fibers could advantageously be used for Brillouin fiber strain sensing.

I. INTRODUCTION

Stimulated Brillouin scattering (SBS), which relies on the
Bragg diffraction of light from a hypersonic beat wave in
photo-elastic materials, is a key nonlinear effect for a wide
range of photonic applications including high-coherence fiber
lasers, narrow-linewidth microwave filters, and fiber optical
sensors'™*. The latter application has specifically made sig-
nificant progress in recent years for long-range distributed
temperature and strain sensing in structural health monitor-
ing and security asset integrity*>. The Brillouin-based fiber
optical sensors principally exploit the sensitivity of the Bril-
louin gain spectrum (BGS) in single-mode fibers to tempera-
ture and strain®’. However, because of a linear combination
of both temperature and strain, their discrimination still re-
mains a great challenge to date®'!. Several methods have
recently been suggested and demonstrated to overcome this
limitation'>'8, Simultaneous and complete discrimination of
strain and temperature was reported by Zou et al. in 2009
by combining both SBS and birefringence measurements in a
polarization-maintaining fiber'?. Another method has been
later proposed using a multi-core optical fiber where SBS
is exploited in both the central core and the outer core of
the fiber'>»!4. In 2012, Dragic et al. made new sapphire-
derived all-glass fibers with alumina concentrations, which
were found to be athermal, with a Brillouin frequency that
was insensitive to changes in temperature. An athermal Bril-
louin sensor based on these all-glass optical fibers was further
demonstrated!>!®. More recently, temperature-strain discrim-
ination in distributed optical fiber sensing has been achieved
using phase-sensitive optical time-domain reflectometry!”.

Among the wide range of optical fibers available for sens-
ing, GeO,-based-core optical fibers appear as very attractive
candidates due to their high Brillouin gain, which has been
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recently measured using a pump probe technique'®, and
their efficient sensing properties’®23. The BGS dependence
on strain and temperature has already been investigated in
GeO;-doped optical fibers and it has been shown that increas-
ing GeO, content slightly decreases temperature and strain
sensitivity?*. However, the GeO, core doping level was lim-
ited to a moderate amount of 17-mol %.

In this paper, we experimentally investigate Brillouin strain
and temperature coefficients in heavily Germania-doped-core
optical fibers with very strong doping level from 53-mol %
to 98-mol %>° and we further compare them with standard
highly nonlinear (HNLF, 21-mol %) and single-mode fibers
(SMEF-28, 3.6-mol %). Our measurement results show that
the temperature sensing coefficient falls down to almost zero
(0.07 MHz/°C) in heavily-doped fibers (98-mol %), while
maintaining a large Brillouin gain and a significant strain sens-
ing coefficient of 21.4 kHz/pe. To go further into details, we
also show that the temperature sensitivity decreases down to
zero by removing the fiber coating, thus revealing that this
remarkable athermal behavior is intrinsically related to the
Germanium-based core. This is confirmed by a simple ana-
lytical model for predicting temperature sensitivity as a func-
tion the fiber outer diameter and very good agreement is found
with experimental data.

Il. EXPERIMENTS

Five different optical fibers with an increasing GeO;-core
doping level were experimentally analyzed and compared for
strain and temperature sensing capabilities, including a stan-
dard single-mode fiber (SMF-28, 3.6 mol %), a standard
highly nonlinear fiber (HNLF-21, 21-mol %) from Sumitomo
Electrics, and three heavily doped-core fibers from FORC-
Photonics with ultra high doping level of 53-mol %, 75-mol
%, and 98-mol %, respectively. All the optical and elastic
parameters of these fibers are listed in Table 1, which also
includes the Brillouin frequency shift (BFS), linewidth, gain,
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FIG. 1. Scheme of the experimental setup for measuring the Brillouin strain and temperature sensing coefficients by heterodyne detection.
EDFA: Erbium-doped fiber amplifier, PM: power meter, ESA: electrical spectrum analyzer, FUT: Fiber under test.

and the critical power threshold, previously reported in Ref.!°.
The effective refractive index neg of the fundamental opti-
cal mode and the effective mode area A ¢ were numerically
calculated using a finite element method (COMSOL 5.1 soft-
ware) based on the opto-geometric parameters of the fibers.
From Table 1, we note that increasing the core-doping level
significantly reduces both the core diameter and the effective
mode area, thus strongly enhancing the Brillouin gain by more
than 6. The SBS frequency of our fiber samples without strain
at room temperature reduces from 10.85 GHz to 7.703 GHz
when increasing the GeO, content in the fiber core, while the
Brillouin linewidth broadens strongly up to 100 MHz for a
98-mol % doping level.

Figure 1 schematically depicts the experimental setup used
for fiber strain and temperature sensing measurements. The
experiment is principally based on a highly sensitive optical
heterodyne detection of the beat note between a continuous-
wave narrow-linewidth (< 10 kHz) laser at 1550 nm and the
downshift Brillouin signal coming back from the fiber under
test?. The beat frequency is produced by a fast photodetec-
tor in the RF domain and the Brillouin gain spectrum is fur-
ther processed by an electrical spectrum analyzer (ESA) with
a high spectral resolution of a few kHz. To measure the strain
dependence of the BFS, all optical fibers under test were me-
chanically fixed using electromagnets over the same length of
1-m only. A force was then applied upon the fibers using mo-
torized translation stages to achieve increasing tensile strain
with a sensitivity of 1 um and the resulting BFS was simulta-
neously measured. For temperature measurements, the fibers
were immersed into a thermal water bath filled with deminer-
alized water. The temperature was carefully monitored with
an electronic thermometer with a precision of 0.1°C. A power
meter was used to precisely monitor the fiber transmission
during the measurements.

In optical fibers, the relationship between the BFS (vp)
of the Brillouin gain spectrum and the longitudinal acoustic
phonon velocity (V,) is given by the following formula®:
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where ner and A, are the effective refractive index and the
optical pump wavelength, respectively. In germanosilicate-
core fibers, the doping level dramatically changes the elastic

properties, in particular the acoustic phonon velocity and the
mass density (See Table 1). Correspondingly, the longitudinal
acoustic velocity V, strongly decreases when increasing the
core doping level>*?7-28 Due to the increase of core doping,
the effective refractive index increases as well, while the effec-
tive mode area is strongly reduced for single-mode operation,
thus giving rise to large nonlinear coefficients and Brillouin
gain. For instance, the SBS gain in the HNLF-98 is more than
6 times greater than a standard SMF in spite of the stronger
optical attenuation rate. The standard linear combination of
both strain d¢ and temperature 7 variations upon BFS can

be written asS,
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where Vg is the BFS at room temperature. o, 3, Sors o7

are the strain (in kHz.pue™ "), temperature (in MHz.°C™1),
elasto-optic and thermo-optic coefficients, respectively.

I1l.  EXPERIMENTAL RESULTS: BRILLOUIN STRAIN
COEFFICIENT

We first measured the backward SBS spectra in all fiber
samples at room temperature without any tensile strain ap-
plied upon optical fibers. For strain measurements, we limited
the elongation up to 7000 u € to prevent mechanical reliability
issues of our fiber samples. We then applied strain upon only
1-m fiber segment while we use 3-m-long fiber samples. Con-
sequently, two Brillouin resonances are seen in the spectrum,
as shown in Figure 2 that illustrates the SBS spectra for an
increasing tensile strain from O till 7000 g€ in the HNLF with
98-mol % doping level. The initial RF spectrum measured
without applied strain was obtained by using an input pump
power of 20 dBm, which is about 15 dB below the Brillouin
threshold. The SBS spectrum has a main single peak located



at 7.703 GHz with a linewidth of 98.5 MHz. The impact of
tensile strain is clearly noticeable from 2000 pe with a re-
sulting continuous shift of the SBS frequency up to 7.85 GHz
related to strain applied upon the 1-m-long fiber segment. Fig-
ure 3 (a) shows the resulting strain dependence of the BFS of
the five germano-silicate fibers as a function of the GeO, dop-
ing level.
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FIG. 2. Experimental backscattering Brillouin spectra for 98-mol %
GeO, core doping for an increasing tensile strain from 0 till 7000
He. Resolution bandwidth (RBW) is 100 kHz.

In all cases, we observe that the BFS linearly increases lin-
ear with the tensile strain, as in standard silica optical fibers!0,
The germanosilicate-core indeed modifies significantly the
fiber acoustic properties such as the acoustic phonon veloc-
ity and the Young modulus, leading to strong decrease of both
the BFS and the SBS strain coefficient, as shown in Fig. 3(b)
with a quadratic decrease of the strain coefficient as a func-
tion of GeO, content. At low doping level, it has been re-
ported that the strain sensitivity linearly depends of GeO, core
content>*. However, this dependence drastically changes for
heavily-doped fibers, since we observe a quadratic behavior
of SBS strain coefficient decreasing down to 21.4 kHz/u€ for
ultra-high doping level of 98-mol %.

IV. EXPERIMENTAL RESULTS: BRILLOUIN
TEMPERATURE COEFFICIENT

Temperature gradient from 20°C to 68°C was afterwards
applied upon the fibers without any tensile strain. Figure 4
shows for instance two Brillouin spectra measured in the 98-
mol % GeO, content fiber and recorded for the lowest and
highest temperature values. The plots in Fig. 4 show that the
Brillouin gain spectrum does not dramatically change and the
BFS only slightly increases from 7.703 GHz (20°C) to 7.706
GHz (68°C). This can be related to the high GeO, core dop-
ing level that makes the fiber insensitive to temperature. We
can also observe that the Brillouin linewidth (99.7 MHz at
20°C, blue line and 93.9 MHz at 68°C, red line) slightly nar-
rows due to the temperature increase. This is related with the
fact that increasing the temperature enlarges the acoustic
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FIG. 3. (a) Brillouin frequency shift versus micro strain applied on
the five germanosilicate fibers with varying doping level; (b) Strain
coefficient versus GeO,-core doping level.
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FIG. 4. Experimental backscattering Brillouin spectra measured at
two different temperatures for the fiber with 98-mol % doping level.

phonon lifetime. The gain spectral narrowing is of about
1 MHz per 10°C, which is in very good agreement with
previous observations®>. In Fig. 5 (a), we confirm the lin-
ear dependence of BFS as a function of temperature in all the
fibers, from 3.6 mol % to 98-mol % GeO, content. Figure 5(b)
shows the variation of Brillouin temperature coefficient as a



TABLE I. Optical and sensing parameters of the five different GeO,-doped-core optical fibers under test.

Fiber parameters Units SMF-28 HNLF-21 HNLF-53 HNLF-75 HNLF-98
Core GeO, content mol % 3.6 21 53 75 98
Core diameter, ¢ um 8.2 5 4.7 2.3 2
Fiber losses@1.55um, o dB.km’! 0.21 0.8 10 20 200
Effective area@1.55um, Aqg pum? 78.3 12.8 11 4.7 3.5
Refractive index@1.55um, n - 1.449 1.489 1.535 1.567 1.601
Effective index@1.55um, ne sy - 1.446 1.467 1.509 1.519 1.531
Acoustic Velocity, Vi, m.s! 5960 5059 4480 4139 3898
Mass density, p kg.m™ 2210 2507 2960 3271 3596
Brillouin frequency, vp GHz 10.845 9.648 8.726 8.067 7.703
Brillouin linewidth, Avg MHz 28 55 89 94 98
Brillouin threshold, P, (for 3m length) dBm 44.8 40.1 39.6 35.8 34.6
Brillouin gain, %;f Wlm! 0.23 0.38 0.92 1.15 1.62
Normalized SBS gain dB.m1.w! 1 1.7 4 49 6.6
Strain coefficient kHz.pe™! 48.9 40.1 30.8 25.0 214
Temperature coefficient MHz.°C! 1.09 0.86 0.48 0.21 0.07

function of GeO; core doping level. It nonlinearly decreases
from 1.09 MHz/°C (SME, 3.6-mol %) down to 0.07 MHz/°C
(HNLF, 98-mol %). For ultra-high GeO, doping level, the
temperature coefficient is 15 times smaller than that of stan-
dard silica optical fibers, whereas the strain coefficient is only
2 times smaller than SMF-28. For the temperature variation
considered here, ranging from 20°C to 68°C, the temperature
coefficient does not really change.

These properties could be very useful to efficiently discrim-
inate the temperature and the strain effects in optical fiber sen-
sors. We note however that the increasing attenuation losses
in such heavily GeO,-doped-core optical fibers (up to 200
dB.km™!) could limit the sensing range to a few meters despite
the higher Brillouin gain compared to standard fibers.

Finally, we removed the fiber coating using acetone in order
to better understand the athermal behavior of heavily GeO;
doped core fibers. In standard single-mode fibers (SMF-28),
the fiber coating indeed modifies the SBS temperature coeffi-
cient by a small amount, as reported in Refs. 2939 The SBS
temperature sensitivity of the fiber with 98-mol % GeO; con-
tent is reported on Fig. 5 (b) (green dot). We observe that the
temperature sensitivity (- 0.02 MHz.°C™") is very close to 0
MHz.°C™! without the polymer coating, thus proving that a re-
markable athermal behavior is only related to ultra-high GeO;
doping level of the fiber core. More importantly, by monitor-
ing the optical coating thickness of the fibers, we could mod-
ify coating thermal strain effect on SBS temperature measure-
ments. Consequently, a perfectly athermal fiber could be read-
ily developed?!. This is shown in Fig. 6 both experimentally
in (blue dots) and and theoretically (red curve). For theory, we
used the following analytical equations according to Refs. >0
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FIG. 5. (a) Brillouin frequency shift versus the temperature increase
in five different fibers; (b) SBS temperature coefficient versus GeO,-
core doping levels.

dvg  IVp

St F& and g—i are the strain (in kHz./.u;"l), tem-
perature (in MHz.°C~!) coefficients and the thermal strain
induced by the coating material upon the fiber bare (in
°C!), respectively. Ej2(7.2 x 10'%.m72,0.8 x 10!%n.m~2),

where



Ay (inm?) and o »(5.5 x 1077C~1,1.5 x 1074C ") are the
Young’s modulus, cross-sectional areas, and the thermal ex-
pansion coefficients of both fiber bare and coating mate-
rial, respectively®’. From Egs. 5 and 6, we plotted in Fig.
6 the evolution of the Brillouin temperature sensitivity (in
MHz.°C!) of the heavily 98-mol % GeO, content optical
fiber as a function of the overall outer diameter of the fiber
(in um). Our results show that a fully athermal optical fiber
could be achieved by reducing the coating thickness down up
to 155 um.
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FIG. 6. Temperature sensitivity as a function of the overall fiber outer
diameter. Experimental data (blue dots) versus theory (red curve).

V. CONCLUSION

To conclude, we have experimentally investigated the tem-
perature and tensile strain sensing potential of several heavily-
doped Germania-core optical fibers. Our results have demon-
strated that the use of doping levels as high as 98-mol % al-
lows for an almost complete elimination of the thermal coef-
ficient, with only a small reduction of the strain coefficient,
thus enabling strain sensing possibilities with no temperature
crosstalk. It was further shown that a completely athermal op-
tical fiber would require to reduce the coating diameter down
to 155 um. Furthermore, in contrast to previous observations,
at low concentrations doses, showing a linear decrease of the
strain coefficient as a function of the GeO, doping level, our
results demonstrated that, at high concentration levels, the co-
efficient decreases with a quadratic dependence.
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