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Abstract: A novel temperature and salinity discriminative sensing method based on forward Brillouin scattering

(FBS) in 1060-XP single-mode fiber (SMF) is proposed. The measured frequency shifts corresponding to different

radial acoustic modes in 1060-XP SMF show different sensitivities to temperature and salinity. Based on the new

phenomenon that different radial acoustic modes have different frequency shift-temperature and frequency shift-salinity

coefficients, we propose a novel method for simultaneously measuring temperature and salinity by measuring the

frequency shift changes of two FBS scattering peaks. In a proof-of-concept experiment, the temperature and salinity

measurement errors are 0.12 °C and 0.29%, respectively. The proposed method for simultaneously measuring

temperature and salinity has the potential applications such as ocean surveying, food manufacturing and

pharmaceutical engineering.
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0 Introduction

Simultaneous measurement of temperature and
salinity 1s crucial for many applications in food indus-
try, pharmaceutical engineering and chemical indus-
try'"?'. So far, the methods for measuring salinity re-
quire complex process processing or low mechanical
strength™’. The acoustic vibration involved in for-
ward Brillouin scattering (FBS) is a transverse
acoustic field"*’. In the reported optical fiber sensors
based on FBS, only single and dual parameter si-
multaneous measurement methods for temperature
and acoustic impedance sensing can be achieved ™'
Until now, no researchers have used FBS to mea-
sure temperature and salinity simultaneously. How-
ever, other commonly used sensing fibers such as
G655 single-mode fiber (SMF )" have lower sensi-

tivity to salinity. In order to obtain a temperature
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and salinity simultaneous measurement sensor with
small size, light weight, and corrosion resistance,
we propose a new temperature and salinity discrimi-
native sensing based on FBS in 1060-XP SMF.

In this work, we firstly present new findings
that the frequency shift dependencies of radial acous-
tic modes induced FBS spectrum on temperature
and salinity are different with different acoustic
modes in 1060-XP fiber. Based on the new find-
ings, we propose a novel dual-parameter sensing
method capable of simultaneously measuring tem-

perature and salinity with high mechanical strength.

1 Sensing Principle

The frequency shift v, of the resonance peak of
the FBS spectra induced by the radial acoustic mode
Ry, ('The m is order number) in an ideal cylindrical

13]

optical fiber is defined by'
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where a is the radius of fiber outer, y, the eigenval-
ue of R, acoustic modes, and vy, the velocity of the
longitudinal acoustic wave.

When the salinity of the solution around the op-
tical fiber changes, it will cause a change in the liq-
uid density and sound velocity of the fiber surround-
ing environment which in turn leads to a change in
the acoustic impedance of the environment'**'. Due
to the approximate linear relationship between vy,
and the acoustic impedance Z of medium surround-
ing the fiber, the value will also change with the
change of the acoustic impedance of the surrounding
solution, which can be expressed as y,~Z"""". Ac-
cording to Eq.(1) , as y, changes, the frequency
shift of the FBS spectrum induced by R, acoustic
modes changes which can be expressed as v,~Z"".
Therefore, if the salinity S is linearly related with
7, the frequency shift of FBS spectrum can be used
to detect salinity.

It is known that the frequency shift of FBS
changes linearly with the temperature *"'. Then, if
there is a linear relationship between the frequency
shift of FBS and salinity surrounding a sensing fi-
ber, a novel temperature and salinity discriminative
sensing method based on FBS can be realized. The
frequency shifts of R, ; and R, ; (i and j are the order
numbers of R,,,, i 7 j) induced FBS spectrum are
denoted as v, and v;, respectively, which can be ex-
pressed as

vi— Vot Cop o AT+ C,s+AS (2)

vi=v, ot Cor;* AT+ C,5,;*AS (3)
where v, ; and v, , are the frequency shifts of R, , and
R, induced FBS spectrum at original state, respec-
tively. C,r, and C,; are the frequency shift-temper-
ature coefficients corresponding to R, and R, ;, re-
spectively. C,s, and C,s; are the frequency shift-sa-
linity coefficients corresponding to R,, and R,
acoustic modes, respectively. AT and AS corre-
spond to the changes of temperature and salinity,
which can be obtained from Eqgs.(2, 3), and can be

expressed as

[AT}:{CV LHA} )
AS C»"I‘,j CVSJ' AV}

where Ay, and Ay, are the changes of the frequency
shifts of the FBS spectrum induced by R, and R, ;,
respectively. Therefore, by calculating Eq.(4) , a
novel method to achieve temperature and salinity si-
multaneous measurement by using the frequency
shift information of two R, acoustic modes is pro-
posed. It should be noted that, in order to achieve
this new dual-parameter sensing method, one must
find sensing fibers that meet the linear relationship
in Eq.(4). We will select 1060-XP as a new type of
sensing fiber that meets this linear relationship
through experiments in the next section.
The measurement errors of the frequency shifts
of R, and R, induced FBS spectrum (Jy, and dv;)
can be expressed as follows
ovi=C,r 0T+ C,s,+6S (5)
Ov;=C,r 8T+ C,s,°6S (6)
where 6T and 6S are the temperature and salinity
measurement errors, respectively. By using the fre-
quency shift information of R,, and R,; induced
FBS spectrum for temperature and salinity simulta-
neous measurement, the temperature and salinity

measurement errors can be expressed as follows
[M} _ {cv cHay] -
é\S CV’I‘,] CVSJ' é\l./]-

2 Experiment and Results

The schematic experimental setup of the pro-
posed sensing system is shown in Fig.1. The laser
source is a narrow-linewidth fiber laser (5 kHz)
with a central wavelength of 1 550 nm. After pass-
ing through an optical isolator (ISO) and a polariza-
tion controller (PC) , the output light with a power
of 8.6 dBm is transmitted into a fiber Sagnac loop
that consists of a 2 X 2 fiber coupler, a PC and the
fiber under test (FUT). In order to achieve a good
signal-to-noise ratio and use suitable optical fiber
with appropriate length, we chose a 30 m long 1060~
XP fiber as the FUT. The diameters of cladding and
core of the 1060-XP fiber used in the experiment are
125 pm and 5.3 pm, respectively™*"". The ISO pro-
tects the laser from damage induced by light reflec-
tion back to the laser. In the FUT, the R, ,, acoustic

modes are excited, which apply phase modulation
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to the propagating light'”**"'. By adjusting the PC,
the torsional-radial acoustic mode can be suppressed
as much as possible to reduce its influence on the

[13,21]

R, ,, acoustic mode . The fiber Sagnac loop con-

verts the phase modulation into the intensity modula-
tion'"®. Then the intensity-modulation signal is de-
tected by a photodetector (PD) with 1.6 GHz band-
width and the FBS spectrum is monitored by an

electrical spectrum analyzer (ESA )",

T ==_""7
Fig.1 Schematic diagram of the experimental setup for

observing FBS spectrum

The measured FBS spectrum of FUT at room
temperature is shown in Fig.2. In addition, the reso-
nance peaks of the adjacent FBS spectrum induced
by R, acoustic modes have similar frequency inter-
vals (around 48 MHz)"*.
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Fig.2 The measured FBS spectrum of FUT in distilled

water at room temperature

First, the FUT is placed in a heating plate,
and the frequency shifts of the FBS resonance peaks
with the change of temperature are measured. The
temperature is changed from 22 °C to 50 C with a
step of 4 “C. The frequency resolution bandwidth
(RBW) and video resolution bandwidth (VBW) of
ESA are set to 50 and 5 kHz, respectively. The
FBS spectrum is averaged 1 000 times. The fre-

quency shift-temperature coefficients (C,;) for R, ;

to R, is shown in Fig.3(a). We find that for the
1060-XP fiber, the frequency shifts of the FBS in-
duced by R,, acoustic modes have linear relation-

ships with temperature in this temperature range.
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(b) Frequency shift-salinity (C, ) coefficients of the
FBS spectrum induced by R, to R, ;, in FUT

Fig.3 The measured frequency shift-temperature coeffi-
cients (C,;) and frequency shift-salinity coefficients
(C,s) of the FBS spectrum induced by R, ; to R, , in
FUT

Next, the FUT is placed in NaCl solution and
the frequency shifts of the FBS resonance peaks
with the change of salinity are measured. The envi-
ronment temperature is set to room temperature
(22 °C), and the salinity of saline water is changed
from 0 to 15% with a step of 3%. The frequency
shift-salinity coefficient (C,s) for R,; to Ry, is
shown in Fig.3(b). The frequency RBW of ESA
is set to 5 kHz and the FBS spectrum is averaged
1 000 times. In the range of 0 to 15%, the frequen-
cy shift of FBS of the 1060-XP fiber increases with
the increase of salinity, and there is a linear relation-
ship between frequency shift and salinity at different
R,.,, acoustic modes. It can be found that higher-or-

der acoustic modes have higher temperature and sa-
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linity sensitivities.

As shown in Eq.(4), two different modes can
be chosen to realize the temperature and salinity dis-
criminative sensing. To get the best measurement
errors, we need to use Eq.(7) and the coefficients
in Fig.3 to find the optimal portfolio (R,,, R,,)
(5 << i, j=< 11, i # j) that gives the lowest tem-
perature and salinity measurement errors. In the ex-
periment, to obtain Jy, and dy; in Eq.(7) , the fre-
quency shift corresponding to each R,, acoustic
mode is measured for 7 times, and the standard de-
viation of the frequency shift is calculated. The val-
ues of dvs, dvs, Ov;, Ovg, Ove, Ovyy and Oy, are 2.5,
6.8, 2.3, 6.4, 6.5, 7 and 6.9 kHz, respectively.
Taking the temperature repeatability measurement
as an example, the deviation of the temperature
measured within 1 min is about 0.1 ‘C. It indicates
that the sensing system and the FBS spectra we ob-
tained both have good stabilities. We obtain the cal-
culation measurement results for the temperature
and salinity in Fig.4. For all the sets of (R, ;, Ry ;)
(5<<17,j< 11, i+# j), the set (Ry5, Ry1,) has
the lowest measurement errors, which are 0.08 °C

and 0.26 % ,respectively.
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Fig.4 The temperature and salinity measurement errors of
the sets of (R, ;, R, ;) (i =5, 6 << ;<< 9)

Based on the above calculation results, we se-
lected Ry5 and R,,, for the temperature and salinity
discriminative sensing. As shown in Figs.5(a,b), the
temperature and salinity sensitivities of Ry;5 (C, 5
and C,s ;) are 12.68 kHz/Cand 5.85 kHz/% , re-
spectively, the temperature and salinity sensitivities
of Ry.w (Cyryy and Cosyy) are 44.01 kHz/°C and
13.54 kHz/ % ,respectively.
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Fig.5 The measured frequency shift of the FBS scattering
peaks induced by R, ; and R, ,, acoustic modes as a

function of temperature and salinity

In order to more conveniently verify the mea-
sured results with the calculated results, 45 C dis-
tilled water (0% NaCl solution in water) is selected
as State 1. Then the 10% NaCl solution in water at
the temperature of 26 “C is selected as State 2. The
actual temperatures of two states are controlled
close to 45 ‘C and 26 “C, which are 45.68 ‘C and
26.76 °C, respectively. Figs.6(a,b) show the mea-
sured FBS spectrum induced by R, ; acoustic mode
at State 1 and State 2, respectively, where the cor-
responding measured central frequencies (v;, and
vs ») are 226.659 MHz and 226.840 MHz, respec-
tively. The measured FBS spectrum induced by
R, ., acoustic mode at State 1 and State 2 are shown
in Figs.6(c,d) ,respectively, where the correspond-
ing measured central frequencies (v, , and v, ,) are
513.720 MHz and 514.416 MHz, respectively.

The temperature decreases by 18.92 °C and the
salinity increases by 10%, that is, AT is —18.92 °C
and AS is 10%. Substituting the corresponding cen-
ter frequencies of the two states into Eqs.(2—4) ,
the measured temperature change AT and salinity
change AS" are —18.80 °C and 9.81% , respectively.
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Fig.6 The measured FBS spectrum induced by radial
acoustic modes of R, . at State 1 and State 2, and

R, ,, at State 1 and State 2

Therefore, the measurement errors of temperature
and salinity are 0.12 °C and 0.29%, respectively,
which are in good agreement with the theoretical er-
ror values of 0.08 °C and 0.26 % . The differences be-
tween experimental results and theoretical results
may originate from the evaluated errors of linear co-
efficients and the temperature fluctuation of the tem-
perature control system.

In our two parameter measurement environ-
ment, the frequency shift of FBS is only sensitive
to the three measured parameters. As shown in
Eqs.(2—4), it is precisely because there are no oth-
er parameters in the measurement environment that
in the frequency shifts change, taking into account
the cross-sensitivity characteristics of these two
measured environment parameters. Therefore, the

sensing system has good repeatability.

The sensing performance of the proposed sen-
sor by using 1060-XP fiber is compared with other
optical fiber sensors, as shown in Table 1. It is
found that the proposed method has a high sensitivi-
ty, a low measurement error with great mechanical
strength. In the future, utilizing the correlation be-
tween the linewidth of the forward Brillouin scatter-
ing peak and parameters such as temperature and
pressure, it can also be achieved to simultaneously
measure three parameters using three different line-

widths of R, ,, acoustic modes"™ ",

Table 1 Perpormance evaluation for different sensors

Temperature Salinity .
Mechanical
Ref. Type measurement measurement ; h
stren
error/°C error/ % Srene
[23] FBS 0.65 — High
[24] OFDR 1.20 — Medium
[6] FBS 0.10 0.18 Low
[71  FBS — 2.03 High
This g 0.12 0.29 High
work

3 Conclusions

The temperature and salinity characteristics of
R,.,, acoustic modes induced FBS in 1060-XP opti-
cal fibers and their dependence on temperature and
salinity are experimentally demonstrated. Then a
method for simultaneous measurement of tempera-
ture and salinity using FBS is proposed and experi-
mentally validated. The obtained measurement er-
rors of temperature and salinity are 0.12 °C and
0.29% , respectively, with high measurement er-
rors. The proposed method for simultaneous mea-
surement of temperature and salinity has great po-
tential applications in food industry, pharmaceutical

engineering and chemical industry.
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