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Simultaneous measurement of temperature and
relative humidity using a dual-wavelength
erbium doped fiber ring laser sensor

Mateusz Madry, Lourdes Alwis, Leonardo Binetti, Lukasz Pajewski, Elzbieta Beres-Pawlik, Senior
Member, IEEE

Abstract— A fiber ring laser sensor setup utilizing FBGs (Fiber
Bragg Gratings) for simultaneous measurement of ambient
temperature and relative humidity (RH) is presented. Two FBGs
are incorporated as tunable filters for a dual-wavelength laser
emission, where one FBG was coated with Polyimide (PI) in order
to achieve sensitivity to RH changes, while the other bare FBG was
used for temperature sensing. An increase in RH would induce a
strain on the grating, which results in a variation in the resonance
wavelength of the Pl-coated FBG. This causes a shift in the laser
emission wavelength. Being insensitive to RH changes, the bare
FBG was employed to measure temperature. The dual-wavelength
fiber ring laser sensor created thus allows to determine
simultaneous measurement of RH and temperature. The RH
sensitivities observed by the Pl coated FBG to RH and
temperature are 3.6 pm/%RH and 12.15 pm/°C respectively. The
temperature sensitivity of the bare FBG was observed to be 9.6
pm/°C. The main advantage of the proposed setup is an optical
signal to noise ratio (OSNR) higher than 55 dB and a 3 dB-
bandwidth less than 0.02 nm, which points out efficient capabilities
for both precise sensing and remote detection applications.

Index Terms—fiber ring laser, fiber Bragg gratings, humidity
sensor, temperature sensor

. INTRODUCTION

Relative humidity (RH) is a crucial environmental
parameter, which needs to be controlled in many fields of
engineering, for instance agriculture, food processing,
metrology or pharmacy [1]. Compared to the conventional
techniques such as electrical monitoring devices, optical fiber
sensors have been intensely developed due to their many
advantages, i.e. immunity to electromagnetic interferences,
compact-size, high sensitivity, long-term durability and
resistance to harsh environment [2]. Thus, different types of
optical fiber humidity sensors have been reported so far, which
could be classified into several groups depending on their
physical structure and method of interrogation, i.e. optical
absorption sensors [3, 4], long-period gratings (LPGs) [5,6],
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fiber Bragg gratings (FBGs) [7,8], interferometers (Fabry-Pérot
[9,10], Sagnac [11,12], resonators [13], lossy mode resonances
[14] or modal interferometers [15,16]). The sensing regions
were often coated by various materials, for instance,
polymethyl methacrylate (PMMA), polyvinyl acetate (PVA) or
polyimide (PI), to obtain sensitivity to humidity [17,18].

One strong candidate for sensing applications is the use of a
fiber ring laser (FRL) in view of its advantages, i.e. a high
optical signal to noise ratio (OSNR), high intensity and low
spectral width [19]. In general, the FRL consists of a ring laser
tuned by appropriate photonic structures, which have an
influence on its laser properties. When the sensing structure is
altered, the laser emission spectrum changes its properties, e.g.
experiences a wavelength shift. The high OSNR in FRLs
enables remote detection of a particular target measurement at
long distance and improves the detection accuracy. Due to high
OSNR, low spectral width and high intensity FRLs are of great
research interest [20-30]. Different structures had been
proposed within FRL setups for sensing applications, i.e.
interferometers, i.e. Mach-Zehnder [20,21], Fabry-Pérot
[22,23], Sagnac [24,25], and FBGs [26,27]. Shi et al. presented
a FRL sensor combined with a Fabry-Pérot interferometer (FPI)
[28], where an Agarose film was deposited on the fiber to obtain
sensitivity to humidity, yielding a sensitivity of 0.202 dB/%RH.
The SNR of the said setup was 30 dB and the 3-dB bandwidth
less than 0.05 nm. In contrast, the sensing scheme proposed in
this paper is based on a dual-wavelength FRL setup in order to
measure RH and temperature changes simultaneously by
exploiting FBGs as optical filters. The proposed setup yielded
an OSNR higher than 55 dB, which allows the enhancement of
the potential to remotely monitor humidity and temperature as
the dynamic range is much increased compared to just utilizing
FBGs. For example, if a standard broadband light source is used
with the FBGs, i.e. superluminescent light emitting diode
(SLED), the OSNR would be much lower in comparison to the
proposed FRL setup. The FBGs, used within FRL, induces a
narrower spectral width that enhances sensing and accuracy
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capabilities, i.e. laser emission wavelength shift could be
clearly determined due to its low spectral width, in contrast to
the setup which uses only a broadband light source with much
broader spectral width. FRLs that utilize FBGs has already been
presented in the literature. For example, Bui et al. used two
FBGs in a FRL setup in order to measure organic solvents, i.e.
ethanol and methanol in gasoline and nitrate, in water [29].
Another example is the work carried out by Shao et al. [30],
who presented a refractive index FRL sensor setup based on
two FBGs, obtaining an OSNR higher than 60 dB and a spectral
width lower than 0.02 nm. Shao et al. used cladding-etched
FBGs, which was thus made sensitive to external refractive
index changes, while using another FBG as a reference laser
emission. In both these work, the temperature influence was not
taken into consideration [29,30].

The work presented here targets the measurement of RH, while
taking the temperature fluctuations into account. The setup is
also suitable for remote monitoring because of high OSNR
following the paper presented by Shi et al. [25]. The
experimental results reveal an OSNR higher than 55 dB and a
spectral width much narrower than that of typical high-
reflectivity FBGs, i.e. <0.02 nm, which indicates its strong
suitability to be deployed for sensing. Hence, a novel
measurement of both RH and ambient temperature utilizing a
dual-wavelength FRL setup based on bare and Pl-coated FBGs,
is demonstrated through the work presented herewith. The
paper demonstrates the concept and experimental results of the
FRL sensor for RH and temperature monitoring. The scheme
thus proposed for the measurement of RH is first of its kind to
the best of the authors’ knowledge.

Il. FBG SENSING MECHANISM

A FBG is a structure made by modulating the refractive index
of the core of a fiber. When illuminated by broadband light, it
reflects the wavelength which fulfill the Bragg condition [32].
This wavelength, i.e. the Bragg wavelength, is directly related
to the effective refractive index of the core (nerr) and the grating
period (A1), which is given by:
A=2ng A (1)

As can be seen from equation 1, any variation in either the
effective refractive index of the core or the grating period, i.e.
resulting from an elongation of the fibre, will induce a
resonance wavelength shift. Therefore, both the ambient
temperature and strain affect the Bragg wavelength, which is
described by the following equation [32]:

AL

,1_: = (1 —P)e+[(1—P)a+&AT )
where ¢ and AT is applied strain and change of temperature
respectively, Pe is a photoelastic constant of the fiber, a refers
to thermal expansion coefficient of the fiber and & corresponds
to the thermos-optic coefficient. This equation determines the
strain and temperature effects on the FBG. If the influence of
humidity is considered, this equation should be changed to the
following form [32]:

A (1= P)aggdRH + [(1— P)ay + €14 (3)

In this equation, arw is the expansion coefficient due to moisture
and ar is the thermal expansion coefficient, which depicts the
shift in the Bragg wavelength towards longer or shorter
wavelengths due to applied strain resulting from moisture
variations. The same is true for thermal expansion and thermo-
optic effects. Using these phenomena, the proposed laser
emission wavelength could be tuned to follow the changes in
RH. One FBG was coated with polyimide (Pl-coated FBG) in
order to provide RH sensitivity. Pl is a suitable coating material
due to its reproducibility and linear response to moisture
changes [31]. The Pl-coated FBG affected by moisture
absorption or desorption causes shifts in its resonance
wavelength and consecutively in the laser emission wavelength.
Being insensitive to RH changes, the bare FBG could shift only
due to ambient temperature.

The tracking of laser peak emission wavelengths allow the
determination of both temperature and RH changes according
to the following matrix equation:

Adp,_ Srpi- Supi-
Yol Bl I v 4)
where Sh pi-ese is the humidity sensitivity of the Pl-coated FBG.
Stri-rsc and Steag refer to temperature sensitivities of the Pl-
coated FBG and the bare FBG, respectively. In order to
determine temperature and humidity, the matrix above (4)
should also include initial values of both the FBG-based laser
emission wavelengths, i.e. Api-rsc o refers to the Pl-coated laser
and Agare-Fac,0, refers to the bare FBG laser, respectively. This
results in:
T ST,PI—FBG SH,PI—FBG - A - API—FB‘G,O
[RH] - ] - ] B [ABare—FBG,O] ()

ST,FBG 0 ABare—FBG

I1l. MATERIALS AND METHODS

The FBGs were inscribed using a mechanism that is
described in detail elsewhere [33]. A PI solution was used to
coat one of the FBGs to make it sensitive to humidity changes.
Prior to the coating of the PI layer, the FBG was annealed at
185 °C for 3 hours to ensure stability. The PI material used was
supplied by HD Microsystems in liquid form, having a
refractive index of 1.70. The grating was firstly covered by 3-
aminopropyltriethoxysilane (3-APTS) solution (0.01%) to
achieve a strong bond, i.e. adequate bonding for the strain
transfer to occur, between the fiber surface and the Pl layer. The
fiber containing the thus coated FBG was then placed in the
oven for 15 minutes at a temperature of 130 °C. Afterwards, the
FBG was dip-coated at a velocity of 13 mm/min in the PI
solution and it was then subjected to a temperature of 150 °C
for a duration of 5 minutes. This process was repeated until
several number of layers were deposited on the grating,
providing an adequate coating. Finally, the coated grating was
cured in the oven for approximately 1 hour at 180 °C. The
thickness of the coating was approximately 24 pm.

IV. EXPERIMENTAL SETUP

The proposed fiber sensor setup consists of a single-mode
pigtailed laser diode (BL976-SAG300, A=976 nm, Output
power: 300 mW, Thorlabs), a WDM coupler (980/1550 nm),
60 cm length of polarization-maintaining erbium doped fiber as
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a gain medium (PM-EDF, Absorption coefficient: 5545 dB/m
near 1530 nm, MFD (at 1550 nm): 8.8+1 um, Birefringence:
3.5-10", Nufern), a 3-port optical circulator (OC), a variable
optical attenuator (VOA), the Pl-coated and bare FBGs, a
polarization controller (PC) and two other fiber couplers. The
optical spectrum analyzer (OSA, Wavelength range: 600-1700
nm, Resolution: 0.02 nm, AQ7630C, Yokogawa) is used to
monitor the laser spectra. By adjustment of the VOA, the
equalization of losses can be achieved, which allows to obtain
dual-wavelength laser emission corresponding to the FBGs.
The 3-dB coupler is used to split light into two fibers, each
containing an FBG. In the meantime, another coupler (95:5) is
used to extract 5% of propagating light directly to the OSA. The
optical circulator ensures directional propagation of light within
the proposed setup. The whole fiber ring laser setup scheme is
presented in Fig. 1.
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Fig. 1. The proposed fiber ring laser sensor setup based on FBGs for
temperature and humidity measurement.

PM-EDF was used as a gain medium due to its mode hopping
suppression over single-mode erbium doped fiber (SM-EDF)
[34]. Laser emission wavelengths resulting from the Pl-coated
FBG and the bare FBG were 1542.32 nm and 1544.632 nm
respectively (measured at T=20 °C and RH=40 %RH). Laser
linewidths did not exceed 0.015 nm (PI-coated FBG) and 0.02
nm for the bare FBG. Both the FBG spectra and the laser
emission are presented in Fig. 2.
0

-10
-20 '| ‘

'\
x|\ 4J
Pl-coated (" ‘ \
-40 FBG-based laser Bare FBG-based laser | |

Power (dBm)

-50 | |
-60 | | I
‘J |
70 | N
v y PO s
1540 1541 1542 1543 1544 1545 1546 1547 1548

Wavelength (nm)

Fig. 2. The spectra from the FBGs and the proposed dual-wavelength fiber
ring laser (T=20 °C and RH=40 %RH).

V. RESULTS

A. RH response

Both FBGs were placed in a certificated climate chamber
(KMF 115, Binder), which could be set to vary RH and
temperature conditions. Moreover, the thickness of the PI
coating has an influence on the Bragg wavelength shift. If the
Pl layer is thicker, the grating will be more strained, which
causes a larger shift of Bragg wavelength, respectively [32, 36].
However, even though the sensitivity will be higher, the
response time will be longer as the polymer layer will take more

time to expand a higher mass than for a relatively thinner
coating mass. The thickness achieved was observed to be of
adequate sensitivity for the purpose of the work presented here.
The proposed sensor setup was investigated for the range of
20-80 %RH in steps of 20 %RH, while maintaining a constant
temperature of 20 °C. All of the spectral measurements for each
RH were conducted after one hour of stabilization and data was
recorded using the OSA. The measurements for each value of
RH were repeated four times and the average laser emission
wavelength was computed as well as its deviation. The laser
emission spectra for different RH values are presented in Fig.
3(a), whereas the shift of Pl-coated FBG-based laser
wavelength as a function of RH is illustrated in Fig. 3(b).
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Fig. 3. Laser emission spectra due to RH changes (a) and the resulting
wavelength shift of the laser (b).

As expected, the Pl-coated FBG-based laser spectrum
experienced a red-shift as RH increased from 20 to 80 %RH.
This is due to the strain induced on the grating from the swelling
of the PI layer as it absorbs moisture vapor [35]. A linear
relationship between laser wavelength and RH was obtained
(R?=0.99) with a RH sensitivity of 3.6 pm/%RH (Fig. 3(b)).
The observed linear response is consistent with literature [31,
36, 37]. In the meantime, no spectral shift from the bare FBG
was observed during the RH changes, as expected.

B. Temperature response

The temperature sensitivity was investigated for both laser
emission peaks resulting from the FBGs. To do so, the ambient
temperature was changed from 10-40 °C in steps of 10 °C,
whereas RH was kept constant over the whole measurement (40
%RH). The measurements for each value of temperature were
repeated four times and the average laser emission wavelength
was computed as well as its variation. The measurement results
are presented in Fig. 4 for both the Pl-coated FBG (Fig. 4(a))
and the bare FBG (Fig. (4b)), respectively.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 4

1542.7

1542.6 —

Laser emission wavelength [nm]
8
2

+ Pl-coated FBG laser emission wavelength [nm]
—0.01215x+1542.1
25 30 35 40 45
Temperature [°C|
(a)
1544.9

1544.85 et

15448 -

1544.75 /"
1544.7 "

1544 65

1544.6 ///

Laser emission wavelength [nm]|

+ Bare FRG laser emission wavelength [om]
— 009 + 15444

10 15 20 30 35 a0 45

'I'empcru‘turc [°C]
(b)

Fig. 4. The temperature response of the Pl-coated FBG (a) and bare FBG laser
(b).

As can be seen from Fig. 4, a linear response (R?=0.999) to
temperature is observed for both the laser emission
wavelengths. Both the bare FBG and Pl-coated FBGs responds
to temperature linearly, which can already be confirmed from
the literature [38, 39]. The temperature sensitivities of the PI-
coated FBG and the bare FBG lasers were 12.15 pm/°C and 9.6
pm/°C respectively. Due to the occurrence of mode hopping in
laser setups, multiple measurements were performed. Maximal
observed wavelength variation during the repeated
measurements (of both RH and temperature FRL response) was
12 pm, which points out adequate stability of the proposed laser
sensor.

V1. DISCUSSION

According to the measurement data, the matrix sensitivity
equations can be written for the proposed dual-wavelength laser
sensor. The RH sensitivity is 3.6 pm/%RH, whereas
temperature sensitivity is 9.6 pm/°C for the bare FBG-based
laser emission and 12.15 pm/°C for the PI-coated FBG laser
emission. The matrix sensitivity equation could thus be
presented as follows:

A

To determine temperature and RH values, the matrix above (6)
is converted into the following form:
T1_1 0 104.2 1[ Api-rec | _ [1541.9385

[RH] - [277.8 —351.6] Asare_pga] [1544.4395] (7)
Evaluation of the proposed setup is an important aspect, thus
the figure of merit (FOM) for a sensor is introduced according
to the following equation [30]:

S
2 (8)

FOM =
FWHM .
The performance of the sensor is directly related to its

sensitivity (S,) and spectral bandwidth (FWHM). Assuming
similar sensitivity to RH for the Pl-coated FBG (~4 pm/%RH),

2Ba?‘e—F‘BG

which is comparable with the results presented in the literature
[32, 36], the FWHM of the laser is lower (<0.02 nm) than the
bandwidth of the FBG (~0.15 nm) which is illuminated by just
a broadband light source, which increases the FOM (Eq. 7)
significantly. Apart from the advantage of a narrow spectral
width, the proposed setup exhibits OSNR higher than 55 dB,
which allow for remote monitoring of the changes in ambient
temperature and RH. Thus the proposed setup is highly
beneficial for remote monitoring target applications.
Additionally, due to observed temperature cross-sensitivity,
validation of the proposed sensor was performed by means of
measurements of laser wavelengths for different temperature
and humidity values [40]. Although the bare FBG and Pl-coated
FBG are approximately placed in the same place, an error could
be observed. As it is seen from the Fig. 4 the temperature
sensitivity is significant, thus the necessary validation should
be conducted. The different temperature and humidity values
were chosen to assess the calculated model. Temperature was
changed from 10 °C to 40 °C, whereas humidity was varied
over a range of 20 to 80 %RH. Both applied and measured
temperature and humidity values are presented in the Fig. 5.
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Fig. 5. The validation of proposed experimental setup by comparison of applied
and measured temperature and humidity values.

The sensor assessment shows good sensing capabilities.
Maximal temperature error between applied and measured
values did not exceed 0.48 °C. In the meantime, measured
humidity differed from the applied by 1.64 %RH in the worst
case during the sensor evaluation. This validation proves good
accuracy of proposed sensor. Work is currently ongoing to
multiplex a number of FBGs within a FRL setup in order to
create sensor arrays. In addition, the sensitivity to humidity is
also planned to be enhanced in the future through further
characterization of the coating material properties.

VII. CONCLUSIONS

A dual-wavelength FRL sensor setup based on two FBGs for
RH and ambient temperature measurement is proposed and
experimentally proven. FBGs were used in order to create the
sensing elements. A Pl-coated FBG was utilized as the RH
sensing element while a bare FBG was used for ambient
temperature measurement. Achieved RH sensitivity was 3.6
pm/%RH and temperature sensitivities were 9.6 pm/°C and
12.15 pm/°C corresponding to the bare FBG and the PI-coated
FBG respectively. Experimental results revealed good laser
performance, i.e. OSNR higher than 55 dB and 3 dB bandwidth
less than 0.02 nm. Additional validation of the proposed sensor
pointed out that the maximal experimental temperature and
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humidity errors were 0.48 °C and 1.64 %RH, respectively.
Moreover, due to high OSNR, the proposed sensor scheme is
highly suitable for remote monitoring of RH and ambient
temperature. The presented FRL setup could be enhanced by
FBGs in order to create a fiber sensor network.
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