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Simultaneous Measurement of Gas Pressure and

Temperature Using a Microbubble Resonator
Combined With an FBG

Ketan Dong, Ke Tian
Elfed Lewis

Abstract—We propose and demonstrate a microbubble res-
onator combined with a fiber Bragg grating (FBG) for simultaneous
measurement of gas pressure and temperature. The approach used
allows for very close proximity (<200 zzm) between the FBG and
the microbubble resonator. The microbubble resonator is fabri-
cated in a section of hollow-core fiber (HCF), spliced to a single-
mode fiber (SMF) with a pre-inscribed FBG to form a single-ended
open structure. Fresnel reflection from the HCF cleaved end means
that broadband light is reflected backwards in the same direction
as the Bragg wavelength from the FBG. A tapered fiber couples the
reflected broadband light to the microbubble, and both the Bragg
peak and whispering gallery modes (WGM) are distinguishable
in the signal available for interrogation. The experimental results
show that this sensor structure consisting of a microbubble res-
onator combined with an FBG has the ability to simultaneously
measure gas pressure and temperature, while also eliminating
temperature crosstalk in gas pressure measurement and providing
a useful platform for high accuracy gas pressure detection.

Index Terms—FBG, gas pressure measurement, microbubble
resonator, temperature crosstalk, whispering gallery mode.
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1. INTRODUCTION

HISPERING gallery mode (WGM) resonators have at-
W tracted a large amount of attention from the research
community in both fundamental and applied physics. As a result
of their small mode volume and ultrahigh quality (Q) factors,
WGM resonators have demonstrated success in a number of
areas such as the study of microlasers [1], [2], cavity quantum
electrodynamics [3], exceptional points [4], optical frequency
combs [5],[6],[7], and optical sensing [8], [9]. A variety of struc-
tures have been proposed as WGM resonators, which include the
microsphere, microbottle, microbubble, microring, microdisk,
microcylinder and microtoroid. Among these various structures,
microbubble resonators, which possess a hollow structure with
a spherical outer contour, have been shown to possess a diverse
range of unique applications such as nanoparticle detection [10],
tunable lasers [11], [12], visible comb and supercontinuum gen-
eration [13], [14], gas identification and pressure measurement
[15], [16].

Microbubble resonators are usually fabricated by means of an
arc discharge or by COs, laser heating of a pre-tapered capillary
tube while simultaneously pressurizing the tube [17], [18]. This
method results in the fabricated microbubble cavity which has
an ultra-thin wall thickness, which makes it a sensitive gas
pressure sensor [15], [19]. However, microbubble-based gas
pressure sensors suffer from temperature crosstalk sensitivity,
a shortcoming which has not been effectively resolved. This
shortcoming reduces the accuracy of gas pressure measurement
in practical applications which are subject to temperature fluc-
tuations.

Temperature crosstalk is a common problem in many optical
fiber sensors. Accurate measurement of the local temperature,
typically using an additional fiber grating, is often used to
reduce the effective temperature crosstalk [20], [21]. However,
achieving the optimal reduction in temperature crosstalk de-
pends on ensuring very close physical proximity between the
optical sensor and the grating in order to avoid any unwanted
temperature differential. For microresonator-based optical fibre
sensors ensuring close proximity can be a challenge. While
many microresonators use a tapered fibre for coupling to and
from the resonator, writing a grating in the tapered fiber used
for coupling is challenging and reduces the compactness of the
device.
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Fig. 1. Schematic diagram of the microbubble resonator combined with an
FBG.

In this article, the use of a microbubble resonator combined
with an FBG is proposed and demonstrated for simultaneous
measurement of gas pressure and temperature. The approach
used allows for very close proximity between the FBG and the
microbubble resonator (<200 ;zm), improving compactness and
virtually eliminating any risk of unwanted temperature differen-
tials between the FBG and the microbubble resonator. In con-
trast to the microbubble resonators fabricated in large-diameter
capillary tubes, the microbubble resonator in this investigation is
created within a hollow core fiber (HCF) which is integrated with
a single-mode fiber (SMF) containing a previously inscribed
FBG.

II. PRINCIPLE AND DEVICE FABRICATION

The schematic diagram of sensing structure is illustrated in
Fig. 1, where a single-end open microbubble is spliced to an
SMF with an inscribed FBG. In the optical arrangement in
Fig. 1, the broadband light is firstly coupled to the FBG through
the circulator, with the narrowband light reflected by the FBG
returning toward the circulator. The broadband light energy
which is not reflected by the FBG reaches the HCF fiber in
which the microbubble resonator is fabricated. The end of the
HCEF is a simple cleaved end at which Fresnel reflection will
occur so that broadband light will be reflected backwards toward
the circulator.

The FBG reflection and the reflected broadband light are
coupled by the circulator into a fiber which is tapered to allow
for coupling to and from the microbubble resonator. The optical
signal reaching this tapered fiber not only contains the reflected
FBG peak but also the broadband light reflected from the end
of the HCF. The broadband light coupled to the microbubble
resonator results in WGM resonances which manifest them-
selves as dips in the spectrum at the light output. It is noted that
the detected light output not only contains the Bragg reflection
peak, which is used to measure temperature, but also spectral
dips as a result of WGM resonances which are dependent on
the microbubble resonator dimensions and which are influenced
by the gas pressure in the microbubble. Thus simultaneous
measurement is possible for gas pressure and temperature. Note
that a sufficient level of broadband light must reach the tapered
fiber if WGMs are to be induced in the microbubble resonator.
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For this reason, the return loss of the cleaved HCF end was
measured and was found to be circa —18 dB, which is found to
provide a sufficient level of broadband light to the tapered fiber
via the circulator.

The Bragg reflection wavelength A 75 can be determined by
[21]

e))

where m is the order of the Bragg grating, A is the grating period,
and n.g is the effective refractive index (RI) of the fiber core
mode. It is well known that ambient temperature change will
cause a shift in the Bragg wavelength.

The WGM resonance wavelength A yyaas can be determined
by

m)LFBG = 2neffA

/
N - 27rneffR
WGM = ——

2

where 7/, 7y 1s the effective RI of the HCF, k represents the
azimuth quantum number, and R is the radius of the microbubble
at the equatorial plane.

Changes in gas pressure and temperature will cause changes in
the effective RI and geometric size of the microbubble resonator,
resulting in a shift in the resonance wavelength which can be
expressed as [22]

An, I ﬁ

p— 3
epf R ¥

Adwam
AWGaM

where An, ., and AR are the effective RI and radius variation
of the microbubble resonator, respectively.

When the gas pressure and temperature changes, the resulting
wavelength shift of the FBG peak AXppe and the WGM dip
AX)wan can be expressed as follows:

A)"FBG =K -AT+KP1 - AP
A)”WGM = KT2~AT+KPQ'AP

“
(&)

where AP and AT represent the variations in the gas pressure
and temperature. The coefficients Kp; and K are the sensi-
tivities of the FBG peak shift to gas pressure and temperature,
respectively, and K po and K 19 are the sensitivities of the WGM
dip shift to gas pressure and temperature, respectively.

The fabrication process for the FBG combined microbubble
structure involves a number of steps. Firstly, an FBG with a
reflection wavelength at 1549.6 nm was inscribed in a SMF
(SMF-28, Corning) using the phase mask method, where the
distance of the FBG from the cleaved end of the SMF is about
100 pm. The reason for choosing the phase mask method to
write the FBG is to minimize the presence of FBG sidelobes
in the reflected broadband light reaching the taper fiber. The
subsequent fabrication steps involve the use of a fusion splicer
(Fujikura 100P+) as shown in Fig. 2. In Step i, the FBG inscribed
SMF and a length of HCF with an inner/outer diameter of
75/125 pm (Polymicro Technologies) were placed in the fiber
fusion splicer for alignment. Then in Step ii, the two fibers
were spliced, where the discharge current and fusion time for
the splicer were set to 10 mA and 400 ms, respectively. It should
be noted that the discharge current and time were optimized
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moving
2

Fig. 2.
structure.

Schematic of the fabrication process of the FBG combined microbubble

(a)

Fig. 3. Microscope images of the fabricated microbubble cavity along (a)
side view. Inset: Enlarged view of marker which defines the starting position of
the written FBG. (b) View from the end-on direction. Inset: simulated electric
field intensity profile for a fundamental mode. (c) Simulated mechanical strain
distribution of the microbubble cavity with relative gas pressures of 0 MPa and
0.8 MPa.

to avoid deformation and HCF collapse near the fusion point.
In Step iii, the spliced area was moved in the direction of the
HCE, so that the electrodes lay about 10 pm from fusion point
in Step ii. Then, the fiber holders were moved 160 pum apart,
accompanied by an arc discharge. In this way, the HCF was
tapered, reducing its diameter while simultaneously reducing its
wall thickness. This tapering step is important in the preparation
of thin-walled microbubbles, as it not only reduces the wall
thickness of the HCF, but also controls the outer diameter of
the fabricated microbubble. In Step iv, nitrogen gas was pumped
into the open end of the HCF, with an applied gas pressure of
0.016 MPa. The arc was again discharged and under the influence
of gas pressure, a microbubble with an equatorial diameter of
circa 200 pm was formed in the softened glass. This completed
the fabrication of the sensing structure.

The geometric parameters of the fabricated microbubble
cavity were measured using an optical microscope (Nikon,
LV100N). Fig. 3(a) shows a microscope image of the microbub-
ble cavity from the side while Fig. 3(b) shows an end-on view
of the microbubble, viewed along the HCF central axis. The
inset in Fig. 3(a) shows the marker written on the outside of the
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Fig. 4. Simulated gas pressure induced radius variation of microbubbles with

wall thicknesses of 1.6 pm, 5 pm, 10 pm, and 15 pm.

fiber using a femtosecond laser (Spectra-Physics), in advance
of writing the FBG, which is used to mark the writing start
position of the FBG. This marker allows for the spatial distance
between the microbubble and FBG to be accurately measured,
which is 198 pm. The outer diameter and wall thickness of the
microbubble cavity at the equator plane were determined to be
210.2 pm and 1.6 pum, respectively. Based on these geometrical
parameters, the electric field intensity profile of the fundamental
mode was simulated, as shown in the inset of Fig. 3(b). It is
clear that the maximum field intensity lies along the largest
(equatorial) diameter region of the microbubble.

In order to study the deformation and strain distribution of
the microbubble cavity under the influence of gas pressure,
a mechanical analysis was carried out using Ansys software.
The Young’s modulus, Poisson’s ratio, and material density
values used in the model are 76.7 GPa, 0.17, and 2.65 g/cm3,
respectively. The geometrical parameters in the model used
the measured results above. The wall thicknesses at positions
other than the equatorial plane were set to gradually increase
in the model from the equatorial plane to the points where the
microbubble ends, in effect at the points on the HCF which do
not undergo expansion during the formation of the microbubble.
Relative gas pressures (that is relative to normal atmospheric
pressure) of 0 and 0.8 MPa were applied to the microbubble
cavity, and the mechanical strain distribution results are shown
in Fig. 3(c). It is clear that when the gas pressure increases,
the microbubble cavity strain distribution reaches a maximum
value along the equatorial plane, which is the thinnest point in
the microbubble wall.

The expansion of microbubbles with increasing gas pressure
was also simulated for different wall thicknesses but the same
microbubble diameter of 210.2 pm. It can be observed from
Fig. 4 that all microbubble cavities undergo expansion with
increasing gas pressure. The difference is that for the same gas
pressure, the deformation is greater for microbubbles with a
thinner wall thickness. The change in the microbubble equa-
torial diameter will cause a shift in the spectral positions of
the WGM dips so that the detection of gas pressure can be
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Fig. 5. Measured reflected spectrum of the structure: (a) Without close cou-
pling of the tapered fiber and the microbubble (b) with close coupling of the
tapered fiber and the microbubble.

realized using wavelength interrogation. Based on the radius
change (AR) obtained by simulation and (3), the theoretical
gas pressure sensitivities of the microbubble cavity at 1546 nm
were calculated, as 163.5 pm/MPa for a 1.6 pm wall thickness,
101.3 pm/MPa for a 5 um wall thickness, 61.4 pm/MPa for
a 10 pm wall thickness, and 50.0 pm/MPa for a 15 pm wall
thickness.

Using the experimental setup in Fig. 1, the output spectrum
of the complete sensing structure was measured. Fig. 5(a) is
the reflection spectrum when the microfiber is not closely cou-
pled with the microbubble resonator. The reflected spectrum
in this case is dominated by the Bragg reflection peak. It can
also be observed that there are weak sidelobes near the Bragg
reflection wavelength, but that as expected, sidelobe levels are
almost negligible at positions further from the Bragg reflection
wavelength. If the FBG sidelobe levels are too high, there is a
risk that they will make it difficult to distinguish and accurately
measure spectral shifts in WGM dips. Therefore, it is crucial to
choose a suitable FBG fabrication method which will suppress
FBG sidelobes to the greatest possible extent. Fig. 5(b) is the
reflection spectrum when the microfiber is coupled with the
microbubble resonator. The diameter of the microfiberis 1.7 ym,
and to ensure the stability of the coupling system, the microfiber
is attached to the equatorial plane of the microbubble. It is
clear from the presence of spectral dips that WGMs are excited.
The signal-to-noise ratio (SNR) can be further improved by
increasing the reflectivity of the SMF end-face using a suitable
reflection coating and by optimizing the coupling between the
microfiber and the microbubble. The Q-factor of the spectral
dip at 1546 nm for this microbubble resonator is calculated to
be 2.16x 10* using a Lorentz fit, as shown in the inset in Fig. 5(b).
The wavelength dip at 1546 nm was chosen for these calculations
as it provides the highest extinction ratio and Q-factor.

III. EXPERIMENTS AND DISCUSSION

Fig. 6 illustrates the experimental setup for gas pressure and
temperature measurement. The broadband light provided by a
supercontinuum source (SC, YSL) is firstly coupled to the FBG

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 41, NO. 24, DECEMBER 15, 2023
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when applied (a) gas pressure increases; (c) temperature increases. Linear fitting
as a function of the dip wavelength shift against (b) gas pressure variation; (d)
temperature variation.

integrated with a microbubble resonator through an optical circu-
lator, and the light signal reflected by the FBG is coupled back to
the microfiber-coupled microbubble resonator. Broadband light
reflected from the end of the HCF is also coupled back to the
microfiber-coupled microbubble resonator. The output light is
recorded by an optical spectrum analyzer (OSA, YOKOGAWA
AQ6370D). In order to investigate the effect of gas pressure, the
single-end open side of the microbubble resonator is connected
to a nitrogen cylinder. The applied gas pressure can be adjusted
through a valve and the specific pressure value applied is read
through a pressure gauge. The whole sensor was placed in an
in-house constructed climate-control enclosure which allowed
the temperature to be controlled. A digital thermometer was used
to monitor the temperature inside the box.

Fig. 7(a) shows the spectral evolution when the relative gas
pressure is increased from 0 to 0.8 MPa in steps of 0.2 MPa.
A red-shift can be seen for the WGM spectrum, whereas no
discernible shift is observed for the FBG wavelength. This
confirms that the FBG reflection wavelength (1549.6 nm) is
independent of gas pressure, and its gas pressure sensitivity
coefficient in (4) can be denoted as 0. However, in the case of
the WGM spectrum, gas pressure variations strongly influence
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the resonance wavelength. The spectral shift results for the FBG
peak and WGM dip at 1546 nm are plotted in Fig. 7(b) as a
function of gas pressure. A linear fit is also shown in Fig. 7(b)
for the WGM resonance wavelength dip variation, from which
the gas pressure sensitivity was calculated to be 164.2 pm/MPa.
This measured gas pressure sensitivity is in good agreement
with the simulated value (163.5 pm/MPa). Fig. 7(c) shows the
spectral evolution when the temperature was increased from
27.7 °C to 65.6 °C in steps of approximately 10 °C. As the tem-
perature increases, both the WGM transmission spectrum and
the FBG wavelength shift to longer wavelengths. The linearly
fitted results in Fig. 7(d) show the temperature sensitivities of the
WGM dip and the FBG peak are 3.2 pm/°C and 14.79 pm/°C,
respectively. The microbubble resonator has a low-temperature
sensitivity, which can be attributed to silica’s low thermal expan-
sion coefficient of 0.55x 10~ /°C. It should also be noted that
a lower temperature sensitivity may be attributable to the more
efficient heat dissipation of thin-walled microbubbles [17].
The WGM resonance dip wavelength is sensitive to gas pres-
sure and temperature variations, while that of the FBG reflected
peak is independent of gas pressure. The combination of the
microbubble resonator and the FBG provides for simultaneous
measurement of gas pressure and temperature. Based on the
measured sensitivity coefficients, a demodulation matrix can be
established to determine pressure and temperature values:

AP 0 14.79 pm/°C] "
AT| ~ |164.2pm/MPa  3.2pm/°C
y {A)\FBG ]

Arwem

(6)

Using the above demodulation matrix, simultaneous mea-
surement of gas pressure and temperature can be realized. A
significant advantage of the structure is that, as result of their
very close physical proximity, the temperature of the FBG and
the microbubble are very closely matched, allowing temperature
crosstalk to be virtually eliminated for gas pressure measure-
ment.

IV. CONCLUSION

In summary, a microbubble resonator combined with an FBG
for simultaneous measurement of gas pressure and temperature
has been demonstrated. WGM resonance dips and a Bragg peak
are present in the received signal, thus allowing for simultaneous
measurement. The experimental results show that this sensor
structure provides a gas pressure sensitivity of 164.2 pm/MPa
and a temperature sensitivity of 14.79 pm/°C. The microbubble
resonator combined with an FBG proposed in this investigation
eliminates the temperature crosstalk of a microbubble resonator
in gas pressure measurement. Furthermore, its compact dimen-
sions offer the potential to develop a complete gas pressure
measurement system for use in demanding applications, such

7447

as the biomedical area, for example respiratory probes for use
during magnetic resonance imaging examinations.
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