
  

 

Article 1 

Long Period Grating-Based Fiber Coupling to WGM 2 

Microresonators for Sensing Applications 3 

Francesco Chiavaioli 1,*,†, Dario Laneve 2,†, Daniele Farnesi 1, Mario Christian Falconi 2, Gualtiero 4 
Nunzi Conti 1, Francesco Baldini 1, and Francesco Prudenzano 2 5 

1 Institute of Applied Physics “Nello Carrara” (IFAC), National Research Council of Italy (CNR), Via 6 
Madonna del Piano 10, 50019 Sesto Fiorentino, Firenze, Italy; d.farnesi@ifac.cnr.it, g.nunziconti@ifac.cnr.it, 7 
f.baldini@ifac.cnr.it 8 

2 Department of Electrical and Information Engineering, Polytechnic University of Bari, 70125 Bari, Italy; 9 
dario.laneve@poliba.it, mariochristian.falconi@poliba.it, francesco.prudenzano@poliba.it 10 

* Correspondence: f.chiavaioli@ifac.cnr.it; Tel.: +39-055-522-6318 11 

 12 

Abstract: A comprehensive model for designing robust all-in-fiber microresonator-based optical 13 
sensing setups is illustrated. The investigated all-in-fiber setups allow light to selectively excite 14 
high-Q whispering gallery modes (WGMs) into optical microresonators, thanks to a pair of 15 
identical long period gratings (LPGs) written in the same optical fiber. Microspheres and 16 
microbubbles are used as microresonators and evanescently side-coupled to a thick fiber taper, 17 
with a waist diameter of about 18 µm, in-between the two LPGs. The model is validated by 18 
comparing the simulated results with the experimental data. A good agreement between the 19 
simulated and experimental results is obtained. As an application example, the sensing of the 20 
concentration of an aqueous glycerol solution is demonstrated. The model is general and by 21 
exploiting the refractive index and/or absorption characteristics at suitable wavelengths, the 22 
sensing of other substances or pollutants can be also predicted.  23 

Keywords: microresonator, whispering gallery mode, long period grating, fiber coupling, 24 
distributed sensing, chemical/biological sensing 25 

 26 

1. Introduction 27 
In recent years, whispering gallery mode (WGM) microresonators, such as microdisks [1], 28 

microbubbles [2] and microspheres [3], have gained much interest among researchers thanks to their 29 
capability to strongly confine the light in very compact volumes. In fact, during the several 30 
revolutions of the light signal in these resonators, the WGM field evanescently couples to the 31 
surrounding environment and even a very small change in the microresonator size and/or in the 32 
refractive index can induce significant changes in the quality factor (Q-factor) and/or resonance 33 
wavelengths of the microresonator. In view of this, a number of sensing applications, involving 34 
WGM microresonators, are reported in literature, such as the sensing of local temperature [2-6], 35 
refractive index [7], pressure [8], biological [9] and spectroscopic parameters [10]. It was also proved 36 
their huge potentiality in biosensing by means of label-free detection down to single molecules [11]. 37 
Moreover, by doping the microresonators with rare-earths, integrated light sources with narrow line 38 
emission can be obtained [12]. 39 

The combination of the peculiarities of optical fibers with WGM microresonators can provide 40 
great opportunities in the field of sensing especially. Thanks to the use of a fiber taper, high-Q WGM 41 
resonances in different types of microresonators can be efficiently excited. The taper allows to obtain 42 
a proper evanescent electromagnetic field, which can be coupled into the microresonators, and more 43 
than 90% of the fiber mode power can be transferred on the microresonators [13]. This paves the way 44 
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to several scenarios in telecommunications requiring the generation of narrow line emission. One of 45 
these is the possibility to develop an all-in-fiber coupling system for quasi-distributed and 46 
wavelength selective addressing of different WGM microresonators located along the same optical 47 
link. The first fiber-based setup for efficient coupling of light to a high-Q WGM microresonator is 48 
illustrated in [14]. It is based on a long period grating (LPG) followed by a thick fiber taper, both of 49 
which are derived from the same fiber. The LPG allows wavelength selective excitation of 50 
high-order cladding modes; in this way, thicker and more robust tapers (with waist diameters larger 51 
than 15 µm, easier to fabricate than the usual 1-2 µm tapers) can be used for coupling the cladding 52 
modes to the WGMs. However, the previous configuration does not allow interrogating more than 53 
one microresonator if the transmitted light is used to carry on the signal under investigation. The 54 
only chance could be the use of the scattered light from each microresonator, resulting in more 55 
difficult and time-consuming setup implementation. Therefore, to overcome these limitations, an 56 
improvement of the previous coupling system was recently demonstrated [15]: the system is now 57 
constituted by a pair of identical LPGs with a tapered fiber in between. The existence of the second 58 
LPG allows the light coupling back into the fiber core. Hence, all the information within the core 59 
mode is transmitted up to the end of the fiber segment and it can be collected by a single 60 
photodetector. It is important to underline that the pair of identical LPGs can operate in different 61 
wavelength bands within the range of the detector, so allowing multiple selective coupling of 62 
spatially distributed or quasi-distributed WGM microresonators by means of different wavelengths 63 
[15]. 64 

The design of the coupling system previously mentioned requires an exhaustive model, 65 
especially for developing sensing applications [14]. In this work, two different sensing setups, 66 
similar to those described in [15], are considered. The two setups consist of either a microsphere or a 67 
microbubble coupled to a tapered fiber. An analytical model for simulating the two setups is 68 
detailed. The proposed approach is complete and it is well validated with the experimental results 69 
reported in literature [15]. As an application example, the microbubble-based sensing setup is used 70 
to detect the concentration of glycerol diluted in an aqueous solution flowing in the microbubble. 71 

2. Overview of the all-in-fiber coupling system 72 
Figure 1 shows a sketch of the coupling system used in this work. The system is constituted by 73 

an optical WGM microresonator coupled to a tapered fiber. On both sides of the taper, there are the 74 
two identical LPGs. The first LPG allows the coupling between the fundamental core mode and a 75 
specific cladding mode depending on the grating parameters. Then, the evanescent field of this 76 
cladding mode excites the WGMs in the microresonator. Finally, the light is coupled back from the 77 
foregoing cladding mode into the fiber fundamental mode via the second LPG. 78 

 79 
Figure 1. Sketch of the coupling principle of an optical WGM microresonator by means of a tapered 80 
fiber in-between of two identical LPGs. 81 
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In this work, two different types of WGM microresonator are considered: microspheres and 82 
microbubbles. The cross-sections of the microresonators, together with a sketch of the tapered fiber 83 
waist, are shown in Fig. 2. Fig. 2(a) refers to the microsphere-based coupling system, whereas Fig. 84 
2(b) refers to the microbubble-based coupling system. The gap between each microresonator and the 85 
taper waist is g. 86 

  
               (a)               (b) 

Figure 2. Geometrical configurations of the simulated coupling systems consisting of a tapered fiber 87 
coupled to (a) a microsphere and (b) a microbubble. The cross-section of the tapered fiber waist is 88 
shown. The light grey color represents the silica glass. 89 

3. Materials and Methods 90 

3.1 Manufacturing of WGM microresonators and optical fiber LPGs 91 
The model is realistic and refers to two experimental setups described in [15]. Heating and 92 

pulling approach of a commercially available boron-germanium co-doped single-mode optical fiber 93 
(Fibercore PS1250/1500) is exploited to manufacture the adiabatic fiber taper [17]. In particular, the 94 
fiber core and cladding diameters are 6.9 μm and 124.6 μm, respectively. Tapers with a diameter 95 
among 15–18 μm are manufactured to guide/handle the cladding modes of interest. It is worth 96 
pointing out that, for an efficient coupling of these cladding modes to WGM microresonators, a 97 
partial tapering of the optical fiber is essential to shrink the optical field size and to increase the 98 
evanescent field [14]. However, the average diameter of the manufactured tapered fibers is one 99 
order of magnitude thicker than that of standard fiber tapers (1–2 μm). This allows to improve the 100 
robustness and a decreased fragility of the coupling structure in practical applications.  101 

The coupling system depicted in Fig. 1 is completed by manufacturing the pair of identical 102 
LPGs on both ends of the tapered fiber. A point-to-point technique employing a KrF excimer laser 103 
(Lambda Physic COMPex 110) is used to inscribe the gratings [18]. Two different pairs of LPGs are 104 
manufactured with a grating period, Λ, of 340 μm and 365 μm, respectively, and a grating length, L, 105 
of 18.7 mm and 20.1 mm, respectively (55 grating planes). 106 

The model includes two different types of microresonators: silica microspheres and 107 
microbubbles, manufactured as in [17, 19]. The diameters of these resonator range from 260 μm to 108 
290 μm, for microspheres, and from 380 μm to 500 μm, for microbubbles. In both cases, the 109 
microresonator size is large enough, thus the free spectral range (FSR) can be considered 110 
significantly smaller than the bandwidth of the LPGs [14]. 111 

The experimental setup we used for the monitoring and registration of the transmission spectra 112 
consists of two fiber pigtailed tunable external cavity lasers (Anritsu Tunics Plus, linewidth 300 113 
KHz), covering the spectral range from 1390 nm to 1640 nm and of an optical spectrum analyzer 114 
(OSA–Ando AQ6317B) for detecting the signals. The coupling mechanism is finally tested by using 115 
the same laser sources, which can be finely and continuously swept in the spectral range within few 116 
GHz, and a single photodetector connected to a commercially available oscilloscope. 117 
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3.2 Theoretical analysis 118 
In Fig. 2 the cross-sections of two different kinds of optical spherical microresonators, coupled 119 

to a tapered fiber, are shown. The developed analytical model found the electromagnetic (e.m.) 120 
fields of the microresonators and the fiber by solving the Helmholtz equation in spherical and 121 
cylindrical coordinates, respectively. In particular, the e.m. fields of the microresonators are 122 
described by the well-known WGM theory [20]. Then, the coupled-mode theory allows to model the 123 
optical interaction between the calculated microresonator modes and fiber modes [21]. 124 

3.2.1 Analytical model of a dielectric microsphere 125 
The e.m. fields of a dielectric microsphere is found by solving the following Helmholtz equation 126 

in spherical coordinates: 127 ∇2Ψ൫r, θ, ϕ൯ + k2nsΨ(r, θ, ϕ) = 0, (1)

where k = ωඥµ0ε0 is the wave vector in vacuum, ns is the refractive index of the microsphere (Fig. 128 
2(a)) and Ψ൫r, θ, ϕ൯ is the electric or magnetic field component. If the polarization of the e.m. fields 129 
is supposed to be constant throughout all points in space, the solutions of Equation (1) can be 130 
expressed in the following form [20]: 131 

Ψ൫r, θ, ϕ൯ = Nsψr(r)ψθ(θ)ψϕ(ϕ), (2)

where Ns is a normalization factor calculated by assuming equal to 1 the integral of |Ψ|2, over all 132 
space, divided by 2πRs, Rs is the microsphere radius (Fig. 2(a)), and ψr, ψθ and ψϕ are the radial, 133 
polar and azimuthal contributions of the field, respectively [20]. The separation of variables in 134 
Equation (2) allows to divide the microsphere modes in Transverse Electric (TE) and Transverse 135 
Magnetic (TM) modes. The TE modes are characterized by having the electric field parallel to the 136 
microsphere surface, i.e. Ψ ≡ Eθ, Er = Eϕ = 0. The TM modes are characterized by having the electric 137 
field perpendicular to the microsphere surface, i.e. Ψ ≡ Hθ , Hr = Hϕ = 0  [20]. The other field 138 
components (Hr , Hϕ  for TE modes; Er , Eϕ  for TM modes) are determined by the boundary 139 
conditions at the interface between the microsphere and the surrounding background medium (see 140 
Fig. 2(a)). Finally, the substitution of Equation (2) in Equation (1) gives the well-known WGM field 141 
contributions [20]: 142 

ψϕ൫ϕ൯ = e ± jmϕ,                                  (3a)

       ψθሺθሻ = eିm
2θ

2
HN൫√mθ൯,    m ≫ 1 ≫ θ, (3b)

ψr(r) = ቊA jlሺknsrሻ,              r  ≤ Rs,
Beିαs(r ିRs),             r  > Rs,

 (3c)

where HN is the Hermite polynomial of order N = l – m, l and m are the mode numbers, jl is the 143 
spherical Bessel function of the first kind of order l, A and B are two constants evaluated by 144 
imposing the boundary conditions at the microsphere surface, αs = (βl

2 - k2nbg
2 )1/2 is the exponential 145 

decay constant of the evanescent field in the background medium with refractive index nbg < ns and 146 
βl is the propagation constant of the mode parallel to the microsphere surface [20]. The microsphere 147 
modes, WGMl,m,n, are uniquely described by the three integers l, m and n. The value m is the number 148 
of field maxima along the ϕ-direction; the value l − m + 1 is the number of field maxima along the 149 
θ-direction; the value n is the number of absolute field maxima along the r-direction. 150 

By matching the tangential field components of TE and TM modes at r = Rs, a homogeneous 151 
linear equation system of the form Mx = 0 is obtained, where x = [A, B]T and 152 

M = ቈ jlሺknsRsሻ -1

knsjl
ʹሺknsRsሻ χαs

቉ , (4)

where χ = 1, for TE modes, and χ = ns
2 nbg

2ൗ , for TM modes. The first row of the matrix M is obtained 153 
by matching either Eθ, for TE modes, or Hθ, for TM modes, at r = Rs. The second row is obtained by 154 
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matching either Hϕ , for TE modes (assuming ∂Eθ/∂r ≫ Eθ/r), or Eϕ , for TM modes (assuming 155 
∂Hθ/∂r ≫ Hθ/r) [20]. By imposing equal to zero the determinant of the matrix M, the microsphere 156 
characteristic equation is obtained: 157 ൬ l

Rs
+ χαs൰ jlሺknsRsሻ = knsjl+1

ሺknsRsሻ, (5)

where the recursion formula, jl
ʹሺxሻ = lx-1jlሺxሻ - jl+1(x), has been used [20]. Equation (5) relates the 158 

resonant wavelengths of the WGMs to the mode numbers l and n. 159 

3.2.2 Analytical model of a dielectric microbubble 160 
A microbubble can be seen as a hollow microsphere with a glass shell in which the WGMs 161 

propagate [19]. As illustrated in Fig. 2(b), the thickness of the glass shell is determined by the inner, 162 
Rin, and outer, Rb, radii of the microbubble. The refractive index of the glass shell is nb, whereas the 163 
refractive index of the medium inside the microbubble is nin. The e.m. analysis of a microbubble 164 
follows the same procedure of the previous subsection 3.2.1. In this case, the radial field 165 
contribution, ψr(r), takes a different form to account for the two separation interfaces: 166 

ψr(r) = ቐA jlሺkninrሻ,                                r ≤ Rin,
B jlሺknbrሻ + C yl

ሺknbrሻ,    Rin < r ≤ Rb,
De-αs(r ‒ Rb),                               r  > Rb,

 (6)

where yl is the spherical Bessel function of the second kind of order l, and A, B, C and D are 167 
constants to be determined by applying the boundary conditions to the θ- and ϕ-polarized field 168 
components at r = Rin  and r = Rb . As described in the previous subsection 3.2.1, the boundary 169 
conditions lead to the homogeneous linear equation system Mx = 0, where x = [A, B, C, D]T and 170 

M = ێێێۏ
ۍێ jlሺkninRinሻ ‒jlሺknbRinሻ ‒yl

ሺknbRinሻ 0

ninjl
ʹሺkninRinሻ ‒χ1nbjl

ʹሺknbRinሻ ‒χ1nbyl
ʹሺknbRinሻ 0

0 jlሺknbRbሻ yl
ሺknbRbሻ ‒1

0 knbjl
ʹሺknbRbሻ knbyl

ʹሺknbRbሻ χ2αsۑۑۑے
ېۑ

, (7)

where χ1 = χ2 = 1, for TE modes, and χ1 = nin
2 nb

2ൗ , χ2 = nb
2 nbg

2ൗ , for TM modes. The first two rows of 171 
the matrix M are obtained by matching either Eθ, Hϕ, for TE modes, or Hθ, Eϕ, for TM modes, at 172 
r = Rin. The third and fourth rows are obtained by matching the same tangential fields at r = Rb. The 173 
assumptions ∂Eθ/∂r ≫ Eθ/r and ∂Hθ/∂r ≫ Hθ/r hold in this case too. By imposing equal to zero the 174 
determinant of the matrix M in Equation (7), the characteristic equation for the microbubble is 175 
obtained. 176 

3.2.3 Coupling model 177 
The coupled mode theory (CMT) [21] is applied to model the optical coupling between the 178 

microresonator WGMl,m,n modes and the tapered fiber LP0,X cladding modes, where the 0 and X 179 
subscripts represent the azimuthal and radial orders, respectively, of the linearly-polarized (LP) 180 
cladding modes. The analytical model takes into account the coupling of modes both in space and in 181 
time formulations [20-21]. 182 

The optical interaction between the fiber field, FX , and the microresonator field, Ψl,m,n , is 183 
obtained and calculated from the following overlap integral [20]: 184 

κxy = 
k2

2βf
(neff

2  - nbg
2 ) ඵΨl,m,n · FX

*  dxdy , (8)

where βf is the propagation constant of the LP mode and neff is the effective refractive index of the 185 
microresonator, which is related to the propagation constant of the WGM [20]. The integration in 186 
Equation (8) is carried out over the transverse plane at the minimum distance with the tapered fiber 187 
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(see Fig. 2). Then, κ௫௬ is integrated along the z-axis (parallel to the fiber axis) over the interaction 188 
length, L, i.e. κ = ׬ κxydzL . κ is the power coupling constant, whereas κଶ is the fraction of the 189 
power transferred from the fiber to the microresonator over the interaction region [21]. It should be 190 
noted that κ௫௬ is proportional to e-jΔβz, where Δβ = βf - βm is the phase mismatch between the LP 191 
mode and the WGM, whose propagation constant is either βm= m/Rs , for a microsphere, or 192 
βm= m/Rb, for a microbubble [20].  193 

The power coupling constants κ is also related to the time evolution of the coupled modes. By 194 
considering the microresonator as a lumped oscillator of energy amplitude aWGM(t), the (weak) 195 
power coupling with the fiber induces a (slow) time variation of aWGM(t), which can be expressed by 196 
means of the following rate equation [21]: 197 

daWGM(t)
dt  = ൬jωWGM - 

1
τ0

 - 
2
τe

൰ aWGMሺtሻ - jඨ 2
τeτr

ain(t), (9)

where τ0 = Q0/ωWGM is the amplitude decay time-constant due to the intrinsic loss phenomena of 198 
the microresonator (including surface scattering and absorption and curvature losses), Q0 is the 199 
intrinsic quality factor, ωWGM  is the WGMl,m,n  resonant frequency, τe = Qe/ω  is the decay 200 
time-constant related to the coupling with the fiber, Qe = mπ/κଶ is the external quality factor, κ is 201 
the foregoing power coupling constant, ω is the input excitation frequency, τr = 2πR/vg ≅ 2πRneff/c 202 
is the revolution time of either the microsphere (R = Rs) or the microbubble (R = Rb) and ain(t) is the 203 
energy amplitude of the excitation signal at the taper input section [20-21].  204 

The transfer characteristic of the coupling system is found by considering the steady state form 205 
of the Equation (8), thus obtaining aWGM, and then applying the power conservation rule in order to 206 
consider the resonant power coupled out of the microresonator and the non-resonant power 207 
transmitted directly to the fiber output section [21]. Therefore, the transmittance of the system can be 208 
expressed as: 209 

T = 
|aout|2|ain|2 , (10)

where aout is the amplitude of the signal at the fiber output section. 210 

4. Results and Discussion 211 
This section consists of two parts: subsection 4.1 presents the numerical results achieved by 212 

using the theoretical analysis described in subsection 3.2, whereas subsection 4.2 shows some 213 
experimental results related to possible distributed sensing with WGM microresonators. 214 

4.1. Numerical Results 215 
The e.m. fields and the propagation constants of the microresonator WGMs and the fiber LP 216 

modes calculated with the analytical model was successfully validated by comparing them with 217 
those ones simulated via a finite element method (FEM) code. Moreover, the overall developed 218 
analytical model has been validated by comparing the simulated results with the experimental ones 219 
reported in [15]. 220 

The simulations are carried out by employing the experimental parameters detailed in section 221 
3.1. In particular, an adiabatic fiber taper with a radius Rf = 9 µm is considered. The simulated 222 
microsphere and microbubble are made of silica glass. The dispersion effect on the refractive index 223 
of silica is taken into account via a proper Sellmeier formula [22]. The microsphere radius is 224 
Rs = 145 µm , whereas the microbubble external and internal radii are Rb = 200 µm  and 225 
Rin = 196.7 µm, respectively. The simulations are performed by considering air as the surrounding 226 
background medium. Moreover, the microbubble is considered empty. According to [15], the 227 
simulated wavelength range is centered on λc = 1613.3 nm. 228 
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To find the optimal value of the gap g, a number of simulations are performed by considering 229 
different gap values, g = 10, 100, 200, 500, 1000 nm. For each value of g, the simulated transmittance T 230 
is compared with the experimental one. Both setups employing the microsphere and the 231 
microbubble are taken into account. 232 

Figure 3(a) shows the transmittance T of the microsphere-based setup, calculated for three 233 
different WGMl,m,n, as a function of the radial order X of the LP0,X cladding modes, considering a 234 
gap g = 200 nm. The transmittance dip, which corresponds to the maximum coupling with the 235 
microsphere, can be attained for the WGM774,774,3 by exciting with the fiber LP0,7 cladding mode 236 
through the LPG. The resonance of the WGM774,774,3, expressed in terms of the detuning ∆ω, is 237 
shown in Fig. 3(b). The simulated results here shown are in good agreement with the experiment 238 
reported in [15]. In fact, by exciting the WGM774,774,3 , the simulated transmittance of the 239 
microsphere-based coupling system reaches a minimum of T = 0.53 a.u., while, in the experiment, 240 
the measured transmittance is about T = 0.65 a.u.. The small discrepancy can be explained 241 
considering higher actual total losses. 242 

 243 

Figure 3. (a) Transmitted power of the microsphere-based setup, calculated for three resonant 244 
WGMl,m,n, as a function of the modal order X of the LP0,X cladding modes, with a gap g = 200 nm. (b) 245 
Transmission of the WGM774,774,3, excited by the LP0,7, as a function of the detuning ∆ω, with a gap 246 
g = 200 nm; microsphere-based setup. 247 

Figure 4(a) reports on the transmittance T of the microbubble-based setup, calculated for three 248 
different WGMl,m,n, as a function of the radial order X of the LP0,X cladding modes, considering a 249 
gap g = 10 nm. The transmittance dip, which corresponds to the maximum coupling with the 250 
microbubble, can be attained for the WGM998,998,3 by exciting with the fiber LP0,4 cladding mode 251 
through the LPG. The resonant detuning of the WGM998,998,3, corresponding to the wavelength λ = 252 
1618.4 nm, is shown in Fig. 4(b). The simulated transmittance of the microbubble-based coupling 253 
system reaches a minimum of T = 0.50 a.u., practically coincident with the measured value [15] even 254 
if referring to a slightly low fiber modal order.  255 

The simulated intrinsic quality factors of the microsphere and the microbubble are 256 
Q0,sim

sphere = 9.7 × 107 and Q0,sim
bubble = 9.5 × 107, respectively. These values are in excellent agreement with 257 

the experimental values, Q0,meas
sphere  = 1.1 × 108 , for the microsphere, and Q0,meas

bubble = 9.8 × 107  [15]. It 258 
should be noted that the developed model allows to retrieve the mode numbers of the WGMs 259 
excited in the microresonators as well as the same (or very close) order of the cladding mode excited 260 
via the LPG experimentally observed in [15]. 261 
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 262 

Figure 4. (a) Transmitted power of the microbubble-based setup, calculated for three resonant 263 
WGMl,m,n, as a function of the modal order X of the LP0,X cladding modes, with a gap g = 10 nm. (b) 264 
Transmission of the WGM998,998,3, excited by the LP0,4, as a function of the detuning ∆ω, with a gap 265 
g = 10 nm; microbubble-based setup. 266 

Figure 5 illustrates the normalized electric field of the microbubble WGM998,998,3  evanescently 267 
coupled to the normalized electric field of the fiber LP0,4 cladding mode. The four radial maxima of 268 
the LP0,4 is evident as well as the third radial order of WGM998,998,3. 269 

 270 

Figure 5. Distribution of the normalized electric fields confined in the microbubble glass layer (on the 271 
left) and in the fiber taper (on the right) for the WGM998,998,3 coupled with the LP0,4, gap g = 10 nm. 272 

As a final numerical proof-of-concept toward the exploitation of sensing applications, the 273 
sensitivity of the microbubble-based setup to different concentrations of an aqueous glycerol 274 
solution is simulated. The same foregoing analytical model is used for simulations. The response of 275 
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the microbubble, in terms of the shifts of the resonant wavelengths, to an increasing glycerol 276 
concentration is studied. The simulations are performed with the same microbubble used in the 277 
previous validation step. The simulated wavelength range is 1550 ± 4 nm. The simulated glycerol 278 
concentrations are in the range 0 – 15 mass %, with an increment of 2.5%. The refractive indices of 279 
the solutions are calculated as a function of the glycerol concentrations, according to the following 280 
dispersion formula [23]: 281 

nsol = Aw3 + Bw2 + Cw + D, (11)

where A = −0.0216, B = 0.0512, C = 0.1110, D = 1.3165 and w is the mass fraction of the glycerol [23]. 282 
For each concentration value, the same three WGMs with increasing radial orders are simulated, 283 
namely WGM1147,1147,1, WGM1115,1115,2 and WGM1065,1065,3. In Fig. 6, the resonant wavelength shift 284 
of each mode as a function of the glycerol concentration is shown. As expected, the WGMs with a 285 
higher number of radial maxima are more sensitive to the refractive index variation induced by the 286 
increasing concentration. In fact, in these cases, the WGM fields are less confined in the glass layer of 287 
the microbubble, because of the larger evanescent field coupled with the solution inside the bubble 288 
[24]. The average slope of the curves in Fig. 6 represents the sensitivity values of the 289 
microbubble-based sensor, S, which are approximately equal to (i) S = 9 pm/% for the WGM1147,1147,1; 290 
(ii) S = 63 pm/% for the WGM1115,1115,2; (iii) S = 268 pm/% for the WGM1065,1065,3. 291 

 292 

Figure 6. Shift of the resonant wavelengths of the simulated WGMs as a function of the glycerol 293 
concentration expressed in mass %. 294 

4.2. Experimental Results 295 
Toward the development of an all-in-fiber distributed sensing system, the coupling system 296 

illustrated in Fig. 1 has been tested and high-Q WGM resonances in both microspheres and 297 
microbubbles have been proved to be effectively excited [15]. The mechanical contact between the 298 
microresonators and the tapered fiber is provided in order to avoid any environmental perturbation. 299 
Moreover, the phase-matching conditions between the fiber cladding modes and the WGMs are 300 
satisfied due to the azimuthal and radial high-order modes of the spherical microresonators [14]. 301 
The transmission dips has been fitted by a Lorentzian function obtaining typical Q-factor values 302 
ranging from 106 up to 108, for both types of microresonators, with a maximum coupling efficiency 303 
(or resonance contrast) of about 50%–60%. 304 
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Afterwards, the coupling system in Fig. 1 is doubled along the same fiber link as a 305 
proof-of-concept test. In fact, by a proper design of the LPGs, the coupling system in Fig. 1 can be 306 
replicated as many times as the effective bandwidth of both source and detector allows. A total 307 
bandwidth allocation not less than 40 nm for each pair of LPGs should be taken into account [15]. 308 
Figure 7(a) accounts for the resonances achieved by scanning about 2 GHz around the LPG central 309 
wavelengths (1518.9 nm for the first coupling unit and 1613.3 nm for the second one), when the 310 
microresonators of the two coupling units are in mechanical contact with their respective fiber tapers 311 
(as sketched on the top of Fig. 7(a)). The Q-factor values are comparable to those obtained with the 312 
analytical model. In order to prove that the microresonators of the two coupling units can be 313 
independently excited without cross-talk, a selectivity test has been performed. By alternatively 314 
de-coupling one of the microresonator and by looking at the transmission spectrum of the other one, 315 
it is possible to prove the selective excitation, as detailed in Fig. 7(b) (the first microresonator in 316 
contact, while the second not in contact) and in Fig. 7(c) (the second microresonator in contact, while 317 
the first not in contact). As a further proof and evidence of this, additional measurements performed 318 
by varying the coupling position of the tapered fiber along the azimuthal axis of the microresonators 319 
confirm our findings. Therefore, the proposed all-in-fiber coupling system can be effectively used for 320 
distributed sensing. 321 

 322 
Figure 7. (a) Sketch and results of two in-series coupling systems with both the microresonators 323 
(microspheres in this case) coupled to each tapered fiber. The corresponding resonances achieved by 324 
scanning a laser source around the resonant wavelengths of the LPGs (0 MHz detuning) are also 325 
detailed below each sketch. Other two cases are shown to prove the zero cross-talk of the approach 326 
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proposed: (b) the first microsphere in contact, while the second not; (c) the second microsphere in 327 
contact, while the first not.  328 

5. Conclusions 329 
A complete model for designing an all-in-fiber coupling system allowing the wavelength 330 

selective excitation of spatially distributed or quasi-distributed optical WGM microresonators has 331 
been developed. The microresonators are evanescently side-coupled with a fiber taper to increase 332 
the coupling efficiency. A pair of identical LPGs, with the microresonator and the tapered fiber 333 
in-between, can be used to excite the WGMs by means of peculiar cladding modes. The pair of 334 
identical LPGs can operate in different wavelength bands allowing multiple selective interrogation 335 
of several microresonators along the same optical fiber. The model has been validated with 336 
experimental data by considering microsphere- and microbubble-based setups. As an application 337 
example, the sensing of aqueous glycerol solutions with different concentrations is demonstrated. 338 
The simulated results suggest that the coupling system can be effectively used for distributed 339 
sensing applications of chemical/biological fluids. The theoretical and experimental analysis and 340 
results could open novel opportunities in the field of chemical/biological sensing. In particular, the 341 
all-in-fiber coupling system could bring about a very promising optical platform for multiplexing 342 
hollow WGM microstructures, such as microbubble-based resonators, which are perfectly fitted an 343 
integrated microfluidics. 344 
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