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Abstract: Based on theoretical modeling and optimization,exploit the application of
optical microfiber loop resonators in ambient refr&e index sensing. We set up a reliable
theoretical model and optimize the structural patems of microfiber loop resonators
including the radius of the microrfiber, the radafghe loop and the length of the coupling
region for higher sensitivity, wider dynamic measuent range, and lower detection limit.
To show the convincible and realizable sensingitgbite perform the simulation of
sensing an extreme small variation of ambient o#ifra index by employing a set of
experimental data as the parameters in the expressiintensity transmission coefficient,
and the detection limit reaches to a variationrabint refractive index of 10refractive
index unit (RIU). This has superiority over the sikig evanescent field-based
subwavelength-diameter optical fiber refractiveendensor.
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1. Introduction

Recently optical waveguides with subwavelength étmattract much attention, especially optical
microfiber-based photonic devices [1-6]. Fabricatimethods of ultra-high-quality silica optical
microfibers with length up to ~10cm and diametewddo ~30nm have been developed [2-3, 6], sO
silica optical microfibers are promising to develmypcro- and nano-photonic devices. Demonstrated
and potential applications of microfibers includmhnear optics[3,7-8], optical sensing[9-11], ahd
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microfiber loop resonator(MLR)[12-17].Compared mbeigrated optical waveguide ring resonators[18],
MLRs are more convenient for fabrication, manipolatand application. An MLR can be directly
obtained using a microfiber manipulated into a losbere effective coupling occurs between the
contact sections of the microfiber. The MLR witladedQ-factor of 120000 has been produced [16],
and the performance is close to that of integratadeguide micro-ring resonators of which the larges
Q-factor has been demonstrated recently [19].

MLRs are also potentially useful for optical filteg, active devices and optical sensing as the
integrated waveguide micro-ring resonators [18].weeer, the research on MLRs for ambient
refractive index sensing hasn’t been reportedhis paper, we simulate the response of MLRs to the
variation of ambient refractive index and optimibe structural parameters of MLRs to provide a
theoretical guide for variant requirements in pradtsensing applications. After that we perforra th
simulation based on a set of experimental dataefarence [16] to show the achievable sensing
performance of MLRs.
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Figure 1. (a) Geometry of of an MLR and (b) Optical signansmits in a microfiber with the ambient
refractive indexh,.

2. Theory
2.1. Fundamental s of an MLR

A typical MLR is shown in Fig. 1(a)A1, Az, B; andB; are the complex mode amplitudes. Coupling
of optical signal occurs in the region selectedtly blue dashed line frame, where the adjacent
microfibers contact are parallel with each othdre Toop can be treated as a circle, and then tigghe
of the loopL is equal to ZR, whereR is the radius of the loop.

For simplicity the polarization effect is ignoreth]. Based on the fact that fabrication of ultraHo
loss silica microfibers with length up to ~10cm amdform diameter has been demonstrated [2-3,6],
we can assume that the field distribution in theples independent on the specific axial positiantiie
theoretical simulation. That is to say, both prademn constanyy and coupling coefficienk are
constant functions of the axial position.

The intensity transmission coefficielt representing the ratio of the transmission intgrie the
input intensity, can be obtained according to ganerinciple of ring resonators [16, 22-23] and has
the expression [16]
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wherea is the intensity attenuation coefficiemtz power attenuation coefficient for this moddl),
is the length of the loopy is the roundtrip phase shifk is the coupling parameter. For the field
distribution in the microfiber is independent o #xial position we can getfL andK=«Al, where
Al is the length of the coupling region.

From the expression df, we know the resonances in transmission spectemergte when cag)
is equal to zero and the coupling paramgtés close tK,=(2m+1)x/2, wherem is an integer [16,22-
23].

The free spectrum range(FSR) of an MLR, which ifinéd as the spacing between adjacent
resonant wavelengths, and @Qdactor of an MLR, which is defined as of resonaat/elength. to the
full width at half maximum of the correspondingaeance spectruncan be respectively expressed as
when al <<1[16]
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2.2. Sensing Parameters

The sensing mechanism of MLR-based biochemicalosens based on the shift of resonant
wavelengthA, due to a variation of ambient refractive index eaudy varied ambient material
concentration, and it is illustrated in Fig. 1(ffhe microfiber is so thin that fractional opticaivper
transmits in the ambient cladding [9]. As the refiree index of ambient materiad, changes the
effective index of the guided modes in the micrefiln is modified, and then the resonant wavelength
shifts.

Following the sensing mechanism the sensitivity lmanlefined as [20]
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Another important parameter for sensing applicaignthe detection limién,. According to the
definition of sensitivity the detection limit haset feature [20]
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whered/; is the spectral resolution of the measuremenesysiheoretically the highes is, the
smaller the detection limit is. However, in factist very difficult to exactly obtain the shift ofié
resonant wavelength if the spectrum width is lafgethe experimental line shape usually does not
agree with the theoretical line shape so well. Bly d the Q-factor is high enough the low detection
limit can be achievable, and we define the detactimit factor P =Q-S [20] to characterize the
detection limit. The largdp is, the lower the detection limit is.

3. Optimization of the Structural Parametersof the MLR for Ambient Refractive Index Sensing

From (2), (3) and (4) we know that the sensing pa&tars sensitivity and detection limit are
determined by several key structural parameteteeMLR: the radius of the microfibe; the radius
of the loopR and the length of the coupling regiah so we perform our simulations to optimize these
parameters for high-performance sensing.

The operation wavelength is set in ~uBf and we choose the radius of microfibers rangjiom
0.3um to 0.5um to satisfy single mode operation and low lossofarsimulations.

For the intrinsic loss of microfibers is ultra lome only consider the attenuation due to bend loss
for a [21], andx can be obtained from the coupled-mode theoryZ18,

At first we pay attention to the sensitivity. Frai@) the sensitivity is related to the radius of the
microfiber and the loop. The results shown in FE¢p) indicate that the sensitivity increases as the
radius of the microfiber decreases, and hardly gbamwith the radius of the loop. Microfibers with
smaller radius have higher fractional power tramigng in the ambient cladding, and then are more
sensitive to the variation of ambient refractivel@r. As to the radius of the loones /0N, in (3) is
independent oR, andoi/ong in (3) is hardly dependent d®) which can be understood from the first
resonance condition. Moreover, from (4) the thécaétdetection limit is a variation of ~fORIU
based on an optical spectrum analyzer with thduen of 1pm as the measurement apparatus.

For sensing applications, wide dynamic measuremaggfe is also important, and it is related to the
FSR based on this sensing mechanism. From theitd@firFSR is independent on the coupling
parameter, and its evolution trend is shown in E{tp). Smalla andR are necessary to obtain larger
FSR, ancR is the dominant factor, which can be understoothfthe definition of FSR.
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Figure 2. (a) Sensitivity versus the radius of the Iddand the radius of the microfibay the unit of
sensitivity isum per refractive index unit (RIU) (b) FSR versus thdius of the looR and the radius
of the microfibera.
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Q-factor is the most important parameter for a raganfor it characterizes the performance of a
resonator. Though the asymptotic formula of powesnaiation coefficientr is not accurate enough
when the radius of the loop is very small (@gl0um) [4], it is still reliable to simulate the evoion
trend of theQ-factor and the detection limit factBras the structural parameters of the MLR change.

From (3) we knowQ-factor depends om, R andAl. The results shown in Fig. 3(a) indicate that
higherQ-factor corresponds to largand largea. In fact theQ-factor linearly depends dR if we use
conventional linear scale instead of logarithm ecahd this is similar to integrated waveguide orcr
ring resonators [24]. Higp-factor also can be obtained based on larfg corresponding lower loss
whenR is large. The coupling lengthl is another important parameter that affects@Hctor. The
coupling parametek is periodic function ofAl, and K-K.)? is the same. S@-factor is modified
periodically as the coupling length changes. We e&dm a conclusion that the coupling length
Al which make< close toKy, is hecessary to obtain high@+factor.
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Figure 3. (a) Q-factor versus the radius of the loB@nd the radius of the microfibay fixed
parametenl=10um (b) Q-factor versus the coupling length, fixed parametera=0.5um, R=55um.
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Figure 4. (a) The detection limit factor P versus the raditithe loop R, fixed parametai=10um. (b)
The detection limiP versus the coupling lengt, fixed parametera=0.5um, R=55um.

At last the detection limit factor is calculated.id shown in Fig. 4 that the evolution trend of
detection limit factor is similar to that §)-factor. Lower detection limit can be obtained tmpasing
largea, largeR and appropriatél. According to the preceding discussion the deatadimit is in the
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inverse ratio of bothQ-factor and the sensitivity. However, these twoapaters have inverse
dependences on the radius of the microfiber, sehweild to find a balance between them. The results
indicate that the detection limit factor has simileend to that of th&-factor. That is to say, the
Q-factor is the dominant parameter for affectingdieéection limit.

Based on the foregoing simulations we find thecstmal parameters of MLRs which correspond to
better sensing performance following our variamtcgical requirements.

4. Simulation of Sensing an Extreme Small Variation of Ambient Refractive Index

To show the convincible and realizable sensingtghile perform the simulation employing a set of
experimental data in reference [16] as the paraméteequation (1). The radius of the microfiber is
0.45um and the length of the loop is 2mm. Correspondimgndtrip attenuatiorwL is 0.14 and
amplitude coupling coefficient sidj is 0.981 with operation wavelength ~1u% [16]. The
resolution of an optical spectrum analyzer is 1gm,we can obtain that the detection limit of this
MLR-based sensor is an ambient refractive indexatian of 10° RIU from the simulation results
shown in Fig. 5. It is indicated that the MLR-baseshsor has superiority over the existing evanéscen
field-based subwavelength-diameter optical fibénraaive index sensor of which the detection limit
a variation of ~1¢RIU[11]. As the improvement of fabrication techngyoof MLRs, we believe the
theoretical detection limit of ~ITRIU is achievable.
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Figure 5. Sensing an extreme small variation of ambientive index.

5. Conclusion

We simulate the dependence of sensing performancene structural parameters of MLRs and
conclude that highe@-factor corresponds to large largeR and appropriatél, higher sensitivity
which is hardly dependent ddcorresponds to smadl, and lower detection limit corresponds to large
a, largeR and appropriatdl. After that we perform the simulation of sensimglbgent refractive index
according to a set of experimental data in refexgi6] to show the reachable sensing ability of the
MLR-based sensor, and the results indicate thectietelimit reaches to a variation of T®RIU. It
precedes the demonstrated submicron-diameter bfibea refractive index sensor. It is indicateéith
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the microfiber loop resonator-based ambient refradndex sensor is a kind of promising photonic
device.
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