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Short Optical Fibers With an All-Fiber
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Abstract—A highly efficient approach for the interrogation of
mechanical vibrations excited by forward-stimulated Brillouin
scattering in optical fibers is reported. The method is based on
an all-fiber ring resonator. The section of optical fiber in which the
FSBS takes place is inserted into the loop. Mechanical oscillations
modulate the phase of the light propagating through the fiber loop,
resulting in the modulation of the ring transmittance. The method
takes advantage of the resonant character of the ring transfer
function. It has a very high sensitivity and allows the interrogation
of mechanical oscillations excited by FSBS in very short fiber
sections. Sub-centimeter recognition is demonstrated in this work.
Differences between co- and contra-propagating pump and probe
signals are investigated.

Index Terms—Forward-stimulated Brillouin scattering (FSBS),
optical fiber sensing, optical fibers, opto-mechanics, resonator.

I. INTRODUCTION

R ECENT developments based on forward stimulated Bril-
louin scattering (FSBS) in optical fibers have arisen the

interest on this opto-mechanical interaction. Although several
works have been reported proposing applications in different
fields [1], [2], [3], [4], fiber optic sensing seems to be the area
in which FSBS can contribute greatly to improve the state of the
art and broaden the range of applications [5], [6], [7], [8], [9],
[10], [11], [12], [13].

FSBS is a particular type of Brillouin interaction that involves
two optical waves and an acoustic wave that co-propagate in
the optical waveguide. Electrostriction is the physical mecha-
nism that drives the optical stimulation of the acoustic wave.
In single-mode optical fibers, phase-matching is fulfilled for
guided acoustic modes close to their cutoff frequency. Ow-
ing to the symmetry of the optical and acoustic fields, only
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two type of acoustic modes can be stimulated by FSBS, i.e.,
pure radial acoustic modes, R0,m, and torsional-radial modes
with angular order 2, TR2,m Many FSBS-based applications
in fiber optics rely on R0,m modes as they exhibit a stronger,
polarization-independent interaction with the fiber mode. The
cutoff frequency of the different acoustic modes depends on the
fiber radius and the shear and/or longitudinal acoustic velocities
in the fiber [2], [14]. The frequency range in which acoustic
modes are excited by FSBS in conventional optical fibers can
exceed 1 GHz.

The detection of acoustic modes stimulated by FSBS is
commonly performed by optical means. Torsional-radial modes
introduce optical birefringence in the fiber, thus, they can be
detected though polarization analysis of a probe optical wave.
Recently, we reported probing of TR2,m acoustic modes in fiber
section with length in the mm scale [15]. In the case of radial
modes, acoustic oscillation leads to phase modulation of a probe
optical beam propagating in the fiber. Commonly, experimental
characterization of R0,m modes is performed by optical inter-
ferometry. The Sagnac interferometer is preferred because of its
intrinsic insensitivity to changes of environmental conditions.
As the magnitude of the FSBS nonlinear coefficient in conven-
tional optical fibers is small, on the order of few W−1km−1

[16], interferometric methods require large interaction lengths
to provide sufficient sensitivity, usually tens or even hundreds
of meters of optical fiber. The requirement of such a fiber length
can be a drawback, at least in relation to the development
of fiber sensing applications. On the one hand, it limits the
development of opto-mechanical, truly point fiber optic sensors
using FSBS. Some applications may require the use of short
(point) sensors, for instance, in biosensing where sample volume
may be limited [17]. In addition, it can have a negative impact
on sensor performance, in particular by degrading the detection
limit. Most sensor applications are based on the sensitivity of
the cut-off frequency of the acoustic modes with the magnitude
to be measured [6], [7], [8], [9], [10], [11]. The requirement
for such a long fiber length forces in many cases the use of
coated optical fibers, which results in a very significant spectral
broadening of the stimulated acoustic oscillation due to the high
acoustic damping that the polymer coating introduces. Such a
contribution to spectral broadening can in part be reduced by
using polyimide coated fibers [18], [19], [20] instead of the
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standard dual-layer acrylate coating. However, even in the case
of bare optical fibers, the linewidth of the stimulated acoustic
oscillation also increases with fiber length due to an increased
presence of inhomogeneities along the fiber, ultimately leading
to a worsening of the detection limit.

In recent years, several methods to probe FSBS-stimulated
radial acoustic modes that can work with short fiber sections
have been reported [21]. Some methods rely on the interplay
between the acoustic mode and an optical resonance. The os-
cillation of the acoustic mode in the optical fiber causes the
shift of the optical resonance. Therefore, by monitoring the
optical resonance, information about the acoustic mode can
be retrieved. With optical resonances produced by long-period
gratings [22] and Bragg gratings [9], [23], it was demonstrated
that few centimeters of optical fiber were sufficient to detect
acoustic modes stimulated by optical pulses with peak power in
the range of tens of wats. Recently, the narrowest acoustic mode
linewidths ever reported were obtained by probing with high Q
factor optical whispering-gallery mode (WGM) resonances of
the optical fiber, a technique that requires less than 1 mm of
optical fiber [24].

Following this concept, in this paper we report a novel method
to probe acoustic modes excited by FSBS in optical fibers using
an all-fiber ring resonator. The resonant response of the ring
provides sufficient sensitivity for probing FSBS acoustic modes
with short fiber segments and moderate pump powers. It is a
simple and versatile method, the performance requirements of
the ring are quite flexible, and it is not necessary to process the
optical fiber or use thin tapered fibers.

II. THEORETICAL CONCEPTS

A short optical pump pulse propagating in a single-mode
optical fiber stimulates an acoustic wave packet made of the
superposition of multiple radial and torsional-radial modes [1].
The amplitude with which each acoustic mode is excited de-
pends on the pump pulse characteristics, i.e., peak power and
temporal profile, and the mode field diameter of the fiber at the
pump wavelength. A detailed theoretical study of the excitation
amplitude of the different acoustic modes by the propagation of
a pump pulse in a single-mode optical fiber can be found in [16].

Owing to the photo-elastic effect, the oscillation of an acoustic
mode causes a refractive index modulation in the optical fiber
that can be expressed as,

Δn (r, φ, z, t) = Δn0 (r, φ) · cos (Ω · t− q · z) (1)

whereΩ and q are the frequency and wavenumber of the acoustic
mode, respectively, and Δn0 is an amplitude that depends on
the strength and field distribution of the acoustic mode. When
such an acoustic mode is excited by FSBS, the fulfilment of the
phase-matching condition for the optical stimulation establishes
that q = Ω/vp, where vp is the phase velocity of the optical
pump.

The modulation of the refractive index, in turn, modulates
the effective index of an optical probe wave propagating along
the optical fiber. Such a perturbation depends on whether the
acoustic wave and the optical probe wave are co-propagating

Fig. 1. Normalized φb
0 as a function of frequency, for different fiber length.

vp = 2.07× 108 m/s has been considered for calculations.

or counter-propagating. In the first case, phase-matching is
automatically satisfied thus,

Δneff (z, t) = ξ · cos (Ω · t) (2)

where ξ is an amplitude that depends on the strength of the acous-
tic mode, its attenuation factor, and the overlapping between the
acoustic and optical fields [16]. When the acoustic mode and the
probe counter-propagate, the effective index perturbation can be
expressed as,

Δneff (z, t) = ξ · cos
(
Ω ·

(
t− 2z

vp
+

LFUT

vp

))
(3)

whereLFUT is the interaction length between the acoustic wave
and the optical probe signal. For simplicity, equal phase velocity
for optical pump and probe waves is assumed in (2) and (3).

A probe light beam propagating along the interaction region,
accumulates a time-varying phase delay φAC(t), that can be
calculated by,

φAC (t) = k0

∫ LFUT

0

Δneff (z, t) · dz (4)

where k0 is the optical wavenumber of the probe light. For both,
co- and counter-propagation, φAC(t) can be expressed as,

φAC (t) ≡ φi
0 · cos (Ω · t) (5)

where φi
0(i = a, b) is the amplitude in the co-propagation and

counter-propagation configurations, respectively, that takes the
form,

φa
0 = k0 · LFUT · ξ (6)

and,

φb
0 = (k0 · LFUT · ξ) · sinc

(
Ω · LFUT

vp

)
(7)

The effect of the sinc function factor on φb
0 in (7) depends

on (Ω · LFUT /vp). Fig. 1 shows φb
0 as a function of frequency

for different LFUT values. For a fiber length of 10 cm, the first
zero crossing of the sinc function occurs at ∼1 GHz. Thus, in
the frequency range of interest, φb

0 decreases smoothly with
frequency, while in the co-propagating case does not change
with frequency (see (6)). As the fiber length is increased, the first
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Fig. 2. Transmission of an all-fiber ring vs. optical wavelength around a notch,
at different instants of time (indicated) when an acoustic wave of frequency
Ω = 2π/T is oscillating. The parameters used in the calculations are: α =
0.99; fr = 0.99; fc = 0.98; λ0 = 2π/k0 = 1.5μm; ξ = 2.5× 10−8;
LFUT = 20 cm. Vertical line shows the set point wavelength. Inset: (left)
diagram of the all-fiber ring resonator and transmittance vs. wavelength in static
conditions; (right) transmittance vs. time at the set point wavelength when the
acoustic wave is oscillating.

zero crossing of the sinc function shifts to lower frequencies and
φb
0 is modulated strongly and dampens rapidly with increasing

frequency. Such a response can be a serious limiting factor when
a fiber length of several tens of cm or above is required.

Let us now consider an optical fiber ring resonator having
a loop of length L with the interaction fiber section of length
LFUT (LFUT < L) included in the loop. The phase delay
accumulated by the probe beam propagating in the loop when
an acoustic mode of frequency Ω is oscillating, can be expressed
as,

φ (t) ≡ φDC + φAC (t) (8)

whereφDC is the phase delay in absence of acoustic modulation,
which is due to the propagation in the ring and coupler. The
steady-state transmittance of a ring resonator in which light
undergoes a time-dependent phase delay φ(t) is given by [25],

T (t) = |fc|2
∣∣∣∣∣α− β2

α

∞∑
m=1

(α · fc · fr)m · e
j

m∑

p=1
φ(t−p·τ)

∣∣∣∣∣
2

(9)
where α, β, and fc are the direct-, the cross-coupling, and the
transmission coefficient, respectively, of the fiber coupler, fr
is the transmission of the fiber ring, and τ is the ring round-
trip time. Fig. 2 shows a calculation of the transmittance as a
function of optical wavelength around a notch, at different time
instants when an acoustic wave of frequency Ω oscillates. The
notch swings with time periodically, which causes an oscillation
of the transmittance at any given wavelength. In the case of
constant phase delay, (9) reduces to the transmittance of the static
ring resonator, showing a series of nearly equidistant notches as
optical wavelength is scanned, as shown in the inset of Fig. 2.

When the amplitud of φAC(t) is small, as it happens when it
is caused by an FSBS stimulated acoustic mode, the steady-state
transmittance of the ring at a wavelength matching the slope of

Fig. 3. (a) Oscilation amplitude of the transmittance, ΔTAC , as a function of
frequency when acoustic wave and probe beam co-propagate. Calculations for
three ring resonators with equal finesse (F = 15) and different round-trip time,
τ , are shown. (b) ΔTAC for two ring resonators with equal roundtrip τ =14 ns
and different finesse, F. In both, LFUT = 25 cm. (c) ΔTAC as a function of
frequency when acoustic wave and probe beam counter-propagate. Calculations
for three LFUT are shown (F = 5 and τ =14 ns). In all calculations ξ =
2.5 · 10−8. The values of α, fc and fr were chosen so that the notch depth of
the static ring was ∼99 %. The probe wavelength was selected to match the
linear slope of a transmittance notch as indicated in Fig. 2.

a notch, can be approximatted, to a first order, by

T (t) ≈ TDC +ΔTAC · cos (Ω · t) (10)

where TDC is a constant level that depends on φDC , and ΔTAC

describes the oscilation amplitude of the transmittance. ΔTAC

depends on the amplitude of φAC , but also on Ω and τ . Fig. 3
shows ΔTAC as a function of Ω for a given effective index
modulation amplitude ξ. In the case of co-propagation configu-
ration, ΔTAC shows a periodic oscillating response with Ω (see
Fig. 3(a)). This behavior can be understood by considering the
multiple beam nature of such an interferometer [25]. The period-
icity in frequency depends on the round-trip time, specifically,
it is equal to τ−1. The amplitude range of ΔTAC depends on
the finesse (F), the higher the finesse, the greater the difference
between the maximum and minimum of ΔTAC . For the two
examples shown in Fig. 3(b), whose finesse are 5 and 15, the
difference between maximum and minimum ofΔTAC are 0.051
and 0.018, respectively. It is worth to note that the frequency
response shown for a very short ring resonator is consistent
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Fig. 4. (a) Experimental arrangement; (b) and (c) show the wavelength trans-
mission response of ring A with no pump signal.

with the response reported for an optical microresonator system
supporting WGM resonances [24].

The frequency response in the counter-propagation config-
uration is more complex, especially for long LFUT , as the
amplitude of φAC depends in this case on Ω. Fig. 3(c) shows
the frequency response of ΔTAC for three rings of similar char-
acteristics (F = 5, τ = 14 ns) but different LFUT . In essence,
the frequency response in the counter-propagation configuration
is that of the co-propagation configuration but modulated by the
frequency response of φb

0.
In summary, the frequency response of the ring resonator

introduces an additional contribution that will shape the am-
plitude of the probed acoustic modes. Through the design of the
ring resonator, this contribution can be tailored, although the
sensitivity will change accordingly.

III. EXPERIMENTAL METHODS

Fig. 4 shows the experimental arrangement. Two all-fiber
ring resonator interferometers were assembled with different
directional couplers and loop lengths. Both, the couplers and
the loop were made of Corning SMF-28e fiber. Two optical
fiber wavelength division multiplexers (WDMs) were inserted
into the loop to deliver the optical pump beam to the fiber
under test (FUT) and to extract it from the ring, respectively.
The FUT consisted of a short section of SMF-28e from which
the polymer coating was removed. A directional coupler with a
50:50 coupling ratio was used for ring A, and the total loop length
was 2.89 m. Ring B was constructed using a 90:10 directional
coupler and the loop length was 2.03 m. A fiber polarization
controller (PC) was used to adjust the polarization state of the
probe beam in order to optimize the ring transmission notches.
The transmission response of one of the rings, without acoustic
oscillation (i.e., constant phase delay) is shown in Fig. 4(b)

TABLE I
OPTICAL PARAMETERS OF ALL-FIBER RINGS

and (c). Table I gives the optical parameters of the static rings’
response.

The pump laser used to stimulate the oscillation of the acoustic
modes in the FUT was a microchip Q-switch laser that emitted
linearly polarized optical pulses of 700 ps duration at 20 kHz
repetition rate, with 150 mW average power at 1064 nm wave-
length. A set of waveplates was used to control the polarization
of the pump.

The oscillation of the acoustic modes in the FUT was optically
probed by a single-frequency, tunable diode laser (Koheras
BASIK, 100 Hz linewidth) that was fine-tuned to a given set
point, typically to the wavelength at which the transmission of
a notch is 50% and the slope is maximum. The modulation of
the notch that results from the acoustic oscillation leads to the
intensity modulation of the probe signal, that was detected and
recorded using a fast photodetector (FPD) and an oscilloscope.
The spectral components of the probe signal were analyzed
with an RF spectrum analyzer. An active locking technique
based on an electronic feedback control system was applied
to lock the probe signal to the set point and to prevent the
effects of low-frequency drift caused by variant environmental
conditions. The feedback stabilization method used is based on
a power-locking technique and ensures long-term operation. In
this method, the deviation of the transmitted power from a set
point value is used as a feedback parameter to electronically
adjust the probe laser wavelength. A detailed description and
demonstration can be found in [26].

To lock the probe laser to a resonance of a given ring, we
proceeded as follows: first, a transmission notch was found
by scanning the wavelength of the probe laser. As the ring’s
response is periodic in wavelength with an FSR in the order of a
few pm, a short tuning range is required. In our setup, it was done
using the built-in fine-tuning facility of the probe laser. Then,
the probe laser was tuned to the desired set point. The electrical
signal from the photodiode was low-pass filtered and the integral
of the error signal -i.e., the difference with respect the set point-
is used as the feedback signal. Finally, the reference voltage of
the drift compensator electronic circuit was adjusted to match
the voltage corresponding to the desired set point.

IV. RESULTS AND DISCUSSION

Fig. 5 shows an example of the temporal trace recorded in
the oscilloscope after a pump pulse was propagated along the
FUT. The probe intensity shows a series of oscillations whose
amplitude decays with time. Such oscillations are caused by
the stimulation of an acoustic wave packet by the pump pulse.
During the first few ns, evidences of cross-phase modulation
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Fig. 5. (a) A temporal trace of the probe signal recorded in the oscilloscope
for ring A after a pump pulse propagates along the FUT. (b) A detail of the
temporal trace shown in (a). Average pump power: 60 mW; LFUT = 15 cm.

Fig. 6. (a) Measured power spectral density of the probe modulation due to
acoustic waves with (a) ring A and (b) ring B. Average pump power: 60 mW;
LFUT = 15 cm. Dashed line shows the expected amplitude profile of radial
modes assuming a flat response of ΔTAC .

(XPM) between the pump and the probe were noticed, as it typ-
ically happens when pump and probe signals propagate through
the same waveguide.

Fig. 6 shows the power spectral density of two probe signals
from ring A and ring B, respectively. To avoid contribution of
XPM-induced modulation in the power spectral density, the first
few ns of the temporal trace were disregarded before being
analyzed by fast Fourier transform (FFT) to obtain the FSBS

0

0.5

1 30 cm

0

0.5

1 15 cm

0

0.5

1 5 cm

369 369.2 369.4 369.6 369.8
Frequency (MHz)

0

0.5

1 0.8 cm

30 cm

15 cm

5 cm

607.4 607.6 607.8 608 608.2
Frequency (MHz)

0.8 cm

Fig. 7. Normalized RF spectrum (scatter) of resonances R0,5 (left) and
R0,13 (right) for different LFUT , and best-fit to the Breit–Wigner–Fano line-
shape (solid line).

Fig. 8. (a) Linewidth of several resonances as a function ofLFUT . Horizontal
dashed line shows the theoretical linewidth assuming a fiber radius variation
Δa. (b) RF intensity of several resonances as a function of LFUT . Horizontal
dashed line shows the noise background measured with LFUT = 0 cm. All
measurements were performed with ring A and average pump power of 60 mW.

Fig. 9. RF spectrum of the probe signal recorded in (a) co-propagation and
(b) counter-propagation configurations at the same pump power. (c) Peaks’
amplitude difference (DPA) between both RF spectra (scatter) and normalized
φb
0 (solid line) for LFUT = 25 cm.
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TABLE II
COMPARATIVE OF DIFFERENT FSBS PROBING METHODS FOR R0,M ACOUSTIC MODES IN OPTICAL FIBERS

spectrum. It is worth to note that the noise level is slightly
affected by the time window used to calculate the FFT. Each peak
of the spectrum is caused by the oscillation of an acoustic mode.
The peaks with larger amplitude correspond to radial acoustic
modes. In this example, up to the R0,19 mode whose resonance
frequency is 900 MHz was detected unambigously. Although
no special care was taken to adjust the pump polarization, a
number of torsional-radial modes are shown in both cases. We
can observe a certain fluctuation of the peak amplitude in the
sequence of radial resonances. The origin of such fluctuation is
the frequency response of the ring transmittance (see Fig. 3(a)).
The dashed line in Fig. 6(a) and (b) shows the relative amplitude
profile calculated under the assumption of a constant ΔTAC ,
independent of frequency. It can be seen that the deviation of
the amplitude of the experimental peaks is more pronounced in
the spectrum of Fig. 6(b) corresponding to ring B, which has
a higher finesse. This observation agrees with the theoretical
model in Section II, where it is shown that the range of variation
with frequency of ΔTAC is significantly larger for the ring with
higher finenesse (see Fig. 3(b)).

We studied the performance of the probing method as a
function of LFUT , focusing on short fiber sections. We aimed to
investigate the shortest FUT length that can be probed with this
method, keeping in mind applications where fiber length may be
a limitation. Also, we studied experimentally the dependence of
the linewidth of FSBS-excited acoustic modes on fiber length.
Measurements with FUT length varying from few tens of cm
to few mm were performed at different pump powers. Care was
taken to keep the pump polarization unchanged along the series
of measurements. Fig. 7 shows the normalized RF spectrum
around acoustic modes R0,5 and R0,13, for different FUT lengths,
at the same pump power. The linewidth and the peak intensity of
the resonances in the RF spectrum were obtained from fitting the
spectrum of each resonance to a Breit-Wigner-Fano function to
account for the asymmetric shape caused by the Kerr effect [27].

Fig. 8 sumarizes the results. It shows the amplitude of peaks
in the RF spectrum and the linewitdh of various resonances as
a function of FUT length. This series of measurements was
performed with a fixed pump power. A significant reduction
of linewidth was observed for all resonances as LFUT was
decreased. For example, linewidth of R0,8 acoustic mode was
124 kHz for LFUT = 30 cm and 72 kHZ for LFUT = 8mm.
We understand that such a evolution is due to the contribution to
linewidth broadening of fiber inhomogeneities, which is larger

as the fiber length increases. The dashed lines in Fig. 8(a) show
the linewidth calculated theoretically for the R0,8 acoustic mode
in a fiber with a diameter fluctuation of 5 nm, 10 nm and 12 nm,
respectively. Contributions to linewidth from glass viscosity [28]
and from acoustic impedance mismatch between glass and air [5]
were included in the calculation. The comparison between the
experimental and theoretical linewidth supports our hypothesis.
The theoretical linewidth obtained with the smaller fiber radius
fluctuation better describes the experimental linewidth in short
fiber lengths, whereas the proper description of linewidth in
longer fibers requires increasing the fiber diameter fluctuation
range in the theoretical modelling. It is worth to mention that
we did not observed changes in linewidth with pump power.

The RF peak amplitude of the resonances decreases with
decreasing FUT length, as expected. Dashed lines in Fig. 8(b)
indicate the signal background for each resonance which we
assumed to be the signal level with LFUT = 0 cm. For a few
cm of fiber, the peak amplitude for most resonances is a few
tens of dB above the background level. For the shortest fiber
length analyzed in the experiment, 4 mm, a series of peaks cor-
responding to resonances from R0,2 to R0,15 could be detected,
with amplitudes ranging from 2 to 10 dB above the noise level.
Note that these figures are specific to the pump power level and
the characteristics of the fiber used in the experiment. In this
sense, there are different options to improve the FSBS gain of
the resonances, such as the use of nonlinear optical fibers [10]
and/or thin-diameter fibers [29].

Finally, we experimentally investigated the impact on the
probing of the acoustic modes when they were stimulated with
a counter-propagating pump beam. In Fig. 9, the RF spectrum
recorded in co-propagation and counter-propagation configu-
rations are compared for LFUT = 25 cm. Counter-propagation
of the pump and probe beams was realized by delivering the
pump through the WDM used to extract the pump from the
ring in the co-propagation configuration shown in Fig. 4(a). The
ratio between the peak amplitude of radial modes in the two
configurations is shown in Fig. 9(c). This result shows a very
good agreement with the theoretical findings and it faithfully
reproduces the dependence with frequency Ω of the amplitude
of φAC for the counter-propagating configuration, as depicted
in Fig. 1.

A summary of the performance of the present method and
other reported results based on different techniques for FSBS
excitation and detection of radial acoustic modes is given
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in Table II. The comparison of performance of the different
methods, in terms of minimum fiber length and pump power
required, is complex as it also depends on the pump scheme
used for the excitation of the acoustic modes. Works based on
the resonant stimulation of a single acoustic mode using an
amplitude-modulated pump beam [21], [23] report successful
R0,m probing with fiber length < 1 cm and pump power level in
the order of ∼W. When multiple acoustic modes are stimulated
by optical pulses, it becomes necessary either the use of a fiber
length on the order of tens of meters [5], or a higher level of
pump power [22], [24], similar to that used in the present work,
if probing is addressed with sub-cm fiber length. It should be
noted that the probing method presented in this paper can also
be implemented in combination with resonant stimulation of
acoustic modes.

V. CONCLUSION

A versatile, highly efficient approach for the interrogation
of FSBS-stimulated mechanical vibrations in optical fibers has
been demonstrated. Radial acoustic modes stimulated with low
average pump power (few kW peak power) were successfully
probed in sub-cm fiber length. By this technique, we performed a
detailed investigation of the linewidth broadening of the spectral
resonances with fiber the length. This study highlights the impact
of fiber inhomogeneities. In the case of the fiber used in the ex-
periment, we observed a reduction in linewidth of approximately
40% when comparing the values measured with 30 cm and with
1 cm of fiber.

The method might be particularly suitable for probing FSBS
in other photonic waveguides as for example microstructured
optical fibers in which recording of FBGs/LPGs is not straight-
forward, the availability of sufficiently uniform fiber sections
required for a Sagnac interferometer may be limited, and the use
of WGMs does not work as the acoustic oscillation is strongly
restricted to the core region.
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