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Optical fibers containing multiple cores are widely regarded as the leading solution to the optical communications
capacity crunch. The most prevalent paradigm for the design and employment of multi-core fibers relies on the sup-
pression of direct coupling of optical power among cores. The cores, however, remain mechanically coupled. Inter-
core, opto-mechanical cross-talk, among cores that are otherwise optically isolated from one another, is shown in this
work for the first time, to the best of our knowledge. Light in one core stimulates guided acoustic modes of the entire
fiber cladding. These modes, in turn, induce refractive index perturbations that extend across to other cores. Unlike
corresponding processes in standard fiber, light waves in off-axis cores stimulate general torsional–radial guided acous-
tic modes of the cylindrical cross section. Hundreds of such modes give rise to inter-core cross-phase modulation, with
broad spectra that are quasi-continuous up to 1 GHz frequency. Inter-core cross-talk in a commercial, seven-core fiber
is studied in both analysis and experiment. Opto-mechanical cross-talk is quantified in terms of an equivalent
nonlinear coefficient, per acoustic mode or per frequency. The nonlinear coefficient may reach 1.9�W × km�−1, a value
that is comparable with that of the intra-core Kerr effect in the same fiber. © 2017 Optical Society of America
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1. INTRODUCTION

Multi-core fibers represent a major area of interest of the electro-
optics community in recent years. They hold promise for support-
ing a large number of parallel optical communication channels,
in space-division-multiplexing architectures [1–4]. The most
common approach to the design and employment of these fibers
is to try and reduce the residual coupling of optical power among
cores as much as possible, in an attempt to simplify system oper-
ation. Coupling may be suppressed by large physical separation
between cores [5], heterogeneous cores with trenches of depressed
cladding [6], or air holes [7]. The extent of residual coupling
among cores has been studied in many works [5], which also ad-
dressed the effects of bending [8] and Kerr nonlinearity [9,10].
However, these works did not take into account opto-mechanical
considerations. Although optically separated, the multiple cores
are nevertheless assembled as part of a single, unified mechanical
structure. The implications of this mechanical coupling are exam-
ined in this work. The results demonstrate that inter-core, opto-
mechanical cross-phase modulation (XPM) may take place in
multi-core fibers, even where direct optical coupling is very weak.

Opto-mechanical XPM is driven by guided acoustic modes of
the entire fiber cladding [11]. Each mode is characterized by a
cut-off frequency. Just above cut-off the mode is entirely trans-
verse, and the axial component of its group velocity approaches
zero [12–30]. The axial phase velocity, in contrast, approaches

infinity. Hence for each mode there exists a specific frequency,
very near cut-off, for which its axial acoustic phase velocity
matches that of the guided optical modes of the fiber [12–30].
Therefore, the acoustic mode may be opto-mechanically stimu-
lated by two co-propagating optical field components that are
spectrally detuned by a proper frequency offset [12–30]. The
phenomenon is known as guided acoustic wave Brillouin scatter-
ing (GAWBS) [12], forward stimulated Brillouin scattering [17],
or Raman-like scattering by acoustic phonons [16].

GAWBS has been studied since 1985 [12]. The interactions
were mapped in standard fibers [12,24], highly nonlinear fibers
[17], solid-core photonic-crystal fibers [16,19,20], and micro-
structured fibers [21–23], and their temperature and strain
dependence was examined as well [25–29]. The effect was also
observed in hollow-core fibers [30]. Recently, we have shown that
GAWBS supports a new paradigm for the sensing of chemicals
outside the cladding of an unmodified, standard optical fiber
[24]. Measurements could be taken even though the guided light
wave never came in contact with the substance under test [24].

The role of GAWBS in multi-core fibers may be understood as
follows: the stimulated acoustic waves introduce perturbations to
the local value of the refractive index, through the photo-elastic
effect. These index variations extend across the entire cladding
cross section. When using standard single-mode fibers, the index
perturbations may only be probed within the single core from
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which they are stimulated. In multi-core fibers, on the other
hand, acoustically induced index variations may affect light that
is propagating in other cores as well. Opto-mechanical coupling
among modes is extensively studied in various photonic devices
[31,32], and was also addressed in few-order-mode, single-core
fibers [33] and in dual nano-web, micro-structured fibers
[21–23]. The phenomenon, however, has not yet been investi-
gated in multi-core fibers.

In the following, we report a quantitative analytic and exper-
imental study of inter-core, opto-mechanical coupling in a
commercial, seven-core fiber. Our results show significant quali-
tative differences between GAWBS in a multi-core fiber and
corresponding processes in a standard, single-mode fiber.
Guided acoustic wave scattering in standard single-mode fibers
only involves radial modes, and one specific sub-category of tor-
sional–radial modes, due to symmetry considerations [12,13].
The resulting spectra of probe wave modulation consist of discrete
and sparse resonances, with comparatively large separations
[12,17,24]. In contrast, light propagating in outer, off-axis cores
of a multi-core fiber stimulates general, torsional–radial guided
acoustic modes of the cylindrical cladding cross section.
Hundreds of such modes contribute to inter-core XPM, with
spectra that are broad and quasi-continuous up to 1 GHz fre-
quency. Broadband GAWBS spectra were previously observed
in a hexagonal, single-core photonic-crystal fiber [34].

Although considerably broader than the GAWBS process in
standard fiber, the bandwidth of the resulting inter-core XPM re-
mains much narrower than the data rates of modern optical fiber
communication. Hence the effect is unlikely to restrict the capac-
ity of space-division-multiplexing networks. On the other hand,
inter-core XPM may affect, and even serve for, other potential
applications of multi-core fibers such as distributed chemical
and shape sensors, opto-electronic oscillators, parametric ampli-
fiers, or lasers operating at transverse super-modes across multiple
cores. These prospects are addressed in the concluding discussion.

2. ANALYSIS OF BRILLOUIN SCATTERING BY
RADIAL GUIDED ACOUSTIC WAVES IN MULTI-
CORE FIBERS

The fiber used in this work consists of a central, inner core, and
six outer cores that are equally spaced on a hexagonal grid. The
centers of the outer cores are 35 μm away from the fiber center.
The mode field diameter of the optical modes in all cores is speci-
fied as 6.4� 0.2 μm at 1550 nm wavelength. The optical power
coupling between any pair of cores, in the fiber itself and in the
fan-out units at its both ends, was verified as lower than −40 dB.

Mathematical analysis of inter-core XPM induced by GAWBS
in multi-core fibers is provided in detail in Supplement 1. Only
final expressions are given briefly below. We first address radial
guided acoustic modes R0m, where m is an integer. These modes
are stimulated by a pump wave that is propagating, for the time
being, at the central, inner core. Inter-core XPM due to radial
acoustic modes is characterized by a set of discrete resonances,
in similarity to GAWBS in standard single-mode fiber. Radial
modes are simpler to characterize quantitatively in experiment;
hence their study also serves for the validation of our model.
Treatment is extended to the more general case of pump waves
in outer cores in Section 4.

Let us denote the instantaneous power of the pump as a func-
tion of time t by P�t�. The Fourier transform of P�t� is P̃�Ω�,
where Ω is a radio-frequency (RF) variable. XPM is introduced to
a second, optical probe wave. The Fourier components of opto-
mechanical phase modulation due to mode R0m are given by [13]

δϕ̃�m�
OM�Ω� �

k0
4n2cρ0

Q �m�
ES Q

�m�
PE

ΓmΩm
L

P̃�Ω�
j − 2�Ω − Ωm�∕Γm

: (1)

Here Ωm is the cut-off frequency of mode R0m, Γm denotes the
modal linewidth, ρ0 and n are the density and refractive index of
silica, respectively, c is the speed of light in vacuum, k0 is the
vacuum wave-number of the probe wave, and L is the length
of the fiber. Q �m�

ES and Q �m�
PE are transverse overlap integrals that

determine the electro-strictive stimulation of mode R0m and the
photo-elastic modifications of the probe effective index by the
same mode, respectively. Specific forms of Eq. (1) for probe waves
in outer cores are derived in Supplement 1. The instantaneous
phase modulation δϕOM�t� may be obtained by the inverse
Fourier transform of Eq. (1) and summation over m.

Based on Eq. (1), and following [35], we define an equivalent
nonlinear coefficient for opto-mechanical XPM:

γ�m�OM ≡
k0

4n2cρ0

Q �m�
ES Q

�m�
PE

ΓmΩm
: (2)

At the acoustic resonance frequencies, we obtain the following
relation between the power spectral density (PSD) of XPM
and that of the pump power [35]:

jδϕ̃�m�
OM�Ωm�j2 � jγ�m�OMj2L2jP̃�Ωm�j2: (3)

The units of γ�m�OM are �W × km�−1. The coefficient is mode-specific
and core-specific, depends on the geometry of the fiber, and may
also depend on the state of polarization (SOP) of the probe wave
(see Supplement 1). It is independent of the pump wave. The
opto-mechanical coefficient holds an analogous role to that of
the nonlinear coefficient γKerr associated with the intra-core
Kerr effect, and the two might be compared.

3. EXPERIMENTAL DEMONSTRATION OF
INTER-CORE CROSS-PHASE MODULATION
BY RADIAL ACOUSTIC MODES

A. Setup and Measurement Procedures

A schematic illustration of the experimental setup is shown in
Fig. 1 [16,24]. Light from a first laser diode source at
1553 nm wavelength was amplitude-modulated either by a con-
tinuous RF sine wave or by short and isolated periodic pulses, and
used as a pump wave. The source linewidth was 100 kHz.
Modulation of the pump serves for scanning the acoustic wave
spectrum. The relative magnitude of XPM due to different acous-
tic modes is more easily measured with short pump pulses, since
multiple modes may be addressed simultaneously. On the other
hand, the absolute magnitudes of individual nonlinear coefficients
γ�m�OM are measured more precisely with sine-wave modulation.

Pulse modulation was carried out by a semiconductor optical
amplifier (SOA) and an electro-optic modulator (EOM) con-
nected in series [24]. The SOA provided a high modulation ex-
tinction ratio, which cannot be achieved in the EOM, but could
not support short pulses. Pulses were first generated in the SOA
with 5 ns duration and 1 μs period, and were then further modu-
lated to 0.5 ns duration with the same period by the EOM. The
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pulse generators driving the SOA and EOM were synchronized.
Pulses were amplified to peak power levels between 0.3 and 6.0W
by an erbium-doped fiber amplifier (EDFA). Sine-wave modula-
tion of the pump was carried out using the EOM only. The sine-
wave pump was amplified by the EDFA to average optical power
levels between 20 and 60 mW. The pump wave was launched
into the inner core of a 30-m-long, seven-core fiber under test,
in one direction. A polarization scrambler along the input path of
the pump wave was used to suppress the stimulation of polariza-
tion-sensitive, torsional–radial TR2m acoustic modes [11–13]
(see also Supplement 1).

The fiber under test was placed within a Sagnac loop [16,24]
(Fig. 1). A probe wave from a second laser diode, at 1550 nm
wavelength and of 10 kHz linewidth, was launched into either
the inner core or an outer core of the same fiber, in both directions
of the loop. A polarization controller (PC) was used to adjust the

input SOP of the probe wave. Due to the wave-vector matching
characteristics of GAWBS, opto-mechanical phase delay modifi-
cations δϕOM�t� to the clockwise (CW) propagating probe wave
accumulated over the entire fiber length [16,24]. In contrast, the
counter-clockwise (CCW) propagating probe was subject to neg-
ligible nonlinear phase perturbation [16,24]. The acoustic waves
therefore introduced non-reciprocal phase modulation of the
probe wave. A second PC inside the loop was used to adjust
the SOPs of the CW and CCW probe waves and the bias value
of non-reciprocal phase delay ϕB.

The non-reciprocal phase delay was converted to an intensity
signal upon detection of the probe wave at the loop output. When
the probe wave propagated at the inner core alongside the intense
pump wave, optical bandpass filters were used to block the pump
from reaching the detector [see Fig. 1(a)]. The bandpass filters
were not needed when the probe wave propagated in an outer
core. The detector output voltage δV �t� was either observed with
an RF spectrum analyzer or sampled by a real-time digitizing
oscilloscope of 6 GHz bandwidth. Traces recorded by the oscillo-
scope were averaged over 1024 to 4096 repetitions and analyzed
using offline signal processing.

We may relate the instantaneous detector voltage to the
opto-mechanical XPM of the probe wave as follows:

δV �t� ≈ 1

2
V maxδϕOM�t�: (4)

Here V max denotes the maximum output voltage of the detector,
which is obtained when the CW and CCW probe waves interfere
constructively. Equation (4) is valid when the following condi-
tions are met: the SOPs of CW and CCW probe waves at the
detector input are parallel, ϕB � π∕2 and δϕOM�t� ≪ π.
However, the measured δV �t� could be smaller than that of
Eq. (4) if the two SOPs are not aligned and/or if ϕB ≠ π∕2.
The SOPs of the probe waves vary in an uncontrollable manner
along the fiber under test. In addition, the magnitude of δϕOM�t�
in the outer cores is polarization-dependent (see Supplement 1).
The two PCs in the experimental setup were adjusted in an at-
tempt to maximize δV �t�. The alignments have little influence on
relative measurements of the normalized XPM spectra
jδϕ̃OM�Ω�j2, but may affect quantitative, absolute measurements
of γ�m�OM.

B. Results

Measurements of probe waves at the inner core were used for
calibration and validation purposes. Figure 2(a) shows a measure-
ment of δV �t� obtained using short pump pulses. The trace con-
sists of a series of impulses, separated by the acoustic propagation
delay from the inner core to the outer boundary of the cladding
and back: t0 � 20.8 ns [24]. The sampled trace was digitally fil-
tered to select individual modal contributions δV �m��t� [see an
example in Fig. 2(b)]. The passbands of the digital filters were
centered atΩm∕�2π�, and their full-widths at half-maximum were
45 MHz. Modal linewidths Γm, used in calculations of Eq. (1),
were extracted from the exponential decay rates of filtered traces.
Figure 2(c) shows the normalized PSD of the unfiltered output
voltage, jδṼ �Ω�j2, alongside the calculated normalized probe
wave XPM spectrum jδϕ̃OM�Ω�j2. The measurement results
are in very good agreement, both with the analysis and with pre-
vious measurements of GAWBS in single-mode fibers [12,17,24].

Fig. 1. Schematic illustrations of the experimental setup used to study
opto-mechanical inter-core cross-phase modulation in a commercial
seven-core fiber [16,24]. The pump wave propagated in the central core
of the fiber under test, in one direction only. In some experiments the
pump wave was modulated by pulses of 0.5 ns duration and 1 μs period,
using a semiconductor optical amplifier (SOA) and an electro-optic
modulator (EOM) connected in series. Pulses were amplified to peak
power levels between 0.3 and 6.0 W by an erbium-doped fiber amplifier
(EDFA). In other experiments, the pump wave was modulated by con-
tinuous RF sine waves using the EOM only, and amplified by the EDFA
to average power levels of 20–60 mW. A continuous probe wave propa-
gated in either the inner core [panel (a)] or an outer core [panel (b)] of the
same fiber, in both directions, in a Sagnac loop configuration. When the
probe propagated in the inner core alongside the intense pump [panel
(a)], optical bandpass filters (BPFs) were used to block the pump wave
from reaching the loop output. GAWBS driven by the pump pulses
induced non-reciprocal phase delay perturbation to the probe wave.
The non-reciprocal phase modulation was converted to intensity changes
upon detection of the probe wave at the loop output. Polarization
controllers (PCs) were used to adjust the states of polarization of the
probe wave.
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The cladding diameter was fitted based on the measured resonan-
ces: 2a � 125.6 μm [12,13,24].

Figure 3(a) shows the measured δV �t� with the probe wave
moved to an outer core, obtained using short pulses. Opto-
mechanical XPM due to pump pulses in the inner core is evident.
The temporal trace retains its fundamental periodicity of t0.
However, the separation between adjacent impulses is no longer
fixed, since the distance from the outer cores to the cladding
boundary is not exactly equal to the distance from the outer cores
to the fiber axis. A filtered trace of δV �8��t� is shown in Fig. 3(b).
Figure 3(c) shows measurements of the peak-to-peak magnitude
of δV �t�, as a function of the average pump power. The pump
wave in this experiment was modulated by a sine-wave of fre-
quency Ω8 � 2π⋅369.2 MHz. A linear proportion is observed,
as anticipated.

The normalized PSD of the unfiltered output probe wave of
Fig. 3(a), jδṼ �Ω�j2, is shown in Fig. 3(d). In contrast to Fig. 2(c),
the output probe spectrum following propagation in an outer core

Fig. 2. (a) Output voltage of the detected probe wave as a function of
time, following propagation in the inner core. Pump pulses were 0.5 ns
long, with peak power of 3.5W. (b) Trace of panel (a), digitally filtered to
select the contribution of acoustic mode R0;10 at resonance frequency
Ω10 � 2π⋅464 MHz. The modal oscillations decay exponentially with
a linewidth Γ10 � 2π⋅6.4 MHz. (c) Measured (red) and calculated
(black) normalized PSDs of the probe wave opto-mechanical phase
modulation. Good agreement between measurements, analysis, and
previous studies is achieved.

Fig. 3. (a) Output voltage of the detected probe wave as a function of
time, following propagation in an outer core. Pump pulses were 0.5 ns
long, with peak power of 3.5W. (b) Trace of panel (a), digitally filtered to
select the contribution of mode R08 at resonance frequency
Ω8 � 2π⋅369.2 MHz. (c) Measured peak-to-peak magnitude of the out-
put voltage, as a function the average pump power. The pump was modu-
lated by a sine wave of frequency Ω8. A linear relation is observed as
expected. (d) Measured (red) and calculated (black) normalized PSDs
of the probe wave phase modulation. The irregular spectrum observed
is fully accounted for by the analysis.
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is highly irregular: large differences are observed among the PSDs
in adjacent resonances. The numerically calculated, normalized
PSD of inter-core XPM jδϕ̃OM�Ω�j2 is shown in Fig. 3(d) as well.
Excellent agreement is obtained between measured and calculated
normalized spectra. The differences among modes are due to the
photo-elastic overlap integrals Q �m�

PE , as illustrated in Figs. 4(a) and
4(b). The transverse overlap between the profile of GAWBS-
induced dielectric constant variations and the probe optical mode
across outer cores is substantial for some values of m, but almost
vanishes for others. The PSD of the detected probe wave provides
clear indication for opto-mechanical XPM.

The largest inter-core XPM was observed for mode R08. The
expected magnitude of the opto-mechanical nonlinear coefficient
for that mode was numerically calculated using Eq. (2). Values of
jγ�8�OMj � 1.9� 0.1�W × km�−1 and 0.9� 0.1�W × km�−1 are
predicted for two orthogonal SOPs of the probe wave, respec-
tively. Uncertainty is due to tolerance in the specifications of
the optical mode field diameter. A corresponding experimental
estimate could be obtained using the measured XPM spectrum,
Eqs. (3) and (4):

jhγ�8�OMiz j � 2jδṼ �Ω8�j∕�V maxLjP̃�Ω8�j�: (5)

The nonlinear coefficient in Eq. (5) is estimated based on the
accumulation of XPM over the entire length of the fiber. Since
the SOP of the probe wave varies arbitrarily along the fiber,
the result represents a position-averaged value, noted above by
hiz . As suggested earlier, measurements at the output of the
Sagnac loop varied significantly with the adjustment of PCs. The
largest value obtained was jhγ�8�OMiz j � 1.3� 0.2�W × km�−1.
This measurement is between the two calculated values of
jγ�8�OMj noted above, as could be expected. Experimental error is
primarily due to uncertainty in the pump power that was actually
coupled into the multi-core fiber. The end-to-end coupling losses
from standard fiber to the multi-core fiber and back were mea-
sured as 2.5 dB; however, the division of these losses between the
two interfaces is unknown. Hence the pump power could not be
determined with better precision.

Comprehensive numerical analysis of the probe wave propa-
gation in the Sagnac loop, subject to opto-mechanical XPM and
many realizations of arbitrary fiber birefringence [36], is reported
in Supplement 1. The analysis replicates the experimental

procedure. The calculated value of jhγ�8�OMiz j was 1.4�
0.2�W ×km�−1. The uncertainty represents the standard deviation
among the results obtained for hundreds of different fiber real-
izations. The measured nonlinear coefficient is therefore in good
agreement with analysis. The observed values are on the same
order of magnitude as γKerr in each core, which is estimated as
4�W × km�−1 based on the fiber mode field diameter.

4. BRILLOUIN SCATTERING BY GENERAL
TORSIONAL–RADIAL GUIDED ACOUSTIC WAVES

Light in a central, axis-symmetric core of a fiber with a cylindrical
cross section may only stimulate two categories of guided acoustic
modes: the radial modes R0m addressed thus far, and torsional–
radial modes with two-fold azimuthal symmetry, noted as TR2m
[11–13]. The stimulation of the latter category was deliberately
suppressed in the experiments of Section 3, by scrambling the
polarization of the pump wave [11–13]. The fiber cross section
supports a broad variety of general torsional–radial guided acous-
tic modes, denoted as TRpm, where p ≥ 0 is any integer [37–39].
These modes cannot be addressed by GAWBS processes in stan-
dard, single-mode fibers. However, they may be stimulated by
pump light that propagates in an outer, off-axis core of a
multi-core fiber.

An extended analysis of GAWBS in multi-core fibers, which
accounts for pump waves in outer cores, is reported in detail in
Supplement 1. The analysis suggests that several hundreds of
guided torsional–radial acoustic modes contribute to GAWBS
in the seven-core fiber under test. Figure 5 shows an example
of the normalized transverse profile of the GAWBS-induced per-
turbation δϵ̃ to the local dielectric tensor of the fiber, due to mode
TR18;14. The acoustic cut-off frequency of the particular mode is
Ω18;14 � 2π · 526 MHz. Local maxima of the dielectric tensor
perturbation are in spatial overlap with the outer cores, suggesting
effective inter-core XPM through that mode.

The resonant spectra of many torsional–radial modes are in
significant overlap. Due to that overlap, the definition of
mode-specific nonlinear coefficients for the inter-core GAWBS

Fig. 4. Simulated, normalized transverse profiles of the photo-elastic in-
dex variations as a function of Cartesian coordinates x and y. The index
changes were calculated for light that is polarized along the local azimuthal
direction (see Supplement 1). The cores of the fiber are noted in black
circles. Panels (a) and (b) correspond to modes R07 and R08, respectively.
The index perturbation for R07 (Ω7 � 2π⋅322 MHz) changes sign within
the outer cores, leading to effective cancellation of the photo-elastic overlap
integral Q�7�

PE . The corresponding profile for mode R08 (Ω8 �
2π⋅369.2 MHz) passes through a maximum within outer cores.

Fig. 5. Example of the calculated normalized transverse profile of the
GAWBS-induced dielectric tensor perturbation δϵ̃. The profile corre-
sponds to the torsional–radial guided acoustic mode TR18;14. The
cut-off frequency of the particular mode is Ω18;14 � 2π⋅526 MHz.
The dielectric tensor perturbations are presented in polar coordinates
r, φ. Top left, δϵ̃rr ; top right, δϵ̃rφ; bottom left, δϵ̃φr ; bottom right, δϵ̃φφ.
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process [as in Eq. (2)] is less convenient for TRpm modes. Instead,
we may define two frequency-dependent opto-mechanical non-
linear coefficients, which take into account the combined effects
of all guided acoustic modes:

γ̃�i�OM�Ω� ≡
k0

4n2cρ0
H̃ �i�

OM�Ω�: (6)

Here H̃ �i�
OM�Ω�, i � 1; 2 are the eigen-values of a frequency-

dependent opto-mechanical tensor, which is defined and analyzed
in detail in Supplement 1. The coefficients γ̃�i�OM�Ω� quantify the
XPM of probe waves that are polarized along the two respective
eigen-vectors of the same tensor:

δϕ̃�i��Ω� � γ�i�OM�Ω�P̃�Ω�L: (7)

Figure 6 shows an example of the calculated position-averaged
coefficient jhγ̃OM�Ω�iz j ≡ 1

2 jγ̃�1�OM�Ω� � γ̃�2�OM�Ω�j. The simula-
tion was carried out for a pump wave in one outer core, and a
probe wave in an adjacent outer core. Modes of azimuthal orders
0 ≤ p ≤ 36 were considered. The analysis suggests a scattering
spectrum that is broad and quasi-continuous, up to 1 GHz fre-
quency. Nonlinear coefficients as high as 1.8�W × km�−1 are
calculated at certain frequencies. The nonlinear coefficient is
larger than 0.5�W × km�−1 for all frequencies between 200 and
800 MHz. Similar spectra were calculated for probe waves at
other outer cores. XPM in the opposite outer core remains
significant even up to 1.5 GHz.

Measurements of GAWBS were carried out using the setup of
Fig. 1(b), with the short pump pulses moved to an outer core and
the probe wave propagated in an adjacent outer core. Figure 7(a)
shows an example of the instantaneous detector output δV �t�.
Unlike Figs. 2(a) and 3(a), the temporal trace is noise-like and
irregular. Figure 7(b) shows the measured normalized PSD of
the output probe wave jδṼ �Ω�j2. Inter-core, opto-mechanical
XPM is observed up to 750 MHz frequency, limited by the band-
width of the pump pulses. One of the strongest spectral peaks
matches Ω18;14. Similar spectra were obtained when the probe
wave was moved to other outer cores. The qualitative prediction
for broad inter-core cross-talk is therefore corroborated by experi-
ment. Measured spectra are markedly different from those ob-
tained through R0m modes only [see Figs. 2(c) and 3(d)], which
consist of discrete, sparse resonances with comparatively large sep-
arations. The results provide, to the best of our knowledge, a first

demonstration of GAWBS involving general TRpm modes in
fibers with cylindrically symmetric mechanical structure.
Broadband GAWBS spectra due to a large number of modes were
previously demonstrated in a single-core, photonic-crystal fiber of
hexagonal structure [34].

Unlike the case of sparse radial modes addressed earlier, the
details of the calculated and measured XPM spectra due to hun-
dreds of overlapping TRpm modes do not fully agree. A possible
source for discrepancy is depolarization. The probe wave modu-
lation is polarization-dependent, with principal axes that vary
with frequency. Hence the visibility of interference between
CW and CCW probe waves may become frequency-dependent,
and distort the measured spectra. In addition, torsional–radial
modes of azimuthal orders p>36 may also contribute to inter-
core cross-talk. Last, the doping profiles of the cores may modify
their mechanical properties, and thereby affect the exact reso-
nance frequencies and transverse profiles of high-order tor-
sional–radial modes. Acoustic guiding in the core is known,
for example, in backward stimulated Brillouin scattering. This ef-
fect was not included in the analysis.

5. DISCUSSION

In this work, we have studied inter-core GAWBS processes in a
commercial, seven-core fiber. The results provide, to the best of
our knowledge, a first demonstration of cross-talk among cores
that are otherwise optically isolated from one another. This

Fig. 6. Calculated equivalent nonlinear coefficient of guided acoustic
wave Brillouin scattering between two adjacent outer cores in a seven-
core fiber, as a function of radio-frequency. The scattering spectrum con-
sists of contributions of hundreds of torsional–radial acoustic modes.
Azimuthal orders p between 0 and 36 were considered.

Fig. 7. (a) Voltage of the detected probe wave as a function of time, at
the output of the Sagnac loop, following propagation in an outer core.
Short pump pulses of 10 W peak power and 0.7 ns duration propagated
in an adjacent outer core. (b) Measured nonlinear power spectral density
of the output probe wave. A broad, quasi-continuous phase modulation
spectrum is observed up to a frequency of 750MHz, limited by the band-
width of pump pulses. The spectrum is in marked contrast to those of
radial modes only [see Fig. 3(d)].

Research Article Vol. 4, No. 3 / March 2017 / Optica 294

https://www.osapublishing.org/optica/viewmedia.cfm?URI=optica-4-3-289&seq=1


cross-talk mechanism was not considered before. The specific case
of a polarization-scrambled pump wave at the central core was
examined first. Cross-talk in this case takes place through radial
guided acoustic modes. Analysis showed that opto-mechanical
XPM of probe waves propagating in all cores may be expected.
The modulation spectra consist of a series of narrowband resonan-
ces. The magnitude of the effect is quantified in terms of an equiv-
alent nonlinear coefficient per each acoustic mode [35].
Calculations suggest that the nonlinear coefficient can be on
the same order of magnitude as that of the intra-core, Kerr non-
linearity. Inter-core XPM subject to these conditions was observed
experimentally. Excellent quantitative agreement was obtained
between model and measurement, in both magnitude and
PSD of the inter-core cross-talk.

The study was then extended to the more general case of pump
waves that propagate in outer, off-axis cores. Due to the removal
of radial symmetry, GAWBS in this case becomes a fundamentally
different process. Hundreds of general torsional–radial acoustic
modes contribute to inter-core cross-talk, with a broad spectrum
that reaches 1 GHz. Broad modulation spectra were also observed
experimentally. Although general torsional–radial guided acoustic
waves in cylindrical fiber have long been known [37–39], they
cannot be observed through Brillouin scattering in standard fiber.
The results demonstrate that multi-core fibers open new possibil-
ities for the study of fiber opto-mechanics.

The results carry two main messages: (1) one may not simply
assume that optical isolation alone would guarantee the cross-
talk-free operation of multi-core fibers in all conditions, and
(2) guided acoustic wave Brillouin scattering in multi-core fibers
is not as narrowband as might have been anticipated based on
corresponding processes in single-mode fibers. That being said,
inter-core opto-mechanical XPM is unlikely to restrict the capac-
ity of currently proposed space-division-multiplexing optical fiber
communication networks. The bandwidth of inter-core GAWBS
remains much narrower than communication data rates. Hence
only a fraction of the spectral components of broadband data
would contribute toward opto-mechanical nonlinearities, while
the entire power manifests in the Kerr effect. Even though opto-
mechanical XPM would scale with the number of cores, we expect
that Kerr nonlinearity would still impose the more stringent limi-
tation on the performance of most space-division-multiplexing
communication systems.

On the other hand, our analysis suggests that opto-mechanical
cross-talk due to a single pair of cores is of comparable magnitude
to the intra-core Kerr effect for frequencies up to the order of
1 GHz. GAWBS might therefore become the dominant nonlin-
earity when the transmission bandwidth is on that order. This
could be the case, for example, in sub-carrier-multiplexed ra-
dio-over-fiber transmission [40] or in microwave-photonic appli-
cations of multi-core fibers, as proposed in [41]. While multi-core
fibers are currently pursued primarily for the purpose of high-rate
communications, their use may diversify as they become more
widely available.

One application of highly coherent light in multi-core fibers is
in fiber lasers [42–45]. Multi-core fiber lasers exhibit self-organi-
zation of spatial super-modes across several cores. The formation
and stability of these modes depend on the extent of coupling
among cores [42–45]. Coupling might be modified by inter-core
GAWBS processes. Opto-mechanical cross-talk might impede,
or perhaps assist, the propagation of transverse super-modes in

high-power fiber lasers. GAWBS is also identified as a source
of noise in parametric fiber amplifiers [46]. Parametric gain is
being considered for phase-sensitive amplification in coherent op-
tical communication [47]. In some cases, parametric amplifiers
employ carefully designed doping profiles to suppress the guiding
of acoustic modes in the core, and elevate the threshold of
backward stimulated Brillouin scattering at 10–11 GHz [47].
However, this solution path is inapplicable to GAWBS.
Parametric amplification in space-division-multiplexing networks
over multi-core fibers may have to take inter-core GAWBS into
consideration.

While inter-core GAWBS can be detrimental from the stand-
points of certain applications, the same effect could become very
useful in other contexts. One such example is the recently
proposed protocol for chemical sensing outside the cladding
[24]. In that approach, changes in the modal linewidth of guided
acoustic waves due to the acoustic impedance at the cladding
boundary are monitored. The method works around a long-time
difficulty of fiber sensors: the lack of spatial overlap between light
that is confined to the core and substances outside the cladding of
unmodified fibers. Thus far, the method has been demonstrated
over standard single-mode fiber [24]; however, its extension to
multi-core fibers would bring about significant added values.
First, spatial separation between pump and probe would improve
the measurement signal-to-noise ratio and precision. Second, the
use of fibers consisting of heterogeneous, dissimilar cores would
restrict the pump–probe interactions to the walk-off distances
among different optical modes, and may give rise to distributed
analysis. This prospect is highly sought after by the optical fiber
sensors community. Last but not least, simultaneous opto-
mechanical measurements in multiple cores can also support
advanced shape sensing [48,49]. Shape sensing in multi-core
fibers relies on narrowband optical signals.

Another potential application is in opto-electronic oscillators
[50]. In such oscillators, light is amplitude-modulated by an RF
waveform, and propagates along a section of fiber. The waveform
is detected at the output of the fiber, and the recovered RF signal
is fed back to modulate the optical input. When the feedback gain
is sufficiently high, stable self-sustained RF oscillations may be
achieved [50]. Opto-electronic oscillators provide RF tones with
extremely low phase noise, and they are pursued for applications
in coherent communication, radars, and precision metrology. We
have recently demonstrated an opto-electronic oscillator that
makes use of GAWBS in standard single-mode fiber as the sole
mechanism for frequency selectivity [51]. Here too, the employ-
ment of multi-core fibers would reduce phase noise due to
separation between pump and probe, and provide larger freedom
in the choice of radio frequencies.

In conclusion, multi-core optical fibers provide a rich
playground for the study of opto-mechanics. The applications
and implications of the principles demonstrated in this work
are the subjects of ongoing research.
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