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In this work, we report on the experimental observation of isotropic polarization modulational instability
processes in various types of conventional normally dispersive telecom fibers. In particular, dispersion-shifted
fibers, highly nonlinear fibers, spun fibers, and dispersion-compensating fibers are tested, and all provide
polarization modulational instabilities under high-power ns pumping around 1.55 μm. This study reveals
that the high quality of modern telecom fibers associated with their manufacturing process based on a fast spinning of the perform during the drawing stage results in a very low level of birefringence, which allows for the
emergence of polarization modulation instability in commonly used optical fibers. © 2019 Optical Society of
America
https://doi.org/10.1364/JOSAB.36.002445

1. INTRODUCTION
Optical modulational instability (MI) is a well-known phenomenon occurring in Kerr media, by which a weak perturbation resting onto an intense continuous-wave (cw) background
experiences an exponential growth owing to a parametric process [1]. In optical fibers, the usual scalar MI occurs in the
anomalous dispersive regime of propagation due to a perfect
balance (phase-matching) between chromatic dispersion and
Kerr nonlinearity [1,2]. In the temporal domain, the MI process is then characterized by the emergence of a periodic pattern
linked to a large transfer of energy from the central cw pump
into two spectral MI sidebands, also referred to as a degenerate
stimulated four-wave mixing process. This fundamental phenomenon is related to the existence of bright solitons and
breather solutions of the scalar nonlinear Schrödinger equation
(NLSE) [3–6]. Less studied is the vectorial counterpart of this
process associated with fiber birefringence and known as polarization modulational instability (PMI). In this framework, the
additional degree of freedom offered by birefringence, as well
as the nonlinear coupling between the polarization components
of light through cross-phase modulation (XPM), can guarantee
a fulfilled phase-matching condition even in the normal
dispersion regime of propagation, thus leading to the manifestation of PMI and emergence of vector-coupled temporal patterns [1]. Originally described theoretically in Ref. [7] and then
experimentally in Ref. [8], various types of PMI observations
have been reported in the literature and have led to more or
less far detuned bandpass parametric sidebands that depend
0740-3224/19/092445-07 Journal © 2019 Optical Society of America

on the amount of birefringence [9–19]. When the level of
birefringence in the fiber under test becomes very weak, typically below 10−8, a particular case of PMI occurs and refers to
isotropic polarization modulational instability described by
Berkhoer and Zakharov in 1970 [20] and experimentally reported by Kockaert and co-workers almost 30 years later owing
to a specifically designed low-birefringence spun fiber [21]. As
in the anomalous dispersion regime, this vectorial MI is associated with a solitonic structure known as polarization domain
wall [22–24]. It corresponds to a localized structure of the kink
type that connects both counter-rotating polarization components of the field [24].
In this work, we report the experimental observation of
isotropic PMI in different types of modern but conventional
single-mode optical fibers traditionally used in the telecommunications industry. More precisely, spontaneous manifestations
of PMI around 1.55 μm have been recorded in tens of meters of
dispersion-shifted fibers, highly nonlinear fibers, spun fibers, as
well as dispersion-compensating fibers by means of nanosecond
pumping. PMI has been also investigated in a longer fiber segment of 200 m, which essentially can no longer be considered
as isotropic due to birefringence randomness. Even if PMI is
still observable in this longer fiber sample, the strong efficiency
and cascading of spontaneous Raman scattering makes a quantitative analysis of the PMI phenomenon beyond this length
difficult. Finally, this work highlights the high quality and weak
level of residual birefringence provided by modern conventional telecom fibers, and opens the path to the exploitation
of new vectorial nonlinear phenomena.
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the same intensity, the initial conditions for the two circular
polarizations can be written as
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃ
A z  0, t  P 0 ∕21  R N 1 te iφ1 t ,
(5)
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃ
(6)
A− z  0, t  P 0 ∕21  R N 2 te iφ2 t ,

2. PRINCIPLE AND MODELING
The propagation of light with arbitrary state of polarization in
an isotropic optical fiber can be described by the following
coupled NLSE in the circular polarization basis [1]:
∂A iβ2 ∂2 A 2iγ

jA j2  2jA− j2 A ,

∂z
2 ∂t 2
3

(1)

where N 1,2 t and φ1,2 t are stochastic amplitude and
phase white noises added in the CW light, with N 1,2 t ∈
0, 1 and φ1,2 t ∈ 0, 2π, whereas R is the ratio of noise
power over P 0.
Typical results are shown in Fig. 1, where a linearly polarized cw pump at 1535.6 nm and 80 W is severely perturbed by
the PMI process in a 10-m-long highly nonlinear fiber, whose
parameters correspond to the HNLF 1 of Table 1. The output
temporal profiles for both left and right circular components
are plotted as magenta solid and green dotted lines in Fig. 1(a),
together with the input pump components shown as black
dashed lines. It can be easily seen that the two counter-rotating
polarization components have developed anti-correlated fast oscillations in the time domain, i.e., a usual behavior of PMI,
with typical periods around 250 fs. This is equivalent to the
spontaneous generation of polarization domain walls in optical
fibers [21]. The corresponding output spectra in the linear
polarization basis are depicted in Fig. 1(b), with the blue solid
line corresponding to the spectrum parallel to the state of
polarization (SOP) of the pump wave, and the red dotted line
for the spectrum orthogonal to the pump SOP. Two growing
up symmetric and broad sidebands are clearly observed in the
spectrum of the linear polarization component orthogonal to

∂A− iβ2 ∂2 A− 2iγ

jA− j2  2jA j2 A− ,

(2)
∂z
2 ∂t 2
3
where A (A− ) represents the slowly varying complex field
envelope for the left (right) circular polarization component,
β2 is the second-order dispersion coefficient, and γ is the nonlinear Kerr coefficient. The complex field envelopes in the linear polarization basis
p(xﬃﬃﬃ and y-polarization) canpbe
ﬃﬃﬃ obtained as
Ax  A  A− ∕ 2 and Ay  A − A− ∕ 2i. Note that
for simplicity and considering the moderate spectral range of
our PMI experiments, fiber loss and third-order chromatic
dispersion have been neglected. Raman effect is also neglected
in this theoretical section.
The normal procedure to investigate PMI in an isotropic
fiber is based on the linear stability analysis (LSA) for the stationary solutions of Eqs. (1) and (2) in the presence of small
amplitude and phase perturbations. This method gives the conditions that PMI exists in the normal dispersion regime
(β2 > 0) in contrast to the scalar MI, which only happens
in the anomalous dispersion regime. The gain spectrum given
by the LSA for the PMI in an isotropic fiber pumped with
linearly polarized cw light reads as [1,20]
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(3)
gΩ  β2 Ω2 Ω2c − Ω2 ,

Table 1. Physical Parameters of the Fibers under Testa

where Ω∕2π is the
 modulation frequency with gΩ its gain
4γ 1∕2 pﬃﬃﬃﬃﬃ
× P 0 is the cutoff frequency beyond
value; Ωc  3β
2
which PMI cannot exist, and P 0 is the power of cw pump. The
optimal frequency Ωopt ∕2π, corresponding to the maximum
PMI gain, is expressed as
 1∕2
pﬃﬃﬃﬃﬃ
Ωc
2γ
× P0:
(4)
Ωopt  pﬃﬃﬃ 
3β2
2

Fiber
TWHD
HNLF1
HNLF2
DCF
Spun

LC

Dispersion
(ps/km/nm)

Kerr Coefficient
γW −1 · km−1 

50, 200
10
20
33
5

−14.5
−1.0
−1.4
−118
−44

2.5
20
20
4.0
6.9

All parameters are given at the pump wavelength 1535.6 nm. TWHD,
TrueWave High-Dispersion Fiber; HNLF, highly nonlinear fiber; DCF,
dispersion-compensating fiber.
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The PMI process can be simulated by numerical integration of
Eqs. (1) and (2). By considering a linearly polarized cw pump,
which is the sum of right and left circularly polarized fields with
1.2

Research Article

1.1
1
0.9

(b)

E // pump
E pump
opt

-50

/2

-100

0.8
-2

-1

0

Time [ps]

1

2

-20

-10

0

10

20

[THz]

Fig. 1. Polarization modulation instability in an isotropic fiber is simulated numerically. The input cw pump is centered at 1535.6 nm with a
pump power of 80 W and linearly polarized, namely, the right and left circularly polarized components of the field contain half of the total power
(black dashed lines in (a)). The pump left-circular (LC) and right-circular (RC) components are shown in panel (a) after propagation in a 10-m-long
highly nonlinear fiber (HNLF 1 of Table 1). The output spectra in the linear polarization basis are shown in (b), where the blue line represents the
spectrum parallel to the pump polarization and red dots the spectrum perpendicular to the pump. The yellow solid line in (b) is the gain spectrum of
PMI given by Eq. (3). The black dashed lines indicate the theoretical optimal frequency of PMI given by Eq. (4).
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the pump wave, thus corresponding to the first-order PMI. As
predicted by Eq. (4), the maximum gain is achieved at the
optimal PMI frequency Ωopt ∕2π  4 THz. Subsequently,
two additional weak sidebands centered at twice Ωopt ∕2π
are present in the spectrum parallel to the pump, corresponding
to the cascading of second-order PMI bands. The theoretical
gain spectrum given by Eq. (3) is also plotted as yellow solid
lines in Fig. 1(b); a very good agreement between the numerical
and analytical spectral profiles for the first-order PMI can be
noticed.
3. EXPERIMENTAL SETUP
In order to highlight the emergence of PMI into conventional
telecom optical fibers, we have implemented the experimental
setup depicted in Fig. 2. It consists in a passive Q-switched
micro-laser delivering 3.7 ns pulses at a repetition rate of
2.68 kHz and centered at 1535.6 nm. The output average
power is around 20 mW, corresponding to an available peak
power P c up to 2 kW. The resulting beam is then injected into
the fiber under test by means of a 20× microscope objective
(MO) resting on a three-axis holding stage. In this way, we
can reach about 50% of maximum coupling efficiency into
our fiber samples. Note also that the injected power in the fiber
under test was finely adjusted by changing the input injection
conditions, mainly the focal distance.
In order to prevent any additional source of birefringence,
the fiber under test is then carefully off-spooled and wound
directly on our experimental board with a fiber diameter of
at least 50 cm. Therefore, the residual birefringence induced
by fiber bending was estimated at around Δn  10−9 [25],
and thus can be neglected in our experiments. Second, in order
to adjust the input state of polarization and equally excite both
circular polarization modes of the fiber to optimize the PMI
process, a polarization controller (PC1) was implemented directly onto the fiber under test. Note however that, despite a
careful manipulation of the fiber under test, due to the residual
birefringence induced by bending, twisting, or remaining
stress, we have observed that an input linear SOP is not necessarily maintained linearly all along the propagation distance.
Consequently, a free-space injection configuration with deterministic input SOPs was not fundamental for our measurements since the optimal input SOP does not necessarily
correspond to a strictly linear state. Indeed, we simply

Fig. 2. Experimental setup. MO, microscope objective; PC, polarization controller; VA, variable attenuator; PBS, polarization beam
splitter; OSA, optical spectrum analyzer.
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optimized the generation of PMI sidebands into the fiber owing
to the PC1 implemented directly onto the fiber. We then suppose that this particular SOP corresponds to the optimized excitation of both circular SOPs along the whole fiber path,
which is a posteriori confirmed by our good agreement with
theoretical predictions. At the output of the system, a 80:20
tap-coupler is inserted to monitor the output power while
the resulting signal is characterized into the spectral domain
thanks to an optical spectrum analyzer (OSA). Moreover,
the vector nature of this MI process was evaluated by means
of a polarization beam splitter (PBS) combined with a second
polarization controller (PC2) inserted just in front of our OSA.
The different types of fiber under test, as well as their physical parameters, are summarized in Table 1 and mainly correspond to commercially available normally dispersive fibers of
the telecom industry. The chromatic dispersion coefficients
are given at the pump wavelength (1535.6 nm). Most of these
fibers are characterized by a fast and complex spinning process
during the drawing stage. Typical spinning profiles are sinusoidal, spin-rate inversion, or quasi-unidirectional with spatial
period below 10 m and maximal spin rates of hundreds of
rad/m [26–29]. The spun fiber has been manufactured by
iXblue photonics and corresponds to a unidirectional spun fiber with a spatial resolution of 5 mm.
It is important to stress that, for our experimental configuration, the spinning period represents the shortest length scale
of the problem, which has to be compared with the nonlinear
length 1∕γP c (typically 1 m here) and the correlation length of
the random birefringence fluctuations, typically tens of meters.
Indeed, the spinning process typically reduces the average
residual birefringence to values Δn as low as 10−8 , so that
the corresponding effective beat length LB  λ∕Δn is of the
order of hundreds of meters (with λ wavelength in the C-band,
e.g., 1550 nm) [26]. This parameter defines the linear coupling
length among orthogonal polarization modes: the fiber can
therefore be considered isotropic whenever its length L ≪ LB
and, under this condition, is described by Eqs. (1)–(4).
4. EXPERIMENTAL RESULTS
A. 50-M-Long TWHD

Polarization modulation instability was first identified in a 50m-long segment of TWHD fiber. More precisely, a first series
of measurements was carried out as a function of injected power
after adjustment of the input SOP owing to PC 1. It is important to notice that, as mentioned previously, the input polarization basis is arbitrarily adjusted by means of PC 1 in such a
way to optimize the PMI growth rate, whose efficiency is highly
dependent on the injected SOP. It should be recalled that we
cannot guarantee that this input SOP remains constant all
along the propagation. The only absolute measurement
relies on the projection of the PMI spectrum, thanks to the
output PBS, in a polarization basis corresponding to the
orthogonal and parallel SOPs to the pump wave.
Figure 3(a) summarizes our experimental results. We can
clearly observe the emergence of the typical PMI sidebands followed by the cascading of high-order MI bands. To go further
into the analysis, we have reported in Fig. 3(b) the evolution of
the optimal PMI frequency as a function of injected power and
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Fig. 3. Experimental results of PMI in a 50-m-long TWHD fiber. (a) Output spectra as a function of pump power (spectra are normalized to
unity). (b) The optimal frequencies of PMI with respect to the square root of input power are plotted as yellow diamonds for experimental results,
together with theoretical predictions (in green dashed line) given by Eq. (4) and numerical simulations without Raman effect (magenta squares).
(c) Output spectra recorded beyond the PBS for an input peak power of 215 W: the blue line represents the spectrum monitored on the polarization
component parallel to the pump wave and the red line represents spectrum monitored on the polarization component orthogonal to the pump.

compared it with the theoretical value for isotropic fibers,
Eq. (4), as well as with the optimal frequency obtained by
numerical integration of the isotropic model, Eqs. (1)–(2).
One can see that experimental data match very well with
the theoretical values and numerical predictions for power levels below 300 W. This corroborates the conjecture outlined at
the end of previous section, that is to say, this 50-m-long fiber
can be considered isotropic and modeled through Eqs. (1)–(2).
The fiber isotropy justifies the strong dependence of PMI as a
function of the injected SOP, observed in our experiments: indeed, in an isotropic fiber, PMI is maximized when the input
SOP is linear, whereas it can be even annihilated if the input
SOP is left- or right-handed circularly polarized.
It is also important to note that for power levels beyond
300 W, we observe a discrepancy between theoretical and experimental data. This discrepancy is attributed to the spontaneous Raman scattering process which induces a strong pump
depletion: as such, pump power is not conserved and therefore
Eq. (4) loses its validity despite the fiber being isotropic.
Indeed, we have measured that for pump powers above 300 W,
more than half of the pump energy is transferred to the first
spontaneous Raman band around 1650 nm.
To further assess the vectorial nature of the observed PMI
process, we have recorded the output spectra in a linear polarization basis thanks to the output PBS and measured the power
ratio between both axes of the PBS thanks to a power meter. An
extinction ratio of 13 dB was found which, combined with the
output spectra displayed in Fig. 3(c), reveal that the PMI phenomenon is mainly developed on the polarization component
orthogonal to the pump wave, in excellent agreement with the
theoretical and numerical predictions of Fig. 1 [20–22]. We
have also observed experimentally that the odd higher-order
PMI sidebands are mainly generated orthogonal to the pump
SOP, while the even PMI sidebands grow parallel to the pump
SOP, in agreement with numerical simulations. However, the
polarization extinction ratio between these orthogonal sidebands is more and more degraded as they are generated, due
to four-wave mixing between these harmonics.
B. 200-M-Long TWHD

Similar experiments have been performed in a longer fiber segment of TWHD of 200 m. As in previous experiments, the

fiber segment was off-spooled and laid on the table with a bending radius larger than 50 cm so as to avoid additional induced
birefringence.
The importance of this experiment relies on the fact that
since the length of this fiber exceeds a few tens of meters, this
sample could not be considered as isotropic due to birefringence fluctuations. As such, relevant linear coupling among
orthogonal polarization components occurs. Linear coupling
in very long fiber segments (tens of kms) is typically characterized by random fluctuations of the birefringence axes, which
leads to the well-known Manakov model [30]. Unlike the isotropic model, where the XPM coefficient is twice the self-phase
modulation (SPM) coefficient, in the Manakov model the
XPM and SPM coefficients are identical, which prevents the
formation of PMI sidebands in a single pump configuration
[15]. Here, the 200-m-long segment represents an intermediate
case at the frontier between isotropic and genuine randomly
birefringent fibers.
However, as displayed in Fig. 4(a), the PMI process still occurs in the 200-m-long fiber segment, with the generation of
well-defined frequency sidebands but with less efficiency. We
attribute these observations of PMI generation by the fact that
in high-power regimes, the corresponding nonlinear length (below 1 m) is much shorter that the effective beat length as well as
correlation length of SOP fluctuations (tens of meters). In other
words, the PMI can develop faster than the averaging process of
SOP along the fiber length. We also attribute this phenomenon
to the fast and complex spinning process involved in the manufacturing process of modern optical fibers, which can lead to an
impressive cancellation of residual birefringence, thus leading
to longer effective beat lengths [26–29].
The comparison between the experimental PMI optimum
frequencies (diamonds) with numerical (squares) and theoretical (dashed-line) values is provided in Fig. 4(b). While experimental and theoretical results follow a similar behavior for
moderate pump powers, the optimum frequency tends to saturate beyond 100 W in experiment. However, a fair comparison between the theoretical and numerical isotropic model with
experimental data appears here quite difficult because of the
development of strong Raman scattering processes, leading
to the generation of several Stokes orders until supercontinuum
generation (SC), which in turn leads to a pump depletion of
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Fig. 4. (a) Output spectra as a function of pump power recorded in a 200-m-long segment of TWHD (spectra are normalized to unity).
(b) Optimum PMI frequencies with respect to the square root of input power: experimental results (yellow diamonds) are compared with theoretical
predictions (in green dashed line) and numerical simulations (magenta squares). (c) Total spectrum recorded in a segment of 50 m (blue), 200 m
(red), and 1000 m (yellow) of TWHD, highlighting the generation of spontaneous Raman cascades; the input power is close to 250 W.

as for the previous fiber: the fibers are off-spooled and laid on
the table without mechanical stress. Figure 5 summarizes the
results obtained in a 20-m-long segment of HNLF. It is worth
noting that HNLF fibers are characterized by small core sizes,
which enhance the Kerr nonlinearity but also the residual birefringence, and thus reduce the beat length LB . We therefore
do not expect the emergence of PMI in such HNLF fibers due
to a lack of isotropy. However, our experimental results depicted in Fig. 5 show that PMI can still be observed in such
specific optical fibers. We can clearly observe the generation
of two MI sidebands located around 5.5 THz from the pump.
However, we notice that, in contrast to the case described previously, the resulting PMI growths here with passband features,
which reveal that the present HNLF is at the frontier between
isotropic and weak-birefringent fiber, typically characterized
by a birefringence in the range of 10−8 –10−7 . Note that the

more than 90% in the 200-m-long segment under study [31].
This effect can be clearly observed in Fig. 4(c), in which we
have reported the output spectrum for the different fiber
lengths under test for a pump power close to 250 W. In particular, beyond 200 m, two orders of spontaneous Raman
cascades are generated, which then lead to the formation of
a SC in a subsequent 1-km-long sample. Note that the short
frequency edge of that SC is here only limited by the transmission window of silica around 2.1 μm. Moreover, no clear polarization extinction of the PMI sidebands was observed behind
the output PBS. We attribute this behavior to the depolarization of the pump wave in this strong nonlinear regime.
C. PMI in HNLF Fibers
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Fig. 5. Experimental results of PMI in a 20-m-long highly nonlinear fiber (HNLF2). (a) Output spectra as a function of pump power, normalized
to unity. (b) The optimal frequencies of PMI with respect to the square root of input power are plotted as yellow diamonds for experimental results,
together with theoretical predictions (in green dashed line) given by Eq. (4) and numerical simulations without Raman effect (magenta squares).
(c) Output spectra at high powers with strong spontaneous Raman scattering. (d) Output spectra recorded beyond the PBS for an injected power of
140 W: the blue line represents the spectrum monitored on the polarization component parallel to the pump wave and the red line represents
spectrum monitored on the polarization component orthogonal to the pump.
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Fig. 6. Optimal frequencies of PMI as a function of the square root
of input power for five different types of fibers. Experimental data (in
symbols) are compared with theoretical predictions (black dashed
lines).

spectral broadening around the pump wavelength is attributed
to the cross-phase modulation effect between the pump wave
and its Raman Stokes [1]. Then, similar to the TWHD
fiber, the comparison between experimental measurements
of the optimal PMI frequency [yellow diamonds in Fig. 5(b)]
and the corresponding theoretical predictions (green dashedline) of Eq. (4) are in good agreement, which confirms a very
weak residual birefringence except for large pump power, for
which large spontaneous Raman scattering again occurs
[Fig. 5(c)]. Finally, Fig. 5(d) confirms that the growth of the
distant PMI sidebands predominately occurs on the polarization component orthogonal to the pump wave, in accordance
with theoretical predictions. It is worth noting that the large
fiber nonlinearity, along with the low group velocity dispersion
(see Table 1), results in a large spectral broadening at the pump
frequency due to XPM and far away PMI sidebands [see
Fig. 5(b)]: optimal frequency detunings as large as ∼6 THz
have been observed.
D. Summary of Experimental Results

Finally, Fig. 6 summarizes the measurements carried out in the
six segments of different fibers listed in Table 1. In all short
segments of fibers (<50 m), the optimal PMI frequencies follow the theoretical predictions deduced from the isotropic
model. This confirm the validity of the isotropic model
[Eqs. (1) and (2)] to describe light propagation in different
types of conventional telecom fibers that are up to a few tens
of meters long. For the longest segment, 200 m, we clearly observe a saturation of the PMI frequency above a certain threshold of power. This effect is attributed to a strong pump
depletion occurring along the fiber length and to spontaneous
Raman scattering. The analysis of the competition between
PMI and Raman scattering here is a complex issue which is
well beyond the scope of this experimental work and remains
a challenging study.
5. CONCLUSION
In this work, we have reported the experimental observation of
polarization modulational instability in five different types of
conventional single-mode fibers traditionally used in the optical
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communication area. More specifically, by means of highpower nanosecond pumping in the C-band around 1550 nm,
we have observed the emergence of spontaneous PMI in short
segments of dispersion-shifted fibers, highly nonlinear fibers,
spun fibers, and dispersion-compensating fibers. Experimental
frequency detunings of PMI are found to be in good agreement
with theoretical and numerical predictions based on an isotropic model of two coupled nonlinear Schrödinger equations.
Additional results have been obtained in a 200-m-long conventional normally dispersive telecom optical fiber. However, the
strong manifestation of spontaneous Raman effect in such
longer segments of fiber makes difficult its interpretation in
terms of optimum frequency and more importantly in terms
of gain. In conclusion, this work underlines the weak level
of residual birefringence remaining in modern conventional
telecom fibers and opens the path to the exploitation of new
nonlinear phenomena that have so far been inaccessible.
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