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Suppressing Short-Term Polarization Noise and
Related Spectral Decoherence in All-Normal
Dispersion Fiber Supercontinuum Generation
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Abstract—The supercontinuum generated exclusively in the nor-
mal dispersion regime of a nonlinear fiber is widely believed to
possess low optical noise and high spectral coherence. The recent
development of flattened all-normal dispersion fibers has been mo-
tivated by this belief to construct a general-purpose broadband co-
herent optical source. Somewhat surprisingly, we identify a large
short-term polarization noise in this type of supercontinuum gen-
eration that has been masked by the total-intensity measurement
in the past, but can be easily detected by filtering the supercon-
tinuum with a linear polarizer. Fortunately, this hidden intrinsic
noise and the accompanied spectral decoherence can be effectively
suppressed by using a polarization-maintaining all-normal disper-
sion fiber. A polarization-maintaining coherent supercontinuum
laser is thus built with a broad bandwidth (780–1300 nm) and high
spectral power (∼1 mW/nm).

Index Terms—Fiber nonlinear optics, laser noise, optical pulse
compression, supercontinuum generation.

I. INTRODUCTION

SUPERCONTINUUM (SC) generation was first observed
in a normally dispersive bulk glass where mJ-level ps green

input pulses acquired dramatic spectral broadening to become
white light [1]. In 1987, this effect was realized in an optical
fiber using μJ-level 50-fs red pulses, while the single-mode out-
put was compressed into near transform-limited 6-fs pulses [2].
Because the spectral broadening occurs exclusively in the
normal dispersion regime of the fiber, this all-normal dispersion
(ANDi) SC generation avoids unstable soliton dynamics and/or
modulation instability prevalent in the anomalous dispersion
regime [3]. Thus, the input quantum noise is not amplified,
i.e., the spectral decoherence is not accumulated to disrupt
high-quality pulse compression [4]. Inspired by the 1999 inno-
vation of hybrid anomalous-normal dispersion (HANDi) fiber
SC generation that has enabled wide access to ultra-broadband
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laser-like sources [5], recently revived efforts in the ANDi
fiber SC generation have claimed to develop various low-noise
coherent SC sources by coupling common nJ-level ∼100 fs
input pulses into dispersion-flattened Ge-doped circular fibers
[6], pure-silica photonic crystal fibers [7]–[9], and soft-glass
all-solid microstructured fibers [10]. Octave-spanning band-
width has been attained to center at 1550 nm [6], [10], 1050 nm
[7], [8], and 800 nm [8]. The low optical noise has been
confirmed by relative intensity noise (RIN) measurements
[6] and ultrafast transient absorption spectroscopy [8], while
the high coherence by spectral interference [6] and pulse
compression [7], [9]. These experiments are highly consistent
with theoretical analysis [11], reinforcing the general notion
that the ANDi fiber SC sources are not limited by optical noise
or decoherence [4]. Rather unexpectedly, here we identify
a noise/decoherence mechanism in these sources that have
universally employed non-polarization-maintaining fibers with
weak unintentional birefringence (< 10−4).

The unintentional latent birefringence of these nonlinear
fibers, although small, defines a distinct slow axis along which
linearly polarized SC output can be produced when a polarized
input is launched along this axis, i.e., the SC generation can
be effectively polarization-maintaining [12]. However, above
a certain threshold of output power, this SC suffers a hardly
controllable nonlinear depolarization effect [12]–[14], so that
the spectrum of the SC defies the scalar generalized nonlinear
Schrödinger equation (GNLSE) [13] and the polarization of the
SC endures long-term (<100 Hz) instability of thermal origin in-
stability [14]. In these prior works, the depolarization effect has
been attributed to vector modulation instability [3], [15]. Impor-
tantly, the observed long-term (<100 Hz) instability [14] should
be discriminated against short-term (>1 MHz) RIN noise [6],
because the later corresponds to the intrinsic (quantum) broad-
band noise component due to input shot noise and spontaneous
Raman scattering, while the former the large-amplitude noise
component at low frequencies that results from technical noise
[4]. The noise discussed throughout this study corresponds to the
short-term optical noise, rather than the long-term instability.

It is then unclear whether vector modulation instability in-
duces short-term intrinsic noise and spectral decoherence dur-
ing the ANDi fiber SC generation, just like scalar modulation
instability does during ps HANDi fiber SC generation [4]. In
this study, we directly observe the short-term noise by polarized
RIN measurements and the spectral decoherence through pulse
compressibility assessment. Thus, the nonlinear depolarization
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Fig. 1. A schematic of SC generation and characterization. An optional linear
polarizer is inserted to measure the RIN of polarizer-filtered SC and compress
the SC pulse, or removed to measure the RIN of unfiltered SC.

and vector modulation instability not only negatively affect the
controllability and long-term stability of the ANDi fiber SC gen-
eration [13], [14], but also fundamentally limit the application
of this technology when full spectral coherence or low-noise po-
larized source is required. By fabricating a dispersion-flattened
ANDi photonic crystal fiber with a large intentional birefrin-
gence (>10−4), we suppress these effects and therefore develop
a high-power broadband coherent SC laser.

II. METHODS

The experimental setup adopted our reported apparatus [12],
[13] to couple linearly polarized (>500 polarization extinction
ratio) 1041-nm ∼80-MHz 229-fs sech2 pulses into a nonlin-
ear photonic crystal fiber of 9–40 cm length (Fig. 1). Different
focusing aspheric lenses might be used for different nonlinear
fibers (see below) to ensure a coupling efficiency of >60%.
The generated SC was collimated by a gold-coated parabolic
mirror so that its spectrum could be accurately measured by an
optical spectrum analyzer. The RIN measurements on the SC
were performed according to an established method [16], using
a broadband (700–1800 nm) fast (10 ns rise time) InGaAs pho-
todetector (DET10C, Thorlabs, Inc.) connected to an electrical
spectrum analyzer (HP 8561E, Agilent). To compare the RIN
from different SC sources, care was taken to ensure that the
same power (∼1 mW) was incident on the photodetector below
its saturation limit [16].

The horizontally polarized SC required for subsequent pulse
compression was enforced by a broadband polarizer and an
achromatic half-wave plate after the fiber (Fig. 1). The pulse
compression was conducted by a 640-pixel 4f pulse shaper (MI-
IPSBox 640, BioPhotonic Solutions Inc.), which employed the
pulse measurement of multiphoton intrapulse interference phase
scans (MIIPS) [17], [18] to iteratively compress the SC pulse
[9], [19]. Alternative pulse measurements based on FROG [20]
and SPIDER [21], [22] have also enabled the iterative compres-

Fig. 2. (Color online). Global compression (a) versus 3-segment local com-
pression (b) of a linearly chirped broadband (750–1350 nm) pulse at the times of
central frequency wavelengths (vertical arrows in the time domain). The finite
spectral resolution of the 640-pixel 4f pulse shaper (0.94 nm/pixel) allows a
much larger compensable phase in the local compression than the global com-
pression (broken and solid black curves in the spectral domain), and thus limits
the dynamic range to 3 pairs of maximum group delays in the local compression,
rather than only one pair of maximum group delays in the global compression
(horizontal arrows in the time domain).

sion of other fiber SC pulses by similar 4f pulse shapers. The
coherence of the SC can be validated if converged iteration to-
ward transform-limited pulse compression is demonstrated [9],
[19]–[22].

The common limitation of these pixelated 4f pulse shaper-
based pulse compressions is the finite spectral resolution
or (temporal) dynamic range [23]. The design of our pulse
shaper covers a bandwidth Δλ from 750 nm (λ1) to 1350 nm
(λ2), corresponding to a spectral resolution of 0.94 nm/pixel
(δλ). Because high-fidelity pulse generation and compression
restrict the spectral phase variation between adjacent pixels to
within π/2(δφ), the spectral phase variation at λ1 dictates a
maximum group delay δφ/δω [i.e., δφ/(2πcδλ/λ2

1)] of 0.47 ps,
i.e., a dynamic range of 0.94 ps for a linearly chirped pulse
(Fig. 2(a)). Equivalently, a broadband (750–1350 nm) linearly
chirped pulse can be “globally” compressed at the time of
its central frequency wavelength (1/λ1 + 1/λ2)−1 (Fig. 2(a),
vertical arrow in the time domain) only if the pulse duration
is less than 0.94 ps. Thus, a broadband (750–1350 nm) linearly
chirped pulse with 3 × 0.94 ps duration cannot be “globally”
compressed at the time of its central frequency wavelength.
However, if the bandwidth is divided into 3 segments of equal
optical frequency range, each segment can then be “locally”
compressed to the time of its own central frequency wavelength
within the limit of adjacent-pixel phase variation (Fig. 2(b),
colored vertical arrows in the time domain) [24]. In other
words, the local compression of the spectral segments expands
the dynamic range of the pulse shaper without affecting the
coherence assessment, as long as the converged iteration toward
transform-limited pulse compression can be demonstrated for
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all segments. In this study, 10-segment local compression
with an expanded dynamic range of 10 × 0.94 ps was used to
accommodate the large linear chirp of our fiber SC pulses. The
spectral components outside of the intended segment for local
compression were simply blocked by amplitude shaping [19].

III. RESULTS

To establish a baseline for SC generation and characterization,
the specific SC from an ANDi photonic crystal fiber (NL-1050-
NEG-1, NKT Photonics, Denmark) is reproduced (Fig. 3(a))
[9], [12], [13]. With an unintentional linear birefringence on the
order of 10−5, the slow and fast axes of a 9-cm fiber can be eas-
ily identified [12]. The SC is then generated at 360 mW output
power using a slow-axis input, with a spectrum that can be quan-
tified by the scalar GNLSE (Fig. 3(a), (b)). Using a broadband
polarizer at the fiber exit end to filter the SC along the slow-
axis (Fig. 1), a nonlinear depolarization of only 4% is obtained,
i.e., 96% power of the SC output remains along the slow-axis
[13]. The local compression is successfully demonstrated to val-
idate the high coherence of the polarized slow-axis-filtered SC,
consistent with the demonstrated global compression [9]. Not
surprisingly, at Fourier frequencies around the carrier frequency
of the input laser (80.2 MHz), the RIN of either the filtered SC or
the unfiltered SC (without the polarizer) can be barely detected
beyond that of the solid state input laser or the noise floor of
our detection system (Fig. 4(a)). These results agree well with
the general consensus that ANDi fiber SC generation has low
optical noise and high spectral coherence [2], [4], [6]–[11].

However, in attempts to produce a broader coherent band-
width, dramatically different results are obtained from a longer
fiber of 21 cm at a higher output power of 480 mW. A large
nonlinear depolarization of 50% is encountered, so that the
measured SC spectrum (Fig. 3(d)) differs significantly from the
corresponding scalar-GNLSE prediction (Fig. 3(e)). A broad-
band high-frequency (short-term) RIN of 30.8 dB emerges from
the noise floor for the slow-axis-filtered SC (Fig. 4(b)), indi-
cating the presence of intrinsic noise with quantum origin [4].
At the same time, the filtered SC fails the local compression
test, i.e., the iterative compression does not converge to retrieve
a deterministic spectral phase for each segment, even though
the GNLSE-predicted pulse width of the SC (Fig. 3(e), inset)
is well within the temporal dynamic range of the local com-
pression. In other words, the ANDi SC generation suffers a
noise/decoherence mechanism as a result of the nonlinear de-
polarization. Because a near constant filtered power is obtained
by rotating the polarizer (Fig. 1), the depolarization appears to
be uniform among all linear polarization orientations. While the
same level of RIN can be measured from the SC filtered along the
fast axis, much smaller RIN (5.6 dB) is attained when the polar-
izer is oriented at 45° between the slow and fast axes (Fig. 4(b)).
Interestingly, no RIN can be detected from the unfiltered SC if
the polarizer is removed (Fig. 4(b)). This total-intensity RIN re-
mains undetectably low when longer fiber lengths (up to 40 cm)
and/or higher output powers (up to 700 mW) are used.

The nonlinear depolarization, along with the three accompa-
nied effects (i.e., modeling error by scalar GNLSE, RIN onset

Fig. 3. Experimental spectra and scalar-GNLSE quantified spectra for SC
sources. The comparison of (a)–(c) with (d)–(f) indicates that the observed
spectrum from either a non-polarization-maintaining fiber or its polarization-
maintaining counterpart can be theoretically quantified in relatively narrowband
(900–1160 nm) SC generation. However, in broadband (780–1300 nm) SC gen-
eration, only the later can be theoretically quantified due to the absence of
depolarization. Insets in (c): cross-sectional optical (lower) and scanning elec-
tron microscopy (upper, scale bar 10 μm) images of the polarization-maintaining
fiber; inset in (e): temporal profile of SC pulse; inset in (f): characteristic MI-
IPS trace of a local compression segment indicative of transform-limited pulse
compression [9], [17]–[19].

in polarizer filtered SC but not unfiltered SC, and spectral deco-
herence of the filtered SC), can be observed under a wide variety
of conditions that broaden the bandwidth beyond 900–1160 nm
(Fig. 3(a)). For example, similar SC spectrum to Fig. 3(d) and
large depolarization (50%) can be observed at 360 mW output
power from a 40 cm fiber. Using fiber cut-backs from 40 cm to
9 cm, the depolarization and the RIN of the slow-axis-filtered
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Fig. 4. (Color online). RIN (10 kHz resolution bandwidth) measured from
four SC sources with a slow-axis input. (a) 9-cm NL-1050-NEG-1, 360 mW
output, 3% depolarization; (b) 21-cm NL-1050-NEG-1, 480 mW output, 50%
depolarization; (c) 21-cm SC-5.0–1040, 420 mW output, 50% depolarization;
and (d) 21-cm NL-1050-NEG-PM, 480 mW output, <0.5% depolarization.
Broken black line represents the noise floor without incident light. The same
height of RIN (−20 dB) at the carrier frequency (i.e., repetition rate of input
laser, 80.2 MHz) ensures equal incident power on the photodetector.

SC are measured along the fiber length (Fig. 5(a)). The synchro-
nized decrease of the depolarization and RIN with shortened
fiber length suggests that the two effects are correlated, and
may occur right at the entrance end of the fiber (i.e., the RIN
is amplified from certain input shot noise). After the cutbacks,
the shortened fiber with 9-cm length expectedly recovers the
baseline condition (Fig. 3(a), Fig. 4(a)).

A natural question arises how the ANDi fiber SC generation
compares with the more popular alternative of HANDi fiber
SC generation in terms of noise and decoherence. To enable the
comparison, a photonic crystal fiber with zero-dispersion wave-
length of 1040 nm (SC-5.0–1040, NKT Photonics, Denmark) is
selected for the HANDi SC generation. Similar fibers have been
employed in commercial SC laser developments [25], [26].
The unintentional linear birefringence is on the order of 10−6,
which is adequate to identify the slow and fast axes of a 21-cm
fiber [12], [13]. Given a slow-axis input, the SC is generated at
420 mW output power to obtain a bandwidth (Fig. 3(g))
comparable to that of the ANDi fiber SC (Fig. 3(d)), with a
depolarization of 50% along the slow-axis (Fig. 5(b)). Similar to
the ANDi fiber SC (Fig. 4(b)), considerable RIN (20.3 dB) can
be detected from this SC filtered along the slow-axis (Fig. 4(c)),
so that it fails the local compression test. However, in sharp
contrast to the ANDi fiber SC, significant total-intensity RIN
(6.7 dB) is retained when the polarizer is removed (Fig. 4(c)).
A similar cutback experiment is conducted on this fiber from
21 cm to 9 cm, showing the accumulation of the depolarization
and RIN along the fiber (Fig. 5(b)). At 9 cm fiber length, the
depolarization is negligibly small (0.7%), while the RIN of the
slow-axis-filtered SC (1.9 ± 0.3 dB) approximates that of the
unfiltered SC (1.9 ± 0.3 dB) (Fig. 5(b)). The emergence of this
total-intensity RIN free of appreciable depolarization leads to
the failed local compression test for the slow-axis-filtered SC.

Fig. 5. (Color online). RIN (10-kHz resolution bandwidth) measured from
three SC sources with a slow-axis input, with the dependence on the fiber length
determined by fiber cut-backs. (a) NL-1050-NEG-1, 360 mW output, 40 cm
initial length; (b) SC-5.0–1040, 420 mW output, 21 cm initial length; and (c)
SC-5.0–1040-PM, 420 mW output, 21 cm initial length.

To evaluate how the birefringence of the fiber affects the
HANDi SC generation, a polarization-maintaining equivalent
of SC-5.0–1040 (SC-5.0–1040-PM, NKT Photonics, Denmark)
is also investigated. The large intentional birefringence of this
fiber (> 1.7 × 10−4) ensures linearly polarized SC generation
if the input polarization is aligned with the slow-axis or the fast-
axis. A similar cutback experiment is performed on a 21-cm
fiber with slow-axis input and 420 mW output (Fig. 5(c)). The
accumulation of the total intensity RIN along the fiber is similar
to the non-polarization-maintaining case in Fig. 5(b), while the
spectral broadening of the polarization-maintaining SC along
the fiber approximates that of the progressively depolarized SC
in Fig. 3(g). Because >99.5% of SC power stays in the slow
axis, the RIN of the slow-axis-filtered SC differs little from that
of the unfiltered SC (Fig. 5(c)).

IV. DISCUSSION

To interpret the above results, we differentiate two fundamen-
tally different coherence-disrupting noises integrated over the
full SC bandwidth: (1) pulse-energy-fluctuated total-intensity
noise specific to the HANDi fiber SC generation; and (2) pulse-
energy-conserved polarization noise specific to the ANDi fiber
SC generation. While it is outside the scope of this study to
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perform quantitative analysis on these noise sources, we show
below that a simple qualitative understanding using this differen-
tiation offers two practical strategies to independently suppress
the two noise sources, even though they both are quantum noise
sources in nature.

The total-intensity noise is clearly revealed in the
polarization-maintaining HANDi fiber SC generation
(Fig. 5(c)). The presence of large RIN (variation) among
spectrally filtered narrowband (∼10 nm) components across the
SC have been observed with fs [27] or ps input [28]. However,
this spectral RIN does not necessarily lead to the observed
total-intensity noise integrated over the full SC bandwidth.
The simplest explanation to the total-intensity noise is through
rogue-wave-like characteristics, discovered first in ps SC
generation [29] and extended later to fs SC generation [30].
Specifically, a generated SC pulse is mostly “median” so that
its long-wavelength edge solitons undergo average redshifts,
resulting in a normal energy loss to the pulse. However, the SC
pulse may occasionally be “rogue” so that its long-wavelength
edge solitons undergo stronger redshifts, resulting in a larger
energy loss to the pulse. This pulse-to-pulse energy fluctuation
is more pronounced in a longer fiber where the disparity of the
redshifts is enlarged [31], leading to the observed buildup of
total-intensity noise along the fiber (Fig. 5(c)).

The polarization noise is revealed in the depolarized ANDi
fiber SC generation by the RIN of the slow-axis-filtered SC in
excess to that of the unfiltered SC (Fig. 5(c)). The unusually
large RIN (30.8 dB) observed along either the slow or fast axis
indicates a large pulse-to-pulse energy fluctuation along this
axis (Fig. 4(b)). The much smaller RIN (5.6 dB) observed along
the 45°-axis suggests a cancelled pulse-to-pulse fluctuation to
the corresponding pulse energy, which has one half contribution
from the slow axis and the other half from the fast axis. That
is, the gain (loss) of the pulse energy along the slow axis is al-
ways cancelled by the loss (gain) of the pulse energy along the
fast axis, so that the total pulse energy is conserved. The RIN
along the 45°-axis does not fall on the noise floor to approxi-
mate that of the unfiltered SC (Fig. 4(b)), i.e., the cancellation
is not perfect. This is likely due to the twist of the fiber, which
superimposes a small circular birefringence to the unintentional
linear birefringence. The resulting elliptical birefringence mod-
ifies the orthonormal decomposition of the pulse field from a
pair of orthogonal linear directions to a pair of elliptically po-
larized directions, leading to the imperfect noise cancelation by
the linear polarizer [3]. Nevertheless, the total pulse energy is
conserved if the coupled GNLSE would be performed on the
elliptically birefringent fiber in the rogue-wave-free ANDi SC
generation [3]. Because the polarization-dependent dispersion
elements of pulse compression experiments demand a single-
polarization input, the noisy polarizer-filtered SC (rather than
the quiet unfiltered SC) must be used in the local compression
test. The test fails as a result of the large polarization noise,
which apparently introduces phase noise to disrupt the spectral
coherence of the SC.

This polarization noise eluded detection in the past when only
total-intensity measurements were conducted [6], [8]. An early
theoretical study on depolarized fiber SC generation [32], which

used a semi-classical model of input noise in a single polariza-
tion [4], concluded that the ANDi fiber SC generation should
have both high polarization stability and excellent coherence.
We speculate that the observed polarization noise can only be
predicted after the semi-classical noise model is modified to in-
clude input noise along two orthonormal polarizations. Because
the simulated SC generation above an output power threshold
is sensitive to (instable against) the input polarization [13], the
observed polarization noise may arise from the amplification
of the input shot noise that distributes photons along the two
orthonormal polarizations. The amplification gain is likely at-
tributed to the vector modulation instability [13], just like the
single-polarization noise amplification in ps HANDi fiber SC
generation can be attributed to scalar modulation instability [4].

More complex situation is encountered in the depolarized
HANDi fiber SC generation (Fig. 5(b)), where the observed
noise is a mixture of the total-intensity noise and polarization
noise. Similar result has also been attained in a recent study [33].
We caution that the widely used scalar GNLSE noise models
have ignored the polarization noise [4], [34], and are therefore
approximate whenever the SC generation is not polarization-
maintaining. On the other hand, the total-intensity noise can be
considered as a more fundamental noise than the polarization
noise. First, the mixed noise does not conserve the pulse energy,
just like the total-intensity noise (compare Fig. 5(b) with (c)).
Second, the total-intensity noise buildups more quickly than the
polarization noise, and thus dominates the noise at short (<9 cm)
fiber lengths (Fig. 5(b)). Third, the polarization noise can be
eliminated by simply using a polarization-maintaining fiber
(compare Fig. 5(b) with (c)), while the total-intensity noise can
only be decreased by more complicated techniques, such as slid-
ing frequency filter [31], input envelope modulation [35], minute
light seeding [36], back seeding [37], and fiber tapering [38].

V. POLARIZATION-MAINTAINING FIBER COHERENT SC LASER

Suggested by the above discussions, we adopt two strategies
in order to build a broadband coherent fiber SC laser. First,
the coherence-disrupting total-intensity noise is avoided by the
ANDi fiber SC generation free of the rogue behavior. Second, the
coherence-disrupting polarization noise is eliminated by the use
of a polarization-maintaining fiber with large intentional linear
birefringence. In combination, this laser relies on the ANDi fiber
SC generation from a polarization-maintaining fiber.

We thus fabricate the polarization-maintaining counterpart
of NL-1050-NEG-1 (NL-1050-NEG-PM) by introducing
stress rods in the fiber cladding (Fig. 3(c), inset). The cross
section parameters of the fabricated fiber (hole-to-hole pitch,
hole size, and number of layers, see [12]) approximate those
of NL-1050-NEG-1, so that the dispersion properties of
the two fibers are comparable. Consistently, the 360-mW
SC generated from a 9-cm NL-1050-NEG-PM fiber with a
fast-axis (or slow-axis) input (Fig. 3(c)) approximates that from
the NL-1050-NEG-1 fiber (Fig. 3(a)) and the corresponding
simulation (Fig. 3(b)). The linear birefringence of the fiber is
estimated to be 4.2 × 10−4 by spectral interferometry, ensuing
no detectable nonlinear depolarization along either axis.
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In sharp contrast to the non-polarization-maintaining case
(Fig. 3(d)), little depolarization (<0.5%) is found in the 480-mW
SC generated from a 21-cm NL-1050-NEG-PM fiber with a
fast-axis (or slow-axis) input. The spectrum of the polarization-
maintaining SC agrees well with the simulated spectrum
(Fig. 3(e), (f)), as the two wave-breaking-related sidelobes at the
short- and long-wavelength ends become distinguishable from
the central self-phase modulation features [39]. No RIN can be
detected from this SC (Fig. 4(d)), while the local compression
test succeeds for any arbitrarily selected 50-nm segment inside
the SC bandwidth (Fig. 3(f), inset), i.e., the SC recovers full
spectral coherence. With the simultaneous disappearance of
the three undesirable effects accompanying the depolarization,
the polarization-maintaining fiber significantly improves the
coherent bandwidth and output power over its non-polarization-
maintaining predecessor. The potentially large but unintentional
birefringence of the later may occasionally generate a broad
coherent bandwidth [39], but this has not been reproducible
among different fiber pieces. Throughout a one-year test on the
polarization-maintaining fiber, the SC spectrum of Fig. 3(f) has
been reproducibly attained in daily operations, not only from
one fiber piece but also from other 21-cm fiber pieces. Longer
fiber lengths and larger output powers only marginally broaden
the bandwidth. To further broaden the bandwidth beyond 780–
1300 nm, a dechirped transform-limited input pulse [12] with
shorter pulse width [8], [11] will be employed in the near future.

To put the above polarization-maintaining fiber coher-
ent SC laser into a broad context, we examine a series of
octave-spanning ANDi fiber SCs developed recently [6]–[8],
[10]. Because the corresponding nonlinear fibers have no
intentional birefringence, these SCs presumably undergo the
same nonlinear depolarization, and therefore accumulate large
polarization noise and spectral decoherence. It should be noted
that the agreement of the observed log-scale SC spectrum
with that simulated by the scalar GNLSE is not sufficient to
confirm the coherence of the SC [8]. The observed spectrum
of the depolarized SC (Fig. 3(d)) is rather similar to that of
the polarization-maintaining SC (Fig. 3(f)) and the simulated
SC (Fig. 3(e)), if all three were plotted in a log-scale. Also, the
reported low RIN [6] and temporal fluctuation [8] are based
on total intensity measurements [6], which mask the detection
of the polarization noise as discussed above. Finally, the
interference experiment to confirm the spectral coherence of
the SC would be convincing if the similarly measured HANDi
fiber SC had not exhibited a high degree of coherence (∼0.7)
[6]. Up to now, there has been no definitive evidence supporting
that these octave-spanning sources are low-noise coherent
sources.

VI. CONCLUSION

We identify a latent short-term polarization noise in the ANDi
fiber SC generation, which redistributes the SC pulse energy
pulse-by-pulse along the slow and fast axes, but conserves the
total pulse energy. This noise is fundamentally different from the
total-intensity noise in the HANDi fiber SC generation that does
not conserves the total pulse energy pulse-by-pulse. Thus, the

absence of the total-intensity noise distinctly separates the ANDi
fiber SC generation from the HANDi fiber SC generation. How-
ever, this absence does not guarantee high-quality pulse com-
pression pertinent to single-polarization coherent applications,
because the polarization noise causes spectral decoherence just
like the total-intensity noise. In fact, under certain conditions,
the ANDi fiber SC may be noisier than the HANDi fiber SC
with a similar bandwidth (compare Fig. 4(b) and (c)). By fab-
ricating a polarization-maintaining ANDi fiber, we completely
suppress the polarization noise and thus develop a polarization-
maintaining fiber coherent SC laser with a broad bandwidth and
high output power.

We would like to point out some unusual similarities be-
tween the observed short-term (>1 MHz) polarization noise
and the reported long-term (<100 Hz) polarization instability
[14]: (1) both occur above certain power thresholds below which
the effects simply disappear; (2) both redistribute the transmis-
sion power along two principal fiber axes but conserve the total
power, so that the effects are masked by total intensity measure-
ments; (3) both occur in fibers with latent birefringence, and
can be fully suppressed when polarization-maintaining fibers
are used. It is an extraordinary coincidence that the same ef-
fects happen at two dramatically different timescales but may
be the result from the same underlining mechanism of vector
modulation instability [15].

The observed polarization noise of the SC is likely seeded
by the input shot noise that stochastically distributed the in-
put photons along two orthonormal polarization directions. The
presence of this noise in the popular HANDi fiber SC generation
calls for a new vector GNLSE noise model that takes account of
the input polarization noise and the unintentional (linear and cir-
cular) birefringence of the fiber. In the depolarized ANDi fiber
SC generation, the SC is quiet in total intensity, but noisy in
two orthogonally polarized components. This unique property
is worth further theoretical studies, and may be useful in some
polarization-dependent applications.
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