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Abstract: In this paper, we report a study of the features of polarized and unpolarized
narrow-band amplified spontaneous emission (ASE) in a low-doped erbium fiber at 976-nm
pumping. We demonstrate that ASE noise can be treated as a train of Gaussian-like pulses
with random magnitudes, widths, and inter-pulse intervals. ASE noise can also provide a
statistical analysis of these three parameters. We also present the data that reveal ASE noise’s
role in optical spectrum broadening through self-phase modulation of light propagating in a
communication fiber. In particular, the data show that the ASE noise derivative defines the
broadening’s spectral shape.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Amplified spontaneous emission (ASE) based light sources are characterized by the broad
optical spectrum and high temporal stability, given the absence of relaxation oscillations and
interference effects. Such kind of light sources are successful in many applications, including
high-precision fiber-optic gyroscopes [1,2], low-coherence interferometry [3], optical
coherence tomography [4,5], efc. Recently, it was demonstrated that nanosecond ASE pulses
produced by actively Q-switched fiber lasers may provide an effective pump for
supercontinuum generation [6-9]. ASE sources may also serve as seed for CW amplifying to
a multi-hundred watts level with inherently suppressed SBS because of the broad ASE
spectrum [10—12]. On the other hand, in fiber amplifiers used in fiber-optic links, ASE noise
is naturally added to amplified signal, thus deteriorating the signal-to-noise ratio [13—16].

ASE noise is described [17,18] by M-fold degenerate Bose-Einstein distribution, with M
being the number of independent states (modes) of ASE, defined by the ratio of its optical
spectrum width (B,,,) to photodetector electric bandwidth (B,;) and polarization degeneracy
(s); generally, M is a real positive number, equal to or higher than 1. The basic properties of
ASE noise statistics are known; nonetheless, knowledge of fine details of ASE noise pulsing
is important for deeper understanding the nonlinear effects in optical fibers, supercontinuum
generation using ASE signal as a pump, physics of frequency-shifted fiber lasers, rogue
waves phenomenon, and so on.

In this paper, we report the experimental results on ASE pulsing, inherent to an erbium-
doped fiber amplifier (EDFA) at the conditions of spectral filtering by fiber Bragg gratings
(FBGs). Herewith, we assess the case when the optical filtering is much narrower than the
electrical one (B,,/B,; << 1), which gives rise to single ASE mode for polarized (s = 1) light
and two ASE modes for unpolarized (s = 2) light. We show that noise pulses of which ASE
signal is composed are Gaussian-like, with magnitudes, widths, and sequencing intervals
described by specially parameterized distributions. Also, we demonstrate that the distribution
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of ASE timing derivatives defines the shape of optical spectrum broadening via self-phase
modulation: namely, it gets symmetric triangular-like form when plotted in semi-logarithmic
scale. The data on spectral broadening of ASE signal passed through a long communication
fiber confirms the claim.

2. Experimental setup

The experimental setup is shown in Fig. 1. It comprises a seed ASE source based on erbium-
doped fiber EDF1 and a fiber amplifier based on EDF2. The EDF used in both stages was a
standard low-doped M5-980-125 fiber with small-signal gain of ~6.5 dB/m at 1530 nm. These
EDFs were pumped by commercial 976-nm diode lasers through fused 976/1550 nm
wavelength division multiplexers (WDMs). Lengths of EDF1 and EDF2 were ~6 m each; this
provided relatively high ASE power and, at the same time, prevented parasitic CW lasing
(otherwise, if the active fiber is too long, spurious lasing may arise at 1530 nm on weak
reflections from the fiber components [20]). For the same purpose, viz. for avoiding parasitic
lasing, a long-period grating (LPG) with attenuation peak at 1530 nm was utilized in the
scheme. Circulators (C1 and C2) served for preventing feedbacks between the seed ASE
source, the fiber amplifier, and the output fiber patch-cord with PC/APC termination. A fiber
polarizer (POL) was placed at the setup output for exploring the properties of polarized ASE;
otherwise, i.e. when unpolarized output was under study, it was removed.

FBG2 FBG3

FBG1 LPG POL
{1
7° cut Output
Pump 1 Pump 2
976 nm 976 nm
(a)

Normalized spectra

-40 20 0 20 40
Detuning from peak wavelength, pm

(b)

Fig. 1. (a) Experimental arrangement of ASE source; crosses indicate fiber splices. (b)
Normalized spectra of OSA response to narrow-band laser line (line 1) and ESA spectrum (line
b). Lines are Gaussian fits.

To select the operation wavelength and the optical bandwidth of the ASE source, a set of
three home-made fiber Bragg gratings (FBGs 1 to 3) centered at 1544.6 nm was used. FBG1
was broadband (~600 pm at half of reflection maximum (FWHM)) while FBG2 and FBG3
were much narrower (45 pm and 27 pm FWHM, respectively). The ASE spectrum measured
at the output port of circulator C2 was Gaussian (26.4 pm FWHM; see curve 1 in Fig. 1(b)).
Since the response of the optical spectrum analyzer (OSA) to the narrow-line (130 kHz) laser
signal was as well Gaussian-like (17.2 pm FWHM; see curve 2 in Fig. 1(b)), we decomposed



Research Article Vol. 27, No. 6 | 18 Mar 2019 | OPTICS EXPRESS 8522

Optics EXPRESS

the spectral functions of ASE and OSA for estimating a real ASE bandwidth, found to be 20
pm (or 2.5 GHz).

ASE signals were detected by a 25-GHz InGaAs Schottky photodetector (Newport, model
1414) connected to a 16-GHz real-time oscilloscope (7ektronix, model DPO71604C); overall
RF band of this set of equipment extends from DC to factual 15.5 GHz (measured at a 3-dB
level). In the experiments, output ASE power was set to ~2 mW, to ensure the photodetector
operation well below saturation.

3. Experimental results and discussion

First, we checked whether the statistics of ASE signals are properly described by the M-fold
degenerate Bose-Einstein distributions. We measured histograms for both polarized and
unpolarized ASE; then, these were fitted by curves, simulated using the following formula for
Bose-Einstein distribution [17,18]:

=(n+M—l)! (f)zw W
n!(M-1)! (1+7)

P(n,a,M

where P(n,7,M) is the probability of counting n photons by photodetector during averaged
time 7 = 1/B,, n is the mean photon count within the same time interval, and M is the

number of independent ASE states (modes), defined, for the Gaussian optical spectrum, as
[17,18]:

(B, /8,)

oot Ber ) erf[\/;(ng, /B, )] - [1 - exp(—ir(Bopt /B, )2 )}

At our experimental conditions, the ratio B,,/B,; is 0.16; thus, M =1.13 for polarized ASE
and =2.27 for unpolarized one. Note that, for M = 1 and large 7, formula (1) can be reduced
to the exponential decay function:

— 1 n P
P(n,n,M)z:exp(—:jocexp[——] 3)

n n s

M=s 2

ﬂ(B

where P is ASE power and P, is its mean value. ASE distribution approximated by the
exponential probability density function (PDF) (see formula (3)) is Gaussian for the field, as
is assumed, for instance, in wave turbulence theory for the weakly nonlinear regime [21,22].

In Fig. 2, we present two examples of the experimental histograms of ASE noise, obtained
for (a) polarized (s = 1) and (b) unpolarized (s = 2) lights and their fits. In the two panels, the
horizontal axes are normalized to the mean photon number (proportional to the mean voltage
of photodetector) and the vertical axes are recalculated into probabilities. In both cases, the
fitting curves obtained using Eq. (1) with “optimal” M-values (at best fitting) are
demonstrated by the green lines. For comparison, we add the histograms, simulated for the
“ideal” case when M = 1 (polarized light) and M = 2 (unpolarized light), shown by the red
lines. The fitting curves were simulated using the mean photon number = = 1.1 x 10°,
corresponding to the experimental conditions (P, =2 mW and B,,, = 2.5 GHz).
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Fig. 2. Histograms of probability (PDF) of the normalized photon number (ASE noise voltage).
Histograms obtained for polarized (s = 1) and unpolarized (s = 2) ASE are shown in the left
and right panel, respectively. Circles are experimental points, green lines are the best fits, and
red lines are simulated probabilities for the ideal cases: M =1ats=1and M=2ats=2

As seen from Fig. 2, the experimental histograms are suitably described by the M-fold
degenerate Bose-Einstein distributions, where M-values stand for the best fits using formula
(2). This reveals that ASE light in our case is a classical thermal source. It is also seen from
Fig. 2 that, even for the small ratio B,,/B.; (<<1), the mode number M is always above 1 and
2, for polarized and unpolarized ASE, respectively, given that the absolute slope values for
the red curves are always lower than those for the fitting lines.

Figure 3 presents the two examples of randomly chosen short sections of the oscilloscope
traces selected from the long ones, as captured for (a) polarized and (b) unpolarized ASE.
These were obtained at the same conditions at which the histograms shown in Fig. 2 were
recorded (i.e. for M =1.13 and M = 2.27, respectively). In Fig. 2, circles are the experimental
points, triangles are the peaks’ magnitudes, and the solid lines are the Gaussian fits of noise
peaks. As seen from Fig. 3, ASE noise presents trains of noise pulses with randomly varying
magnitudes, widths, and sequencing intervals, where each pulse may be fitted by the Gaussian
function, permitting determination of pulse width and location in the train.
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Fig. 3. ASE noise as train of Gaussian-like pulses (circles) measured for (a) polarized and (b)
unpolarized ASE normalized to the mean values of photodetector signal. Vertical dash lines
indicate centers of Gaussian fits; here, the pulses with magnitude less than the mean are not
fitted. The intervals between adjacent points are 10 ps.

Figure 4 shows the histograms of probability of ASE noise pulse magnitudes, obtained
from the long oscilloscope traces (31.25 mega-samples, the oscilloscope’s limit), for both
polarized and unpolarized ASE; the stars stand for the experimental probabilities of the noise
peak magnitudes, normalized to the mean value of the ASE signal. As seen, these two
dependences are located above the theoretical ones simulated for the ideal case described by
the Bose-Einstein distribution with M = 1 and M = 2 (dash lines), for polarized and
unpolarized light, respectively.
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Fig. 4. Histograms measured for magnitudes of ASE peaks (stars) and photon counts (circles).
Both dependences of photon count and ASE peaks are normalized to the mean photon count.
Lines are theoretical dependencies.

For comparison, probabilities of photon counts (also shown in Fig. 2), together with the
best fits, are provided in Fig. 4, too (see solid lines). As seen, the histograms of the peak
counts are broader than those for the photon counts. This seems to stem from the fact that
photon counts relate to all experimental points, not only to points at tops of ASE pulses. Note
that occasional excessive noise peaks with magnitudes much greater than the mean power
may be treated as rogue waves or their seeds [7,23-25].

Another important issue regarding ASE pulsing is dispersion of the intervals between
pulses belonging to different ranges of magnitudes (P); refer to Fig. 3. Such ranges were
identified in the following manner: (i) below the mean photon count (m), (if) from the mean
to two means, (iif) from two to three means etc., but with a limit being P = 9m to 10m (at
higher peak magnitudes, the peak counts are too small to be proceed for a statistical analysis).

Figure 5(a) demonstrates two examples of semi-logarithmic plots of histograms for
intervals between polarized ASE pulses, belonging to two different ranges of magnitudes, as
specified in panels (al) and (a2). The histograms are fit with a high confidence by linear
dependences, which reveals exponential decay of the peak count vs. interval between pulses.
The vertical dash lines in both panels correspond to the intervals between pulses at which the
peak count drops by half and the horizontal dash lines indicate —3 dB levels respectively to
the peak count at ~200-ps interval. Unpolarized ASE pulses obey a similar trend (not shown).

The fits obtained for all processed peaks’ magnitudes were used for making-up Fig. 5(b),
showing 3D dependence of the fits for peak counts, normalized to maximum (color scaling),
in function of normalized magnitude and inter-pulse interval (or sequencing time).
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Fig. 5. (a) Examples of histograms for intervals between ASE pulses, belonging to the ranges
of the normalized peak magnitudes limited to (al) 3m to 4m and (a2) 7m to 8m. ASE is
polarized. Symbols are experimental data and lines are exponential fits. (b) Peak count
normalized to its maximum (color scale) in function of normalized peak magnitude and
interval between peaks of the same ranges of magnitude.
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It is seen that probability of shorter intervals between adjacent peaks of the same range of
magnitudes is higher, while probability of longer intervals decays exponentially with
increasing peaks amplitude. The higher magnitude of ASE peaks, the decay is slower. Note
that in Fig. 5 the peaks’ separation is fixed to 175 ps, the minimal value (corresponding to the
width of a transform-limited Gaussian pulse with optical spectrum of 20 pm, or 2.5 GHz in
frequency domain) to be resolved [26]. Note that the “cut-off” value of the interval between
peaks, At, measured at —3 dB below the maximal peak count (for short time intervals, refer to
Figs. 5(al) and 5(a2)), also increases exponentially with increasing P: see the diagonal line in
Fig. 5(b). This line divides the graph surface in two triangular subareas with maximal (red
color) and minimal (blue color) values of the normalized peak count, with a narrow
transitional area of width around the magnitude of intervals between consecutive pulses.
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Fig. 6. Examples of histograms of ASE pulses’ width, obtained for different normalized peak
magnitudes P. Symbols indicate experimental points and lines are some examples of fits. The
blue line is exponential fit whereas the red lines are Gaussian ones.

In Fig. 6, are resumed the histograms of FWHM width (Af) of polarized ASE,
parameterized for different P-ranges. As seen, both the shapes of the histograms and the most
probabilistic widths depend on pulse magnitude. Furthermore, all the histograms obtained for
P < 5m are seen to be shaped very similarly (compare the two upper curves); however, for
higher P, the histograms become more symmetrical (see the lower curves) and narrow.

Interestingly, for small peak powers (P < 5m), the left slopes of the histograms look
Gaussian-like and their right slopes have exponential form, whereas for the highest peak
power, the histogram (lowest in Fig. 6) is fit as the whole by the Gaussian function. The
relative width (FWHM divided by the most probable value) of the upper histogram, obtained
for 1m < P <2m, is 0.86, whilst that of the lowest one, obtained for 9m <P < 10m, is 0.3 (~3
times less). Thus, dispersion of ASE noise pulses notably decreases with increasing peak
power.

Figure 7(a) demonstrates the histograms of the normalized derivative for large train of
ASE pulses (short sections are shown in Fig. 3), found as AV/At/V ..., for polarized (red dots)
and unpolarized (blue rectangles) ASE, where AV is the voltage difference between two
adjacent experimental points, Af = 10 ps is the interval between them, and V., is the mean
voltage. As seen, the derivatives of ASE signals in both cases are triangular in semi-
logarithmic scale (which correspond to exponential decays in linear scale) and symmetric
with respect to the vertical dash line (at least within ~60-dB range of magnitude); width of the
histogram for polarized ASE is ~2 times greater than that for unpolarized ASE. The triangular
shape of the derivative itself results from the linear distribution of magnitudes of ASE peaks
when it is presented in semi-logarithmic scale (Fig. 4). In turn, the difference in the
histograms’ widths is explained by the fact that the histograms themselves are broader for
polarized light than for unpolarized light (refer to Fig. 2); this means that noise pulses arising
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with the same probability are more powerful and their derivatives are also greater in the first
(polarized light) case.
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Fig. 7. (a) Histogram of normalized derivative of polarized (circles) and unpolarized (triangles)
ASE noise. (b) Normalized spectrum of ASE signal on input of long communication fiber (line
1) and broadened normalized spectra measured at the fiber output (lines 2 to 4); all spectra are
normalized to maxima. Symbols are experimental points and solid lines are fits. In panel (a)
detuning is given respectively to ASE peak wavelength (1544.6 nm).

Figure 7(b) demonstrates the effect of ASE spectrum broadening after propagating 20 km
of standard communication fiber (SMF-28); ASE polarization at the fiber entrance was
random. In the experiment, a scalable optical amplifier of the “seed” ASE source (discussed
above) was used, permitting to scale ASE power up to 82 mW while keeping unchanged the
ASE spectral width. If one takes 100 ps as the lowest pulse-width limit, the nonlinear length
of the fiber is ~10 km or less; hence, the nonlinear effects appear to be much stronger than the
broadening of ASE pulses because the fiber’s dispersion length is ~500 km.

Curve 1 in Fig. 7(b) shows the spectrum of ASE signal at the fiber input; its shape is
clearly Gaussian with the same width as that shown in Fig. 1(b). Curves 2 to 4 show the ASE
spectra at the fiber output for input powers of 30, 52, and 82 mW, respectively; steady and
symmetrical broadening of the spectra with increasing ASE power is evident from the
spectra’ comparison. The broadened spectra, likewise the histograms of ASE derivatives
(refer to Fig. 7(a)), are characterized by almost triangular profiles when plotted in semi-
logarithmic scale. Slight discrepancy from the triangularity, observed below —13 dB for
maximal ASE power, arises owing to modulation instability. For example, for maximal ASE
power (82 mW), an estimated nonlinear phase shift ¢y, due to SPM mainly matches the range
from zero to 10 rad (at P varied from Om to 10m) and even to larger values for extremely rare
events; at P = P,.q,, Oy = 1 rad.

Note that the inherent to SPM ASE spectral broadening in optical fiber and its dispersion
were recently modeled [19] in assumption that ASE as pump for SCG is harmonically
modulated signal with some average frequency and magnitude. The found above laws may
shed more light on the physics behind the phenomenon.

4. Conclusion

In this paper, we presented the data on noise properties of amplified spontancous emission
(ASE), outcoming a standard low-doped erbium fiber. ASE was optically filtered using a set
of home-made fiber Bragg gratings (FBGs). The obtained ASE spectra were nearly Gaussian
with FWHM of 20 pm (2.5 GHz), i.e. much narrower than the combined RF band of the set of
experimentally used photodetector (25 GHz) and oscilloscope (16 GHz). We also discussed
the effect of narrow-band ASE of moderate (~100 mW) power upon character of spectral
broadening at propagating along a communication fiber.

First, we proved that ASE photon statistics is of thermal type as it is described by M-fold
degenerate Bose-Einstein distribution with M depending on optical spectrum width and
number of polarization states. Also, we found that, for polarized ASE, the degeneracy factor
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(mode number) M is always above unity and, hence, the photon statistics never obeys an
exponential law.

Second, we considered some specific features, relevant to narrow-band ASE noise. It was
shown that it may be represented by train of Gaussian-like pulses with randomly distributed
magnitudes, widths, and sequencing intervals. The probability distributions of pulse
magnitudes slightly deviate from the “ideal” cases (M = 1 and M = 2 for polarized and
unpolarized light, respectively) but their slopes are kept nearly the same. Besides, it was
demonstrated that count of intervals between ASE pulses of the same magnitude fades
exponentially with increasing the interval between pulses: the bigger pulse magnitude, the
slower decay is.

Third, we characterized in detail the distributions of width of ASE pulses in function of
their magnitudes. For pulse magnitudes below five-means of ASE power, the histograms are
strongly asymmetric and broad and their left and right slopes are described in time domain by
the Gaussian and exponential functions, respectively. At increasing pulse magnitudes, the
histograms become narrower and more symmetric. Besides, for pulses with higher magnitude
(above nine-means of ASE power), the histograms match Gaussian distributions. This
signifies that more powerful ASE pulses are more stable in width than less powerful ones.
Importantly, the most probabilistic pulse-width increases with pulse magnitude (from ~200 ps
for the smallest pulses to ~400 ps for the highest ones).

Finally, we examined the influence of ASE pulsing upon broadening of the optical
spectrum at propagating along a communication fiber and demonstrated that the shape of
broadening at the fiber’s output is defined by that of ASE noise derivative (triangular at semi-
logarithmic scaling), characteristic to SPM at weak nonlinearity.
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