Demonstration of polarization pulling
using a fiber-optic parametric amplifier
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Abstract:  We report the observation of all-optical polarization pulling of
an initially polarization-scrambled signal using parametric amplification in
a highly nonlinear optical fiber. Broadband polarization pulling has been
achieved both for the signal and idler waves with up to 25dB gain using
the strong polarization sensitivity of parametric amplifiers. We further
derive the probability distribution function for the final polarization state,
assuming arandomly polarized initial state, and we show that it agrees well
with the experiments.
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1. Introduction

In the last few years, several authors have reported all-optical polarization attraction of light
using nonlinear optical effects in fibers [1-6]. Nonlinear polarization pulling appears to be a
promising solution for photonic applications requiring high-precision polarization control and
thus opens up a new means to fully control the state of polarization (SOP) without adding
polarization-dependent losses (PDL), as in conventional polarization controller devices. So far,
nonlinear polarization pulling has been demonstrated using counterpropagating pump waves
[1-3], stimulated Raman scattering [4, 5] and stimulated Brillouin scattering [6].

Asthe parametric amplification isahighly polarization dependent phenomenon, one can also
expect to observe a polarization pulling process in such a device [7-10]. However, except in
refs. [8] and [9], where FOPA-based polarization pulling was previously predicted and theo-
retically analyzed, fiber-based parametric amplifiers (FOPASs) have mostly been used to datein
polarization insensitive applications for optical communications and not for their strong polar-
ization sengitivity [7]. In this work, we report the experimental demonstration of polarization
pulling of an initialy polarization-scrambled signal using a FOPA [7]. Nonlinear polarization
pulling has been achieved for both the signal and idler waves over a broad bandwidth using the
strong polarization-dependent gain (PDG) of parametric amplifiers [7]. We further provide a
theoretical approach based on PDG that agrees well with our experimental results.

2. Experimental setup

The experimental setup of the fiber-optic parametric polarizer is depicted in Fig. 1. Two
linearly-polarized continuous-wave (CW) external cavity tunable lasers are used as the sig-
nal and pump sources. The pump laser was spectrally broadened with a LiNbO3-based phase
modulator driven by a 22— 1 pseudorandom bit sequence at afundamental frequency of 3 GHz
in order to suppress stimulated Brillouin scattering while keeping a constant CW power. Us-
ing a high-resolution optical spectrum analyzer, we measured the broadened pump linewidth
to be Av, =~ 3GHz. The output was launched into a high-power erbium-doped fiber amplifier
(33dBm). A 1 nm-band-pass filter then followed to reduce the amplified spontaneous emission
and to keep the pump optical signal-to-noise ratio (OSNR) as high as possible [11]. The pump
was coupled with the signal into the fiber parametric amplifier using a 99/1 tap fiber coupler.

For the parametric amplifier, we used a highly nonlinear fiber with alength of 490 m, anon-
linear coefficient y = 11.2W~1km~1, a zero-dispersion wavelength of 1553.1 nm, and a polar-
ization mode dispersion of 0.07 pskm~%/2. The pump wavelength was set to A, = 1556 nm to
provide broadband parametric gain in the small anomal ous group-vel ocity dispersion regime of
the highly nonlinear fiber and the signal wavelength was set to As = 1546 nm on the peak of the
anti-Stokes gain band. Since the PMD is equal to 0.07 pskm~Y/2, over alength of 490 m, the
differential group delay is49fs. For asignal at 1546 nm, the period of the signal is5fs. Hence,
the frequency correlation bandwidth over which signals remain correlated in the presence of
PMD isgiven by [(5fs)/(49fs)] x (1546 nm) = 158 nm. Since the pump, signal, and idler are all
within 20 nm, we can ignore decorrelation due to PMD and its impact on the efficiency of the
nonlinear polarization pulling. It aso follows that the interaction between PMD and the Kerr
nonlinearity can be neglected.
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To demonstrate polarization pulling, the input signal SOP was polarization-scrambled us-
ing a commercially available polarization scrambler and the output SOP was analyzed on the
Poincaré sphere by means of a polarimeter. A tunable filter is placed before the analyzer to re-
ject most of the pump power. Output gain spectra were simultaneously recorded using another
optical spectrum analyzer with 1 nm resolution. We also performed a measurement of the PDG
by switching off the scrambler and by measuring the differential gain G between the maximum
and minimum gains for asignal SOP parallel and orthogonal to the pump. These measurements
will servein the following for our theoretical modeling of polarization pulling.

3. Experimental results

Figure 2(a,b) shows the experimental output signal and idler SOPs (sets of 252 data points) on
the Poincaré sphere for four pump powers that vary from 25.2dBm to 29.7 dBm. The experi-
mental values of the degrees of polarization (DOP) calculated from the Stokes parameters are
indicated above each sphere. The DOP is given by [2]

V/(S1)2+ (S2)2 + (Ss)?
So ’

DOP = (@)
where S; are the normalized Stokes parameters on the Poincaré sphere, transformed linearly so
that the SOP of the pump wave is aligned with the S axis. The gain spectra are also plotted in
Fig. 2(c) with the parametric gain, the differential gain G and the signal OSNR in insets.
Figure 2(a,b) shows that the DOP of the signal significantly increases as the parametric gain
increases, that means that the signal is simultaneously polarization-pulled and amplified, asin
Raman or Brillouin amplifiers [4, 6]. We have indeed verified that the SOP of the pump wave
on the Poincaré sphere is located where the polarization of the signal wave is attracted when
the pump power is increased. We note that the axes of the sphere have been transformed so
that the Ss-axis corresponds to the barycenter of the signal SOP measurements. The largest
signal DOP is reached for the maximum parametric gain of 25dB and a PDG of 19 dB in the
undepleted pump regime while the OSNR is 22 dB. Figure 2(b) also shows that the idler SOP
is pulled towards the pump with a better efficiency than the signal. This effect occurs because
theidler wave is generated with a SOP that matches with the pump only due to the strict scalar
phase-matching conditions [12]. Additionally, we have verified that the parametric amplified
spontaneous emission is also polarized parallel to the pump with alarge DOP when turning off
the signal power. This behaviour is a general characteristic of nonlinear polarization pulling,
in this case for the depolarized noise. This property has aready been observed for FOPAs in
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Fig. 1. Scheme of the fiber-optical parametric polarizer; PRBS Generator: pseudorandom

bit sequence generator, PC: polarization controller, OSA: optical spectrum analyzer, EDFA:
erbium-doped fiber amplifier.
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Fig. 2. Output state and degree of polarization of the (a) signal and (b) idler waves measured
by a polarimeter and visualized on the Poincaré sphere while pump power increases from
25.2dBm to 29.7 dBm from left to right. The corresponding gain spectra are shown in (c),
with the input pump power P, the parametric gain Gmax, the polarization dependent gain
PDG and the signal OSNR.

noise figure measurements [11] and with respect to stimulated Brillouin scattering [13].

4. Theoretical model

We now present a theoretical model of polarization pulling based on PDG. In the Jones rep-
resentation, we may write the input polarization vector as Uy, = ¢ u; +c_u_, where u. and
u_ are unit Jones vectors that are aligned with the directions of maximum and minimum gain
and are orthogonal [14]. Note that the SOP of the maximum and minimum gain states are not
the same at the input and output of the fiber. In both cases, we effectively transform the axes
of the Poincaré sphere so that the Sz-axis is aligned with the direction of maximum gain. We
may usefully write ¢, = Acos(6/2)exp(i¢/2) and c_ = Asin(6/2) exp(—i¢/2), where A is
the complex amplitude of the signal, while 6 and ¢ are the angles of the Poincaré sphere polar
coordinates. We may write

2 Re(c.c* . 2Im(c,c* . .
1:%:snecos¢, Szz%zsnesndn
4|+ [c—| |c4[%+c-|
2 2
e 2—|c_
53:%:%9.
|c |4+ c—|
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Thus, we find that 0 is the azimuthal angle for the Stokes vector of the input signal with
respect to the direction of maximum gain. It will be useful to define u = cos@, so that a
change in the spherical angle is given by dQ =sin6dod¢ = dudé¢. It then follows that
¢ =A[(1+u)/2)Y?exp(i¢/2) and c_ = A[(1— u)/2]))Y?exp(—i¢/2). We note that if the
origina signal is distributed uniformly over the Poincaré sphere, then the values of u will be
uniformly distributed between —1 and 1.

The output Jones vector is given by

Uout = Cr Ut exp(g+L)+c_u_exp(g-L), )]

where g, and g_ arethe maximum (parallel) and minimum (perpendicular) gains, respectively.
The output value for u is given by

_lesPexp(2g.L) —|c-|Pexp(2g-L) _ (1+u)—(1-p)G* 3
Hot = e Pexp(29, L) + c_Pexp(2g-L)  (1+u)+(1-p)G T

where G = exp[2(g+ — g-)L] is the differential gain of the PDG. We note that when G — oo,
we find that oy — 1, regardless of the value of u, so that the Stokes vector is pulled to the
positive Sz-axis, as we would expect.

We will calculate the probability distribution function (PDF) for oy To do that, we first
invert Eq. (3) to obtain

— (1+G71)“0Ut_<1_671) (4)
176 ) - (1= 6 tour

The quantity 1 is uniformly distributed between —1 and 1, and we must have p(tout) d out =
p(u)du = (1/2)du. Wefind the PDF as

1 du 261
P(Hout) 2duost [(1+G 1) — (1— G 1)uou)? ©

The corresponding cumulative distribution function is given by

(1+G Yo — (1-G™ 1)

(1561 — (1 G L)jiou] ©

Hout , , 1
F(ﬂout):[1 plu)du’ =5+

As expected, we find that f}l P(Uout) dtout = 1, and the distribution becomes sharply peaked
around uoyt = 1 when G becomes large.

To verify the theory, we make a histogram of the S3-component of the experimental data.
We divide the interval from —1 to 1 into 21 bins with variable interval length Ay = piv1 — Ui,
i =1,21. Thelengthsof interval are chosen sothat n = 12 = 252/21 samplesliein eachinterval.
In Fig. 3(a), we compare the predicted PDF from Eq. (5) to the histogram height n/(NAw;),
where N = 252 is the total number of samples, which we plot at the mid-point of each interval,
W= (Wi + Hi+1)/2. In order to estimate the value of G, we use MATLAB’SNLINFIT function
to carry out anonlinear regression analysis, based on our estimate of the cumulative distribution
function F(ui,G) = Nj/N, where N; = ni is the sum of the samples in al the histogram bins
up to u = pj. The expected error (standard deviation) ranges from 0.26dB to 0.44dB. We
note that when no parametric gain is present, we observe a negative value of G, indicating the
presence of residual PDL that we attribute to the fiber couplers. As expected, an increase in
the gain leads to a sharply peaked PDF in the neighborhood of Loy = 1 in agreement with
the experiments. The agreement between the fitted values of Fig. 3(a) and the experimental
maximal gain is very good, but less in comparison to the PDG. A possible reason is that the
value for the PDG is biased and actually higher, since the measurement requires an accurate
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Fig. 3. (8) Probability distribution of signal S3-component. Crosses: experimental datafrom
Fig. 2; Dotted curves: fits by Eq. (5) with G values and standard deviation o compared to
the experimental values of PDG and the maximal gain in insets, (b) Signal output state of
polarization on the Poincaré sphere calculated from Eq. (3) for the same values of G asthe
maximal gainin Fig 2. The DOPisindicated in the insets.

alignment of the polarization and the spectra were not sufficiently stable to accurately measure
the PDG. In order to confirm this assumption we plotted in Fig. 3(b) the signal SOP on the
Poincaré sphere for the same values of G asthe maximal gainin Fig. 2 using Eq. (3) for Sz and
the corresponding ones for S; and S,. As can be seen, the signal polarization is pulled towards
the Sz-axis with increasing G. The theoretical results agree well with the experimental results
in Fig. 2. However, this also confirms that the PDG in our experiment is actually higher and
close to the maximal gain since the orthogonal parametric gain should be theoretically zero.

5. Conclusion

In conclusion we have proposed and demonstrated a new technique that achieves all-optical
polarization control of light in optical fibers without using polarization-dependent loss, as in
conventional polarizer devices. We demonstrated this technique for an initially unpolarized
beam by using the strong polarization-dependent gain of a fiber-optical parametric amplifier.
Both the signal and idler waves were efficiently repolarized while being parametrically ampli-
fied. We have also presented a theoretical prediction for the output PDF of the DOP, assuming
an unpolarized input, that agrees well with experimental results.
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