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We report a new method to deeply analyze the scrambling characteristic of polarization scramblers based on
density of polarization states (DPS) statistics that makes it possible to describe the DPS distribution in detail on
the whole Poincaré sphere, thus easy to locate accurately the nonuniform areas of defective polarization scram-
blers, which cannot be realized by existing methods. We have built a polarization scrambling system to dem-
onstrate the advantages of our method compared with others by experiments and suggested effective evaluation
indexes whose validity is well confirmed by applying to a commercial scrambler. Our conclusions are valuable for
accurately analyzing and diagnosing the performance of any polarization scrambler, and quality evaluation of
polarization controllers or other polarization devices.
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Polarization-induced penalties such as polarization mode
dispersion (PMD) and polarization-dependent loss/gain
(PDL/PDG), are crucial obstacles to fully realizing ultra-
highspeed long-haul fiber-optic backbone transmission
systems[1–5]. A polarization scrambler, which produces ran-
domly scrambled states of polarization (SOPs), can
mitigate greatly the PMD or PDL/PDG and evaluate
accurately their penalties, thus attracting much more at-
tention[6–9]. Polarization scrambling is usually carried out
directly by a polarization controller with a special algo-
rithm[10] that can be realized in varied ways; for example,
fiber bending or squeezing[11–13], nonlinear effect in fiber[14,15],
liquid core fiber[16], magnetic field modulated D-shaped
fiber[17], and Si photonic integrated circuits[18]. Recently,
some researchers performed polarization scrambling based
on a polarization controller made of a LiNbO3 waveguide,
and obtained a good uniformity and high scrambling speed
(up to 10 Mrad/s)[19–21]. However, due to high insertion loss
(IL), large PDL, and high cost, it is difficult to employ in
high-power optical trunk line systems.
Alternatively, a polarization scrambler made of a fiber

squeezer can overcome all of the above shortcomings,
since it has less IL, PDL, and a lower cost, showing great
potential for practical applications. Taking advantages of
such a scrambler, Yao et al. achieved quasi-uniform rate
polarization scrambling at 752 krad/s[12]. To indicate the
scrambling uniformity, they use the concept of degree-of-
polarization (DOP). It is convenient to operate, but only
gives global information, which omits all the local distribu-
tion nonuniformity. In addition, the geometric approach
to characterize polarization effects has several applications,
such as entropy and DOP for nonlinear optical waves[22], a
correlation-based method to quantify the homogeneity of
random fields[23,24], quantum polarization distributions[25],
and self-polarization effects[26]. To deeply analyze the

scrambling characteristics, we propose in this Letter a novel
method based on density of polarization states (DPS) sta-
tistics[26], which can provide the uniformity of any part on
the Poincaré sphere. Then we develop the experimental
polarization scrambler made of three fiber squeezers, and
demonstrate the effectivity of our method. Moreover, we
further discuss its unique advantage by comparing with
the Stokes components statistics[27]. Finally, by the employ-
ment of a commercial polarization scrambler, we show the
perfect scrambling uniformity according to the appraisal
strategy. The results are available for accurate analysis
of any kind of polarization scrambler, and the quality
evaluation of polarization controllers or other polarization
devices.

In Stokes space, the SOPs at the input and output
of a voltage ðuÞ-controlled fiber-squeezing scrambler are
related by a Muller matrix MðuÞ[13]:

~Sout ¼ MðuÞ~S in; (1)

where ~S in, ~Sout are the input and output Stokes vectors.
An arbitrary small spherical crown, as shown in

Fig. 1(a), can be defined uniquely by its central point P,
and the parameter k ð0 < k < 1Þ as the distance between
two center points of the small part and its cross section.

In polar coordinates, P can be described by a unit
vector ~Sp,

~Sp ¼ ðsin 2θ cos 2φ; sin 2θ sin 2φ; cos 2θÞ;
ð0 ≤ θ ≤ π∕2; 0 ≤ φ ≤ πÞ: (2)

Choosing suitable θ, φ, and k values, we can get any
part of the sphere surface whose scrambling uniformity
is required to be evaluated.
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Obviously, any output SOP (~Sout) of the scrambler can
be expressed by Eq. (2). Since the input SOP is usually
fixed when a scrambler works, ~Sout is only related to
the driving voltage ðuÞ.
According to the model we previously proposed in

Ref. [13], we simulate the polarization scrambling based
on random voltage driving by using MATLAB, whose
results are plotted in Fig. 1(b), where the amount of
the output SOPs is 10,000 and the fixed input SOP ~S in

is (0.5134, 0.6123, 0.6013).
To describe completely the scrambling uniformity of

any parts on the Poincaré sphere, we make use of the
DPS statistics. Given a certain spherical crown with an
area of Σ and the DPS as ρs, its normalized average
DPS can be expressed by

ρ ¼
RR

Σ ρs ds
Σ

·
1
N

; ρ0 ¼
1
4π

; (3)

where N is the total amount of polarization states on the
whole sphere’s surface. When Σ completely covers the
surface of the unitary sphere, one can find that ρ ¼ ρ0.
By comparing the values between ρ and ρ0, we can ob-

tain the following conclusions for qualitatively describing
the scrambling uniformity.
1. 0 < ρ < ρ0, the DPS is sparse.
2. ρ0 < ρ < 1

Σ , the DPS is dense.
3. ρ ¼ ρ0, the DPS has absolute uniformity.
4. ρ ¼ 0 indicates it is a blind area without any SOP.
5. ρ ¼ 1

Σ implies that all of the SOPs focus on the small
part area Σ, and specially, if Σ → 0, ρ → ∞, one will
get the principal SOP, which is a fixed point.

Now we analyze the DPS of the data in Fig. 1(b) accord-
ing to Eq. (3). For instance, when setting k ¼ 0.6 and tak-
ing 200 samples (choosing σ and θ as a random uniform
distribution), we obtain the results in Fig. 1(c) in which
the red and blue caps represent the DPS distribution
on the upper and lower hemispheres, respectively, while
the middle green one is the equator plane. To further
quantify the scrambling uniformity, we calculate the aver-
age DPS and its standard deviation σ and find that they
are σ1 ¼ 0.0095 and σ2 ¼ 0.0074 for the upper and lower
hemispheres, which show the DPS has perfect uniformity.

In general, when k ≤ 0.1, if the average DPS deviates
from ρ0 less than 0.01 and σ ≤ 0.02 for 200 samples, the
polarization scrambler will possess outstanding scram-
bling uniformity and satisfy most of the engineering
applications.

To demonstrate above results, we build the experimen-
tal polarization scrambling system shown in Fig. 2, where
the main unit is a polarization controller (PolaRITETM
II, General Photonics), which is made up of three fiber
squeezers based on piezoelectric ceramics (PZT). The
1550 nm CW laser beam passes through a manual polari-
zation controller, which generates the required input
SOP for polarization scrambling. Three fiber squeezers,
which squeeze the fiber at 0°, 45°, and 0°, respectively,
are driven by a voltage amplifier controlled by the com-
puter. Assisted by the LabVIEW program, we can gener-
ate random voltages following different distributions, such
as uniform, normal, and Rayleigh distributions, which
drive the PolaRITETM II to scramble the output SOPs.
At the output end, the SOPs are measured by a polariza-
tion analyzer (POD-101D, General Photonics).

To obtain enough data for uniformity analysis, we con-
tinuously record 10,000 output SOPs by the polarization
analyzer. Figure 3(a) shows the total experiment results.
Then we choose k equal to 0.1, and take two hundred
groups of SOPs as samples. After calculation, we obtain
that the average DPS is 0.0823, which deviates þ0.0027
from ρ0, while the standard deviation σ ¼ 0.0194. The
statistical distribution is presented in Fig. 3(b), where
the red line denotes the DPS with absolute uniformity
ρ0. Obviously, the DPS above the red line indicates the
SOPs are in a dense area, while below it they are in a
sparse area. Comparing the experimental results with

Fig. 1. Schematic representation of the DPS statistics: (a) sam-
pling a certain part of the Poincaré sphere for DPS statistics,
k, the distance between two center points of the sampling part
and its cross section; (b) scrambling simulation results of 10,000
polarization states; (c) complete DPS distribution of the results
in (b).

Fig. 2. Experimental setup for polarization scrambling. PC:
manual polarization controller, PZT: piezoelectric ceramics,
PA: polarization analyzer.
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the evaluation standard suggested as above, one can find
that our polarization scrambling system has a good
uniformity.
To further confirm it, we use the Stokes components

analysis method as adopted in Ref. [27], and plot the re-
sults in Figs. 3(c1)–3(c3). It is easy to observe that all of
three Stokes components fluctuate slightly, which means
the uniformity of our scrambler is good enough.
In practical cases, it is necessary to accurately figure out

the area with bad uniformity to improve the performance
of a scrambler, and then the DPS statistics method will be
a very useful tool. That cannot be realized by Stokes
components or DOP analysis methods because both of
them omit the local address information of the SOP
distribution.
Let us consider a special case: when some driving parts

of the polarization scrambling system are wrong, the out-
put SOPs will distribute as shown in Fig. 4(a) (S1 < 0,
S2 < 0, S3 < 0; S1 > 0, S2 > 0, S3 > 0), where it shows
undoubtedly that the DPS is absolutely nonuniform be-
cause there are many blind parts on the Poincaré sphere,
although the SOPs distribute uniformly in the emerg-
ing area.
To make it clear, we use the DPS statistics method. As

shown in Fig. 1(c), we set k ¼ 0.06 and obtain the results
in Fig. 4(b), where we can locate the blind areas accu-
rately; moreover, we can also give the DPS uniformity
in the SOP-covering areas whose average DPS is 0.0838
with standard deviations σ1 ¼ 0.1130 (upper) and σ2 ¼
0.1151 (lower), which is much worse according to the
evaluation standard. It is also evidenced by comparing
the normalized average DPS ρ0(1∕4π).
However, if using the Stokes components analysis

method, we can still get the uniform distribution as illus-
trated in Figs. 4(c1)–4(c3) from which one will draw a
wrong conclusion that the scrambler has good uniformity.

Finally, we apply the DPS statistics method to analyze
a high-performance commercial scrambler (PCD-104,
General Photonics). The experimental setup is similar
to that in Fig. 2. We measure and record continuously
10,000 SOPs by the polarization analyzer that are plotted
in Fig. 5(a). To evaluate the scrambling uniformity, we set
k ¼ 0.1, and acquire 200 samples of SOPs. By carefully
calculating, we find the average DPS is 0.0792, which de-
viates only 0.0004 from the absolute uniformity ρ0, while
the standard deviations are σ1 ¼ 0.0061 (upper) and σ2 ¼
0.0088 (lower). All of these results confirm the scrambler

Fig. 3. (a) Experiment scrambling results of 10,000 polarization
states; (b) normalized DPS statistics for k ¼ 0.1; (c1)–(c3) histo-
grams obtained by the Stokes components analysis method.

Fig. 4. (a) SOP distribution on the Poincaré sphere for a defec-
tive polarization scrambling system ðS1 < 0, S2 < 0, S3 < 0;
S1 > 0, S2 > 0, S3 > 0Þ; (b) complete normalized DPS statistics
for k ¼ 0.06; (c1)–(c3) accompanying histograms obtained by
the Stokes components analysis method.

Fig. 5. (a) 10,000 SOPs distribution on the Poincaré sphere for a
commercial scrambler; (b) complete normalized DPS statistics
for k ¼ 0.1; (c1)–(c3) corresponding histograms of DPS statistics
at different values of k.
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has perfect scrambling uniformity, which can also be
observed intuitively in Fig. 5(b).
Furthermore, we analyze the relationship between the

evaluation results and the parameter k. Figures 5(c1)–
5(c3) present three histograms of the DPS for different
values (0.1, 0.06, and 0.02) of k, where the average DPSs
are 0.0792, 0.0791, and 0.0790, with standard deviations
0.0076, 0.0090, and 0.0122, respectively. It is clear that as
the value of k increases, the average DPS decreases a little,
while the standard deviation goes up, but the relative
variation magnitude is much smaller than that of the
parameter k. Thus, it is reasonable for us to choose k ≤
0.1 as the suitable condition for evaluation of polarization
scrambling uniformity.
In summary, we propose and demonstrate the novel

DPS statistics method to evaluate the scrambling perfor-
mance of polarization scramblers that can provide com-
plete DPS distribution on the whole Poincaré sphere, so
it is easy to accurately locate the nonuniform areas for
improvement of a defective polarization scrambler, while
any other methods cannot realize it. We have proved the
advantages of our method compared with others by ex-
periments. By application to a commercial scrambler,
we further confirm the validity of the evaluation standard.
Our results are available to accurately analyze and
diagnose the scrambling uniformity of any polarization
scrambler, and are also valid for quality evaluation of
polarization controllers or other polarization devices.

This work was supported by the National Natural Sci-
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