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ABSTRACT

Techniques and devices for measuring polarization crosstalk
in birefringence optical media including polarization main-
taining fiber.
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410

-

coupling a linearly polarized light of a broadband spectrum
into an optical birefringent medium to produce an optical
output signal out of the optical birefringent medium

l 420

Using an optical interferometer to obtain optical —_/
interference of light between the two orthogonal
polarization modes in the optical birefringent medium

l

processing the obtained optical interference to obtain an

envelope spectral function of a polarization crosstalk peak 430

due to coupling between the two orthogonal polarization ,/
modes in the optical birefringent medium

l 440

Measuring spectral widths of the envelope spectral function
of a polarization crosstalk peak at two or more locations of
the optical birefringent medium

i 450

Obtaining the birefringent dispersion in the optical _,/
birefringent medium from the measured spectral widths at
the two or more locations

l

Using the obtained birefringent dispersion in the optical _/
birefringent medium to generate a compensation function
for correcting spectral broadening caused by the
birefringent dispersion

\

FIG. 4
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coupling a linearly polarized light of a broadband spectrum
into an optical birefringent medium to produce an optical
output signal out of the optical birefringent medium

l 520

directing the optical output signal to transmit through a /
linear optical polarizer which is polarized in a direction to
cause a mixing between the two orthogonal polarization
modes in optical transmission light of the linear optical
polarizer

l 530

directing the optical transmission light of the linear optical
polarizer into an optical interferometer to obtain optical
interference of light between the two orthogonal
polarization modes in the optical birefringent medium

l 540

processing the obtained optical interference to obtain an
envelope spectral function of a polarization crosstalk peak
due to coupling between the two orthogonal polarization
modes in the optical birefringent medium

l 550

applying a compensation function based on measurements _,/
of the optical birefringent medium to the envelope spectral
function to reduce a spectral broadening in the envelope
spectral function caused by birefringent dispersion in the
optical birefringent medium

FIG. 5
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MEASURING POLARIZATION CROSSTALK
IN OPTICAL BIREFRINGENT MATERIALS
AND DEVICES BASED ON REDUCTION OF
LINE BROADENING CAUSED BY
BIREFRINGENT DISPERSION

BACKGROUND

[0001] This patent document relates to devices, systems
and techniques for measuring optical polarization property in
optical materials and devices.

[0002] Optical polarization is an important parameter of an
optical signal in various optical devices, systems and appli-
cations. The optical polarization of an optical signal can
change or be altered by interacting with an optical medium
having optical birefringence in which light experiences dif-
ferent refractive indices at different optical polarizations.
Fibers, for example, may be optically birefringent and light
propagating in such fibers can change its polarization. The
birefringence of a fiber may change with time, often ran-
domly with the fluctuations in the operating conditions such
as stresses or temperatures in the fiber.

[0003] Polarization maintaining (PM) fiber is an example
of an optical birefringent material and exhibits high birefrin-
gence and supports two discrete polarization modes,
HE*?", and HE/* , that are along mutually orthogonal
slow and fast axes of the PM fiber. The refractive index of the
PM fiber for light polarized along the slow axis in the mode
HES", | ishigher than the refractive index of the PM fiber for
light polarized along the fast axis in the mode HE/*, . When
the light coupled into the PM fiber is linearly polarized along
the slow axis of the PM fiber, only HE*"| | mode is excited
and the optical polarization of the guided light is maintained
along the slow axis; conversely, when the light coupled into
the PM fiber is linearly polarized along the fast axis of the PM
fiber, only HE/***| | mode is excited and the optical polariza-
tion of the guided light is maintained along the fast axis. This
characteristics of preserving optical polarization in the PM
fiber can be used in various applications, such as fiber optic
gyroscopes, integrated optics devices, high-performance
interferometer and Polari metric sensors, quantum key distri-
bution, and fiber lasers. Perturbations to PM fiber, such as
stresses exerted on PM fiber, may cause optical coupling or
crosstalk between the two orthogonal polarization modes
where optical energy of one polarization mode transfers to
optical energy of another polarization mode or vice versa.

SUMMARY

[0004] This document includes techniques and devices for
measuring polarization crosstalk in birefringence optical
birefringent media including polarization maintaining fiber.

[0005] In one aspect, a method for measuring polarization
crosstalk in an optical birefringent medium is provided to
include coupling a linearly polarized light of a broadband
spectrum into an optical birefringent medium that supports
two orthogonal polarization modes due to optical birefrin-
gence to produce an optical output signal out of the optical
birefringent medium; directing the optical output signal into
an optical interferometer to obtain optical interference of
light between the two orthogonal polarization modes; pro-
cessing the obtained optical interference to obtain an enve-
lope spectral function of a polarization crosstalk between the
two orthogonal polarization modes in the optical birefringent
medium; and applying a compensation function based on
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measurements of the optical birefringent medium to the enve-
lope spectral function to reduce a spectral broadening in the
envelope spectral function caused by optical birefringent dis-
persion in the optical birefringent medium.

[0006] One implementation of the above method includes
using spectral widths of the envelope spectral function mea-
sured at two or more different locations along the optical path
in the optical birefringent medium to extract the optical bire-
fringent dispersion of the optical birefringent medium; and
using the obtained birefringent dispersion in the optical bire-
fringent medium to generate the compensation function for
correcting spectral broadening caused by the optical birefrin-
gent dispersion in the optical birefringent medium. In this
regard, the method may be implemented to further include
applying the compensation function to the envelope spectral
function by multiplying the envelope spectral function by the
compensation function to produce a modified envelope spec-
tral function that has a spectral width with reduced spectral
broadening caused by the optical birefringent dispersion.

[0007] The above and other aspects and their implementa-
tions area described in detail in the description, the drawings
and the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0008] FIG. 1 shows an exemplary device for measuring
spatial distribution of polarization crosstalk in an optical bire-
fringent medium (e.g., a PM fiber) by using an optical inter-
ferometer, where FIG. 1A shows the components of the
device, FI1G. 1B illustrates the orientation of the optical polar-
izer with respect to optical axes of the PM fiber and FIG. 1C
illustrates a situation where stresses are present at multiple
locations along the PM fiber to induce cross talk between the
two orthogonal polarization modes of the PM fiber.

[0009] FIG. 2 shows an exemplary device for measuring
polarization crosstalk in an optical birefringent medium (e.g.,
a PM fiber) by providing an optical delay device between the
PM fiber under test and the optical interferometer, where
inserts further illustrate operation of the device.

[0010] FIG. 3 shows an example device for measuring
polarization crosstalk in an optical birefringent medium
based on applying a birefringent dispersion compensation
function.

[0011] FIG. 4 shows an example of a process for obtaining
the birefringent dispersion compensation function based on
measuring spectral widths of the envelope spectral function
of'a polarization crosstalk peak at two or more locations of the
optical birefringent medium.

[0012] FIG. 5 shows an example of a process for measuring
the polarization crosstalk in an optical birefringent medium
such as PM fiber based on applying a birefringent dispersion
compensation function.

[0013] FIG. 6 shows an example of a polarization cross-talk
curve of a PM fiber coil. The inserts show both the amplitude
and width of cross-talk envelopes at output and input connec-
tors, as well as in the middle region of the fiber before (solid
line) and after (dotted line) birefringence dispersion compen-
sation.

[0014] FIG. 7A shows exemplary measurements of the
envelop widths of crosstalk peaks induced by stress at various
locations PM fiber samples by using the system in FIG. 3.
FIG. 7B shows exemplary measured values d crosstalk of the
input connector with six different PM fiber lengths.
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DETAILED DESCRIPTION

[0015] Examples for implementing techniques and devices
in measuring polarization crosstalk between two polarization
modes in an optical birefringent medium are provided based
on optical interferometric measurements of PM fiber. The
described techniques and devices can be used to effectively
suppress undesired spectral broadening caused by optical
birefringent dispersion in the PM fiber. Broadband light can
be used in the described techniques and devices to obtain
spatially resolved distribution of stresses along the PM fiber
by analyzing stress-induced polarization cross-coupling
along the length of the PM fiber. High measurement sensitiv-
ity, a wide dynamic range, and high spatial measurement
accuracy can be achieved by using the described techniques
and devices.

[0016] In a PM fiber, when the launched light is perfectly
aligned along slow or fast axis at the input of the PM fiber, the
optical coupling between the two polarization modes in the
PM fiber occurs because intrinsic defects exist in the PM fiber
or/and external stresses exerted on the PM fiber. The mode
coupling between the slow axis and fast axis of the PM fiber
can be characterized with polarization crosstalk. One way to
represent the polarization crosstalk is the light intensity ratio
between the light in the two polarization modes with optical
polarizations along the slow and fast axes, respectively. In
practical applications, itis desirable to identify the position of
the polarization crosstalk in the PM fiber and to measure the
degree of the polarization crosstalk. For example, in fiber
optic gyroscopes application, the polarization crosstalk mea-
surements can be used to screen the PM fiber before winding
PM coil and to control crosstalk degradation during coil
winding and to diagnose the PM coil problem after winding.
The PM fiber can be used as an optical sensing medium and
the polarization crosstalk can be used as a sensing mecha-
nism. For example, the polarization crosstalk measurements
can be used to obtain the stress distribution along the PM fiber
and monitor space-resolved structural changes along bridges,
tunnels, dams, pipeline or pipes for transporting a liquid (e.g.,
oil) or a gas (e.g., natural gas), or buildings. The polarization
crosstalk measurements can also be used to detect an intru-
sionto a PM fiber link because mechanical disturbances to the
PM fiber introduced by the intrusion causes polarization cou-
pling in the PM fiber. The polarization crosstalk measure-
ments can be used for PM fiber quality inspection by identi-
fying defective sections of PM fiber where the crosstalk
occurs, enabling the manufacturers or users to remove the
defective fiber sections or take preventive measures to miti-
gate the impact of such defects. The polarization crosstalk
measurements can also be used for measuring high polariza-
tion extinction ratios of a polarizing waveguide, obtaining the
autocorrelation function of a light source, measuring the bire-
fringence of a PM fiber and the lengths of PM fibers and
single-mode (SM) fibers, and matching the optical path
lengths of an interferometer.

[0017] Optical interference between light waves along the
slow and fast axes of the PM fiber can generate real optical
interference signals generated at the cross coupling locations
in the PM fiber and ghost interference signals caused by the
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multiple coupling of light wave among multiple crosstalk
points. The ghost signals can be strong when there are several
strong coupling points on PM fiber, and thus result in wrong
identification of crosstalk position and amplitude.

[0018] FIG. 1 shows an exemplary device 100 for measur-
ing spatial distribution of polarization crosstalk along a PM
fiber by using an optical interferometer, where FIG. 1A shows
components of the device, FIG. 1B illustrates the orientation
of'the optical polarizer with respect to optical axes of the PM
fiber and FIG. 1C illustrates a situation where stresses are
present at multiple locations along the PM fiber to induce
cross talk between the two orthogonal polarization modes of
the PM fiber.

[0019] In this example, a broadband light (101) from a
broadband light source is directed into the PM fiber at posi-
tion A (110). The light (101) has one polarization component
aligned to the slow axis of the PM fiber. Stress at position B
induces polarization coupling between the two orthogonal
polarizations along the fast and slow axes ofthe PM fiber and
produces a polarization component aligned to the fast axis.
Because the two polarization components travel at different
group velocities in the PM fiber, the two polarization compo-
nents experience a delay difference at the output (111) of the
fiber (position C):

Az=nz-ng=Anz M

where n, and n,are the refractive indices of the slow and fast
axes, respectively, the difference between the two refractive
indices An is the birefringence, and z is the distance between
the coupling point B and the output point C. If an optical
polarizer (120) with its optical polarization axis oriented at 45
degrees from the slow axis (FIG. 1B) is placed after the fiber
output (111), one half of the optical power in each of the two
polarization components passes through the polarizer (120)
and emerges with the same polarization state which is linear,
aligned to the polarizer axis of the polarizer (120).

[0020] Therefore, when an optical interferometer is used to
receive the output light from the polarizer (120), the presence
of the polarizer (120) can cause the received light, which
includes two polarization components that are respectively in
the two polarization modes in the PM fiber, to optically inter-
fere. This optical interference can then be used to perform the
polarization crosstalk measurements.

[0021] InFIG.1,aMichelson interferometer is shown as an
example for implementing the optical interferometer. A beam
splitter 130 is provided to receive the output light from the
polarizer 120 and splits the received light into a first beam
along a first optical path 142 to a fixed mirror 140 and a
second beam along a second optical path 143 to a movable
minor 141. An actuator is engaged to the movable mirror 141
to move the position of the movable minor 141 to adjust the
optical path length of the second optical path 143 relative to
the first optical path 142. The two mirrors 140 and 144 reflect
the two beams back to retrace the first and second optical
paths to reach the beam splitter 130. The reflected beams from
the two mirrors 140 and 141 spatially overlap with each other
at the beam splitter 130 and optically interfere to produce the
optical output 132 which contains the optical interference
signal which has periodic interference peaks as the mirror 141
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is moved in position. The distance associated with the move-
ment of the minor 141 between the two adjacent interference
peaks in the optical interference signal is Anz and, accord-
ingly, from Eq. (1), the location of the coupling point in the
PM fiber is z=Az/An. The coupling point can therefore be
located using the interference graph. The coupling ratio can
also be calculated from the strength of the interference peaks.

[0022] FIG. 1C illustrates presence of multiple coupling
points in the PM fiber. Under this condition, the measurement
process is more complicated. Assuming there are (n+1) cou-
pling points (X, X; X, . . . X,) in the PM fiber, a linearly-
polarized input wave packet (112) along the slow axis splits to
2" small wave packets along the slow axis and 2” small wave
packets along the fast axis at the output end of PM fiber (113).
Therefore, after the ith coupling point, the two wave packets
sequences P,; and P, polarized along the slow axis and fast
axis respectively include 2' wave packets in each sequence
and their optical paths length can be described as

Py @

Pr1
Pr1

P =
5T P

52

where P, ;(j=1t02") and P, ,(j=1 to 2') represent the optical
patch lengths of the jth wave packet in sequences P, and P,
respectively. The optical path length of the wave packet
sequences after the (i+1)th coupling point can be calculated

by

(Xip1 = xi)ng + Pg;p (3)
(Xiy1 = Xidng + P2

Kivt =X + P i

P =P, =
sl = e (Xip1 —xng + Py

(Xiy1 = Xidng + Ppo

(irr = x00ng + Ppyi
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[0023] Based on formula (3), the optical path length of the
wave packet at output of PM fiber can be obtained by

Pon = Py @

(Xn = Xp—1)s + Psyy 1

(Xn = Xp-1)s + Psp_12
(o = X1 s + PS | 1
(X = X + Pf,H‘_1

(X = Xp-1)1p + Pf'l*1i2

o = Xn-1)g + Py net

(X — Xo)s

(Xn = Xp-1)s + Psp—12

(X = X105 + PS,_j an-1
= (Xn = Xp-1)R0f +[7ﬁn71‘-1

(% = Xp-ny + Pfrrl,Z

(X = Xp-1)5 + P&7172n7171

(%, —xo)n s

and the corresponding intensity 1, and I, of wave packet
sequences P, and P, can be calculated by the following
formulae:

Isp-1 Cn (&)
= Vi

1+¢, @ 1+¢, -1
Isp-1,1 /(1 +cp)
Isp-12/(1+cp)

Isp-13/(1+cp)

Is,

Is, | 51 J(L+c,)
o #xen/(1+cy)
oz /(1+cy)
Hfoiz#en/(1+cy)

I 1 #cn[(L+cp)
Isp-11 /(1 +cp)
Isp12/(1+cy)
Isp13/(1+cy)

Is, yyim1 [(1+¢n)
0
0
0
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-continued

©

1
Vi Is,_ —f,_
If, 51@1+Cnfn1

“Tvon
Isp-1,1 #Cn [ (1 +cp)
Isp-12 %0 [ (1 +cp)

Isp-13 %0, /(1 +¢y)

15n71,2"*1 zc, [ (L+c¢,)
=l /e
Hoor2 /(L +cy)
Hoorz /(L +cy)

Iyt [(L+en)
0
0
0
0
e Ifn,lyl/(l +cn)

Ifnflyz/(l +cp)
If,kl,3 /0 +c,)

It /(L)

where c,, is the coupling coefficients at point xn, and can be
used to represent a crosstalk parameter defined by
Crosstalk=abs(10*log c,).

[0024] After passing through the 45° aligned polarizer
(120), the two wave packet sequences P, and P, originally
polarized along the slow axis and fast axis in the PM fiber, will
be the mixed into one wave packet sequence polarized along
transmission direction of the polarizer (120). The optical path
length P and the corresponding optical intensity of the wave
packet sequence polarized along transmission direction of the
polarizer (120) can be calculated as

pl (X = X2 (@)
p2 (X = X115 + P12
p3 '
: (¥ = X5 + Ps, | 1
p= _ (xn—xn,l)nf+mel‘_1 =[P5n—1 ]
P

(X = Xp-1)R5 + P,H'2

G = Xn-)y + Py 1y

pan (Xn — x0)12f
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-continued
Ispy1 /(L +cp) (8)
Isp12/(L+cp)
Isp13/(L+cp)

Is, | i1 J(L+c,) Is, |
fopn /(L4 cn) - ( If, 1 ]
o3/l +c)
o3/l +c)

Byt (L4,

[0025] Asthe minor 141 moves to change its position in the
second optical path, any two pulses in wave packet sequence
P (see formula 7) can generate an interference signal and the
position of interference pattern is determined by the delay
difference between these two pulses. There are total 2*(2”-
1)/2 peaks that are generated in which there are n interference
peaks representing the actual coupling points and the rest of
the interference peaks are ghosts peaks. These ghost peaks
not only generate fake coupling signals, but also can possibly
produce compositions at the true interference peaks associ-
ated with the true coupling locations. Therefore, the presence
of the ghost peaks degrades the measurement accuracy in
measuring the crosstalk distribution and amplitude.

[0026] Formulae (7) and (8) show that, the wave packet
sequence has two groups, one represented by the top half of
Formula (7) and comes from Psn_| polarized along the slow-
axis when in the PM fiber, and another is represented by the
bottom half of Formula (7) and comes from Pf, ; polarized
along the fast axis when in the PM fiber. The positions of
interference patterns between any two pulses in the group
Ps,_; have nothing to do with the length of the last PM seg-
ment (X,~X,, ), and their delay difference are all shorter than
the (x,,_,—x0)*An. The positions of interference patterns
between any two pulses in the group Pf, ; also has nothing to
do with the length of last PM segment (X,-X,, ), and their
delay difference are all less than the (x,_,—x0)*An. For the
interference between top and bottom half of wave packet P,
the delay difference between any one wave packets from
group of Ps, ; and Pf, ,, respectively, is (X,,—X,,_, )JAn+(Ps,
=Pt ;). If the length of the last PM segment x,-x,, , is
longer than the length of the total length (x,,_,—x,) of the PM
segments from 0 to n—1, the interference peaks will split into
two groups at position. One group is generated by the inter-
ference between any two wave packets in sequence Ps, _; or
P,.,; another group is generated by the interference between
one wave packet in sequence Ps, ; and one in P, respec-
tively. A high value for the extinction ratio (ER) of a PM fiber
link generally suggests that the coupling coefficients of c1, c2
... ci in the PM fiber link are very small so the pulse P1 in
formula (7) has a relatively high power. If the wave packets
generated by over two times coupling and over three order’s
interference are ignored, there are only n interference signals
in the second interference group and the corresponding delay
difference between the first optical path 142 as the reference
arm of the optical interferometer (in FIG. 1A) and the second
optical path 143 as the changing arm of the optical interfer-
ometer are:
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0 )
(Xn-1 = Xp—2)An
(Xn-1 = Xp-3)An
(X — X1 )AR + .
(Xp-1 = X0)An

which corresponds to the coupling points from 0to n—1 at the
PM fiber.

[0027] To reduce the ghost interference peaks, an optical
delay can be inserted between the PM fiber and the polarizer
(212)to selectively cause an additional delay in light in one of
the two polarization modes of the PM fiber. FIG. 2 shows an
exemplary device for measuring spatial distribution of polar-
ization crosstalk along a PM fiber by providing an optical
delay device between the PM fiber under test and the optical
interferometer, where inserts further illustrate operation of
the device. The input light (201) is split to two orthogonal
sequences wave packets after passing though the PM fiber
under test (202) and the two sequences are polarized along the
slow-axis and the fast-axis of the PM fiber, respectively. The
delay device 210 adds an additional delay L. between these
two orthogonal wave packet sequences, and the delay L in
vacuum should be longer than An*1 where An is the birefrin-
gence of the PM fiber and 1 is the length of the PM fiber and
the additional delay L. is added to the light polarized along the
slow axis of the PM fiber in this example. After passing the 45
degree aligned polarizer (220), these two sequences of wave
packets with the additional delay L. are mixed together with
the same polarization state defined by the polarizer (220). An
optical interferometer 230 is provided downstream from the
polarizer (22) to produce a serial of interference signals at
delays between An*1 and (L-An*1), these interference signals
only correspond the real signals caused by polarization cou-
pling at coupling locations and ghosts peaks are suppressed or
eliminated. A processing device 240 is provided to receive the
output of the optical interferometer 230 and processes the
data in the output to generate the measurements for the loca-
tions of coupling points in the PM fiber and the magnitudes of
the coupling at the respective coupling points.

[0028] Consider a situation where there are three coupling
points x1, x2 and x3 along the PM fiber and the light input to
the PM fiber has no fast axis component and is polarized
along the slow axis of the PM fiber. At each coupling point,
light is coupled not only from the polarization mode along the
slow axis to the polarization mode along the fast axis, but also
from the polarization mode along the fast axis to the polar-
ization mode along the slow axis. As a result of this coupling,
the resulted wave packet series output by the PM fiber include
wave packets caused by multiple couplings.

[0029] After passing through the 45° oriented analyzer, the
wave packets aligned to the slow and fast axes will be mixed
together. If this mixed light is input to an interferometer, a
series of interference peaks can be observed as the delay in
one arm of the interferometer is changed. Generated interfer-
ence peaks represent both actual coupling points in the PM
fiber and ghost peaks which do not correspond to actual
coupling points in the PM fiber and thus can undesirably
cause errors in identification of the actual coupling points.
Ghost peaks can also be superimposed on the real peaks,
reducing the crosstalk measurement accuracy.
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[0030] In order to suppress the number and magnitude of
the undesired ghost peaks, the delay device 210 in FIG. 2 can
be inserted between the PM fiber’s output and the polarizer’s
input. This delay device is polarization selective and can add
an additional delay between the slow axis and the fast axis of
the PM fiber. Thus, the two wave packet sequences from the
fast-axis and slow-axis are separated in time after the light
passes through the analyzer. If we preset the same delay offset
between the fixed and moving arms in the interferometer, the
zero order, second order and most higher order interference
signals will not be generated as the delay line scans; therefore,
most of the ghost peaks disappear during measurement. Con-
sequently, the device in FIG. 2 has higher position measure-
ment accuracy, higher dynamic range and higher sensitivity
than other interferometer-based devices such as the device in
FIG. 1.

[0031] The polarization-selective optical delay device
(210) in FIG. 2 can be implemented in various configurations
and can be selected based on the needs of a particular appli-
cation for the device (210) in FIG. 2. Light in the two polar-
ization modes of the PM fiber can be separated into two
optical signals along two separate paths by using a polariza-
tion beam splitter and a variable optical delay mechanism can
be used to cause a variable optical delay between the two
separated optical signals before recombining the two sepa-
rated signals into a combined optical signal for subsequent
processing by the downstream linear optical polarizer and the
optical interferometer. These examples can be configured as
fixed optical delay devices that produce a desired optical
delay AL(>An*1 where 1 is the length of PM fiber under test)
or a variable delay that can be controlled to be at the above
desired optical delay AL. The ghost peaks can be suppressed
by using the proper delay as shown in FIG. 2 as described in
U.S. Patent Publication No. US 2011/0277552 A1 under U.S.
patent application Ser. No. 12/780,593 entitled “Measuring
distributed polarization crosstalk in polarization maintaining
bier and optical birefringent material” and filed on May 14,
2010, which is incorporated by reference as part of the dis-
closure of this document.

[0032] Space-resolved polarization cross-talk measure-
ments along a polarization maintaining (PM) fiber have vari-
ous applications, including distributed stress sensing, fiber
gyro coil inspection, PM fiber birefringence and beat length
measurement, polarization cross-talk location identification
in a PM fiber interferometer system, and PM fiber quality
inspection. Scanning Michelson white light interferometers
can be used to obtain such distributed polarization cross-talk
measurements. Unfortunately, as the length of the fiber under
test (FUT) increases, the measured cross-talk peaks will be
broadened due to birefringence dispersion, resulting in
reduced spatial resolution and degraded cross-talk measure-
ment accuracies for PM fibers with a length exceeding certain
lengths, e.g., a few hundred meters.

[0033] The techniques provided here can be used for
improving the resolution and accuracy of distributed polar-
ization cross-talk measurements in a polarization maintaining
(PM) fiber against its birefringence dispersion. In some
implementations, the broadening of measured polarization
cross-talk peaks caused by birefringence dispersion can be
restored by simply multiplying the measurement data with a
compensation function. The birefringence dispersion vari-
able in the function can be obtained by finding the widths of
measured cross-talk envelops at known distances along the
fiber. This technique can effectively improve spatial resolu-
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tion and amplitude accuracy of the space-resolved polariza-
tion cross-talk measurements of long PM fibers.

[0034] In the following sections, implementations details
are provided for mathematically compensating the birefrin-
gence dispersion in polarization cross-talk measurements of a
PM fiber to improve the spatial resolution and measurement
accuracy. An example of the compensation function is
derived to demonstrate that the effect of birefringence disper-
sion on polarization-cross-talk measurements can be com-
pensated mathematically. An exemplary white light interfer-
ometer based distributed polarization cross-talk analyzer is
described. This device was used to measure the initial space-
resolved polarization cross-talk peaks along the PM fiber and
the spectral widths of the cross-talk peaks as a function of
their location along the fiber to obtain the birefringence dis-
persion AD for the dispersion compensation function. In addi-
tion, numerical multiplication of the compensation function
with the original measured cross-talk data is performed to
eliminate the dispersion induced broadening of the cross-talk
peaks. Experiments conducted with a PM fiber coil of 1.05
km length demonstrates that the method is effective in
improving the spatial resolution and cross-talk measurement
accuracy and can be readily incorporated in the analysis soft-
ware. The described technology can be used in various appli-
cations, e.g., obtaining accurate polarization cross-talk mea-
surements of PM fiber coils with lengths of longer than a few
hundred meters and can be used to use the externally triggered
crosstalk and the measurements of such crosstalk for various
measurements and sensing applications

[0035] FIG. 3 shows an example of a device for measuring
a PM fiber coil. This device can function as a distributed
polarization crosstalk analyzer. A polarized broadband light
source 301 is coupled into one of the principal polarization
axes of an optical birefringent medium 110. Such a polarized
broadband light source 301 can be implemented in various
configurations, such as a combination of a broadband light
source and an optical polarizer. In the example in FIG. 3, the
polarized broadband light source 301 is shown as a polarized
super luminescent diode source (SLED) with a short coher-
ence length. The polarized output light 101 is directed to be
aligned with the slow axis of a PM fiber 110 at point A which
is an input fiber connector for connecting the PM fiber coil
110. The PM fiber coil 110 terminates at the output connector
C to output light to an optical linear polarizer 120 which is
oriented at an angle with respect to the two principal polar-
ization axes of the PM fiber coil 110, e.g., at 45 degrees.
Referring to FIG. 1B, the polarizer 120 transmits part of the
light output from the PM fiber coil 110 and mixes the two
orthogonal polarizations together.

[0036] The PM fiber coil 110 is an optical birefringent
medium that supports two orthogonal polarization modes
along the PM fiber slow and fast principal axes and the input
polarization of the light 101 is aligned with one of the prin-
cipal polarization axes at the input point A, e.g., the slow axis.
The optical output signal out of the optical birefringent
medium 110 is directed the optical interferometer 230 to
obtain optical interference of light between the two orthogo-
nal polarization modes. The optical interferometer 230 pro-
duces an optical interference signal 312. A photodetector 150
is used to convert the signal 312 into a detector signal that
carries the optical interference information. A data acquisi-
tion device or card (DAQ) 330 is used to covert the detector
signal into data and a processor 340, e.g., a microprocessor or
computer, is used to receive the data and processes the
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obtained optical interference to obtain an envelope spectral
function of a polarization crosstalk between the two orthogo-
nal polarization modes in the optical birefringent medium
110. Notably, the processor 340 is programmed to apply a
compensation function based on measurements of the optical
birefringent medium 110 to the envelope spectral function to
reduce a spectral broadening in the envelope spectral function
caused by optical birefringent dispersion in the optical bire-
fringent medium 110.

[0037] The optical interferometer 230 in FIG. 3 is a fiber-
based optical interferometer that includes a fiber coupler 310
with four fiber ports: port 1 as the interferometer input for
receiving light from the polarizer 120, port 2 as the interfer-
ometer output port for sending out the signal 312, port 3 for
connecting to a first optical path of the interferometer 230 and
port 4 for connecting to a second optical path of the interfer-
ometer 230. The fiber coupler 310 splits the input light into a
first beam to the port 3 and the first optical path and a second
beam to the port 4 and the second optical path. The first
optical path includes a fiber which terminates at a first Fara-
day minor 321 which rotates polarization of light by 45
degrees in one pass and thus produces a 90-degree rotation in
the polarization of the reflected light. Similarly, the second
optical path includes a fiber which terminates at a second
Faraday minor 321 which produces a 90-degree rotation in
the polarization of the reflected light. The reflected light
beams from both the first and second optical paths are then
mixed at the fiber coupler 310 to cause interference based on
the optical path length difference between the first and second
optical paths. This is a Michelson interferometer. A variable
delay mechanism is provided to control the relative delay
between the two paths. For example, a variable delay element
323 is placed in the first optical path in FIG. 3 to adjust and
control the relative delay in response to a delay control signal
342 from the processor which further operates as a control
device. In operation, the variable delay element 323 is
scanned to operate the interferometer 230 as a scanning
Michelson interferometer.

[0038] Consider an example in FIG. 3 where, at point B in
the PM fiber coil 110, a polarization cross talk is induced by
an external disturbance and some light is coupled from the
initial input polarization at point A along the slow axis of the
PM fiber coil 110 into the fast axis of the PM fiber 110 with a
coupling coefficient parameter represented by the intensity or
power ratio between the two polarizations h=I,/I,, where I,
and I, are the powers in the fast and slow axes of the PM fiber
110, respectively. Because light polarized along the fast axis
travels faster than that along the slow axis, at the output point
C of the fiber 110, the faster component is ahead of the slow
component by AnZ, where An is the group birefringence of
the PM fiber 110 and Z is the fiber length between the cross-
talk point B and the fiber end at point C. The polarizer 120
oriented at 45° to the slow axis placed at the output of the fiber
projects both polarization components onto the same direc-
tion to cause interference between the two components in a
scanning Michelson interferometer 230. When the relative
optical path length is scanned, an interference peak appears
when the polarization components overlap in space and dis-
appears when they are separated more than the coherence
length of the light source 301. The location B where the
cross-talk occurs can be calculated from z=Az/An and cross-
talk amplitude h can be obtained from the interference signal
amplitude. FIG. 3 shows a train of the signals at three loca-
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tions A, B and C in the PM fiber coil 110 illustrating polar-
ization components along the slow axis and the fast axis.
[0039] The envelope of a measured cross-talk peak (the
interference peak) is influenced by the spectral distribution of
the light source 301 and the birefringence dispersion AD of
the PM fiber 110. Assume that the SLED 301 has a Gaussian
spectral shape, the cross-talk envelope (the degree of coher-
ence) y can be derived as the function of birefringence dis-
persive AD and the distance Z of cross-talk point measured
from the output:

(L+p%)"2Wo

Vh-n2
¥z, AD)| = L eXP{—

where
dd=(AnZ-d) (11
p=2mc(ANAg)’ADZ=0ADZ (12)
AD=dv/dh=— [ 2nc)(PAP/dw?)o (13)

In the equations above, d is the path length imbalance of the
scanned Michelson interferometer, p is the accumulated bire-
fringence dispersion along the fiber, ¢ is the speed of light in
free space, A\ and A, are the spectral width and center wave-
length of the light source, Af is the propagation constant
difference of two polarization eigenmodes, W, is the 1/e
width of the interference envelope when the dispersion p is
zero. This width is also the coherence length of the light
source. Based on Eq. (11), the parameter dd can be adjusted
by varying the path length difference d of the delay line in the
interferometer. The interference signal appears when the path
length imbalance d compensates for optical path length dif-
ference AnZ between two polarization modes. Eq. (11) to Eq.
(13) indicate that both the magnitude and the shape of the
measured cross-talk envelope are functions of AD and Z. The
degrading effects of birefringence dispersion AD on a cross-
talk measurement are the reduction of the cross-talk enve-
lope’s amplitude and the broadening its shape as Z increases.
[0040] Notably, the effects of birefringence dispersion can
be directly removed by multiplying the cross-talk measure-
ment data with a dispersion compensation function K(p):

Ky =V1+7 exp{—

28dp ]2} (14
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Therefore, the original cross-talk envelope can be completely
restored by simply multiply Eq. (14) with Eq. (10):

26d \? 15
y(Z, AD)-K(p) = Vh—h? exp[—(v] } 1

0

In order to complete the compensation function, the birefrin-
gence dispersion AD or p must be obtained first. From Eq.
(10) one yields the relation between envelop broadening and
birefringence dispersion as:

W/W,=(14p°) ?=(1+(aAD)* 7' (16)

Therefore, in principle the birefringence dispersion AD can
be readily calculated by measuring the widths of cross-talk
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envelops at input (Z=L) and output (Z=0) ends of the PM
fiber. In practice, in order to increase the accuracy of AD,
widths of cross-talk envelops at multiple locations along the
PM fiber are measured and AD is obtained by curve-fitting to
Eq. (16).

[0041] FIGS. 4 and 5 illustrate operational processes of the
device in FIG. 3.

[0042] FIG. 4 shows an example of a process for obtaining
the birefringent dispersion compensation function based on
measuring spectral widths of the envelope spectral function
of'a polarization crosstalk peak at two or more locations of the
optical birefringent medium. At 410, a linearly polarized light
of'a broadband spectrum is coupled into the optical birefrin-
gent medium in a direction along which the optical birefrin-
gent medium supports two orthogonal polarization modes
due to optical birefringence to produce an optical output
signal out of the optical birefringent medium. At 420, the
optical interferometer is used to process the optical output
signal to obtain optical interference of light between the two
orthogonal polarization modes in the optical birefringent
medium. At 430, the obtained optical interference from the
optical interferometer is processed to obtain an envelope
spectral function of a polarization crosstalk peak due to cou-
pling between the two orthogonal polarization modes in the
optical birefringent medium. At 440, spectral widths of the
envelope spectral function of'a polarization crosstalk peak are
measured at two or more locations of the optical birefringent
medium, e.g., the input point A and output point B in FIG. 3.
Step 450 is carried out to obtain the birefringent dispersion in
the optical birefringent medium from the measured spectral
widths at the two or more locations. At step 460, the obtained
birefringent dispersion in the optical birefringent medium is
used to generate the compensation function for correcting
spectral broadening caused by the birefringent dispersion.
[0043] Based on the birefringent dispersion compensation
function obtained in FIG. 4, FIG. 5 shows an example of a
process for measuring the polarization crosstalk in an optical
birefringent medium such as PM fiber based on applying the
birefringent dispersion compensation function.

[0044] FIG. 6 is ameasured polarization cross-talk curve of
a PM fiber coil based on FIG. 3, showing the effects of
birefringence dispersion on the measured cross-talk peaks
and how the compensation removes those effects. The peaks
at far left and far right correspond to cross-talks induced at
output and input connectors A and C from slight fiber axis
misalignment. The small peaks in between are the cross-talks
induced by stresses during fiber winding process. The solid
line in the right insert shows that birefringence dispersion
causes two adverse effects: (1) broadening the envelop and
(2) diminishing the amplitude of the cross-talk peak occurred
at input connector A. The dotted line shows that both the
envelop and the amplitude of the cross-talk peak are restored
after dispersion compensation is performed. In particular, the
envelope width of the peak at input connector is 34.1 um after
dispersion compensation, which is close to 32.4 pm of the left
peak induced by the output connector C with zero dispersion
(Z=0).

[0045] FIG. 7A shows the measured envelope width as a
function of the distance Z. in various tests conducted by using
the system shown in FIG. 3. Measurements for multiple
polarization cross-talks were performed at different locations
along the PM fiber under test. The measurements clearly
show that the width increases quadratically with distance Z
due to the effect of birefringence dispersion. This behavior is
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in agreement with Eq. (16). Under the condition of the tests
with the PM fiber used, such width broadening due to bire-
fringence dispersion starts to degrade the spatial resolution of
polarization cross-talk measurements for distance larger than
about two hundred meters.

[0046] The birefringence dispersion AD of the PM fiber is
then accurately obtained by the least-squares fitting the data
to Eq. (16) to be 0.0014 ps/(km nm). Substituting the fitting
obtained values of aAD into Eq. (14), we complete the dis-
persion compensation function. Multiplication of the disper-
sion compensation function with the original measured cross-
talk data produces a modified cross talk data where the
dependence of polarization cross-talk on birefringence dis-
persion AD is cancelled.

[0047] FIG. 7A shows an example of the envelop width of
crosstalk peaks induced by stress at various locations along a
PM fiber. The squares in FIG. 7A represent the envelope
widths after the width broadenings of the cross-talk peaks are
removed from the initial measured envelope widths repre-
sented by dots after the dispersion compensation is per-
formed. FIG. 7B shows exemplary measured values d
crosstalk of the input connector with six different PM fiber
lengths (5 m, 205 m, 405 m, 605 m, 805 m and 1005 m). The
crosstalk of the input connector is fixed and five segments of
fibers with a length of 200 m each are sequentially spliced to
the pigtail of the input connector for increased dispersion.
The amplitude of polarization cross-talk decreases with the
fiber length Z due to birefringence dispersion and is restored
after performing the compensation.

[0048] Therefore, the dispersion compensation technique
can effectively mitigate the cross-talk amplitude reduction
and the line broadening caused by the dispersion. As such, the
described compensation technique can effectively improve
the spatial resolution and accuracy of cross-talk amplitude
measurements using a broadband light source (e.g., a white-
light) in an optical interferometer based polarization cross-
talk analyzers.

[0049] While this document contains many specific imple-
mentation details, these should not be construed as limitations
on the scope of the invention or of what may be claimed, but
rather as descriptions of features specific to particular
embodiments of the invention. Certain features that are
described in this document in the context of separate embodi-
ments can also be implemented in combination in a single
embodiment. Conversely, various features that are described
in the context of a single embodiment can also be imple-
mented in multiple embodiments separately or in any suitable
subcombination. Moreover, although features may be
described above as acting in certain combinations and even
initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combi-
nation, and the claimed combination may be directed to a
subcombination or variation of a subcombination.

[0050] Similarly, while operations are depicted in the draw-
ings in a particular order, this should not be understood as
requiring that such operations be performed in the particular
order shown or in sequential order, or that all illustrated
operations be performed, to achieve desirable results. In cer-
tain circumstances, the separation of various system compo-
nents in the embodiments described above should not be
understood as requiring such separation in all embodiments.

[0051] Thus, particular implementations are disclosed.
Variations, modifications and enhancements of the disclosed
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implementations and other implementations can be made
based on what is described and illustrated in this document.

What is claimed is:

1. A method for measuring polarization crosstalk in an

optical birefringent medium, comprising:

coupling a linearly polarized light of a broadband spectrum
into an optical birefringent medium that supports two
orthogonal polarization modes due to optical birefrin-
gence to produce an optical output signal out of the
optical birefringent medium;

directing the optical output signal into an optical interfer-
ometer to obtain optical interference of light between the
two orthogonal polarization modes;

processing the obtained optical interference to obtain an
envelope spectral function of a polarization crosstalk
between the two orthogonal polarization modes in the
optical birefringent medium; and

applying a compensation function based on measurements
of the optical birefringent medium to the envelope spec-
tral function to reduce a spectral broadening in the enve-
lope spectral function caused by optical birefringent
dispersion in the optical birefringent medium.

2. The method as in claim 1, comprising:

using spectral widths of the envelope spectral function
measured at two or more different locations along the
optical path in the optical birefringent medium to extract
the optical birefringent dispersion of the optical birefrin-
gent medium; and

using the obtained birefringent dispersion in the optical
birefringent medium to generate the compensation func-
tion for correcting spectral broadening caused by the
optical birefringent dispersion in the optical birefringent
medium.

3. The method as in claim 2, comprising:

applying the compensation function based on measure-
ments of the optical birefringent medium to the envelope
spectral function includes multiplying the envelope
spectral function by the compensation function to pro-
duce a modified envelope spectral function that has a
spectral width with reduced spectral broadening caused
by the optical birefringent dispersion.

4. The method as in claim 1, comprising:

using a fiber-based interferometer as the optical interfer-
ometer.

5. The method as in claim 1, comprising:

using a fiber-based device as the optical interferometer.

6. The method as in claim 1, wherein:

the optical interferometer is a Michaelson interferometer.

7. The method as in claim 1, comprising:

using a length of polarization maintaining (PM) fiber as the
optical birefringent medium.

8. A device for measuring polarization cross talk in an

optical birefringent medium, comprising:

a mechanism that couples a linearly polarized light of a
broadband spectrum into an optical birefringent
medium that supports two orthogonal polarization
modes due to optical birefringence and produce an opti-
cal output signal out of the optical birefringent medium;

an optical interferometer located to receive the optical out-
put signal out of the optical birefringent medium and
structured to obtain optical interference of light between
the two orthogonal polarization modes in the optical
birefringent medium; and
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a processing device that processes the obtained optical
interference to obtain an envelope spectral function of a
polarization crosstalk between the two orthogonal polar-
ization modes in the optical birefringent medium and
applies a compensation function based on measure-
ments of the optical birefringent medium to the envelope
spectral function to reduce a spectral broadening in the
envelope spectral function caused by optical birefrin-
gent dispersion in the optical birefringent medium.
9. The device as in claim 8, wherein:
the processing device is configured to use values of spectral
widths of the envelope spectral function measured at two
or more different locations along the optical path in the
optical birefringent medium as the measurements of the
optical birefringent medium for the compensation func-
tion.
10. The device as in claim 8, wherein:
the processing device is configured to apply the compen-
sation function to the envelope spectral function by mul-
tiplying the envelope spectral function by the compen-
sation function to produce a modified envelope spectral
function that has a spectral width with reduced spectral
broadening caused by the optical birefringent disper-
sion.
11. The device as in claim 8, wherein:
the optical interferometer is a fiber-based interferometer.
12. The device as in claim 8, wherein:
the optical interferometer is a Michaelson interferometer.
13. The device as in claim 8, comprising:
alinear optical polarizer which is polarized in a direction to
cause a mixing between the two orthogonal polarization
modes in the optical output signal from the optical bire-
fringent medium and is located upstream to the optical
interferometer so that the optical output signal out of the
linear optical polarizer is directed into the optical inter-
ferometer, and
wherein the optical interferometer includes
a fiber coupler that receives the optical output signal out
of'the linear optical polarizerto split the received light
into first and second optical beams,

afirst fiber line coupled to the fiber coupler to receive the
first optical beam,

a first Faraday minor coupled to the first fiber line to
reflect light back to the first fiber line;

a second fiber line coupled to the fiber coupler to receive
the second optical beam;

a second Faraday minor coupled to the second fiber line
to reflect light back to the second fiber line, wherein
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the fiber coupler receives reflected light from both the
first and second fiber lines to cause the optical inter-
ference;

a variable optical delay element coupled in the second
fiber line to adjust a delay in the second fiber line; and

aphotodetector that detects an output of the fiber coupler
carrying the optical interference and outputs an elec-
trical signal carrying the optical interference to be
processed by the processing device.

14. A device for measuring polarization crosstalk in an

optical birefringent medium, comprising:

a broadband light source module that produces a linearly
polarized light of a broadband spectrum into an optical
birefringent medium that supports two orthogonal polar-
ization modes due to optical birefringence to produce an
optical output signal out of the optical birefringent
medium;

an optical interferometer that receives the optical output
signal out of the optical birefringent medium to obtain
optical interference of light between the two orthogonal
polarization modes;

an optical detector that receives an optical output from the
optical interferometer carrying the optical interference
and produces a detector output; and

a processor that processes the detector output to obtain an
envelope spectral function of a polarization crosstalk
between the two orthogonal polarization modes in the
optical birefringent medium, the processor outputting a
control signal to the optical interferometer to control a
relative delay between two optical paths in the optical
interferometer for obtaining the envelope spectral func-
tion and applying a compensation function based on
measurements of the optical birefringent medium to the
envelope spectral function to reduce a spectral broaden-
ing in the envelope spectral function caused by optical
birefringent dispersion in the optical birefringent
medium.

15. The device as in claim 14, wherein:

the processing device is configured to apply the compen-
sation function to the envelope spectral function by mul-
tiplying the envelope spectral function by the compen-
sation function to produce a modified envelope spectral
function that has a spectral width with reduced spectral
broadening caused by the optical birefringent disper-
sion.



