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A scanning white light interferometer is developed to measure the distributed polarization
coupling (DPC) in high birefringence polarization maintaining fibers (PMFs). Traditionally, this
technique requests only one polarization mode to be excited or both polarization modes to be
excited with equal intensity in the PMF. Thus, an accurate alignment of the polarization direction
with the principal axis in PMF is strictly required, which is not facilely realized in practica
measurement. This paper develops a method to measure the spatial distribution of polarization
mode coupling with random modes excited using a white light Michelson interferometer.
Theinfluence of incident polarization extinction ratio (PER) on polarization coupling detection is
evaluated theoretically and experimentally. It is also analyzed and validated in corresponding
measurement that the sensitivity of the polarization coupling detection system can be improved
more than 100 times with the rotation of the analyzer.
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1. Introduction

Polarization maintaining fibers (PMFs) have played important roles in coherent
communication, fiber-optic sensors, and integrated optics devices by providing high
polarization conservation. However, when thereare someinternal or external perturba-
tions, such as anisotropic Rayleigh scatting, transverse stress, micro-bending, twist
and thermal fluctuations[1-3], optical power will couple from one polarization mode
to the other one, which is called polarization mode coupling. This phenomenon
degraded the capability of polarization preservation in PMFs [4, 5], and so the mea-
surement of polarization mode coupling is significant in manufacturing of PMFs, and
testing of PMF cails.
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White light interferometry is widely used for measuring the spatial distribution
of polarization coupling in PMFs, because this technique offers large dynamic
range [6, 7], high accuracy and spatial resolution [8, 9], and is insensitive to optical
power fluctuations [10Q]. It is usually noticed that only one polarization mode in
the PMF should be excited or both polarization modes be excited with equal intensity
when using this low coherence technique [7—10]. This needs precise alignment of
the polarization direction with the principal axis of the PMF. Itis not realized facilely
in practical measurement. This paper developed a method to measure the spatial
distributed polarization mode coupling using white light Michelson interferometry
with random modes excited. Theinfluence of theincident polarization extinction ratio
(PER) on the measurement result was evaluated theoretically and experimentally.
A polarization state adjusting mechanism is designed, and the analyzer can be oriented
at any angle of the principle axesin PMF. By rotating the analyzer, the incident PER
can be calculated, and the measurement sensitivity of the distributed polarization
coupling (DPC) detection system can obviously be enhanced.

2. Model of polarization mode coupling in PMFs

Due to the geometrical effect of the core or the stress effect around the core, large
modal birefringence of morethan 10~*wasobtained in PMFs[3]. Within the undisturbed
PMFs, there is minimal coupling between the perpendicular polarization modes, and
the polarization coupling intensity is below —80dB everywhere along the fiber [4]. In
the presence of external perturbation, the fiber can be modeled as a concatenation of
three sections, as shown in Fig. 1.

L, 1/ Perturbation

Fig. 1. Three sections model of PMF under perturbation.

Supposing the length of fiber in the undisturbed section is I. The other two
fiber-sections without perturbation have the same beat length L,,, and both bire-
fringence axes in three sections are aligned. Under external perturbation, the beat
length of the disturbed fiber section is converted into L, and the birefringence axes
are rotated by an angle 4 relative to the other two undisturbed sections. A fraction of
the propagating optical power will be transferred from one polarization mode to
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the other mode, when a light beam passes through the disturbed region. The initial
incident wave can be represented by Jones vector

o) * oo
E,(0) sino exp(i @)

where Eg is the electric field magnitude of the incident beam, ¢ is the azimuth of
the electric field vector with x-axis, and @ is the phase difference between the two

polarization components. Then the output electric field passing through the perturbed
section can be expressed as the following,
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where n, and n, are the refractive indexes of the fast and slow axes in disturbed fiber
section, respectively, and E} is a component which has no relationship with E (0),
and the same is Ey. Supposing the electric field coupling efficiency C is the rate of
magnitude transferring to the cross-polarization state. So the coupling efficiency
between two orthogonal polarization modes is given by

C=Ci,,=Cy = exp(—iknol)sinecose{l— exp(— 'IZ_TEI )} 3
b
Then the power coupling strength h can be expressed as
h=h_,=h_,=ICl”= sin2(2€)sin2[—7|_£|—j (4)
b

As described in Eg. (4), the rotation of birefringence axes and the perturbation
length are two key ingredients of the polarization mode coupling effect, and either
ingredient can make the coupling intensity h be zero. For example, if the perturbation
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length | is the multiple of Ly, there is no mode coupling existing. Meanwhile, for
a specific coupling point, whatever the excited polarization state, the coupling
intensity from fast axis to slow axis or from slow to fast axis is the same.

3. Measurement principle of distributed mode coupling

Theprinciple of distributed polarization coupling (DPC) detection systemisexpatiated
in Fig. 2. Linear polarized broadband light is coupled into the PMF under test
with only one polarization mode excited. When there is one polarization coupling
point, a little fraction of light will be coupled into the other orthogonal mode.
Because of the group modal birefringence AN, of the fiber [11], two polarization
modes travel at different group velocities. At the output end of the PMF, the optical
path difference (OPD) ANyX| is generated between the two orthogonally polarized
modes, wherel isthefiber length between the coupling point and the output fiber end;
| also represents the coupling point position. Using an analyzer, the two modes are
projected to the same polarization direction. The OPD ANpx| is compensated by
ascanning Michelson interferometer, and white light interferogram isrecorded during
the scanning process.

L Mirror 1
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Polarization-maintaining fiber y Focus
lens
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Fig. 2. Scheme of polarization coupling detection system.

When there is only one coupling point in the fiber, and the analyzer is oriented at
an angleof 45°, the output interferogram from the Michel son interferometer isgiven by

I(d) = |0{\yo(d)|cos(kod)+ Jh (AN _d)|cos[kO(Anb|-d)]}+

+Jh (AN + d)| cos[kO(Aan + d)] (5)

where | is the DC component of interference, y,(X) is the optical coherence function
of the light source, AN, and An, are group modal birefringence and phase modal
birefringence of the fiber, respectively [11, 12], d is the OPD of Michelson
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Fig. 3. Recorded interferogram with one coupling point existing.

interferometer, ky = 2n/A, is the wave number in free space, and h is the power
coupling strength. The recorded interference fringe contains three packets with
the motion of scanning mirror as shown in Fig. 3. The maximal fringe I,,,5,, appears
when the Michelson interferometer is in equilibrium. The other two symmetrical
packets |.oping @PPear when the OPD in PMF is compensated by the scanning
interferometer.

The power coupling strength h and coupling point position | can be calculated with
following equations:

| .
h(dB) = 20 log—20ling (6)

Imain

Z

= N 7)

where Z is the peak distance between I, and | .o,5ing iN the recorded interferogram,
asshowninFig. 3.

4. Distributed measurement with random polarization modesexcited

High spatial resol ution and wide dynamic range can be achieved using traditional white
light interferometry; coupling point location accuracy of +1.5 cmand length resolution
of better than 10 cm have been realized. However, it requests only one polarization
mode in the PMF be excited or both polarization modes be excited equally. This
requires precise alignment of the polarization direction with the principal axisin PMF.
It is usually realized by polarization maintaining fusion splicer, which is not flexible
and complicatessystem configurations. Here, amethod for DPC detection with random
polarization modes excited is developed, and the influence of input polarization
extinction ration (PER) on distributed measurement of polarization mode coupling is
analyzed.
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4.1. Influence of theincident PER on the DPC detection

When both polarization modes are excited, the two orthogonal exciting modes can be
expressed as

E.o = Aoexp(i D)
(8)

where A,q and Ay, @, and @, are the initial magnitude and phase of the two
orthogonal electric fields, respectively.

As shown in Fig. 4, when there exists one perturbation section, polarization
coupling will occur in both axes of the PMF.

Generally, the perturbation fiber length is so short that the OPD between two
polarization modes could be regarded to lie on the beat |ength of the undisturbed fiber.
The output electric field from the fiber end can be calculated as,

E,= J1-h Axoexp[i(cpxo+ kanAB} + JHAyOexp[i(@yo+ kn, | g — kAN, IAM)J

)
E, = J/T- N Agexi(Byo+knylag)| + /M Agexi( B+ kny lag + KAn, )]
(10)

where AN, is the group refractive index difference between the two eigenmodes,
h is the power coupling strength, |55 is the total length of the disturbed fiber, |y
and lgy, are the distances between incident mode and the two different orthogonal
coupling modes, respectively, as described in Fig. 4. Interference will occur with
OPD compensated by the scanning Michelson interferometer. The AC component of
the interference packet is expressed as the following,

1 2 2
Iae = 51+ h)(AXO + Ayo) 7(Mopp) €05(Ko Mopp) +
+/h A Aoy (ANplaym = MOPD)COS[kO(AanAM —Mopp) + @0 - ‘pyoJ +
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1
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Fig. 4. Polarization coupling in PMF with both polarization modes excited.

where Mgpp is the OPD introduced by the scanning Michelson interferometer, kg is
the wave number in free space. It is found that the interference fringes contain five
packets modul ated by optical coherencefunction y(x). Inthe case of weak polarization
coupling, the fifth interference package is so small as to be ignored, compared with
others.

According to Eq. (6), the “coupling intensity” for the preceding four interference
packages can be calculated as,

2

2 | 2 o
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hy = 2 2 z 2 = 2 (12)
(1+h)(AZ + Ado) . ( Ao J (1+ PER)
+
AxO
2
Jh
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h
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2 h?. PER
h, = hyh® = (15)

(1+h)*(1 + PER)?
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The first item h; corresponds to a fake interferential packet, which isrelated with
both coupling intensity and input PER,; the second item h, isthereal coupling intensity
corresponding to interested coupling point. The preceding two fringes are central
symmetrical with middle of the fiber. The third one (h3) is only related to the input
PER, of which the packet position corresponds to the length of fiber. Since hs isonly
related to the input PER, the input PER can be calculated from h;, as shown in
the following equation:

(16)

If PER < 1, h; can be considered as the input PER. The fourth one could be ignored
in most cases.

As mentioned above, when both polarization modes are excited randomly, afake
interference fringe package will be aroused, if the analyzer is oriented at 45° with
the principal axisof PMF. Thisleadsto afalse coupling point judgment and the system
dynamic range is decreased. The intensity decibel of the detected fake coupling point
could be calculated from Eq. (12) approximately in the case of weak mode coupling,

h,(dB) = 10logh, ~ h(dB)—[PER(dB)—G} (17)

It could be found in Eq. (17) that the real coupling point with strength higher than
(PER — 6) dB will lead to afake coupling point, whichwill not occur when the coupling
strength is lower than (PER — 6) dB. Hence, the dynamic range DR(dB) in the DPC
detection system will be restricted according to

DR(dB) = PER(dB) — 6 (18)

For example, if theincident PERis—25 dB, and the minimum detectabl e sensitivity
of the system is—70 dB, then the system measurement dynamic range will be limited
in31 dB whichisfrom—-39 dB to—70 dB. Coupling point with couplingintensity larger
than —39 dB will lead to afalse weak coupling point.

4.2. Improved DPC measurement with rotation of the analyzer

In order to avoid the effect mentioned above, someimprovements of the configuration
illustrated in Fig. 2 have been carried out. The analyzer is mounted on arotable stage
driven by a step motor, which can be oriented at any angle to the axes of the PMF.
Thetransmitted optical power will alternate like asine wave with the analyzer rotating
at an even speed, as shown in Fig. 5 and the following equation:

= (Acosp)” + (ASing)’ = AZ[1-(1-PER)sin’p | (19)

I trans
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Ay

Fig. 5. Principle of analyzer adjusting.

The orientation of the analyzer can be calculated by detecting the transmitted optical
power |y, Theoptical power reaches its maximum corresponding to the angle of 0°,
and minimum corresponding to 90°. The middle value corresponds to the angle of 45°.
Hence, the system PER can a so be detected in the process of adjusting the analyzer.
It will not affect the result whether the interference occurs.

When the analyzer orients at the angle of 0°, only E, component in Eq. (9) can
enter into the Michelson interferometer. The AC component of the interference could
be calculated as,

2 2
laco = (Axo+ hAyo) 7(Mopp) €0s(ky Mopp) +

+h Ay Ay 7(ANplay - MOPD)COS|:kO(AanAM - MOPD) + Dyo— d)y0:|

(20)
Another interference packet and its coupling strength hs can be recorded,

hs = h- PER (21)

When the analyzer orients at 90°, theinterference packet and its coupling intensity
hg is obtained similarly,

2 2
lacoo = (AyO +h AxO) 7(Mopp) €0S( Mopp) +
+h A Ayo 7 (ANplay - MOPD)COS[k(AanAM - MOPD) = Py pro}
(22)

h
" = FER )
According to the preceding analysis, the system PER can be obtained by analyzer
adjusting, and the coupling strength h can be acquired by adjusting the analyzer at
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an angle between 0° and 90°. The system sensitivity can be improved to h, - PER,
which is PER times higher than the traditional detection method.

5. Enhancement of coupling contrast ratio
with therotation of analyzer

The rotation of the analyzer not only can realize the measurement of polarization
coupling with random modes excited, but also can improve the coupling interfer-
ential contrast ratio in the traditional DPC detection system. Equation (5) presents
the previous relationship between coupling contrast ratio and coupling strength
with the analyzer oriented at 45°. When the analyzer is oriented at a random angle,
the coupling contrast ratio 77 can be calculated as the following,

I . _ .2 2
772 _ _coupling  _ h(1 - h)sin"¢ cos” ¢ < htanzgo (24)

I 2
main [cos2 ¢ —hcos(2 (p)]

where h <« 1 is the strength of the weak coupling point, and ¢ is the angle between
the analyzer and the principle axis in PMF in Fig. 5, I opiing and 114, are the peak
fringes of the coupling interferential packet and the main interferential packet,
respectively, as shown in Fig. 3. The variation of coupling contrast ratio enhancement
with the analyzer rotation angle ¢ isillustrated in Fig. 6.

It isfound that if the rotation angle of the analyzer is set at ¢ = 75°, the coupling
contrast ratio 7 of the output interferogram can be improved more than 10 times.
Meanwhile, the sensitivity of the DPC detection system h ~ 772cot?¢ can be enhanced
more than 100 times. This method can be adopted for the detection of the weak mode
coupling in birefringent fibers and waveguides, aswell as sensitive distributed optical
fiber sensors. Although the measurement sensitivity can be further enhanced with

20

Contrast gain [dB]

0 10 20 30 40 50 60 70 80
Polarization adjust angle [deg]

Fig. 6. Relationship between coupling contrast ratio enhancement and rotation angle.
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Fig. 7. Relationship between the relative measurement error and the rotation angle.

the rotation angle ¢, it will induce the measurement error. The measurement error is
dependent on the angle uncertainty Ag. Their relationship can be described by

Err = cot2(¢> + Ap) — Cotzgo (25)
C0t2( @+ Ap)

Therelationship between the measurement error and the angle uncertainty isshown
in Fig. 7. The minimum measurement error occurs at ¢ = 45° for a given value of
rotation angle uncertainty. This is the reason for previous works to choose ¢ = 45°
as the polarization eigenmodes rotation angle. The increment of the analyzer
rotation angle ¢ is adopted for the detection of weak polarization mode coupling. If
the rotation angleis selected as ¢ = 75°, the measurement sensitivity can be improved
more than 100 times. Meanwhile, the relative measurement error can still be kept
within 5% for an angle uncertainty of 0.1°. Further increase in the rotation angle
will cause a sharp-increase in the measurement error. So, a compromise should be
considered between the measurement sensitivity and measurement error.

6. Experiments

A distributed polarization coupling test system is developed to validate the theory
discussed above. A superluminescent diode (SLD) with a central wavelength of
1310 nm and spectrum width (FWHM) of 50 nm was used as the |ow-coherence light
source. The scanning arm of the Michelson interferometer has a length of 300 mm.
The instrument has the ability for testing 1 km PMF with spatial resolution better
than 7 cm.

A polarization-maintaining patchcord with a length of 20 meters is used to carry
out the experiment. The beat length of the PMF is about 2.1 mm. The recorded
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Fig. 8. Recorded interferograms of PMF with random modes excited;, measurement at 45° without
coupling point (a), measurement at 45° with one coupling point (b), measurement at 0° with one
coupling point (c), measurement at 90° with one coupling point (d).

experiment results of the DPC detection are shown in Fig. 8. The interferogram is
sampled with an interval of 400 nmin air.

Asshownin Fig. 8, part (a) isthe interferogram for the patchcord with no external
perturbation. In Figures 8b—8d, aclip is put onto the birefringent fiber to produce one
coupling point with stable coupling strength and position. It is found that the exper-
iment results achieve a good agreement with the theoretical analysis in Sec. 4. In
Figure 8b, three interference packages are generated corresponding to one identical
coupling point, and their positions are consistent with the description in Eq. (11). In
Figures 8c and 8d, only one large interference package is produced by the coupling
point, which is described in Egs. (20) and (22). The sensitivity of this DPC detection
system can reach —75 dB. It is notable that several coupling points, which are not
found in Fig. 8a, arerevealed in Figs. 8c and 8d very clearly. So it is also proved that
the method developed in this paper can improve the sensitivity and dynamic range of
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Fig. 9. Enhancement of contrast ratio with rotation of analyzer at two different points.

the detection system. The improvement of coupling contrast ratio and measurement
sensitivity with the rotation of analyzer is aso validated in the experiments shown in
Fig. 9, which achieves a good agreement with the foregoing theoretical analysis.

7. Conclusions

A white light interferometer has been designed and implemented to measure the dis-
tributed polarization mode coupling in high birefringence polarization maintaining
fibers (HiBi-PMFs). Theinfluence of the incident polarization extinction ratio (PER)
on the measurement result was evaluated theo-retically and experimentally. A polari-
zation state adjusting mechanism is designed to orient the analyzer at any angle to
the principle axes of PMF. By alternating this angle between 0°, 90° and 45°,
theincident PER can be detected and the measurement can be carried out with random
polarization mode excited. The system sensitivity can also be improved more than
100 times with the rotation of the analyzer.
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