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Layer-peeling algorithm for reconstructing the
birefringence in optical emulators
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We present a new theoretical method, based on a layer-peeling algorithm, for extracting the spatial distribu-
tion of the birefringence parameters of an optical emulator. The method enables one to extract the spatial de-
pendence of both the refractive index difference and the orientation angle of the birefringence axes. The layer-
peeling algorithm is designed to minimize the accumulated error, and it enables one to accurately reconstruct
the birefringence parameters even when a strong noise is added to the input data. © 2006 Optical Society of
America
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. INTRODUCTION
olarization mode dispersion (PMD) may limit the perfor-
ance of high-data-rate long-distance optical communica-

ion systems.1–5 The effect is caused by intrinsic birefrin-
ence in fibers, due to a small deviation of the fiber profile
rom circular symmetry, inner defects, and outer stress
nd bends in the fiber. One of the main difficulties that
ay prevent the elimination of PMD is the time depen-

ence of the effect due to changes in environmental con-
itions such as temperature. Fiber emulators are an im-
ortant tool for studying PMD and for improving the
erformance of optical communication systems.6–9 Simi-
ar devices are also used to compensate PMD.10,11 The
mulator is built from several short sections of
olarization-maintaining (PM) fibers and elements that
hange the polarization between the different fiber sec-
ions. The connection between the fiber elements is often
erformed using rotatable connectors. The performance of
mulators as well as the study of PMD, based on using op-
ical emulators, can be improved if emulators can be fully
haracterized.

The local beat-length distribution in a birefringent fi-
er is often measured using optical frequency-domain re-
ectometry or optical time-domain reflectometry
echniques.12–17 However, such techniques give the local
eat length of the fiber but not the orientation angle of
he birefringence axes. The orientation of the birefrin-
ence axes can be measured using the technique de-
cribed in Ref. 18. However, such a technique can be used
o characterize only a single uniform fiber. Layer-peeling
lgorithms were previously used to extract the spatial
istribution of the optical parameters of transmission sys-
ems and fiber gratings.19,20 A layer-peeling algorithm for
nalyzing the birefringence in fiber Bragg gratings was
emonstrated in Refs. 21 and 22. However, this algorithm
s suitable for extracting the birefringence only in a short
ystem, with a few centimeters length, since the fre-
uency dependence of the state of polarization (SOP) is
eglected. In Ref. 23 a layer-peeling algorithm is used for
esigning a PMD compensator. The Jones matrix of the
0740-3224/06/081531-9/$15.00 © 2
ompensator should be approximately equal to the in-
erse of the transmission Jones matrix of the optical
hain that should be compensated. The compensator is
ade from several identical stages. The phase shifts of

ach stage are designed to obtain the required transmis-
ion Jones matrix. Since the birefringence parameters of
system cannot be uniquely extracted from the transmis-

ion response, this method cannot be used to find the spa-
ial distribution of the birefringence in an unknown sys-
em.

In this paper we will theoretically demonstrate a new
ethod, to our knowledge, that enables one to extract the

ocal birefringence and its orientation in an emulator sys-
em built from several sections of uniformly distributed
irefringent fibers. The frequency dependence of the SOP
f the wave reflected from the connections between the bi-
efringent fibers is analyzed using a layer-peeling algo-
ithm. The layer-peeling algorithm was designed to mini-
ize the accumulated error, and therefore it could

vercome a significant noise added to the input data. The
echnique, described in this paper, may be also important
o analyze distributed sensors that are based on measur-
ng the local birefringence of fibers.

The manuscript is organized as follows. In Section 2 we
escribe the input data and the assumptions that are
eeded for our algorithm and suggest an optical system
hat can measure the data. In Section 3 we describe the
athematical background needed for the layer-peeling al-

orithm. In Section 4 we show how to reconstruct the bi-
efringence parameters for a single uniform fiber and
hen derive the layer-peeling algorithm in Section 5. The
esults of the layer-peeling algorithm implemented over
imulated emulators are given in Section 6.

. INPUT DATA AND ASSUMPTIONS
EQUIRED BY THE LAYER-
EELING ALGORITHM
schematic description of an emulator that can be ana-

yzed using the method described in this paper is shown
006 Optical Society of America
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n Fig. 1. The emulator is built from several PM fiber sec-
ions connected to each other by rotatable connectors. A
imilar emulator was described in Ref. 9. We assume that
he backreflected signal is mainly formed owing to dis-
rete backreflections in the system, caused by the connec-
ions between the different fiber sections. We neglect the
eflection from the fiber sections located between the con-
ectors. This neglect can be justified, since the measure-
ent technique required for our algorithm should have a
igh spatial resolution of the order of 500 �m. Such a
esolution can be obtained using techniques such as opti-
al frequency-domain reflectometry.24,25 The level of the
ayleigh backscattered signal measured, using optical

ow-coherence reflectometry, with a spatial resolution of
2 �m was about −117 dB weaker than the power of the
orward-propagating light.26 Assuming a measurement
ith a spatial resolution of about 500 �m, as used in our

imulation, the Rayleigh backscattering should be ap-
roximately −105 dB weaker than the power of the inci-
ent light. The reflection from a typical FC/APC connec-
or is about −65 dB weaker than the power of the incident
ight. Therefore the reflections from the connectors be-
ween the fiber sections are significantly stronger than
he Rayleigh backscattering in the fiber as also measured
n Refs. 27 and 28. In the case when the fibers in the emu-
ator are connected using splices, the low level of the ex-
ected Rayleigh backscattering might also enable one to
easure the reflections from the splices.
The input data for our layer-peeling algorithm are the

ackreflected frequency-dependent signals Ax,i
r ��� and

ig. 1. Schematic description of the system analyzed in this pa-
er. The system is a PMD emulator built from several PM fibers
onnected together using rotatable connectors. We assume that
he backreflected signal is mainly formed by the connectors be-
ween the PM fibers.

ig. 2. Schematic description of the proposed experimental setu
cribed in Fig. 1. A broadband source is sent into the DUT and int
he backreflected signal from the DUT and a reference signal are
ifferent connectors cause a modulation of the interference spect
ircular polarizer and a linear polarizer rotated at 0° and 45° wit
ackreflected SOP obtained from each of the connectors.
y,i
r ���, polarized along the x and the y axes, respectively,

hat are returned from each of the connectors i=1. . .N,
here � is the angular frequency. Such data can be ob-

ained by a direct expansion of measurement techniques,
ased on optical frequency-domain reflectometry.24,25

A tunable continuous-wave signal or a broadband
ource is sent along one axis, x, with an amplitude Ex

i ���.
he interference of the backreflected signal and a refer-
nce signal, after passing equal variable polarizers, is
easured. The length of the reference arm of the interfer-

meter is set to be similar to the location of the connector
. The reflections from the other connectors cause a high-
requency modulation of the interference signal in the fre-
uency domain. Therefore, such signals can be filtered in
he time domain, or they may be averaged owing to the
imited spectral resolution of the spectral measurement.
he backreflected signals from all the connectors are ob-

ained by our changing the length of the reference arm ac-
ording to the estimated locations of the connector. The
ength of the reference path of the interferometer can be
hanged by our switching between several fibers with dif-
erent lengths in the reference arm. To find the SOP of the
requency-dependent backreflected signal, we need to re-
eat the measurement of the interference signal after it
asses through a circular polarizer and through a linear
olarizer rotated at angles 0° and 45° with respect to the
axis.29 A schematic description of an optical system that

an be used to measure the required data, needed for our
lgorithm, is shown in Fig. 2. Since the reference path of
he interferometer can be changed by our switching be-
ween several fibers with different lengths in the refer-
nce arm, the coherence length should be of the order of
ens of centimeters. Therefore, when the measurement is
erformed using a tunable laser, the linewidth of the laser
hould be of the order of hundreds of megahertz. Since the
OP of the backreflected light should not be changed dur-

ng the measurement, the birefringence should be fixed in
rder that the relative changes, ���n� /�n, will be smaller
han LB /L, where LB=� /�n is the beat length and L is
he total length of the emulator. According to Ref. 30 the
elative birefringence temperature dependence of a con-
entional PM fiber is 0.0012 1/K. In the case where LB
3.1 mm and the total length is L=100 m, the tempera-

e device under test (DUT) is built from several PM fibers as de-
erence arm. An input polarizer is used for setting the input SOP.
ered after passing two equal variable polarizers. Reflections from
t a different periodicity. By repeating the measurement using a
ct to the x axis, one can extract the frequency dependence of the
p. Th
o a ref
interf
rum a

h respe
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ure should be stabilized to about 10−3 K. Such a thermal
tability can be obtained by one’s passively stabilizing the
ystem.

The measurement technique, described above, ensures
hat reflections from different connectors can be sepa-
ated. The need to separate reflections from different con-
ectors can be intuitively understood by one’s considering
he reflected signal in the time domain. The relative delay
etween the two polarization components of the wave, re-
ected from the i connector, contains the information on
he birefringence of the fiber connected between the i−1
nd the i connectors. However, if a different connector
dds a reflection with a time delay of the order of the de-
ay caused by the birefringence, it becomes impossible to
eparate a delay caused by a reflection from a different lo-
ation and a delay caused by the birefringence. Therefore,
e require there be a time separation between the reflec-

ions from different connectors.

. MATHEMATICAL FRAMEWORK
n this section we will define the mathematical frame-
ork used in this paper. We will neglect in our analysis
olarization-dependent loss and will assume fibers with a
inear birefringence. Using Jones formalism, we define
he SOP of a forward- or a backward-propagating wave by
he normalized Jones vector:

A�z,�� � A = �Ax�z,��

Ay�z,��� ,

here x and y are two perpendicular axes. The propaga-
ion of the SOP, A, in a linear birefringent fiber with a lo-
al refractive index difference (RID), �n=ns−nf, and local
rincipal axes, rotated in an orientation angle � with re-
pect to the reference axes, is given in a differential
orm1,2:

�

�z
�Ax�z,��

Ay�z,��� = i
��n

2c �cos�2�� sin�2��

sin�2�� − cos�2����Ax�z,��

Ay�z,��� ,

�1�

here � is the angular frequency and c is the speed of
ight. The SOP evolves as it propagates along the fiber. Af-
er propagating through a uniform birefringent fiber with
length L, the output SOP Ao���=A�z=L ,�� becomes

Ao��� = R−1��� · D����� · R��� · Ai � MAi���, �2�

here Ai��� is the SOP at the input of the fiber, ��
�nL /c is the time delay between light waves propagat-

ng along the two principal axes,

R��� = � cos � sin �

− sin � cos �� ,

D����� = �exp�i���/2� 0

0 exp�− i���/2�� ,

M = R−1��� · D����� · R���, �3�

here R���, D�����, and M are the rotation matrix, the
elay matrix, and the total propagation matrix of the uni-
orm fiber section. Assuming that the backward-
ropagating wave is reflected from the fiber end and that
he reflection does not depend on the polarization, the
ackreflected SOP at the input of the fiber is given by31,32

Ar��� = Mt · M · Ai���. �4�

y substituting the propagation matrix, we obtain

Ar��� = R−1��� · D2����� · R��� · Ai���. �5�

It is also possible to write Eq. (1) by using the Stokes
ormalism,1

�S�z,��

�z
= W � S�z,��, �6�

here S is the Stokes representation of the SOP and W is
he birefringence vector that represents the local birefrin-
ence,

W�z,�� = ��n�z�/c · �cos�2��z�	,sin�2��z�	,0�t. �7�

he backreflection of a SOP is represented on the
oincaré sphere by a mirror symmetry with respect to the
quator.15 Hence, the backreflected SOP, for a uniformly
istributed fiber, described by Eq. (4), is equal to15

Ŝr��� = R�
−1 · R	

−2 · R� · Mr · Ŝi���, �8�

here Ŝi��� and Ŝr��� are the Stokes representations of
he input and the output SOPs, Ai��� and Ar���, respec-
ively. The rotation matrices, R� and R	, and the mirror
ymmetry matrix, Mr, are defined by

R��2�� = 

cos�2�� sin�2�� 0

− sin�2�� cos�2�� 0

0 0 1
� ,

R	�	� = 

1 0 0

0 cos�	� − sin�	�

0 sin�	� cos�	�
� ,

Mr = 

1 0 0

0 1 0

0 0 − 1
� ,

nd the rotation angle 	��� is equal to

	��� = �W����L =
��n

c
L. �9�

quation (8) is obtained using the commutative relations
rR	=R	

−1Mr and MrR�=R�Mr.
The propagation of the SOP described in Eq. (6) shows

hat, along a uniformly distributed birefringence section,
he SOP on the Poincaré sphere, S�z ,��, rotates as a func-
ion of the location, z, around a vector W��� with a rota-
ion angle 	���. Therefore, after passing through a bire-
ringent section, the final SOP will be different for each
requency even when the input SOP does not depend on
he frequency.
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. RECONSTRUCTION OF THE
IREFRINGENCE PARAMETERS OF A
NIFORMLY DISTRIBUTED BIREFRINGENT
IBER

n this section we demonstrate a new method, to our
nowledge, for accurately extracting the birefringence pa-
ameters of a uniformly distributed birefringent fiber. The
ethod presented in this section is robust and is not

trongly affected by noise added to the input data. The re-
onstruction method will be the basis for our layer-peeling
lgorithm described in Section 5. We define the normal-
zed birefringence vector:

Ŵ = W/�W� = „cos�2��,sin�2��,0…t, �10�

here � is the orientation angle of the birefringence axes,
efined in Section 3. In Eq. (10) we limit our analysis to
inear birefringence fibers, and hence we assume that

�3�=0.
The derivative of the rotation angle, 	, with respect to

he angular frequency �, is denoted by 	����=�n /cL. For
uniform birefringent fiber section, the frequency depen-

ence of the connection between the input and the output
OPs defines the normalized birefringence vector Ŵ and
he derivative of the rotation angle 	����, as described be-
ow. The normalized birefringence vector Ŵ gives the ori-
ntation angle �, and the derivative of the rotation angle
���� gives the RID, �n, assuming that the section length
is approximately known.
Using Eq. (6), we find that for a uniform birefringent

ber section the scalar product W · Ŝ�z ,�� does not depend
n the location z for each angular frequency, �. Therefore,

Ŝi��� · Ŵ = Ŝo��� · Ŵ, �11�

here Ŝo��� is the Stokes representation of the output
OP. Since the reflection is represented on the Poincaré
phere by a symmetry SxOy with respect to the equator15

nd W lies on the equator, we obtain

Ŝi��� · Ŵ = Ŝr��� · Ŵ, �12�

here Ŝr= Ŝr��� is the Stokes representation of backre-
ected SOP Ar���.
Extracting the birefringence vector, W, for a uniform fi-

er section is based on the rotation of Stokes vector
�z ,�� around Ŵ as a function of the angular frequency
. Since the connection given in Eq. (12) does not depend
n the frequency, the extraction of the birefringence pa-
ameters can be performed using many different mea-
ured SOPs, each obtained in a different frequency.
herefore, by using methods such as a least-mean-
quares algorithm, it is possible to extract the birefrin-
ence vector Ŵ that fulfills Eq. (12), as described in Sub-
ection 4.A. Such a method is robust and is insensitive to
oise added to the input data.

. Extracting the Normalized Birefringence Vector Ŵ by
sing a Least-Mean-Squares Algorithm

n this subsection we will show how to extract the nor-
alized birefringence vector Ŵ from the backreflected
OP obtained in different frequencies. Since layer-peeling
lgorithms are sensitive to accumulated errors, the ex-
raction of the RID with a low error is essential. Assum-
ng that the input SOP, Si��j�, and the backreflected SOP,
r��j�, are given at n different angular frequencies �j, j
1. . .n, Eq. (12) can be written for each frequency:

�Ŝr��j� − Ŝi��j�	 · Ŵ = 0, j = 1 . . . n. �13�

e define the vector dŜ��j� as

dŜ��j� =
Ŝr��j� − Ŝi��j�

�Ŝr��j� − Ŝi��j��
, j = 1 . . . n, �14�

nd denote the vector components dŜ��j�
�dSj,1 ,dSj,2 ,dSj,3�t. Since the normalized birefringence
ector has only two nontrivial components, Ŵ
�W1 ,W2 ,0�t= „cos�2�� ,sin�2�� ,0…t, we have n equations
ith only two unknown variables W1 ,W2:

dSj,1W1 + dSj,2W2 = 0, j = 1 . . . n,

ith the constraint

W1
2 + W2

2 = 1.

sing a least-mean-squares algorithm, we minimize the
rror function, f�W1 ,W2�=
j=1

n �dSj,1W1+dSj,2W2�2 and ob-
ain

W1 =
±R

��P + ��2 + R2
,

W2 =

�P + ��

��P + ��2 + R2
, �15�

here

P = 

j=1

n

�dSj,1�2,

Q = 

j=1

n

�dSj,2�2,

R = 

j=1

n

�dSj,1dSj,2�,

�± =
− �P + Q� ± ��P − Q�2 + 4R2

2
. �16�

The sign of the parameter � can be found by the con-
traint that the error function f�W1 ,W2� will have a mini-
um value. Equations (15) have two solutions ±Ŵ. Each

olution gives a different sign for the RID, �n. However,
he extracted birefringence vector W, as defined in Eq. (7),
s unique. Therefore changing the sign of Ŵ has no physi-
al meaning, since it only corresponds to a different defi-
ition of the principal axes (switching between the x and
he y axes) while the birefringence orientation remains
he same.



m
s
n
v
s
e
u
u
a
4

B
E
s
a
t
t
d
b
a

T
t
v
i
t
A
s
E
b
i
t

o
d
a
t
r

fi
f
i
m
r
e
r
fl
f
p
n
=
t

p
r

T
f
o

w

T
t
c
S

w
(
m
n
c
c
m

5
I
p
t
c
s
d
n
b
t
a
t
s
i
p
t
b
l
l

l
b
t
m
r

E. C. Levy and M. Horowitz Vol. 23, No. 8 /August 2006 /J. Opt. Soc. Am. B 1535
Extracting the birefringence vector Ŵ by using a least-
ean-squares algorithm gives a robust method to recon-

truct the birefringence parameters in the presence of
oise one-added to the input data. It also enables one to
alidate the assumption of a uniformly distributed fiber
ection by requiring that the error function be small
nough. The extracted birefringence vector is directly
sed to find the orientation of the birefringence axes by
sing Eq. (10). The normalized birefringence vector will
lso be used to extract the RID as described in Subsection
.B.

. Extracting the Refractive Index Difference, �n
quation (9) indicated that the RID, �n, for a single fiber
ection, can be extracted by a linear fit of the rotation
ngle, 	���, with respect to the frequency �, assuming
hat the section length L is approximately known. After
he normalized birefringence vector, Ŵ, is extracted, as
escribed in Subsection 4.A, the rotation angle, 	��� can
e found from the input and the backreflected SOPs, Ŝi���
nd Ŝr���, by defining the vectors V:

Vi��� = − �Ŝi��� · Ŵ	 · Ŵ + Ŝi���,

Vr��� = − �Ŝr��� · Ŵ	 · Ŵ + Ŝr���.

he angle 	2���� is defined as the angle between the vec-
ors Vi��� and Vr���, assuming that the rotation of the
ector Vi��� around the vector Ŵ toward the vector Vr���
s performed counterclockwise. The angle 	2���� is equal
o the modulus of the rotation angle 	��� divided by 2�.
fter computing the angle 	2���� and unwrapping the re-
ult, one can extract the RID, �n, by using a linear fit to
q. (9). The unwrapping of the rotation angle 	2���� can
e performed only when the frequency resolution of the
nput data is sufficient. The minimum frequency resolu-
ion required to accurately calculate the RID is given by

d� �
�c

2L�n
�17�

r ����2 /4�nL, where L is the section length. The con-
ition given in expression (17) ensures that the rotation
ngle difference between two adjacent frequencies is less
han �. Therefore, both the sign and the magnitude of the
otation angle can be accurately extracted.

Although the reconstruction of the RID, �n, by a linear
t to the rotation angle, 	���, will give accurate results
or a single fiber section, it may cause a significant error
n the layer-peeling algorithm, described in Section 5. To

inimize the accumulated error in a layer-peeling algo-
ithm, it is important to minimize the error between the
xtracted SOP, Ŝr,e���, and the measured SOP, Ŝr���,
ather than the error in the RID. The extracted backre-
ected SOP, Ŝr,e���, is calculated from the extracted bire-
ringence parameters by using Eq. (8). Assuming the in-
ut SOP, Ŝi���= „S1

i ��� ,S2
i ��� ,S3

i ���…t, is known and the
ormalized birefringence vector, Ŵ= �W1 ,W2 ,0�t

„cos�2�� ,sin�2�� ,0…t, is accurately calculated, the ex-
racted SOP, Ŝr,e���, is a function of only a single
arameter—the RID, �n. To accurately extract this pa-
ameter, we define the error function g��n�:

g��n� = 

j=1

n

�Ŝr,e��j� − Ŝr��j��2. �18�

he RID, �n, will be extracted by minimizing the error
unction, g��n�. According to Appendix A, the dependence
f the error function on the RID is given by

g��n� = 

j=1

n

lj
2��xj

2 + �yj
2�, �19�

here

lj
2 = 1 − �Ŵ · Ŝi��j��,

�xj
2 = �cos�2�j�nL/c� − cos�2	��j�	�2,

�yj
2 = �sin�2�j�nL/c� − sin�2	��j�	�2.

o perform the fitting, we need to find the magnitude of
he trigonometric functions of the rotation angle,
os�2	��j�	 and sin�2	��j�	, from the input and the output
OPs. Using Eq. (A2) in Appendix A we obtain

�cos�2	��j�	

sin�2	��j�	
� = �LTL�−1LT�Ŝr��j� − KMrŜi��j�	, �20�

here both L=L��j� and K are given in Eqs. (A3) and
A4) of the appendix. The RID is then extracted by our
inimizing the error function g��n�, given in Eq. (19). We

ote that we extract both trigonometric functions
os�2	��j�	 and sin�2	��j�	 and not use the trigonometric
onnection between the functions, since a different noise
ay be added to the two functions.

. LAYER-PEELING ALGORITHM
n the previous section we have shown that when the in-
ut and the backreflected SOPs of a single uniformly dis-
ributed birefringent section are given it is possible to ac-
urately extract the birefringence parameters of the
ection. A PMD emulator may be implemented by using N
ifferent uniformly distributed birefringent sections con-
ected by rotatable connectors.9 Since the input and the
ackreflected polarization components are known only at
he input end of the fiber, the SOP should be propagated
long the fiber, in order to use the method for extracting
he birefringence parameters, described in the previous
ection. Owing to causality of the system, the SOP in the
nput of the ith fiber section can be calculated from the in-
ut SOP of the emulator by using only the parameters of
he fiber sections j=1, . . . , i−1, where i=1 denotes the fi-
er section that is connected to the input end of the emu-
ator. The propagation of the fields is the basis for our
ayer-peeling algorithm.

In Section 2 we have discussed the assumptions of our
ayer-peeling algorithm. The main assumptions were that
ackreflections are obtained only from the connections be-
ween the different fiber sections and that the measure-
ent technique of the backreflected SOP can separate the

eflections obtained from different connectors. We also
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eed to assume that multiple reflections can be neglected.
hese assumptions are almost always obeyed, since the
eflections from the connectors are low, of the order of
60 dB weaker than the intensity of the forward-
ropagating signal. The propagation of the backreflected
OP Ai

r from the ith connector is calculated using Eq. (4):

Ai
r = �Mi · Mi−1 · . . . · M1�t�Mi · Mi−1 · . . . · M1� · Ai,

�21�

here Mi is the propagation matrix of the ith section. To
se the extraction method, described in the previous sec-
ion, we need to obtain from Eq. (21) an equation similar
o Eq. (5). Using Eqs. (3), we obtain

Ãi
r = Ri

−1 · Di
2 · Ri · Ãi

i, �22�

here Ãi
r= �M̃i−1

t �−1·Ai
r ,Ãi

i=M̃i−1·Ai
i and M̃i is the propa-

ation matrix given by

M̃i = Mi · . . . · M1, �23�

here M̃0=I is the identity matrix.
Equation (22) is similar to Eq. (5), and therefore we can

xtract the birefringence parameters of the ith section,
ni, and �i, as described in Section 4. The extracted pa-
ameters of the ith section are then used to calculate the
atrix M̃i from the matrix M̃i−1 by using Eq. (23).
We will discuss the frequency resolution and the band-

idth that are needed for our layer-peeling algorithm.
he first resolution criterion results from the requirement
o accurately unwrap the rotation angle 	2����. Expres-
ion (17) gives

�� � �2/4�nLmax, �24�

here �� is the wavelength resolution and Lmax is the
ongest section length. For example, for Lmax=10 m, �
1550 nm, and �n=5�10−4, as used in our simulated
mulator in Section 6, the wavelength resolution, ��,
hould be smaller than 0.12 nm.

The minimum bandwidth that is required to measure
he SOP results from the fitting algorithm of the RID, de-
cribed in Section 4. The RID is obtained by our fitting the
rigonometric functions cos�2	� and sin�2	� to trigono-
etric functions calculated using RID, in order to mini-
ize the error function g��n�. To obtain accurate results

n the presence of noise added to the input data, we need
he overall rotation angle difference, 	��max�−	��min�, to
e greater than an angle �	min. Therefore we require that

�� 
 �2�	min/4��nLmin, �25�

here Lmin is the shortest section length. The magnitude
f �	min depends on the signal-to-noise (S/N) ratio in the
nput data. In our simulation, as described in Section 6,
e have found out that, for the S/N ratio of 13 dB, �	min

s approximately equal to 4�. Assuming that Lmin=4.6 m,
=1550 nm, �n=5�10−4, and �	min=4�, as in our simu-

ated emulator, the wavelength bandwidth �� should be
reater than 1.05 nm.

The minimum resolution and the minimum bandwidth,
iven in expressions (24) and (25), enable one theoreti-
ally to extract the birefringence parameters from only a
ew measurements. However, as explained in Section 6,
hen noise is added to the input data, an increase in the
umber of measurements will result in a better accuracy

n the reconstruction. Therefore, in the presence of noise,
he resolution and the bandwidth should be better than
he theoretical limits.

Theoretically, a single broadband measurement of the
requency dependence of the backreflected SOP can be
sed to find the reflections from all the interfaces between
he different fibers in the emulator. Assuming that the
ransfer function of the spectrum measurement is a
aussian function with a full width at half-maximum

FWHM) of ��, the maximum emulator length that can be
easured using low-coherence interferometry is equal to

max=2 ln�2��0
2 /�n��.25 Assuming a measurement with a

igh-frequency resolution of 0.001 nm, the maximum
mulator length that can be interrogated is only about
00 cm. In a more practical system, the frequency resolu-
ion is significantly lower, and the system will be able to
easure the reflection only from a single or several con-
ectors that are located at a distance close to that of the

ength of the reference arm of the interferometer. The re-
ections from the other connectors will be averaged to
ero. For example, assuming a spectrum analyzer with a
aussian transfer function with a FWHM of ��, the back-

eflection from a connector located at a distance z+L,
here L is the length of the reference arm of the interfer-
meter, is attenuated by a factor

h�z� = exp�−
1

ln 2��n��z

2�0
2 �2� .

ssuming that ��=0.01 nm, the backreflection from a dis-
ance difference z=50 cm is equal to 8.6�10−16. There-
ore, the effect of a connector located at this distance on
he measurement is negligible. To measure the reflection
rom all the connectors, the measurement should be re-
eated for several different lengths of the reference arm,
s explained in Section 2.

. SIMULATION RESULTS
e demonstrate our method to analyze two emulators

hat are built from several sections of PM fibers with un-
nown orientation angles and RIDs. We first demonstrate
ur algorithm to extract the birefringence parameters of a
MD emulator with rotatable connectors located between
M fibers with the same RID. The PM fibers are rotated
t different angles. The emulator parameters were the
ame as used in Ref. 9. The emulator is built from 15 sec-
ions of PM fibers with lengths 5.1, 6.8, 8.6, 7.4, 6.3, 6.7,
0.0, 8.6, 5.4, 7.2, 6.9, 7.1, 6.1, 7.4, and 4.6 m. Each fiber
ection had a beat length of 3.1 mm ��n=5�10−4�. The
elative angles between the sections were chosen arbi-
rarily. In our simulation, we assumed that the central
avelength is equal to �=1550 nm, the bandwidth is
qual to ��=3 nm, and the spectral resolution is equal to
�=0.01 nm. Figure 3 shows the simulated backreflected
OP from the first, the second, and the 15th sections. The
gure shows that the time-dependent reflection function
ecomes more complicated as the wave propagates
hrough a longer distance in the emulator. Therefore,
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here is a need to propagate the fields in order to extract
he birefringence parameters. We note that, since we ne-
lect polarization-dependent loss in the emulator, the at-
enuation in the fibers and the loss in the connectors do
ot change the backreflected SOP. Therefore, the effect of

osses in the emulator on the calculations can be avoided
y our normalizing the backreflected wave intensity.
To demonstrate the stability of our algorithm against

oise, we added to each backreflected signal a white
aussian noise with a −13 dB standard deviation (STD)
ith respect to the peak of the backreflected signal. Fig-
res 4 and 5 show the results of the layer-peeling algo-
ithm that are compared with the original parameters of
he fiber chain. The figures show that both the birefrin-
ence angle and the RID could be accurately recon-

ig. 3. Backreflected SOP formed by a reflection from the (a)
rst connector, (b) second connector, and (c) 15th connector of an
mulator as a function of time after a wave passes through a po-
arizer aligned along the x (solid curve) and the y (dashed curve)
xes. Each fiber section in the emulator had a RID of �n=5
10−4. The first, second, and the 15th connectors are located 5.1,

1.9, and 104.2 m from the input end of the emulator, respec-
ively. The SOP was sampled with a bandwidth of 3 nm and a
esolution of 0.01 nm.
tructed. Since noise was added to the input data, the
esolution and the bandwidth used in our example were
etter than the theoretical limits, given in expressions
24) and (25), that were equal to 0.12 and 1.05 nm, respec-
ively. Using the theoretical limits, the errors in the ex-
racted parameters �n and � were 1.5% and 10%, respec-
ively. With a resolution of 0.01 nm and a bandwidth of
nm, the errors in the extracted parameters �n and �
ere reduced to 0.5% and 1%, respectively.
We also checked our layer-peeling algorithm for analyz-

ng an emulator built from fiber sections with the same
ength but with a different beat length and a different ro-
ation angle for each of the fiber sections. A Gaussian
oise of −13 dB STD with respect to the peak of the back
eflected signal amplitude was added to the input results.
he bandwidth and the resolution were the same as in

he former example. Figures 6 and 7 show the results of
he layer-peeling algorithm. The figures show again that
oth the birefringence angle and the RID could be accu-
ately reconstructed.

Although theoretically the error function g��n�, defined
n Eq. (19), should be minimized to obtain the most accu-
ate results, we have found that it is sufficient to mini-

ig. 4. Comparison between the RID, �n, reconstructed using a
ayer-peeling algorithm (dashed black line) and the original RID
solid gray line) for a PMD emulator with a total length of
04.2 m built from 15 PM fibers with the same RID and with dif-
erent lengths, as used in Ref. 9. The reflection spectrum was
ampled with a bandwidth of 3 nm and a resolution of 0.01 nm.
oise with a STD of −13 dB with respect to the peak of the back-

eflected signal amplitude was added to the input data. The error
n the extracted �n is less than 0.5%.

ig. 5. Absolute value of the orientation angle, ���, reconstructed
sing a layer-peeling algorithm (dashed black curve) compared
ith the original ��� (solid gray curve) for a PMD emulator ana-

yzed in Fig. 4. The reflection spectrum was sampled with a
andwidth of 3 nm and a resolution of 0.01 nm. Noise with a STD
f −13 dB with respect to the peak of the backreflected signal am-
litude was added to the input data. The error in the extracted
ngle ��� is less than 1%.
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ize one of the error functions: gcos��n�=
j=1
n lj

2�xj
2 or

sin��n�=
j=1
n lj

2�yj
2. Such a minimization reduces signifi-

antly the required computation time without signifi-
antly reducing the accuracy of the calculations, com-
ared with minimizing the accurate error function, given
n Eq. (19). An initial guess for the fitting algorithm was
aken by a linear fitting of the rotation angle and extract-
ng the RID from it as explained in Subsection 4.B.

. CONCLUSIONS
e have demonstrated a new method, based on a layer-

eeling algorithm, that enables us to extract, for the first
ime to our knowledge, the RID and the orientation angle
n an emulator built from several sections of uniformly
istributed birefringent fibers. The frequency dependence
f the SOP of the wave reflected from the connections be-
ween the birefringent fibers is analyzed using a layer-
eeling algorithm. The layer-peeling algorithm is an it-
rative algorithm that is based on the causality of the
nterrogated system. The birefringence parameters along
he emulator are extracted by propagating the input
elds, using the birefringence parameters extracted in

ig. 6. Comparison between the RID, �n, reconstructed using a
ayer-peeling algorithm (dashed black curve) and the original
ID (solid gray curve) for a PMD emulator with a total length of
04.2 m built from 15 PM fibers rotated at different angles. The
eflection spectrum was sampled with a bandwidth of 3 nm and a
esolution of 0.01 nm. Noise with a STD of −13 dB with respect to
he peak of the backreflected signal amplitude was added to the
nput data. The error in the extracted �n is less than 0.5%.

ig. 7. Absolute value of the orientation angle, ���, reconstructed
sing a layer-peeling algorithm (dashed black curve) compared
ith the original ��� (solid gray curve) for a PMD emulator ana-

yzed in Fig. 6. The reflection spectrum was sampled with a
andwidth of 3 nm and a resolution of 0.01 nm. Noise with a STD
f −13 dB with respect to the peak of the backreflected signal am-
litude was added to the input data. The error in the extracted
ngle ��� is less than 1%.
he previous iterations of the algorithm. The algorithm
as designed to minimize the accumulated error, and

herefore it could overcome a significant noise added to
he input data. A description of a system that can be used
o measure the input data required by the algorithm, as
ell as an analyze of the bandwidth and the resolution

hat are required from such a system, was given. The
ethod, described in this paper, may be important to ana-

yze PMD emulators and PMD compensators as well as to
nalyze distributed sensors that are based on measuring
he local birefringence in fibers.

PPENDIX A: REFRACTIVE-INDEX-
IFFERENCE ERROR FUNCTION G„�N…

n this appendix we calculate the dependence of the error
unction g��n�=
j=1

n � Ŝr,e��j�− Ŝr��j��2 on the RID. Given
he initial SOP, Ŝi��j�, and the normalized birefringence
ector, Ŵ, it is possible to extract the calculated SOP,

ˆ r,e��j�, as a function of the RID, �n, by using Eq. (8),

Ŝr,e��j� = L�cos�2�j�nL/c�

sin�2�j�nL/c�� + KMrŜi��j�, �A1�

nd the measured SOP Ŝr��j� as a function of the rotation
ngle 	��j�,

Ŝr��j� = L�cos�2	j��j�	

sin�2	j��j�	
� + KMrŜi��j�, �A2�

here the matrices L=L��j� and K=K��j� are equal to

L = 

W2

2S1
i − W1W2S2

i W2S3
i

− W1W2S1
i + W1

2S2
i − W1Si

2

− S3
i W2S1

i − W1S2
i � , �A3�

K = 

W1

2 W1W2 0

W1W2 W2
2 0

0 0 0
� . �A4�

y substituting Eqs. (A1) and (A2) into Eq. (18), we ob-
ain

g��n� = 

j=1

n �L�cos�2�j�nL/c� − cos�2	j��j�	

sin�2�j�nL/c� − sin�2	j��j�	
��2

.

sing Eq. (A3) and the relations for the components of the
atrix L , L11

2 +L21
2 +L31

2 =L12
2 +L22

2 +L32
2 =1− �Ŵ · Ŝi��j��

nd L11L22+L21L22+L31L32=0, we obtain

g��n� = 

j=1

n

lj
2��xj

2 + �yj
2�,

here
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lj
2 = 1 − �Ŵ · Ŝi��j��,

�xj
2 = �cos�2�j�nL/c� − cos�2	��j�	�2,

�yj
2 = �sin�2�j�nL/c� − sin�2	��j�	�2.
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