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Abstract. A novel method has been developed for measuring the r
tional angle of a fiber’s or a waveguide’s polarization axis with respec
a reference angle. The reference angle is the polarization axis of
measuring device. The method also gives the true polarization extinc
ratio of the measured fiber or waveguide. The method is suitable for
characterization and rotational alignment of polarization-maintain
waveguides and fibers. In particular, the method can be used to rotat
ally align the fiber-waveguide interconnections during waveguide c
acterization. The measuring device is either a linear polarizer or a po
ization splitter that is accurately rotated with respect to the device un
test. According to the experiments with a polarization-maintaining fi
the method is very easy and inexpensive to implement, and the ang
accuracy can be better than 0.2 deg. © 2003 Society of Photo-Optical Instru
tation Engineers. [DOI: 10.1117/1.1600730]
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1 Introduction

Most of applications in optical telecommunication are

The polarization characteristics of optical devi
often determined by using a polarization scramble
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based on using randomly polarized light, because t
able polarization-maintaining fibers~PMFs!are clearl
expensive for long transmission links. The polar
dependent loss~PDL! and the polarization mode disp
~PMD! of devices are minimized to have sufficientl
operation during the polarization fluctuations that ca
avoided in optical networks. The widely used sing
fibers ~SMFs!cannot maintain the polarization state
light because of their negligible polarization extinc
tio ~PXR!. However, they have a weak birefringen
changes as a function of temperature, wavelen
stress along the fiber. This induces time-depende
tions in both state of polarization and PMD of the
output. Due to their statistical behavior, these fluc
have a finite probability of becoming very strong.1 W
the data rates rise, the polarization problems beco
difficult to handle. At very high data rates, active c
sator devices can be used to eliminate the PMD c
long fiber links.2–4 They may also be used to stabi
polarization to a fixed polarization state.5

Inside the network nodes, there are two possibi
handling polarization problems. The devices can
either sufficiently polarization independent or suffi
polarization maintaining. In the former case, rando
larized light may be used, while in the latter cas
well-defined polarization is used. In either case, it i
tial to be able to accurately characterize the pol
properties of the devices.
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input, so that the maximum power variation at the
gives the PDL of the device. Reliable results requ
the polarization scrambler scan the whole Poincar´ sp
very densely. According to another method, the p
states of polarization~PSPs!, or the polarization
modes for continuous waves, are first determined
device and input light is then coupled selectively
PSP at a time.4 The PDL can then be detemined as t
of two output powers, corresponding to the two d
input polarizations. By comparing the power ratio
two principal states of polarization at the output, o
also determine the polarization extinction ratio of
vice for both input polarizations. This method is n
practical in the characterization of standard single-
bers and other such devices that do not have fixed
states of polarization. However, in many other dev
have some kind of structural symmetry~see Fig. 1!
PSPs correspond to fixed linear polarization states
identical at the input and output. This does not nec
require a good PXR value. Such fixed principal s
polarization are referred to as the polarization mod
polarization axes of the device, and they exis
polarization-maintaining fibers and in many integra
tical components. In a PMF, the polarization mo
along the so-called slow and fast axis, while in ma
grated optical waveguides they lie horizontally@transve
electric~TE! or quasi-TE mode#and vertically@transve
magnetic ~TM! or quasi-TM mode#with respect to
substrate.3,5
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When using polarization modes to characterize
nents, the input light must be carefully coupled to o
polarization mode at a time. As a PMF is typically u
input coupling, the rotational alignment between the
and the PMF input must be very accurate. Furth
when using different polarizing and polari
maintaining components in any characterization, co
cation, or sensing systems, all the interconnections
rotationally aligned with high precision to minimi
polarization cross talk between different pola
modes.

Several methods for the rotational alignment of
have already been proposed.6–9 They are typically bas
changing the phase difference between the pol
modes continuously and by simultaneously rotatin
larizer in front of the PMF. The phase difference
varied, e.g., by heating,6,7 stretching, or pressing the
or by tuning the wavelength.8,9 Each of these metho
quires a long piece of fiber, a long measurement
multaneous variation of several measurement pa
or some complicated and expensive equipment, s
polarization analyzer or a tunable laser. The accura
methods typically varies between 0.2 and 1 deg. T
also other methods that rely on optical observatio
fiber end, but these typically have an accuracy of 1
worse.

A novel method for accurate determination of ro
angles between different polarizing and polar
maintaining components is described and demo
The method is applicable to such fibers and wav
that have fixed principal states of polarization and
polarization extinction ratio. When compared to
methods, the new method is particularly simple an
pensive to implement.

2 Jones Matrix Theory

There are two alternative ways to analyze polariz
using matrix algebra, namely, the Stokes and Jon
ods. Both of them define the states of polarization
tors, and the polarization changes due to optical
nents as matrices. The Stokes vectors and the a
Müller matrices take into account both the polariz
depolarized light, while the Jones vectors and matr
only handle polarized light. In this work, the Jones
and matrices are used for mathematical simplicity
the results can be converted into Stokes vectors an̈
matrices.10,11

When the Jones vectors and matrices are us
basic assumptions and approximations are made. F

Fig. 1 Schematic cross sections of structures with fixed PSPs
polarization-maintaining fiber and (b) integrated optical wavegu
2862 Optical Engineering, Vol. 42 No. 10, October 2003
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is assumed to be fully polarized. Second, light is de
only by two complex values that represent two tra
and orthogonal components of a harmonic plane w
assume that the PSPs of the optical components a
polarization states, and the two complex values r
the two polarization eigenmodes, e.g., the slow a
axis of a PMF@see Fig. 1~a!#or the TE and TM mode
waveguide@see Fig. 1~b!#. These complex values
represented as a Jones vector

J5FE1 exp~ iw1!

E2 exp~ iw2!G5E1 exp~ iw1!F 1
exp~ iDw!/r G ,

wherer 5E1 /E2 is the ratio of the amplitudesE1 and
andDw5w22w1 is the phase difference between t
polarization components. The common factor in th
expression can be dropped out if the absolute powe
absolute phase are not relevant.

Polarization transformation caused by an optical
nent or a rotational junction is described by a matri
tion

Jout5MJ in5S j 11 j 12

j 21 j 22
D FE1,in exp~ iw1,in!

E2,in exp~ iw2,in!
G

5FE1,outexp~ iw1,out!

E2,outexp~ iw2,out!
G ,

whereM is the Jones matrix and subscripts ‘‘in’’ and
refer to the situation before and after a compone
junction. The Jones vectors and matrices are as
with a certain coordinate system that is aligned with
to the polarization axes of the fiber, waveguide, or
component. Therefore, rotation of the coordinate
between different components must be carried out
an appropriate Jones matrix. In the following, such
tional junction is simply referred to as a junction. Th
matrices of some ideal components are listed in Ta

The true PXR of light that propagates along a fib~o
waveguide!or that comes out of the fiber is defined
the ratio of the two amplitudes (E1 ,E2) of the Jones v
squared, and is never less than one. In relative un
5r 2(E1>E2) or 1/r 2(E1<E2), and in decibel units

PXR5u20 log~E1 /E2!udB5u20 log~r !udB.

In real polarization-maintaining fibers~and wavegui
the maximum PXR is typically below 35 dB due
finite polarization cross-talk inside the fibers. Howe
main limiting factor for the PXR in optical systems

5propagation constant, z5 longitudinal coordinate, and
5rotational angle).

Fiber/waveguide
Rotational
junction Polarizer

Fexp~ib1z! 0

0 exp~ib2z!
G F cos~a! sin~a!

2sin~a! cos~a!
G F cos2~a! cos~a!sin

cos~a!sin~a! sin2~a
VIII / 2
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polarization cross-talk caused by the rotationall
aligned junctions between the fibers~and waveguides!.
can be seen by calculating the PXR change in a j
where a polarization axis on one side of the junctio
rotational anglea with respect to a polarization axis
other side of the junction. With a given amplitude r
phase difference~Dw!, and angle~a!, the Jones vect
the output~excluding the common factor!becomes

Jout5F cos~a! sin~a!

2sin~a! cos~a!
G F 1

exp~ iDw!/r G
5F cos~a!1sin~a!exp~ iDw!/r

2sin~a!1cos~a!exp~ iDw!/r G .
The output PXR (PXRout) can then be obtained as th
of the two output amplitudes squared. The amplitud
first output polarization component is plotted in Fig.
normalized function ofa with five different values o
and a fixed input PXR (PXRin[20 dB). The result is i
tical with the transmission through a polarizer w
anglea. The second polarization component corresp
a 690 deg rotation with respect to the first compo
can be seen from Fig. 2 that the smaller polarizatio
ponent (a'90 deg) varies much more strongly w
spect toa andDw than the larger component (a'0 de
Therefore, the smaller component dominates the
dence of PXRout on a and Dw with a high PXRin . W
some simple algebra, the output PXR becomes

PXRout5U10 logF r 212r tan~a!cos~Dw!1tan2~a!

r 2 tan2~a!22r tan~a!cos~Dw!11GUdB

In Fig. 3 the output PXR according to this formula ha
plotted for a fixed input PXR (PXRin520 dB) as a s
curves, so that each curve represents PXRout as a func
of a for a givenDw. It should be noted that the plott
of curves~not the individual curves! is symmetric and
tisymmetric with respect to anglesa50 deg and
545 deg, respectively. The set of curves has c

Fig. 2 Calculated transmission through an ideal polarizer w
PXRin[20 dB.
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crossing points wherevera56N•90 deg (N50, 1, 2,
i.e., when any two polarization axes are parallel.
crossing points, PXRout5PXRin . It can also be seen
close to the crossing points PXRout varies particularly
idly with respect to botha andDw, and the maxima o
curves do not associate with any constant angle. W
propriatea and Dw, the output PXR can be signific
higher than the input PXR. For example, withDw56
•180 deg,a56a tan(1/r), andr .1, PXRout can reach
finity, corresponding to a linear polarization state. Ho
with appropriateDw, the output PXR may also dec
very rapidly as a function ofa.

Successive junctions increase the fluctuation
PXRout, as can be seen from Fig. 4. In general, the
PXRout degrades and the range of the variation incre
the number of junctions and the magnitude of the
increase. The results in Fig. 4 are based on the ass

Fig. 3 Calculated PXRout after a rotary joint (angle a) when PX
[20 dB. Each curve has a fixed phase difference (0, 45, 90, 135
180 deg).

Fig. 4 Statistical analysis of PXR fluctuation after successive ju
tions. The misalignment (a) in each junction was varied randomly
assuming a normalized distribution and a given standard devia
(s), while the phase difference (Dw) was varied randomly in
range 0 to 360 deg. PXRin540 dB before the first junction, and
number (N) of successive junctions varies from 1 to 4. Circles c
respond to a[s and Dw[180 deg.
2863Optical Engineering, Vol. 42 No. 10, October 2003
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that bothDw anda vary randomly~a according to a n
distribution!. The results clarify the need to minim
misalignments in the junctions when a static a
PXRout is needed.

When the rotational angle of a fiber’s polarizatio
measured or optimized, it must first be defined with
to some physical reference angle of a measurin
e.g., the transmission or blocking direction of a lin
larizer. Therefore, this reference angle correspon
origin of thea scale and to one crossing point of th
retical set of curves~see Figs. 2 and 3!. In the begin
a measurement, the anglea is unknown and a se
measurement scale~b! must be used to control the p
rotation of a measuring device with respect to the fi
here defined that the origin of thea scale and the ass
crossing point of the theoretical set of curves corre
a certain crossing point anglebCP on the measur
scale~b!. If bCP can be determined, then also the
anglea5b2bCP can be obtained and set to any
value.

Another definition for the PXR is based on detec
minimum and maximum transmission (Pmin ,Pmax)
light beam through a rotated polarizer. This so ca
space PXR (PXRFS) is defined as

PXRFS510 log~Pmax/Pmin!dB.

As is evident from Figs. 2 and 3, this method ca
used directly to give reliable results for the PXR
rotational angle of a fiber, unless the effect ofDw is s
how eliminated. However, when a sufficiently bro
light source is used,Dw averages out of Eq.~5! and
results correspond to a case whereDw[90 deg. This
dates the use of Eq.~6! for characterizing a fiber
only when Dw averages out of the results. The
curves for broadband transmission through a pola
different input PXRs are shown in Fig. 5.

3 Novel Method for Rotational Alignment

Due to the additional dependence of PXRout on Dw,
determination of PXR and the rotational anglea of a
is not experimentally trivial. The simple rotation o

Fig. 5 Calculated transmission of broadband light through an
polarizer when the true PXRin varies between 10 and 40 dB.
2864 Optical Engineering, Vol. 42 No. 10, October 2003
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is unknown~see Fig. 2!. Continuous rotation of a p
and a simultaneous scanning ofDw can point out an
(a'N•90 deg), where the dependence of PXRFS on D
at a minimum or the minimum of PXRFS5 f (Dw) h
maximum. However, the continuous scanning of
and Dw makes the measurement relatively slow,
accuracy of the method is difficult to estimate. Th
definition of PXR for a fiber~or waveguide!is meani
only if the PSPs are fixed, but the finding of a mini
a maximum signal does not guarantee this.

As is shown next, Eq.~5! and the corresponding
curves~Fig. 3! can be used to easily determine bota
PXR of a fiber~or waveguide!. The basic principle
method is that first, two or more curves, similar to
Figs. 2 and 3, are measured by varying the mea
angleb in the junction between the fiber and the me
device. Then the crossing point of the measured
determined. This point directly corresponds tobCP and
PXR value of the fiber (PXRin , before the junction!.
sitions between different curves are done by s
changing the phase differenceDw of the fiber’s output
advantage of the new method is that one does no
know Dw or to continuously vary it. It is sufficient
duce such changes inDw that at least two measured
are clearly different. These changes can be realiz
by modifying the light guiding properties of the fibe
tuning the wavelength. The former can be easily
heating, stretching, or pressing the fiber.

Transmission curves~Fig. 2! can be measured by
ing a polarizer in front of the fiber end. PXRout curves
be obtained by calculating the ratio of transmission
pendicular angles~b, b690 deg). Alternatively, the P
curves can be directly measured by calculating th
two output powers that originate from a rotatable p
tion splitter.

The measured curves are not identical with the
ical curves because of the finite accuracy in optic
and angle~b! measurements, the instabilities of t
and the measurement system, the depolarized f
light, the finite bandwidth of the light, and the wav
fluctuations. Therefore, the position of the crossi
may not be explicitly determined. There are sever
bilities for postprocessing the results. One may fit
oretical set of curves to the results, or one may als
curve individually by just assuming a fixed crossin
anglebCP and taking into account the possible PX
tuations. Also, the measured points can all be c
with interpolated curves. This typically produces
crossing points, andbCP can then be obtained by ap
ately averaging them. The measurement error in ba
PXR can be estimated based on the quality of fittin
variation between the different crossing points.
cases, the measurement accuracy forbCP can be c
better than the angular spacing between individ
surement points, unlike in many alternative metho

4 Results

The functionality of the new method was demonst
measuring the angle of a polarization-maintainin
polarization axis with respect to the blocking direct

l
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Aalto, Harjanne, and Kapulainen: Method for the rotational alignment . . .
thin film near-infrared polarizer. The extinction ratio
polarizer is better than 40 dB around the 1550-nm
length. The measured fiber is used as an incouplin
a waveguide characterization setup, so a succe
alignment can be readily exploited in waveguide m
ments. Due to the flatness of the waveguide chips,
be easily aligned with respect to the calibrated ang
polarizer.

The experimental setup for measuring the fiber i
in Fig. 6. Light is launched either from a narrowban
(l51550 nm) or a broadband LED into a 7-
polarization-maintaining fiber~PANDA! via a polariza
adjustment setup. The polarization and power of t
that couples into the fiber can be controlled and st
The light, originating from the bare output end of th
is guided through the manually rotatable polarizer t
todetector. The line grid of the measurement scale
high as 2 deg and, therefore, the relative accurac
first angle readings was only 0.5 deg. However, to
more accurate results, a motorized fiber rotator w
structed to turn the fiber with respect to the polariz
improved the accuracy in the last measurements
0.05 deg. Before starting the actual measurements
larization axes at the output of the fiber were det
coarsely by rotating the polarizer~or the fiber!and m
mizing PXRFS with the laser source. Then the a
angle was determined by measuring sets of curve
cating the crossing points. The phase was varied
changing the wavelength, by simply moving the fib
table, or by heating an approximately 8-cm-long p
the fiber.

When using wavelength tuning, it was found tha
1-nm wavelength step is sufficient to cause a 2p ph
difference. The required wavelength change is so s
the wavelength dependences of the polarizer
polarization-adjustment setup do not affect the resu
ure 7 shows both the measured PXRout values and the
oretical curves that are based on Eq.~5! and fitted to
results. The fiber’s PXR (PXRin) and the crossing
anglebCP were used as common fitting paremeter
Dw was fitted separately for each curve. As can
from Fig. 7, the theoretical curves and measureme
agree very well. The accuracy of the results is lim
the coarse measurement scale of the manually ro
larizer. The final accuracy ofbCP is slightly better tha
0.5 deg accuracy of the individual angle readings,
an appropriate curve fitting can partially average
angle reading errors. This was verified by monito
fitting quality, whilebCP was slightly varied around i

Fig. 6 Schematic layout of the measurement setup.
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timally fitted value. DetuningbCP by 60.5 deg evid
degraded the fitting quality. The accuracy was also
fully confirmed by connecting the measured poin
straight lines and by checking that the angular v
between different crossing points was below 0.5 de

The phase differenceDw was also tuned by simply
ing the fiber on a table. Changing the direction
amount of the loose fiber loops was sufficient to
significant phase changes. Movements are also ex
cause slight variation in the PXR value. The phase
does not stabilize immediately after the moveme
cause the fiber loops experience microscopic mo
after repositioning. Therefore, the measured curves
in Fig. 8, do not correspond to fully stabilized phase
ences and a common PXR. The measurement ac
again better than 0.5 deg, and is mainly limited
accuracy of the rotational scale. This was verified w
same principles as in the case of wavelength tunin

Heating and motorized rotation of the fiber was f
be the most accurate measurement method. Figure
PXRout as a function ofb with different temperatures
the motorized fiber rotator was used. Only a coupl
grees temperature change is enough to changeDw sign

Fig. 7 Measurement results and fitted theoretical curves obta
by wavelength tuning.

Fig. 8 Measurement results obtained by moving the fiber.
2865Optical Engineering, Vol. 42 No. 10, October 2003
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Aalto, Harjanne, and Kapulainen: Method for the rotational alignment . . .
cantly. Based on the results, the fiber angle was
toward the origin of theb scale, and a second set o
was measured with a finer angular grid. This set o
is shown in Fig. 10. In both cases, the measurem
carried out at four different temperatures. Based o
and the same criteria as with the previous phas
methods, the accuracy ofbCP is estimated to be bett
0.2 deg. For comparison, the measurement of ea
curves~Figs. 9 and 10!was followed by a PXRFS mea
ment. In this procedure, a PXRout curve was measu
using the broadband light source. These results a
with the new method.

Fig. 9 Measurement results obtained by heating the fiber
symbols) and by using a broadband light source (thin cros
Coarse angle variation.
2866 Optical Engineering, Vol. 42 No. 10, October 2003
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The best way to maintain a stable and sufficien
PXR in a polarization-maintaining optical system i
highly linear input polarization and very accurately
rotational junctions. The required rotational accu
pends on the number of junctions, the polarizatio
talk induced by the components themselves, the
minimum PXR, and the tolerable PXR fluctuatio
most applications, the accuracy should be better
deg, but for some applications the improvement
racy down to 0.1 deg is justified.

A novel method for the rotational alignm
polarization-maintaining fibers is presented and
strated. The best results are obtained by heating
and by using a motorized fiber rotator. The meas
accuracy is better than 0.2 deg. Also,l tuning and
chanical movement of the fiber are used to ch
phase difference, but these methods were some
accurate~0.5 deg!. This is mostly due to the poor
accuracy~0.5 deg!of the manually rotated polarizer
these measurements. By using curve fitting, the fin
can be slightly better than the rotation accuracy.

The new method can be readily used in wavegu
acterization, where the PMF must be carefully alig
an integrated optical waveguide. It should also be
to apply the method to the direct measureme
waveguide’s rotational angle. However, this would
a motorized rotation of the polarizer, because the
polarizer rotation is less accurate than the straigh
alignment by using a rotationally calibrated flat pla
the chip. For short waveguides, a large amount
length tuning is necessary, and this requires a sta
PXR with respect tol. When heating a waveguide c

d
).
band
Fig. 10 Measurement results obtained by heating the fiber (filled symbols) and by using a broad
light source (thin crosses). Fine angle variation after angle adjustment.
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stability of the input coupling also requires special atten-
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