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Abstract. A novel method has been developed for measuring the rota-
tional angle of a fiber’s or a waveguide’s polarization axis with respect to
a reference angle. The reference angle is the polarization axis of the
measuring device. The method also gives the true polarization extinction
ratio of the measured fiber or waveguide. The method is suitable for the
characterization and rotational alignment of polarization-maintaining
waveguides and fibers. In particular, the method can be used to rotation-
ally align the fiber-waveguide interconnections during waveguide char-
acterization. The measuring device is either a linear polarizer or a polar-
ization splitter that is accurately rotated with respect to the device under
test. According to the experiments with a polarization-maintaining fiber,
the method is very easy and inexpensive to implement, and the angular
accuracy can be better than 0.2 deg. © 2003 Society of Photo-Optical Instrumen-
tation Engineers. [DOI: 10.1117/1.1600730]
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1 Introduction The polarization characteristics of optical devices are

often determined by using a polarization scrambler at the
|_input, so that the maximum power variation at the output
gives the PDL of the device. Reliable results require that
the polarization scrambler scan the whole Poincukere
very densely. According to another method, the principal
states of polarizatiofPSPs), or the polarization eigen-
modes for continuous waves, are first determined from the
device and input light is then coupled selectively to one
PSP at a tim&.The PDL can then be detemined as the ratio

Most of applications in optical telecommunication are
based on using randomly polarized light, because the avai
able polarization-maintaining fibef®MFs)are clearly too

expensive for long transmission links. The polarization-
dependent los€PDL) and the polarization mode dispersion
(PMD) of devices are minimized to have sufficiently static
operation during the polarization fluctuations that cannot be
avoided in optical networks. The widely used single-mode

f_ibers (SMFs) cannot maintgi_n the polgrizgtion state ofthe ot o output powers, corresponding to the two different
I{ght because of their negligible poIar|zat|qn extinction ra- input polarizations. By comparing the power ratio of the
tio (PXR). However, they have a weak birefringence that 1 principal states of polarization at the output, one can
changes as a function of temperature, wavelength, andyiss determine the polarization extinction ratio of the de-
stress along the fiber. This induces time-dependent varia-yice for both input polarizations. This method is not very
tions in both state of polarization and PMD of the fiber's practical in the characterization of standard single-mode fi-
output. Due to their statistical behavior, these fluctuations pers and other such devices that do not have fixed principal
have a finite probability of becoming very strohgVhen  states of polarization. However, in many other devices that
the data rates rise, the polarization problems become morengye some kind of structural symmettyee Fig. 1), the
difficult to handle. At very high data rates, active compen- psSps correspond to fixed linear polarization states that are
sator devices can be used to eliminate the PMD caused byidentical at the input and output. This does not necessarily
long fiber links?~* They may also be used to stabilize the require a good PXR value. Such fixed principal states of
polarization to a fixed polarization state. polarization are referred to as the polarization modes or the
Inside the network nodes, there are two possibilities for polarization axes of the device, and they exist in all
handling polarization problems. The devices can be made polarization-maintaining fibers and in many integrated op-
either sufficiently polarization independent or sufficiently tical components. In a PMF, the polarization modes lie
polarization maintaining. In the former case, randomly po- along the so-called slow and fast axis, while in many inte-
larized light may be used, while in the latter case, only grated optical waveguides they lie horizontdlisansverse-
well-defined polarization is used. In either case, it is essen-electric(TE) or quasi-TE modeand vertically[transverse-
tial to be able to accurately characterize the polarization magnetic (TM) or quasi-TM mode]with respect to the
properties of the devices. substraté:®
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(a) (b) Table 1 Jones matrices of some ideal components (B;
=propagation constant, Zz=longitudinal coordinate, and «
=rotational angle).

Rotational
O e Fiber/waveguide junction Polarizer

exp(iB12) 0 cos(a) sin(a) cos?(a)  cos(a)sin(a)

0 exp(iB2)

—sin(a) cos(a)| |cos(a)sin(a)  sin*(a)

Fig. 1 Schematic cross sections of structures with fixed PSPs: (a)
polarization-maintaining fiber and (b) integrated optical waveguide.

is assumed to be fully polarized. Second, light is described

When using polarization modes to characterize compo- only by two complex values that represent two transverse
nents, the input light must be carefully coupled to only one and orthogonal components of a harmonic plane wave. We
polarization mode at a time. As a PMF is typically used for assume that the PSPs of the optical components are linear
input coupling, the rotational alignment between the device polarization states, and the two complex values represent
and the PMF input must be very accurate. Furthermore, the two polarization eigenmodes, e.g., the slow and fast
when using different polarizing and polarization- axis of a PMHsee Fig. 1(a)pr the TE and TM modes of a
maintaining components in any characterization, communi- waveguide[see Fig. 1(b)]. These complex values can be
cation, or sensing systems, all the interconnections must berepresented as a Jones vector
rotationally aligned with high precision to minimize the
polarization cross talk between different polarization
modes.

Several methods for the rotational alignment of a PMF
have already been propos&d.They are typically based on  wherer = E,/E, is the ratio of the amplitudeg; andE,,
changing the phase difference between the polarizationand A ¢=¢,— ¢, is the phase difference between the two
modes continuously and by simultaneously rotating a po- polarization components. The common factor in the latter
larizer in front of the PMF. The phase difference can be expression can be dropped out if the absolute power and the
varied, e.g., by heating stretching, or pressing the fiber, apsolute phase are not relevant.
or by tuning the wavelength? Each of these methods re- Polarization transformation caused by an optical compo-

quires a long piece of fiber, a long measurement time, si- nent or a rotational junction is described by a matrix equa-
multaneous variation of several measurement parametersiion

or some complicated and expensive equipment, such as a
polarization analyzer or a tunable laser. The accuracy of the 11 12\ [Eqexpliey )
methods typically varies between 0.2 and 1 deg. There areJ,,= MJin:< )[E n i in }
also other methods that rely on optical observation of the 2,n €XPi @2,in)
fiber end, but these typically have an accuracy of 1 deg or E 1 ou@XPi €1 oud

Ez,outexliI (PZ,outJ ’

Eiexpliey)
Ezexplie,)

1
}:Elexfiiﬁol) eX[XiAcp)/ll’ 1)

Jo1 22
worse. = (2)
A novel method for accurate determination of rotational
angles between different polarizing and polarization-
maintaining components is described and demonstrated
The method is applicable to such fibers and waveguides
that have fixed principal states of polarization and a finite
polarization extinction ratio. When compared to earlier
methods, the new method is particularly simple and inex-

pensive to implement.

whereM is the Jones matrix and subscripts “in” and “out”
refer to the situation before and after a component or a
junction. The Jones vectors and matrices are associated
with a certain coordinate system that is aligned with respect
to the polarization axes of the fiber, waveguide, or another
component. Therefore, rotation of the coordinate system
between different components must be carried out by using
an appropriate Jones matrix. In the following, such a rota-
2 Jones Matrix Theory tional junction is simply referred to as a junction. The Jones

There are two alternative ways to analyze polarization by matrices of some ideal components are listed in Table 1.
using matrix algebra, namely, the Stokes and Jones meth- The true PXR of light that propagates along a fitmra
ods. Both of them define the states of polarization as vec- waveguidejor that comes out of the fiber is defined to be
tors, and the polarization changes due to optical compo- the ratio of the two amplitudess( ,E,) of the Jones vector
nents as matrices. The Stokes vectors and the associatedquared, and is never less than one. In relative units, PXR
Mller matrices take into account both the polarized and =r2(E;=E,) or 1f?(E;<E,), and in decibel units is
depolarized light, while the Jones vectors and matrices can
only handle polarized light. In this work, the Jones vectors PXR=|20log E;/E,)|dB=|20logr)|dB. (3)
and matrices are used for mathematical simplicity, but all
the results can be converted into Stokes vectors anteMu  In real polarization-maintaining fiber&@nd waveguides),
matrices'®! the maximum PXR is typically below 35 dB due to the
When the Jones vectors and matrices are used, somdinite polarization cross-talk inside the fibers. However, the
basic assumptions and approximations are made. First, lightmain limiting factor for the PXR in optical systems is the
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Fig. 2 Calculated transmission through an ideal polarizer when

PXR, =20 dB. Fig. 3 Calculated PXR,, after a rotary joint (angle a) when PXR;,

=20 dB. Each curve has a fixed phase difference (0, 45, 90, 135, or
180 deg).

olarization cross-talk caused by the rotationally mis- . .
glignedjunctions between the fibégnd Waveguides).yThis crossing points wherevar=+N-90 deg =0, 1, 2, 3),
can be seen by calculating the PXR change in a junction, € vyhen any two polarization axes are parallel. At the
where a polarization axis on one side of the junction has a €r0SSing points, PXR=PXR;,. It can also be seen that
rotational anglex with respect to a polarization axis on the close to the crossing points P¥Rvaries particularly rap-
other side of the junction. With a given amplitude ratio  idly with respect to bothr andA¢, and the maxima of the
phase differencéA¢), and angle(a), the Jones vector at  CUrves do not associate with any constant angle. With ap-

the output(excluding the common factobecomes propriate « and A¢, the output PXR can be significantly
higher than the input PXR. For example, withp=*+N

coja) sin(a) 1 -180 deg,a= *atan(1/r), andr>1, PXR,, can reach in-
out— | _ ; finity, corresponding to a linear polarization state. However,
sinfa)  coda) |l eXpiA¢)/T with appropriateA¢, the output PXR may also decrease
cog a)+sin(a)expiAe)/r very rapidly as a function oé. .
~| —sin(a)+cog a)expliAg)/r |’ (4) Successive junctions increase the fluctuation of the

PXR,ui, as can be seen from Fig. 4. In general, the average

The output PXR (PXR,) can then be obtained as the ratio PXRo,: degrades and the range of the variation increases as
of the two output amplitudes squared. The amplitude of the the number of junctions and the magnitude of the angles
first output polarization component is plotted in Fig. 2 as a increase. The results in Fig. 4 are based on the assumption
normalized function ofx with five different values ofA¢
and a fixed input PXR (PXR=20 dB). The result is iden-

tical with the transmission through a polarizer with an 50 0-0.17 0-0.5% -1
anglea. The second polarization component corresponds to Tl T Lo
a =90 deg rotation with respect to the first component. It
can be seen from Fig. 2 that the smaller polarization com- —
ponent @~90 deg) varies much more strongly with re- 2 ,,| kK =g
spect toa and A¢ than the larger componentr(&0 deg). ~ 5 ;E
Therefore, the smaller component dominates the depen—% : :;!
dence of PXR, on @ and Ap with a high PXR,. With - £ %
some simple algebra, the output PXR becomes EL 30 A
=] 7
b 101 r2+2r tan «)cog A @) +tarf( «) ° () o=0, Ap=180° ' @
Rour=| 1010 retarf(a)—2r tan(a)cogAp)+1|| points/series=200
20 ——— — —
(5) 12 3 4 12 3 4 12 3 4

In Fig. 3 the output PXR according to this formula has been Number of Jjunctions

plotted for a fixed input PXR (PXR=20 dB) as a set of Fig. 4 Statistical analysis of PXR fluctuation after successive junc-
curves, so that each curve represents PX&s a function tions. The misalignment () in each junction was varied randomly by
of a for a givenAe. It should be noted that the plotted set assuming a normalized distribution and a given standard deviation

TR . . (o), while the phase difference (A¢) was varied randomly in the
of curves(not the individual curvesis symmetric and an- range 0 to 360 deg. PXR;,=40 dB before the first junction, and the

tisymmetric with respect to anglesxk=0deg and « number (N) of successive junctions varies from 1 to 4. Circles cor-
=45 deg, respectively. The set of curves has common respond to e=o and A =180 deg.
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larizer in front of the fiber can give misleading resultaip
is unknown(see Fig. 2). Continuous rotation of a polarizer
and a simultaneous scanning ®% can point out an angle
(e~N-90 deg), where the dependence of RXBn Agp is
at a minimum or the minimum of PXR=f(A¢) has a
maximum. However, the continuous scanning of bath
and Ap makes the measurement relatively slow, and the
accuracy of the method is difficult to estimate. The whole
definition of PXR for a fiberor waveguidejs meaningful
only if the PSPs are fixed, but the finding of a minimum or
a maximum signal does not guarantee this.

As is shown next, Eq(5) and the corresponding set of
. . . . . . curves(Fig. 3) can be used to easily determine betfand
68 90 92 94 96 98 PXR of a fiber(or waveguide). The basic principle of this
method is that first, two or more curves, similar to those in
Figs. 2 and 3, are measured by varying the measurement
Fig. 5 Calculated transmission of broadband light through an ideal angleg in the junction between the fiber and the measuring
polarizer when the true PXR;, varies between 10 and 40 dB. device. Then the crossing point of the measured curves is
determined. This point directly corresponds@ge and the
PXR value of the fiber (PXR, before the junction). Tran-
sitions between different curves are done by somehow
changing the phase differende of the fiber’s output. One
advantage of the new method is that one does not need to
know A¢ or to continuously vary it. It is sufficient to in-
duce such changes ik that at least two measured curves
are clearly different. These changes can be realized either
'by modifying the light guiding properties of the fiber or by
tuning the wavelength. The former can be easily done by
heating, stretching, or pressing the fiber.

Transmission curveFig. 2) can be measured by rotat-
ing a polarizer in front of the fiber end. PXRcurves can
be obtained by calculating the ratio of transmissions in per-
pendicular angle§s, 8+ 90 deg). Alternatively, the PXE;
curves can be directly measured by calculating the ratio of
two output powers that originate from a rotatable polariza-
tion splitter.

The measured curves are not identical with the theoret-
ical curves because of the finite accuracy in optical power
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that bothA¢ anda vary randomly(« according to a normal
distribution). The results clarify the need to minimize the
misalignments in the junctions when a static and high
PXR,,t is needed.

When the rotational angle of a fiber’s polarization axis is
measured or optimized, it must first be defined with respect
to some physical reference angle of a measuring device
e.g., the transmission or blocking direction of a linear po-
larizer. Therefore, this reference angle corresponds to the
origin of the @ scale and to one crossing point of the theo-
retical set of curvesgsee Figs. 2 and 3). In the beginning of
a measurement, the angte is unknown and a separate
measurement scal@) must be used to control the possible
rotation of a measuring device with respect to the fiber. It is
here defined that the origin of thescale and the associated
crossing point of the theoretical set of curves correspond to
a certain crossing point angl8cp on the measurement
scale(B). If Bcp can be determined, then also the fiber’s

angle a=8— Bcp can be obtained and set to any desired 4 angle(8) measurements, the instabilities of the fiber

value. I . . and the measurement system, the depolarized fraction of
Another definition for the PXR is based on detecting the light, the finite bandwidth of the light, and the wavelength

minimum and maximum  transmissiorP iy ,Prmay Of a fluctuations. Therefore, the position of the crossing point
light beam through a rotated polarizer. This so called free- may not be explicitly determined. There are several possi-
space PXR (PXRy) is defined as bilities for postprocessing the results. One may fit the the-
oretical set of curves to the results, or one may also fit each
PXRes= 10109 P ax/ Pmin) dB. (6) curve individually by just assuming a fixed crossing point

. , . . angle Bcp and taking into account the possible PXR fluc-
As is evident from Figs. 2 and 3, this method cannot be ,ations. Also, the measured points can all be connected
used directly to give reliable results for the PXR or the it interpolated curves. This typically produces several
rotational angle of a fiber, unless the effectinp is some- . 4qqing points, an@ep can then be obtained by appropri-
how eliminated. However, when a sufficiently broadband ately averaging them. The measurement error in laatind
|Ight|SOUI‘CG IS usdedAgo averagizrou_t of qu(.S) ?]nd thl‘? PXR can be estimated based on the quality of fitting or the
results correspond to a case whare=90 deg. This vali- | aration between the different crossing points. In both
dates the use of Ed6) for characterizing a fiber output cases, the measurement accuracy Bgp can be clearly

only W?enbA‘P ;Q/erzgtes out O.f thteh reSl#]Its. Tlhepretlca_ltlh better than the angular spacing between individual mea-
curves tor broadband transmission through a polanzer with o, .ament points, unlike in many alternative methods.

different input PXRs are shown in Fig. 5.

3 Novel Method for Rotational Alignment 4 Results

Due to the additional dependence of PxRon Ag, the The functionality of the new method was demonstrated by
determination of PXR and the rotational anglef a fiber measuring the angle of a polarization-maintaining fiber’s
is not experimentally trivial. The simple rotation of a po- polarization axis with respect to the blocking direction of a
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Fig. 6 Schematic layout of the measurement setup.
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thin film near-infrared polarizer. The extinction ratio of the 0
polarizer is better than 40 dB around the 1550-nm wave-
length. The measured fiber is used as an incoupling fiber in

a _Wavegu'de characte_rlzatlon _setu_p, SO a S_ucceSfL” flberFig. 7 Measurement results and fitted theoretical curves obtained
alignment can be readily exploited in waveguide measure- by wavelength tuning.

ments. Due to the flatness of the waveguide chips, they can

be easily aligned with respect to the calibrated angle of the

polarizer. ) ) o timally fitted value. Detuning3cp by =0.5 deg evidently

~ The experimental setup for measuring the fiber is shown degraded the fitting quality. The accuracy was also succes-
in Fig. 6. Light is launched either from a narrowband laser fully confirmed by connecting the measured points with
(A=1550nm) or a broadband LED into a 7-m-long straight lines and by checking that the angular variation
polarization-maintaining fibefPANDA) via a polarization-  petween different crossing points was below 0.5 deg.
adjustment setup. The polarization and power of the light  The phase differenc&¢ was also tuned by simply mov-
that couples into the fiber can be controlled and stabilized. ing the fiber on a table. Changing the direction or the
The light, originating from the bare output end of the fiber, amount of the loose fiber loops was sufficient to induce
is guided through the manually rotatable polarizer to a pho- significant phase changes. Movements are also expected to
todetector. The line grid of the measurement scale was ascause slight variation in the PXR value. The phase change
high as 2 deg and, therefore, the relative accuracy of thedoes not stabilize immediately after the movements, be-
first angle readings was only 0.5 deg. However, to obtain cause the fiber loops experience microscopic movements
more accurate results, a motorized fiber rotator was con- after repositioning. Therefore, the measured curves, shown
structed to turn the fiber with respect to the polarizer. This in Fig. 8, do not correspond to fully stabilized phase differ-
improved the accuracy in the last measurements down toences and a common PXR. The measurement accuracy is
0.05 deg. Before starting the actual measurements, the poagain better than 0.5 deg, and is mainly limited by the
larization axes at the output of the fiber were determined accuracy of the rotational scale. This was verified with the
coarsely by rotating the polariz¢or the fiber)and maxi-  same principles as in the case of wavelength tuning.

mizing PXR:s with the laser source. Then the accurate  Heating and motorized rotation of the fiber was found to
angle was determined by measuring sets of curves and lo-be the most accurate measurement method. Figure 9 shows
cating the crossing points. The phase was varied either byPXR, as a function of3 with different temperatures when
changing the wavelength, by simply moving the fiber on a the motorized fiber rotator was used. Only a couple of de-
tﬁbk;{,bor by heating an approximately 8-cm-long piece of grees temperature change is enough to changsignifi-

the fiber.

When using wavelength tuning, it was found that only a
1-nm wavelength step is sufficient to cause =& 2hase
difference. The required wavelength change is so small that
the wavelength dependences of the polarizer and the
polarization-adjustment setup do not affect the results. Fig-
ure 7 shows both the measured PxRalues and the the-
oretical curves that are based on Ef) and fitted to the
results. The fiber's PXR (PXR and the crossing-point
angle Bcp Were used as common fitting paremeters, while
A¢ was fitted separately for each curve. As can be seen
from Fig. 7, the theoretical curves and measurement results
agree very well. The accuracy of the results is limited by
the coarse measurement scale of the manually rotated po-
larizer. The final accuracy @8cp is slightly better than the
0.5 deg accuracy of the individual angle readings, because 18
an appropriate curve fitting can partially average out the
angle reading errors. This was verified by monitoring the
fitting quality, while Bcp was slightly varied around its op- Fig. 8 Measurement results obtained by moving the fiber.

Measurement angle B / [°]

_3 -2 -1 0 1 2 3
Measurement angle B / [°]
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5 Conclusions

T=21°C -
30 Toges A A . The best way to maintain a stable and sufficiently high
T=30°C - #- ) “ ‘\‘. PXR in a polarization-maintaining optical system is to use
28 | Broadband -mX & ] highly linear input polarization and very accurately aligned
= 26 ' il rotational junctions. The required rotational accuracy de-
S pends on the number of junctions, the polarization cross-
~ 24t 1 talk induced by the components themselves, the required
] minimum PXR, and the tolerable PXR fluctuation. For
Boazr | most applications, the accuracy should be better than 0.5
20 b X deg, but for some applications the improvement of accu-
racy down to 0.1 deg is justified.
18 7 A novel method for the rotational alignment of

polarization-maintaining fibers is presented and demon-
strated. The best results are obtained by heating the fiber
and by using a motorized fiber rotator. The measurement
accuracy is better than 0.2 deg. Also,tuning and me-
chanical movement of the fiber are used to change the
phase difference, but these methods were somewhat less
accurate(0.5 deg). This is mostly due to the poor rotation
accuracy(0.5 deg)of the manually rotated polarizer used in
these measurements. By using curve fitting, the final results
cantly. Based on the results, the fiber angle was correctedcan be slightly better than the rotation accuracy.

toward the origin of the3 scale, and a second set of curves The new method can be readily used in waveguide char-
was measured with a finer angular grid. This set of curves acterization, where the PMF must be carefully aligned with
is shown in Fig. 10. In both cases, the measurements werean integrated optical waveguide. It should also be possible
carried out at four different temperatures. Based on Fig. 10to apply the method to the direct measurement of a
and the same criteria as with the previous phase tuningwaveguide’s rotational angle. However, this would require
methods, the accuracy @ipis estimated to be better than a motorized rotation of the polarizer, because the manual
0.2 deg. For comparison, the measurement of each set ofpolarizer rotation is less accurate than the straightforward
curves(Figs. 9 and 10yas followed by a PXRs measure- alignment by using a rotationally calibrated flat plate under
ment. In this procedure, a PXR curve was measured by the chip. For short waveguides, a large amount of wave-
using the broadband light source. These results agree welllength tuning is necessary, and this requires a stable input
with the new method. PXR with respect ta.. When heating a waveguide chip, the

-5 -4 -3 -2 -1 0 1 2 3 4 5
Measurement angle B / [°]

Fig. 9 Measurement results obtained by heating the fiber (filled
symbols) and by using a broadband light source (thin crosses).
Coarse angle variation.
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Fig. 10 Measurement results obtained by heating the fiber (filled symbols) and by using a broadband
light source (thin crosses). Fine angle variation after angle adjustment.
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stability of the input coupling also requires special atten-
tion.
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