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1 Differential Geometry-Based Method and Apparatus for Measuring
Polarization Mode Dispersion Vectors in Optical Fibers 5 This application
claims the benefit of U.S. Provisional Application No. 60/608,005, filed
September 7, 2004. The present invention relates generally to fiber optics,
and more specifically to the measurement of polarization mode dispersion
vectors in optical fibers. 10 Background of the Invention Polarization
mode dispersion (PMD) is an optical effect that occurs in single-mode
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microtwists, or other stresses, birefringence may occur in the fiber. ThIS
birefringence causes the two polarizations to propagate through the fiber
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have a "fast" axis and'a 20 "slow" axis. This d%ference in arrival times is
spegiicalffet BlePMBUIEISIORNPIPIFIGiIPn anodp disBRI AN G2 Ry aifilperigddibers.
can be represented as having two polarization modes 104 and 106, in

perpendicular directions @I%?O{ﬁ% %Lﬁ]g(iﬁv%ﬂgloﬁ slow axis 110 of the

fiber 100. Due to birefringence, when travelling over the length of the fiber
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100 25 slightly before the mode 106 along the slow axis 110
optififfeldsee imntisHel Bbesiight fm&jtfn@%mﬁ%ﬁmaémlderay\*(@mmendlcular

pol @AM RREARE S%ﬁ@%”a'%&ﬁ‘éﬁ“i%b%ﬁ%dﬁgns'ﬂl%)é R TIRGENRE not being
e

birefringence will vary across the length of the fiber. Thus, the fiber may
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perpendicular polarizations at 30 the input and the output called t

ﬁbifnﬁcﬁé@ﬂ%kmésffsf%mﬁ@ﬂm (PSSP ingo ifyr R F i e L Ifcy NPt thafiber at
sligftiPREFDR thefibesnalarizedialong RS RiALNRL GhRANGEHISe a "fast" axis and a

polarlzatlon at the output. The PSPs have the minimum and maximum
"squ.}éaﬂpﬁﬁmyayg%rence in arrival times is one effect of PMD.

As shown in FIG. 1, an input signal 102 to a fiber 100 can be represented as having
two polarization modes 104 and 106, in perpendicular directions along a fast axis 108 and
a slow axis 110 of the fiber 100. Due to birefringence, when travelling over the length of
the fiber 100, the mode 104 along the fast axis 108 arrives at the end of the fiber 100
slightly before the mode 106 along the slow axis 110. The difference in times of arrival is

called the differential group delay (DGD), and may be represented in later equations as Ar.

In any real fiber, the birefringence will vary across the length of the fiber. Thus,
the fiber may be modelled as a large number of sections having randomly varying fast and
slow axes. The fiber as a whole will have a special pair of perpendicular polarizations at
the input and the output called the principal states of polarization (PSP). To first order in
frequency, light that is input into the fiber polarized along a PSP will not change its
polarization at the output. The PSPs have the minimum and maximum mean time delays
across the fiber, and the overall DGD for the fiber is the difference between the delays
along the PSPs. The DGD grows approximately in proportion to the square root of the
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across the fiber, and the overall DGD for the fiber is the difference
between the delays along the PSPs. The DGD grows approximately in
proportion to the square root of the 2 length of the fiber. Depending on
the type of fiber that is used, the mean DGD for a 500 km fiber will be
between approximately 1 and 50 picosetonds. Related frequency-based

effects.of PMD are alsq present. Generally, for a fixed jnput polarizati
engi S B6Tar DSORIR At PEE R BT D for a 500
kmtfibcabsidinsetet Wigh-opgexRiviizigflests, i @rdoguisbeam having a fixed
polarization, the polarization of the output beam will vary with the

freq o] IPRUE N & peHodic ization st b
com o A R R o a fvcd
inpgpneleriraSookdeespepetwebiezetich polarizativntkttte freqpsneyolithguaput light.
[ inear, t ' ree-di ' o

I B e T S o AR L A Gbtoizaion,
theyrebsization)obthe-aptsi dsancogh Xa()weB the preierqBpiiBe/Mimretn dsperiodic
mathggntensity; p is the fractional degree of polarization; w is the azimuth

angle of the polarization ellipse; and x is the ellipticity angle of the

polarization ellipse. 20 In Stokes space, the Poincare sphere is the

sphEREHIRIPaCERCIFE AL EETHEIMtE[FPEAEF M ed At RRIBH @ goPeipyare sphere,
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corresponding to the Stokes parameters described above. The "top" point
the Rpinepirwheieaxiiftharspndic 20er Frddnsioiasad psetrEsBAdMmASsd on the last

thré® SidePpstdgiREggENts @ right-hand circular polarization state. The
"bottom" point 204 on the S3 axis of the sphere 25 200 has coordinates

(0,0,-1), artl fepFeeA eo%ktthand circular polarization. The point 206 bh

the Si axisgf%ssgg@&,ecggpﬂﬂas coordinates (1,0,0), and represents &2)

horizontal
S;=1psin2y 3)

Where:
I is the intensity;
p is the fractional degree of polarization;
v is the azimuth angle of the polarization ellipse; and

x 1s the ellipticity angle of the polarization ellipse.

In Stokes space, the Poincaré sphere is the spherical surface occupied by
completely polarized states (i.e., p = 1). FIG. 2 shows a Poincaré sphere 200, with axes S,
S,, and Ss, corresponding to the Stokes parameters described above. The "top" point 202
on the S; axis of the sphere 200 has Stokes space coordinates (0,0,1), and represents a
right-hand circular polarization state. The "bottom" point 204 on the S; axis of the sphere
200 has coordinates (0,0,-1), and represents a left-hand circular polarization. The point
206 on the S; axis of the sphere 200 has coordinates (1,0,0), and represents a horizontal
linear polarization state. The point 208 on the S; axis of the sphere 200 has coordinates (-
1,0,0), and represents a vertical linear polarization state. Finally, the points 210 and 212 on
the S, axis of the sphere 200 have coordinates (0,1,0) and (0,-1,0), and a represent a 45°
linear polarization state and a -45° linear polarization state, respectively. As can be seen in

FIG. 2, all linear polarization states lie around the circumference of the Poincaré sphere
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linear polarization state. The point 208 on the Si axis of the sphere 200

has coordinates (- 1,0,0), and represents a vertical linear polarization

state. Finally, the points 210 and 212 on the S2 axis of the sphere 200

have coordinates (0,1,0) and (0,-1,0), a[%d a represent a 45 30 linear

polarization state and a -45 linear polarization state, respectively. As can

e seen in, FIG. 2, all.linear poJarization states lie aroynd the .

20 RS RRE QU R SRS LB g S b Porasafighoits on the
Poistat€sstineat 008 pepessalonlijiiead pdxizzaBdhatppeints on the Poincare

sphere 200 represent elliptical polarization states. The output polarizations
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PMD output polarizatio s will trace a circular path on the

surﬁi_mac% the d’Pi@mérepbprmreIaéhheampmevwévl@i@lm g)phifi:s VAfiPdeffertsD P output
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to the presence of high-order PMD effects, the actual curve traced on the

wa&@mﬂaifevafimb PbnbAs® g@m@wreéﬁ ehehwage ringthcisalamathwglipect to input
fre M@W.lyl?&ew thie 9598{%éo¥*h?gﬂr-%h?&d§fﬁﬁﬁ%%§c?£ %M%t‘&&l%lﬁ%%a%d on the

iber may be represented using a single three-dimensional vector in
surfgsked Spadwimis vadioicisvivanwiiagvaisnstds PR dvadtbitypicdlyrihe more
cordipigceffects of PMD are represented by the magnitude of the first order 15
MD vector, which is equal to the DGD. Therefore, the magnitude of the
first order PMD_ vector also describes the rate of rotation of the

polat¥adbit £ 4re sHesRIghRHR YR galsaath el Bredadh ke fsarpigitsed using a

sinYRGIRe QRS chlpGRURST ANk BRNLAICTINNQRtRREGSRMING ther{astder PMD
principal axis (i.e., the "fast" axis of the PSPs). Generally, the PMD of a

veditfeOforothBf tcallaeviod) ey B tresesiitel Ry dhe Bresiudord pgfrst order

PMIBCIS I Rehieing & linsterdeTND YaecteforNehdRssibde seapndrordeder PMD
and higher order PMD vectors. The second order PMD vector js the

vedii Al dgaabentiredr alediptosrabihepiirysetion anhglmaibigangacy is varied.

Théedmg tloat 5£ pre FviDeRelarizatian depesiieioh sRrePiEdispeassiers ifefiesenting
fiber, and a frequency dependent rotatjon of the PSPs. Higher

the fast principal axis (i.e.; the “fast” axis of the PSPs).

Generally, the PMD of a fiber (or other optical device) may be described by one or
more PMD vectors, including a first order PMD vector, and, possibly, a second order and
higher order PMD vectors. The second order PMD vector is the frequency derivative of
the first order PMD vector, and generally has terms that represent a polarization dependent
chromatic dispersion in the fiber, and a frequency dependent rotation of the PSPs. Higher

order PMD vectors are simply further derivatives of the first order PMD vector.

PMD is one of the most important factors limiting the performance of high-speed
optical communications systems. Accurate measurements of PMD may be used to
determine the bandwidth of a length of fiber, and to attempt to compensate for the PMD.
Thus, many techniques have been used to measure PMD. Most of these measure only the
DGD, which is the magnitude of the first order PMD vector, providing only limited

accuracy. A few known techniques measure the first order and, in some cases, the second
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order PMD vectors are simply further derivatives of the first order PMD
vector. 25 PMD is one of the most important factors limiting the
performance of high-speed optical communications systems. Accurate
measurements of PMD may be used to ,determine the bandwidth of a
length of fiber, and to attempt to compeﬁsate for the PMD. Thus, many
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rization-mo sper3|on sureménts BasEd on ssion
spectra Through a I?olarizer", published 5 in IEEE Journal of Lightwave
Tecﬁh@ldMEV@quWou&ﬂ%&%ﬂe$@n91¢MQGW)t0Th@WE the PMD
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vectors. At a first fixed fr ight with three different kno
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hese output polarization states are used t ma 10 2 x 2 "Jones
2 trandraemanmsfetiagigescribysdeseribes s iansfarofatenimiuhp onrig adprization
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three polarization states are then input into the fiber using light with a
polgegamenfistag fragubaeynprhénguthatifsatsiagoicbiatathasasead foxed frequency.
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the input polarization state to the output polarization state 15 at the
dessapsitithe faereymtesetihs Matided atetitarstie e onputealarization state

at HITQIERReOGHRfhatfesaiRemiReERanom & [E%c?i&%ﬁffﬁ'érhzaﬁ?%nce matrix

state as the frequency varies from the first frequency to the second

thatrdefigaihey. trh ehaignie Bte Rustth edaferdintestistas Bie fisgupspyaggg from the
ﬁrsmﬁeﬁ%y%%%@ém HEGIR S MR NG RGP G AR ¥ HIBce matrix are the

difference matrix may be used to compute the first and second order

PSPavimd dbordgney alHes NiAle PRIESEXMeRBR QY (a3 infitsResthe thelifference

malBHRIGUS RdisaRIgiAtCoRPWENE BMRIGAIRBNBING QBY, two input
polarizations for each of two frequencies.

The Miiller Matrix Method (MMM) is similar to the JME technique, but is able to
compute the PMD vectors using only two input polarizations for each of two frequencies.
The MMM carries out these computations using Miiller matrices, rather than Jones transfer
matrices, and assumes the absence of polarization dependent loss (PDL). This can lead to

inaccuracies in the MMM, due to the presence of PDL.

The method described by C.D. Poole and D.L. Favin (CDP) also uses
measurements taken at two input polarization states. The method is carried out by
counting the number of extrema (i.e., maxima and minima) per unit wavelength interval in

the transmission spectrum measured through a polarizer placed at the output of a test fiber.

One difficulty with these methods is that they require that measurements be taken

with two or more input polarization states, and varying frequencies. Because of this,
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The MMM carries out these computations using Muller matrices, rather

than Jones transfer matrices, and assumes the absence of polarization

dependent loss (PDL). This can lead to inaccuracies in the MMM, due to

the presence of PDL. 25 The method described by C.D. Poole and D.L.

Favin (CDP) also uses measurements taken at two input polarization

states. The method is carried put by cqunting the number of extrema (i.e.,, .
kg SR TR o T e RS T B A P RScRappd with
thespeacithiwdsneasuisd thffiuglhia petatizeoptaaddattblecoatipup obaigsoiberne for a

ne difficylty with these methods is that they requjre that measurements ..
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cause diffictilties becatise over time, the output polariZzation Staté Tor a
carfivxech duou tipoter matienstatatanactneguency can vary in a long fiber. Thus,

by the time the measurement is taken, it may already be inaccurate.
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polarization states and frequency adjustments. Thése errors can
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performed faster than JME, M.MM, or CDP. The calculations of the PST
outavé_p@é'fﬂé@ilgntsaﬁmew m@@m@pﬁ&@maw&r@hm&%@w fréquency cause
rot&%ﬁ@ﬁﬁ%%%“t#ﬁ?ﬂ@ﬁﬁ%&ﬁ%ﬂ JQeuiPHPelANZAtopHRiates AR 4G %‘%HEF&Eﬁuencies
sphere. Small changes in input frequency cause “rotation of the output
andopiegsratioastabtbe Qhﬁ)mm@eiréagshét@t%@@ﬁ@dl@ﬁﬁ mbuetrEquercRssmated, and
usc RAATHISREDS ' e PufRutARASERLOR Ak 08 ARIES BLEIAHOhe inpur

are estimated, and used to compute the DGD and PSPs. The PST, whi
polpsiaahily Sakt, isimesdsdly WiednbumesiitzBifoiistasder N ¥ cetmi, oHlg cannot
meREASHE ML M- acder RIMRVGHG PRNY FaR0RL HnibeASW G INR SREANGnd utility
order or higher order PMD vectors. This limits its accuracy and utility “for
for mmaling PINID mrasaigasiénts amahighigisaheeneumeatipsaiphisations.
applications. What is needed in the art is a high-speed measurement

techwinatei{aicRMB iih @t dsard e thi detgivaing tasutisstdideEhSRERNEDPTEMD that is

and (if needed) higher order PMD vectors. 2Q Summary of the Invention
able to determine the first order, second order, and (if needed) higher order PMD vectors.

Summary of the Invention

The present invention provides a method and apparatus for determining the first and
second order PMD vectors of an optical device, such as a single-mode optical fiber, using
only a single input polarization state. Advantageously, this permits the measurements to
be made relatively quickly, decreasing the likelihood of error due to variation over time of

the output polarization state of an optical fiber.

In one embodiment of the invention, this is achieved by passing light beams that
have the same fixed polarization state, and frequencies that vary over a range through the
optical device that is being tested. The output polarization states of the light beams that
have passed through the optical device are measured, and used to form a curve in Stokes

space on a Poincaré sphere. In accordance with the invention, the shape of this curve may
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The present invention provides a method and apparatus for determining

the first and second order PMD vectors of an optical device, such as a

single-mode optical fiber, using only a single input polarization state.

Advantageously, this permits the measurements to be made relatively

quickly, decreasing the likelihood of error due to variation over time of 25

the output polarization state of an optica] fiber. In one emhodiment of the
be i PRI L SRy By BASeiG IO B R oHELS (RSB or) PMD
vediagd polarization state, and frequencies that vary over a range through

the optical device that is being tested. The output polarization states of

the light %‘?&”&jﬂ&h%‘g&?d’eopﬁsﬁ%@r%g!&g‘%%md%l (EYICSBIE the curve using

measured, and used to form a curve in Stokes 30 space on a Poincare
forgpisreloimvadcosten teshvithudse firone rdidier ehdad hegoenofrihis dardeserdyed in detail
belB§ ‘éﬁ%‘h@t %P@é?%‘?]eta%ﬁ é’c%?ﬁr%ﬂg%ﬁg%ﬁ{%% $10U6 NBAG" tangent of

ord PMD vectors. The first ahd seco er D vectors are

thecamysutbd frowaties.curdaheshigotoahutatoterlisdsesing tadhniME: Yestar may be

corﬂ'\ifeﬁﬁ%ﬁ %%ygﬁ?&ﬁ&%{aiﬁlﬁéj8?9@??&%}&%@%? BEow e TS QFde iR MRsion, the

~ vector may be computed using the magnitude of the tangent of the curve,
binghmeglyeetenanaibameiimarmarvetisetmhel Sexowd @rder PMD vector may
be computed using the magnitude of the tangent of the curve, the

curvature, the torsion, ggeinaFakiRCE RN RGN Cipal normal
vector of the curve. Brief Description of the Drawings 10 In the drawings,

like reference characters generally refer to the same parts throughout the

At TRV iR ot HERES o A0 Chhic BingHade some parts
thréonglead tigeddfatbhbeiagsptbe draponzilustiading tha pilpaipleslef #hgphasis instead

invention. In the following, . descriptign, various empgdiments .of the :
S & RS R TETRALE R oI v, T o flovine
destBtin, Ivstiouss anbedanyple off diikerentiatigrouie dlay oG B)tlueference to the
f 1polarizgltion mode qgsalersion (PMD); FIG. 2 shows a Poincare sphere;
° 119%1.1% 1§ B}%%Q%i‘é{glram of an apparatus for measuring the PMD and

computing
FIG. 1 shows an example of differential group delay (DGD) due to polarization

mode dispersion (PMD);

FIG. 2 shows a Poincaré sphere;

FIG. 3 is a block diagram of an apparatus for measuring the PMD and computing

the PMD vectors in accordance with the invention;

FIG. 4 shows a curve on the Poincaré sphere, formed by plotting the output

polarization states for a range of input frequencies;

FIG. 5 is a flowchart showing a method for computing the first and second order

PMD vectors in accordance with an embodiment of the invention;

FIG. 6 is a graph showing an example of a first order PMD vector computed using

the methods of the invention; and

FIG. 7 is a graph showing an example of a second order PMD vector computed

using the methods of the invention.
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the PMD vectors in accordance with the invention; 20 FIG. 4 shows a
curve on the Poincare sphere, formed by plotting the output polarization
states for a range of input frequencies; FIG. 5 is a flowchart showing a
method for computing the first and seco?d order PMD vectors in
accordance with an embodiment of the invention; FIG. 6 is a graph

showing an example of a firs ord% P é:)cvectlor computed using 25 the
methods of the invention; an%%—?—ﬁé&&%%. howing an example of a
second order PMD vector computed using the methods of the invention. 7
DetdilecbBestriptiontiDhe glatsscintdateemiiong ¢hat@sstaraié tenondingltd Wbt vectors

(ang?go%%ﬁocw,d fﬁa[g%%F oMB ‘f{fi\%rée_é?d%gy B?Z%Qb%%i@ﬁhf RIGELRMD VESIRES)- mode

n optical device, such as a single-mo tical fiber, using only a
optgial febieipusivglarikatiosigtenp\vznitagetoslytdbecavbenlyesushe because only
. . ! d r .
o S B R, AP o pric
art Nsitbednasristnrsthlodcwiletriprsigiatatesiiterthe sivillirinnasduraesthod, while

proﬁ&&ﬁgﬁ%s‘iﬂ% MelhadRiel iReArGse)t i%‘é%@HQé’tH@%Xe%@seHP'Eﬁéeﬁré@éﬂf’ Wwvention

their results may be more accurate than prior art methods, because the
may hpRgbtamedtionisistetiol artsnkislengthbsf moticalckbestenthpy arj@vert thethods,

bec]ags@rﬁ%‘]@ﬁtgmim&n%tﬁ)}ﬁgﬁ%t?op%ﬁl%@ %%E@Btfr@ﬁﬁ‘ééirﬁ%?%f Jl_g‘lysover the

shows a measurement apparatus that may be used In accordance with
amghyat pfduanthatirakes Veedorenpeior afparatisc8dlincludes a tunable
laser source 302, a fixed polarizer 304, the device under test (DUT) 306,

a PORCMeiao3aBa dnchananaly ispdRMIEe A1 Ondp TeNesidNabIR d8RBInce with the

source 302, which in some embodiments may be controlled by the

presef s tiancVerausE By Yusr e 1hirslHlssiad R S ISR O ides @ fixed

polligihtat ausehecdedicl eadentstiBUMRY (S ¥ isauabspedateEmingdysis device
range. This light is then polarized by the fixed polarizer 304, to provide a

redetermined polarization state. Because the methods of the present
invention require only a single polarization state for the input light,
The tunable laser source 302, which in some embodiments may be controlled by the

analysis device 310 or by a separate control device (not shown), provides light at a selected
frequency that may be varied over a predetermined range. This light is then polarized by
the fixed polarizer 304, to provide a predetermined polarization state. Because the
methods of the present invention require only a single polarization state for the input light,
it is not necessary to provide the ability to vary the polarization imparted by the fixed
polarizer 304. This simplifies the test setup, and removes adjustment of the input
polarization as a possible source of error during testing. It should be noted that some
tunable lasers are able to provide light with a predetermined, fixed polarization. If such a

tunable laser is used for the tunable laser source 302, the fixed polarizer 304 is not needed.

Next, the polarized light is sent through the device under test (DUT) 306, and the
output state of polarization is measured by the polarimeter 308. The polarization
information provided by the polarimeter 308 is then provided to the analysis device 310,
which may be a computer, for analysis. When the analysis device 310 has received output

polarization data for enough frequencies of light, the analysis device 310 determines the
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20 it is not necessary to provide the ability to vary the polarization
imparted by the fixed polarizer 304. This simplifies the test setup, and
removes adjustment of the input polarization as a possible source of error
during testing. It should be noted that sgme tunable lasers are able to
provide light with a predetermined, fixed polarization. If such a tunable
laser,is used for the ble laser source 302, the fixed polarizer 304 i
firsh e Sefe 8" éx{g ﬁgﬁa?ﬂ?ed“ﬁgﬁc%r Ehtthtd gﬂ1 eﬁﬂ%% Bﬁ(ﬁé? present
invtesiofbUT) 306, and the output state of polarization is measured by the
polarimeter 308. The polarization information provided by the polarimeter
308 g thes RIOVIHGH: PR ARANSIRAGYIGE s WHEDMAYLERvice 310 may b
computer, for ana@%tlfowﬁent e anaalysfs déq\i/(lgce%%lo haggrygcef\%gécgutputm abe
repposkarigdtion deiatfon sholiginbadueheies SYilyhnpute amrabpsistaesdcef SxQuencies,
the %ﬁ?éEﬂ'ﬂ?%ft%ﬁt uf '%%ﬁﬂ@%%?%%@&%rfﬁ’%% ‘éﬁ%r&a kﬁleaﬁﬁiﬂ{gﬁ%ﬁﬁ%{‘é‘. In the
ds ot the of t S

the metho resent invention. Eac e output polarizatio

abstiarisfprevidédndethe Argtiysiv duvidd310imey e widpreeritelt dera poition of a
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lection of output points’may be used to form a curve on the Poincare
corgplearghapetiiuchinsanctwfséedid.drder or higher order PMD, this curve
will be a circle (or a portion of a circle). If second order or higher PMD

effegts\aeLPrasRN0E HHVENMIAIVR BMOLEp£ANP G ShaREFRYCH A ifilar to
shown in FIG. 4. It will be understood that the measurement apparatus

apRgkEbhUte & s R atheimfdheds 1y At tsatr Wb Bt INEHIdS Tl ERscribed

abA@ tha Rpikareppahene ieeiauRdRAM. /daseribasxahpyadISIRIBME) and the
apparatus is also used with Jones matrix eigenanzalgg{is (JME) and the

Miichir et dEMMNIMYL Bubrhstihss tHashadeblingesssape s shppee the

inplf ChaREISakiéh IRRHE PRlsrigRtionkstRtPosaithe @A RRlarizendasd Wowlel replaced.
need tg be replaced. Additionally, the methods used in the analysis

Adgidiqralkys dhsrirehgrsserdintdhtiGhafer desiaom thesdaRuasribtRypntion differ

frometbadasapiwiting Aracsiiedsielnwe Giserbshewswn example of a curve
402 on a Poincare sphere 400. The curve 402 is formed by measuring

the BREPY %J%%%t'o)?ar%@tef%foi %E'v}gi%'ﬂ)%dae }%ble£h¥¥hsei?e}£“i06?pﬁ*%'égcﬁ‘lﬁ~ve 402
has a fixe polarization state, and a frrequency tnat vari over a

is foredetdrynineduring the output polarization states of a single-mode fiber, where the

input light has a fixed polarization state, and a frequency that varies over a predetermined

range. In the example shown in FIG. 4, the wavelength of the input light (which is

inversely related to frequency) was varied over the range from 1545nm to 1555nm. As can

be seen, the curve is not circular, so second order or higher order PMD effects are present.

In accordance with the invention, the curve formed on a Poincaré sphere, such as is
shown in FIG. 4, may be analyzed as a space curve, using techniques from differential
geometry, to determine the first and second order PMD vectors. Once the measurements
are taken to form the curve, the analysis may be rapidly performed using an analysis
device, such as a computer. The following discussion explains the nature of the analysis in

accordance with the invention.

Generally, when the input state of polarization is fixed, and the frequency of light
input to a single-mode optical fiber is varied, the output polarization of the light will vary

according to:
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range. In the example shown in FIG. 4, the wavelength of the input light
(which is 20 inversely related to frequency) was varied over the range
from 1545nm to 1555nm. As can be seen, the curve is not circular, so
second order or higher order PMD effec#s are present. In accordance with
the invention, the curve formed on a Poincare sphere, such as is shown in
FIG. 4, maya e analyzed as a space curve, using techniques from
differential -geandeiry, to determine the first and second order PMD  (4)
vectors. Orft@ the measurements 25 are taken to form the curve, the
anakygismay be rapidly performed using an analysis device, such as a
computer. The following discussion explains the nature of the analysis in

accordanc® With'fs&omirerrrsaticehe sme araiametipuinstiekesspace;

polarizatiog,ig ﬁa@gmdg\ﬂgrtﬁgqﬁggg&g@% of light input to a single-mode

optical fiber is varied, the output polarization of the light will vary 30

according £3:19thsdistsrdesEMDaiROhere: S is a vector representing the

state of polarization in Stokes space; cu is the angular frequency; and 5

Q isAbaufitigonde MO vectosp Hasuntiog dhgiolaaratismnddagepatatizadipnhen |S| =
arization.dependent loss, then IS] = nd al poIaFLi atign, states

1, an p?L ) o i A
- Jpdgne ISR Sh Y DGFSRE SRS PhIREHETERR DAL NS ElgTe: As
disalye atbdherefichee sepondamidighergicieofdbPMmRNIibe tidreariracedaon the

S RS R R o AT, AT AR ARG P paenitude

of fifdherduictielpatictdn getierahtevefcanngdite. @ TiAnRAAKS) [AWeneral, we can
.tehere: Ai is the DGD;

write:
A¢g
Q=Ar=—L 5
Qf=ar=- 5)
Where:
At is the DGD;

A¢ is the change in the phase shift; and

Ao is the change in angular frequency.

As noted above, if there is second order or higher order PMD, the curve has a more
complicated shape, such as is shown in FIG. 4. To analyze this curve, in accordance with
the present invention, principles of differential geometry may be applied. Generally, in
differential geometry, a space curve, such as the curve formed on the Poincaré sphere by
the output polarization states, is parameterized by arc length /. Here, the arc length may be

expressed as:

= T Bl 6)

@

Where:
[ is the arc length; and

oo 1s the starting angular frequency.

Parameterizing by arc length, and applying the general techniques of differential

geometry permits characteristics of the curve to be expressed in terms of its curvature, its
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15 AO is the change in the phase shift; and Aco is the change in angular
frequency. As noted above, if there is second order or higher order PMD,
the curve has a more complicated shape, such as is shown in FIG. 4. To
analyze this curve, in accordance with §e present invention, principles of
differential geometry may be applied nerally, in 20 differential
eometry, space curve, such as th n the Poincage
torgohe by TR BUEL Bl IR st LB e G SN B  ofoh e curve
meitares the aﬂsmlzemgtbfrﬂ&ydnevaeﬁpﬁﬁslmd@s straight-lighe, (@30 Adhaight 2ime has a
listhe rc lengt and oele |s the star ular frequenc
o R ) LR g o cH SlRresobeaspportionl t
thed’tﬁﬁtemfaihgeﬁnhetryr]maetmﬁﬁ)mhﬁractmvstlsaoﬁﬂamw el to dmnenpesefmﬁdbemg a
in terms of its cur ture its 10 torsion, and other geo etn erties.
Pl RS s, ML U e R R e s IO P A o 3t
zeroutive duova beingramttalght lihe oddulstisggitanght line has a curvature of
zero, and a circle has a constant curvature, which is inversely proportional

to thefadius, e, cirple &1111%150!1%9% leAyaH \éﬁt'%ﬁ?e@l?o%skifetl?é UScond order or

deviance from being a 5 plane curveTi.e., from lying on a plane known as

higties codeu A pramedh llegsethansibe $gu2@c§0me>&hve”ln&tsoc§d¢n;HM&yWhlch is a
vaﬁﬁ%’sﬁ%ﬁ%ﬂ%'ﬁ{&@t H48 aSSUmeaat %Pgﬁ gbﬁ@i‘%%&%’%ﬁf‘s”ﬁsed in high-

direction of the second order or higher order PMDs is much'less than the
spesgsatarryotetitiesirsedpddrorNmBsod o (s 2, Falif asdufmpasimitienedtcurvature,

it c&ﬁ‘%%%@%ﬁ@élﬁme fiber and optical components used in high 10 speed
communication systems, then, based on Eq. 5, Eqg. 6, and the definition of

curvature, be. debilsert th K(W)AI = k(co)t(co) (W)~ _ A.
o () whi BN PRASEESE DR SHUT 8

Where:

t}gl)rsmn 1S

k() is the curvature; and
: : oS
#(®) is the magnitude of the tangent, #(w) = ol
@

Generally, based on this, the first order PMD vector can be expressed as:
Qo) = t(w)k(w)B(®) (8)
Where:

B(w) is the unit binormal vector.

By way of background, the unit binormal vector referenced in Eq. 8 is a unit vector
that is perpendicular to both the unit tangent vector along the curve and the principal
normal vector, which is a unit vector that is perpendicular to the unit tangent vector.
Generally, the tangent is the first derivative of the curve, the principal normal is the first
derivative of the tangent, and the binormal is the cross product of the tangent and the

principal normal.

Since Eq. 8 provides an expression for the first order PMD vector, the second order
PMD vector may be computed by taking the derivative of the expression for the first order
PMD with respect to angular frequency. Taking the derivative of the expression in Eq. 8

gives:
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k(w) is the curvature; and 15 t(c)) is the magnitude of the tangent, t(w) =
8S 8w Generally, based on this, the first order PMD vector can be
expressed as: Q(w) = t(w)k(w)B(w) (8) Where: B(c)) is the unit binormal
vector. 20 By way of background, the u g binormal vector referenced in
Eq. 8 is a unit vector that is perpendicular to both the unit tangent vector
along the curve and the principal normal vector, which is a unit vector that
is perpendi acrft e U .}gem tor. Generally, the tangent is thg)
first derivati@e of\the curv€ahe prin€ipal normal is the first derivative of
the tangent, and the binormal is the cross product of the tangent and the

25 pRiNcipal BRTMabIFLES&8d BRIV ANEHRIEKSIAMIN PIEHESL A a unit

PMD vector, the second order PMD vector may be computed by taking
spefecyeYR/atite Ofrieusk sreskio thivr zpefifse ckisratbw B iitFeppspletst foc length of

thedhgUltJisdvensy, Jaking the derivative of the expression in Eqg. 8 gives:
11 M8tk +takB +tk 8B (9) 8w = 8w 8w) 8w This can be simplified

based on the Freriét formulas, which provide that for a unit speed curve
with curvature greater than zero, the derivative with respect to arc length
of thleoﬁmit binormal vector is given by: 5 8B=-zN 81 (10) Where: r is the
torsion’of the curve; and N is the unit principal normal vector.

Where:

1T 1s the torsion of the curve; and

N is the unit principal normal vector.

Based on this and on Eq. 6, we can express the derivative of the binormal vector

with respect to angular frequency as:

9B _ N (11)
ow

So, the second order PMD vector may be expressed as:
A (0 K\ ko (12)
ow \ow ow

It will be understood by one skilled in the relevant arts that higher order PMD
vectors may be computed by taking further derivatives of Eq. 12. In most instances, this
will not be necessary, as the first and second order PMD vectors will provide sufficient

accuracy.

According to the fundamental theorem of space curves, for a given single valued
continuous curvature function and single valued continuous torsion function, there exists
exactly one corresponding space curve, determined except for its orientation and
translation. Thus, the shape of the curve (determined by curvature and torsion) only
partially determines the PMD vector, since the same curve can give different PMD vectors,
depending on its orientation. However, if the tangent vector is also known, then the PMD

vectors can be completely determined.
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10 Based on this and on Eq. 6, we can express the derivative of the

binormal vector with respect to angular frequency as: 8B = -tzN (11) 8w

So, the second order PMD vector may be expressed as: 852 at k +t 8k B

-t2kzN (12) 8w 8w 8w) 15 It will be uni rstood by one skilled in the

relevant arts that higher order PMD vectors may be computed by taking

furt er dIl vatives of 12 In t instances, this  will not be nece

o (oD SRRRE DACPERA S e kLR R e ocs o1 e present
invactunaaye Appaciimgtioriie ﬂﬂndzamnmldheotbmgehsaat;e lnlgh/escfma@ of these

iven sm%le va(!lu%d ZO]t&ontlnéj%ﬁlcu Ve tlile functlog and single valued

B A A R R S
apmum,adeiﬁrmademgxhemdﬁrotﬂs ofiﬂmt@mmndvﬂamiaﬁam ofthudethere accurate

A0S P10 e, (erRmined by ciryature, and arsiom) gniy Bartall e e
etermines VECOr, Sihce e sanme curve can give ditferen
polugetois) cepsndiigobn idscorientation. dﬂeV\tevelo\mf thedangerhvegiocdsand other

0.Kn known, then the PMD 25 vectors can be completely determined. 12
Wil & recognized that the PMD vectors computed by the methods of
the present invention are approximations. However, due to the generally
highRgéetiragynomliedd Gapprixinsteisrigkamdaiompite sppsekvwirigiscdf the first
ordif1e JEAUERHNEFIICBADS A JRKER. IPEARRIOXMAIRS BRI OY 6 tion are

methods of the present invention may often be more accurate 5 than

desealfeedatioricor 1€, ngilt/b@mwﬁla@éiﬁydomwtm%mmamﬁuﬂ@troduced toa
deJRH'ﬂBk@eM@H‘ B@%‘Z%Pﬂéé‘ag?é nggs{f}éﬁl@tﬁcﬂrﬁﬁéérg%? &Pesé)?l ut polarlzatlon

measurement speed and other interference. Referring now to Fl
statgrep$haktahtdetmmpiter abbaémma@ibngghéhwﬁl&de?@mmg@%ﬁmem is either

recOFIR EMBhVEHATRIB m%%%,"é&”a m&r&%% t‘b\{ﬁf}ﬁi@r&ﬁﬁ@re. Steps 500 and

510 are repeated for numerous light beams, each having the same fixed polarization state,

1nt<ﬁts

but varying frequencies. In some embodiments, the frequencies vary in linear steps from a
first predetermined frequency to a second predetermined frequency. These measurements
for the light beams provide points on the curve that is analyzed to provide the PMD

vectors.

Next, in step 520, the analysis device applies the formula in Eq. 8 to compute the
first order PMD vector: Q(w) =t(w)k(w)B(®). As will be understood, since only points
on the curve are available from the measurements, the tangent, curvature, and binormal
vector are estimated numerically, using known numerical techniques. Their product is

used to compute the first order PMD vector.

In step 530, the analysis device applies the formula in Eq. 12 to compute the second
order PMD vector:

oK =( o k+ t%jB—tzkrN
ow ow ow

As with the first order PMD vector, known numerical techniques are used to estimate the
curvature, torsion, tangent, principal normal vector and binormal vector, given points on

the curve.
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10 described. In step 500, a light beam with a fixed input polarization state
is introduced to a device under test (DUT). At step 510, a measurement is
taken of the output polarization state of the light beam, after it has passed
through the DUT. The measurement is gjther received or translated into

Stokes space, as a point on the Poincare sphere. Steps 500 and 510 are

repeated for numerqus light beams, each having the e fixed :
o s B T AR g e e e USRS At This
outfrequercieswany impaecas stdps figpticatifirst pretiesergripddniregipdinayidasa optical
JesSecon .pr?determinetli fr(ta%ueﬁcry. Thg:fe measurem mﬁ\ﬁff the light
“Yeaiis provide Soits o the ctive thatis ARBV2ES t8 provide the PMD
vectors. Next, in step 520, the analysis device applies the formula in Eq. 8
to cmipUieshiow s2m firstropdie pRPME Y edttre Otst)oedgnRAW) BeainrAssveidinieuted by

stoqd, si ' t u i e .
thel{gtgﬁ{ﬁfg@s Ois'tﬂg?ﬁ)f)ég%f)ﬂ{%itﬁﬂ, I?(?r% Y6 %ﬁ]ﬁ g}égé%qmgéé%ép The solid curve

measurements, the tangent, curvature, and vector are estimate

60 shn@ﬁdhﬂypa_gmgl%omln mhqmaeseﬁﬂﬂai@@saﬁn@Bmlm@%tmd%ponents
of &%”}HHE%}B&“WB%&B’N %Mﬁﬁgﬁ’r{%,l 'FR*FW%%%«JL‘% %'P@tlyﬁjﬁ %?\ﬁ?ee second order

applies the formula in Eq. 12 to commpute the second 25 order PMD
PMJRatesrtoso @ abrfere ath g solid quisw i shows thithneenfipsteo ndled Ptipcurves 704,

700/SHPIN RN IMRILCA SSORAIMES AR Héc%%%?ﬁi‘?%tb&t&! rvature,

torsion, tangent, principal normal vector and binormal vector, given points
on the curve. 13 Finally, in step 540, the analysis device grovides the )
PMOWRIEtIRS slgGtpeR. TiisRssthabavay aedvdesstibptt o tbisgference to specific
emBORIEAIONS, HérMdEBONARRINE RPBYGRHONSKARICH EesianRRPIGAIGNShanges in
or applications designed to compensate for PMD. FIG. 6 shows an
forg apnfietBibrgoohst madeirdicsrtieMBRAtsaing EompheetPhy anthacope of the
invi@EvRIaYeR Phdhe pPrasappiurationifer #nklépe singleimede diber thieindicated
solid curve 602 shows the magnitude, while the curves 604, 606, and 608

by dhevirRerdrdeimpanditd ehanecsrdharqemempiaciBr. Biraniy, apfgrange of
equivanais afpiRtT8thohibensaeRiIdt @Bd&mbraced.
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PMD vector. As before, the solid curve 702 shows the magnitude, while
the curves 704, 706, and 708 show the three components of the second
order PMD vector. 10 While the invention has been shown and described
with reference to specific embodiment ,4it should be understood by those
skilled in the art that various changes in form and detail may be made
Claltherein without departing from the spirit and scope of the invention as
~4&ned by the appended claims. The scope of the invention is thus
Whintdic:alted .the appended claims and all changes that come within the
r%elglﬁlra]bmae dsrange of 15 equivalency of the claims are intended to be
L e e e 8 e o e
polarlza%on mode d?spersﬁr?? or an op%c%? delice Undertest
deviiddiind¢h e sn @NGT) cor presing: dosgrtisiggnto the DUT a plurality of light

beams, each |j b in the pl ra?’ f Jlight beams having the sam )

R B A S e 3 B R R gt of
liglitégaendiesi tigahvamne\er detamgaprd Gicket gt am stattp ti gplariragiof light
statE fokﬁ?%h Il&ht be%m in thg ‘plruarlarlall%/ of light beams; calculating a first

beagrl(sje?B vactor ezsiéea ateastin par{g(e);n the shape of a curve in Stokes

spadettonmedgnthetpuitpotapataiiratiote stateslolitie ptaralitytbé phhtlity of light
bea%%ams; and calculating a second order PMD vector based at least in part

on the shape of the 15 curve in Stokes space. 2. The method of claim 1,

wherealcuthengumfe shasdok €d$p aicet dickasedthiel sustfacpadf @n Moistcgreof a curve in

here, ZtP 3. T ethod of claim 1..wherein calculating the first.order
SR ectar s e A SR S AR G s and
metbhaddubddtohgimstcovideralar FANEDIaticigthesfidsitdedetr iR pHDt wedtor shape of the

com 'sia(s comguting the magnitude of the tangent of the curve. 25
curve 1 OKCS Space.

2. The method of claim 1, wherein the curve in Stokes space lies on the surface of a

Poincaré sphere.

3. The method of claim 1, wherein calculating the first order PMD vector comprises

computing the curvature of the curve.

4. The method of claim 1, wherein calculating the first order PMD vector comprises

computing the magnitude of the tangent of the curve.

5. The method of claim 1, wherein calculating the first order PMD vector comprises

computing the binormal vector of the curve.

6. The method of claim 1, wherein calculating the first order PMD vector comprises
applying the formula:
Q(w) =t(w)k(w)B(w)
where Q(m) is the first order PMD vector, #(®) is the magnitude of the tangent of

the curve, k() is the curvature of the curve, and B(w) is the binormal vector of the curve.
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5. The method of claim 1, wherein calculating the first order PMD vector
comprises computing the binormal vector of the curve. 6. The method of
claim 1, wherein calculating the first order PMD vector comprises 30
applying the formula: Q(w) = t(w)k(0)B(yv) where Q(c)) is the first order
PMD vector, t(c)) is the magnitude of the tangent of the curve, k(c)) is the
cury. ure O(l“ q nd B&% IS ihe binorma vecto mgur
7 The %ﬂﬂS [ 8a‘h[ﬂ Pivé}%i SRACiHHHe d0s Hirst 8 et %?Ompnses
paraorprizes maram&telyzmgrthkmglﬂye by its arc Iength. 8. The method of
claim 1, wherein calculating the second order PMD vector 5 comprises
computing the torsion of the curve. 9. The method of claim 1, wherein
8. calcllatimgtivel 8€ctrioh drdetdPdvieatatingainpsiseadordpubNg tector
rlrr}SCég)ecllopnorr?al % Ct%rrsqg‘)rtlhO girve 10 10. The method of claim 1,

i CBRI R A S EL ShE S FEY PMD vector comprises applying the
formula: CqQ at k+t ak B-t2kzN 8w - C9 0) C9 0) where k is the curvature
of the curv agnitude .of the t of the gurv r5|on
9. ot e R T sl e B S TS

corbimomedvpotingfithprowrpel ddrrdgbpacatus ffdrcdatarenining polarization
mode dispersion (PMD) for an optical device under test (DUT),

comprising: a tunable laser that provides a light beam at a selectable
10.freqlibaays tB0deofixéadpdlavibercihatpoiktingsib edigint lweden PVED vector
co r%ggsterm ned i éatg Inpyt  polarization state prior to injecting the light into
ewcePBrYéné ?Bﬁ"% a measurement device that measures the
output polaf@atiprostate O(ﬁkh Ilgh m that has passed through the
DUT,; and anlﬁ ﬂ%cts measurements from the

measurement device for a
where k is the curvature of the curve, ¢ is the magnitude of the tangent of the curve,

7 is the torsion of the curve, N is the principal normal vector of the curve, and B is the

binormal vector of the curve.

11.  Apparatus for determining polarization mode dispersion (PMD) for an optical
device under test (DUT), comprising:

a tunable laser that provides a light beam at a selectable frequency;

a fixed polarizer that polarizes the light beam in a predetermined fixed input
polarization state prior to injecting the light into a device under test (DUT);

a measurement device that measures the output polarization state of the light beam
that has passed through the DUT; and

an analysis device that collects measurements from the measurement device for a
plurality of light beams at varied frequencies, and that calculates a first order PMD vector
based at least in part on the shape of a curve in Stokes space formed by the output
polarization states of the plurality of light beams, and calculates a second order PMD

vector based at least in part on the shape of the curve in Stokes space.

12.  The apparatus of claim 11, wherein the analysis device comprises a computer

programmed to calculate the first order PMD vector and the second order PMD vector.
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25 plurality of light beams at varied frequencies, and that calculates a first
order PMD vector based at least in part on the shape of a curve in Stokes
space formed by the output polarization states of the plurality of light
beams, and calculates a second orderj D vector based at least in part
on the shape of the curve in Stokes space. 30 12. The apparatus of claim

13 calch BeE R A VRSP I SEUBRE b PIEN s e

lasé&3. The apparatus of claim 11, wherein the fixed polarizer is a portion of

the tunable laser. 14. The apparatus of claim 11, wherein the DUT

comprises a single-mode optical fiber. 5 15. The apparatus of claim 11,
14 whetaindheacunse ficSiokel, sgaceitieseddlilecsnpacesaf smgloingateoptical fiber.

sphere. 16. The apparatus of claim 11, wherein the analysis device

calculates the first order 10 PMD vector using the curvature of the curve.
15.17. The apparatustafaimirl 1¥hedearehe thevanal§sikdepas daiculaths dindace of
a Pfirs(t: orrederhePé\/lD vector using the formula: Q(w) = t(w)k(w)B(w) 15 where

8?w3 i5¥hE Hir'st order PMD vector, t(c)) is the magnitude of the tangent of

the curve, k(w) is the curvature of the curve, and B(c)) is the binormal

vector of the curve. 18. The apparatys of claim 11,.wherein the an is
16 govih TSt S i PR AL e R TR S e
PMinmeet@uidg The apparatus dictaimel 1, wherein the analysis device

calculates the second order PMD vector using the formula: 2Q at k+t ak

B-t2kzN 8w = C9 0) C9 0) where k is the curvature of the curve, t is the
17maghitugiepafatine cdntpemt oOf, thbareivéhe 2balyig tldeviorsiaicolathe tbarfisst Nider
pMBSRIBFRALPYTR) ¥RStor of the curve, and B is the

Q(w) = t(w)k(w)B(w)
where Q(w) is the first order PMD vector, #(®) is the magnitude of the tangent of

the curve, k() is the curvature of the curve, and B(w) is the binormal vector of the curve.

18.  The apparatus of claim 11, wherein the analysis device calculates the second order

PMD vector using the torsion of the curve.

19.  The apparatus of claim 11, wherein the analysis device calculates the second order

PMD vector using the formula:

o [ﬂk + t%jB —t’kTN
ow ow

ow
where £ is the curvature of the curve, ¢ is the magnitude of the tangent of the curve,
7 is the torsion of the curve, N is the principal normal vector of the curve, and B is the

binormal vector of the curve.

20. A method of determining a first order polarization mode dispersion vector and a
second order polarization mode dispersion vector for an optical device, the method
comprising:

passing light having a fixed input polarization state and varying frequency through

the optical device;
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binormal vector of the curve. 20. A method of determining a first order
polarization mode dispersion vector and a second order polarization
mode dispersion vector for an optical device, the method 30 comprising:
passing light having a fixed input polariﬁ?tion state and varying frequency
through the optical device; 17 measuring the output polarization state of

the light that d t h th tic ti
et et R S
optRalnkaieesphere as the frequency of the light is varied from a first

frequenc to 5 a second fre uen utin rt£| e first ord R rization
mout BB e BASH ST AT B £ Ko RRAE A o e

11glmwnehaﬁdmcnmomhmgetbethecfm@ar@eomlahghtimmmaddxdasmfﬁmrfrequency to

vect((i) based at least in part on the curvature and torsion of the curve. 10
a second frequen

computing the first order polarization mode dispersion vector based at least in part

on the curvature of the curve; and

computing the second order polarization mode dispersion vector based at least in

part on the curvature and torsion of the curve.
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