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U.S. Provisional Application No. 60/608, 005, filed

Septenber 7, 2004. The present invention rel ates

generally to fiber optics, and nore specifically to

t he neasurenent of polarization node di spersion

vectors in optical fibers. Background of the Invention
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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 drder 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 differehce'between the delays
along the PSPs. The DGD grows approximately in proportion to the square root of the
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p is the fractional degree of polarization;
v is the azimuth angle of the polarization ellipse; and

¥, 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 S3, 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 polérization 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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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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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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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 ;cested. 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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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.



followi ng drawings, in which: FIG 1 shows an exanple
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woreae/ogi4sper si on (PVMD); FIG 2 shows a Poi hcar BCEHRPGBENEP00306
FIG 3 is a block diagram of an apparatus for
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accordance with the invention; FIG 4 shows a curve on
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measurenents. FIG 3 shows a neasurenent apparatus
that may be used in accordance with the present

I NBBEhMBle IMMASHUIrESBIY, viiiitinabhie edtddineltiithas ba controlled by the
tunabl e | aser source 302, a fixed gol arizer 3
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freqﬁ&ﬁ:l}%ﬁétsmgfgé G&ried 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 202, the fixed polarizer 204 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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enbodi nents may be controlled by the anal ysis device
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provides |ight at a selected frequency that nay be
varied over a predeterm ned gange. This light is then
pol ari zed by the fixed polarizer 304, to provide a
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ones matrix eigenanalysis (JME) and the
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:



Mler matrix method (MMW), but in both of these
nmet hods, it is necessary to change the input

w@odoatrsaat i on state, so the fixed polarizer 30BCTOGL5/000306
need to be replaced. Additionally, the methods used in
the anal ysis device 310 of tle present invention
differ fromthose used in other nethods, as wll be
descri bez% below. FIG 4 shows an exanple of a curve
402 on a——Peithe8re sphere 400. The curve 402 is forngd)
by nmeas#@ ng the output polarization states of a
Si eé.rmde fiber, where the input light has a fixed
pol'ariZation state, and a frequency that varies over a
pr edet eBris Aeectomrepesenting tiestate afipblarisdtiowin Stokies Gpacé;,
t he Wavel,eq%trh of %Ihe i nput light (which is inversely
r el at ed s the awgWsh HGquUeREY apdr i ed over the range from
1545nm o KBRS P viorseen, the curve is not
circular, so second order or higher order PMD effects
are present. In accordance with the invention, the
c uAssurhing that thereds Roidapelamzatioh er polasigetioradependent doss, than [S| =
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pol ari zation is fixed, and the frequency of |ight

I nput t‘é)b]‘"&ﬁ%@géé' node optical fiber is varied, the 5)

out put pol ari zaawon of the light will vary according

to.- =S (4) dw Wiere: S is a vector representing the

st dVRergy pol ari zation in Stokes space; wis the

angul ar Abregdensy; and Wis the first-order PMD

vector. Assuming that there is no depolarization or

pol ar i zaX¢ orthe epangd émthelphsse shifhemd| S| = 1, and al |

pol ari zati on states, nay be represented on the surface

of the P& isdkg ehagphiyasigulas 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 Q‘S_’da, (©6)

Where:
! is the arc length; and
o is 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



di scussed above, if there is no second or higher order
PMD, then the curve traced on the surface of the
W@ino284e8 sphere is circular, and the DGD (i .ePCT/BG3005/000306
which is the magnitude of first-order PMD vector, is -
the rate of change of the ci{gular path. In general,
we can wite: |W Dr (5) Aw Wiere: Dt is the DGD;, Df
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it canfhggleducedithall ght |ine has a curvature of zero, and a
circle has a conskt a%l curvature, which is inversely
pr opor t ij(a =t === = k(w)/(=) ™

Where:

k(o) is the curvature; and
. . oS
#(o) is the magnitude of the tangent, #(®) = ‘a—’
@

Generally, based on this, the first order PMD vector can be expressed as:
Q(w) = H(@)k(w)B(w) (®)
Where:

B(w) is the unit binormal vector.

By way of background, the unit binormal vector ;eferenced 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:



the radius of the circle. The torsion of a curve is a
measure of its deviance from being a plane curve
W@ 2006/0284i8 om | yi ng on a pl ane known as the " ospUl/aG200§000306
plane"). If the torsion is zero, the curve lies
conpletely in the oscul ating;plane. If we assune that
the portion along the tangent direction of the second
order or,hi @r or%gI P js much |l ess than the
squar e ET khe Jygs;ttk er PMD, which is a vali q9)
assunpt iGen \@anost dwases fogr all of the fiber and
optical conponents used in high speed conmuni cati on
syst ens, .then, based on . -5, . 6, and. the . .
co i andis bR, B5es &n T Fiset fimblogubigh roside that for a unit
spead Wuvewith Tulvafirk greator thlh £d! h®)dekitdtiv QIR 3res}$>€c¥’@ tola¥c length of
the curvature; and dS t() is the magnitude of the
the wrahigjeenmal veakdr is giken@yner al | y, based on this, the first
order PND vector can be expressed as: Ww)
=t (w) k( wn(8) Wiere: B(w) is the unit binomal (10)
vector. &y way of background, the unit binom al vector
refvglien.ced in Eq. 8 is a unit vector that is
perp&hti cul ar to both the unit tangent vector al ong
the curye dBEriBR oPfHekRAbndior Nal vector, which is a
unit vector that is perpendicular to the unit tangent
vect or . Ndetles et grincippbnommapd&aetor.s the first derivative
of the curve, the principal normal is the first
deri . _ gent . Lot
cr SaS nt §i€lnd R EERITR con AR UBRANE of fae tiormyl vector
withSiesyseet fotangBlapfreyucieg aan expression for the first order
PMD vector, the second order PMD vector may be
comput e(ﬁ)gj,@{fi ng the derivative of the expression (11)
for the darst order

So, the second order PMD vector may be expressed as:

x_ —Qz-k+t% B —t*kiN (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.

It will be recognized that the PMD vectors computed by the methods of the present

invention are approximations. However, due to the generally high accuracy of these
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first pre eteml?ne)éi I’Qequency 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(w). 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:

xQ_ ﬁkwﬁ‘— B—£kN
ow ow Jw

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.



It wll be recognized that the PVMD vectors conputed by
the nmet hods of the present invention are
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accuracy of theseapproxi mations, and the rapid speed
with which the required neasygenents are taken, the
approxinations made by the nethods of the present
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second order PMD vector: As with the first order PMD
vector, known numerical techniques are used to
estimate the curvature, torsion, tangent, principa
normal vector and bi normal vector, given points on



the curve.Finally, in step 540, the anal ysis device
provi des the PMD vectors as output. This output nmay
W@ e006028$8 | nput to ot her applications, such asPgr/aEmiosg0306
appl i cations, optical design applications, or
applications designed to conpgnsate for PMD. FIG 6
shows an exanple plot 600 of the first order PMD
Clafctor, as conmput ed by the techni ques of the present
—1nvention, for a 110 km singl e-node fiber. The solid
Whpurvl(a 602 shows the magnitude, while the curves 604,
gdsclaupd 808 show the three conponents of the first
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cur in IStk Sp@a , each light beamin the plurality of
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pol ari zation state, the plurality of |ight beans
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ari zdation state for eac I ght beam |
Pmﬁ&maﬂmmmallty of |ight beans; calculating a first
order PMD vector based at |least in part on the shape
of a curve in Stokes space forned by the output

3. POl@eig@hdPor Ghidl £Swidreih Q@lcﬁfaﬁﬁ%ﬁietﬂ/rstqfrdéﬂ ENID ‘R@@FBomprises
and cal culating a second order PMD vector based at

compating therpupeature off thetpareshape of the

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:
Qw) = 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() is the binormal vector of the curve.



curve in Stokes space. 2. The nethod of claim1,

wherein the curve in Stokes space lies on the surface
wokoca/oBiscare sphere. 3. The nmethod of clai m BCT/SG2005/000306

wherein calculating the first order PMD vector

conprises conputing the curvgx?ure of the curve. 4. The

nmet hod of claim 1, wherein calculating the first order

7. ¢ angereitd SR f e Bkt S AR 17D YeckF Somprises
paraieRsreiify €8 lcGtedlyiiRGird feagthi r st order PMD vect or

conprises conputing the binom al vector of the curve.
6. The nethod of claim11l, wherein calculating the
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compéisésadompuing thestoisivn ofaliciruele of the tangent of the
‘curve, W) is the curvature of the curve, and B(w) is
t he binormal vector of the curve.7. The nethod of
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vector conprises paraneterizing the curve by its arc
comipeisest dompRiting ttee priztcipatinadnat vedton df theveawvei n cal cul ati ng
t he second order PMD vector conprises conputing the
torsion of the curve. 9. The nethod of claiml,
10. WheRifethd Stt1ahd 1\Gviidiéin SRERRMNOTHEcIANrd& PMD vector
conpri ses conputing the principal normal vector of the
compuiseseapplying thedommtlicod of clai m 1, wherein cal cul ating
t he secopnd order PNMD.vector conprises applying the
f or mul a:%@f K+ guryature of the curve, t is
t he magnddudg@wf t1de t angent of the curve, Tis the

torsion of the curve, Nis the principal normal vector
of Wheee k isrthe curpiygrepfi the ere.diin thermagnituds of the fanggrg of the curve,
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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.



a tunable |l aser that provides a |light beamat a
sel ectabl e frequency; a fixed polarizer that polarizes
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nmeasures the output polarization state of the |ight
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apparatus of claim 11, wherein the anal ysis device

cal cul ates the second order PNMD vector using the
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19.  The apparatus of claim 11, wherein the analysis device calculates the second order

PMD vector using the formula:
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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.

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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