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INTERNATIONAL ELECTROTECHNICAL COMMISSION

FIBRE OPTIC COMMUNICATION SYSTEM DESIGN GUIDES -

Part 9: Guidance on polarization mode dispersion
measurements and theory

FOREWORD
1) Thqg International Electrotechnical Commission (IEC) is a worldwide organization for s ization comprising
all |national electrotechnical committees (IEC National Committees). The obje is_'to promote
intgrnational co-operation on all questions concerning standardization in the electfical and & ic fidlds. To
thi§ end and in addition to other activities, IEC publishes International Standard Ni ifigations,
Tedhnical Reports, Publicly Available Specifications (PAS) and Guides e d s “IEC
Publication(s)”). Their preparation is entrusted to technical committees; a brested
in the subject dealt with may participate in this preparatory work d non-
governmental organizations liaising with the IEC also participate in closely

with the International Organization for Standardization (ISO) in accorda i ined by
agreement between the two organizations.

2) Thqg formal decisions or agreements of IEC on technical matt possible, an interrjational
conjsensus of opinion on the relevant subjects since eac ee has representation from all

intdrested IEC National Committees.

3) IEQ ational
Cof of IEC
Pulyli or any
migi

4) In iications
tran rgence
bet idated in
the

5) IEQ or any
eqyi

6) All

7) No mployees, servants or agents including individual expefrts and
me ational Committees for any personal injury, property danmpage or
othg ,Owhether direct or indirect, or for costs (including legal feqs) and
exp isi he *publication,/ use of, or reliance upon, this IEC Publication or any other IEC
Pubyli

8) Atteéntion i to_t ative’ references cited in this publication. Use of the referenced publications is
indispensahlefor the cofre i i icati

9) Attention o ibility that some of the elements of this IEC Publication may be the subject of
~IEC€shal notbe held responsible for identifying any or all such patent rights.

The main task of | technical committees is to prepare International Standards. Howejver, a
techn|cal,committee may propose the publication of a technical report when it has collected
data ¢f ‘a“different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC 61282-9, which is a technical report, has been prepared by subcommittee 86C: Fibre
optic systems and active devices, of IEC technical committee 86: Fibre optics.

The text of this technical report is based on the following documents:

Enquiry draft Report on voting
86C/696/DTR 86C/703/RVC

Full information on the voting for the approval of this technical report can be found in the
report on voting indicated in the above table.
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This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts of IEC 61282 series, published under the general title Fibre optic communication
system design guides, can be found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged until
the maintenance result date indicated on the IEC web site under "http://webstore.iec.ch” in
the data related to the specific publication. At this date, the publication will be

* reconfirmed,

* withdrawn,

» replaced by a revised edition, or
*+ amended.

A bilingual version of this publication may be issued at a later date.

@C‘@
o
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FIBRE OPTIC COMMUNICATION SYSTEM DESIGN GUIDES -

Part 9: Guidance on polarization mode dispersion
measurements and theory
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and measurement procedures — Part 3-32: Examinations and measurements — Polarization
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IEC/TR 61282-3: Fibre optic communication system design guides — Part 3: Calculation of
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ASE amplified spontaneous emission
AWG array waveguide grating

BBS broadband source

BER bit error rate or bit error ratio

Clh circular left handed

Crh circular right handed

CSO composite second-order beat noise
DAS differential attenuation slope

DGD differential group delay

DOP degree of polarization

DUT device under test

DVV polarization dispersion vector velocity
DWDM dense wavelength division multiplexing

FCFT

X

EC extrema counting

EDFA erbium doped fibre amplifier
FA fixed analyser

FAFT fixed analyser Fourier

FAEC fixed analyser extrema counting

ffs

FT

FWHM

GINTY ometric method
HMD

IMD

INTY

1/0

ISI

JME

L

LH linear horizontal

LV linear vertical

MMA Mueller matrix analysis

MPS modulation phase shift

OA optical amplifier

OFA optical fibre amplifier

OSA optical spectrum analyser

OTDR optical time domain reflectometer

P- parallel polarization (to the plane of incidence)
PDCD polarization dependent chromatic dispersion
PDD polarization dependent delay

PDG polarization dependent gain
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PDL polarization dependent loss

PDV polarization dispersion vector

PM polarization mode

PMD polarization mode dispersion

PMD, first-order polarization mode dispersion
PMD, second-order polarization mode dispersion
PMF polarization maintaining fibre

POTDR polarization optical time domain reflectometer
POW & ptamaropticat-waveguideamptifier

PPS polarization phase shift

PS Poincaré sphere

PSA Poincaré sphere analysis

PSP principal states of polarization

RBW resolution bandwidth

RMS root mean square

RTM reference test method

S source

SMSH side mode suppressio [

SOP state of polarization

SPE Stokes parameter evalu

SRM standard refe i

SSE IS Si

TINT
TLS

TSSE|
WDM

4 G

The f
In th
the s¢
opticg
conng

ll6wing .-‘ prevides, general information concerning the PMD theory and phenom
context,(the word.*device” or “device under test” (DUT) is used throughout the f{
nse of anroptical path with an input and an output interface, such as an optical fib|
| fibre“cable;~an optical component, an optical amplifier, etc. The device m
ctorised.

enon.
ext in
re, an
Hy be

4.1

Polarization modes

The solution of the wave equation has degenerated eigenvalues. This means that even the
fundamental solution is degenerated. A single-mode fibre can therefore support several
modes, the polarization modes (PM), and by analogy can be considered as a multi-
(polarization) mode fibre. In particular, the lowest order mode, namely the fundamental HE 4
(LPgq) mode, can be chosen to have its transverse electric field predominately along the

x-dire

ction; the orthogonal polarization is an independent mode, as shown in Figure 1.
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E %y, By E %y} 8,

Inal
propa
in the|x

where
Ay (z)
4,(2)
E.(xy
E (xy

Bx

[
T

(a) (b)

Figure 1 — Two electric field vector polarizations of the

transverse plane) of the electric field vector
Figure 1(b);

ggation constant (also called effective index or wavenumber)

Y

dependence on angular optical frequency w, or optical frequency v, or wavelengt

=2mnv=21m/A= wec, is the propagation constant with the wavelength A in vacuum

wave
o PM

(1)

,By of
of the
of the

of the
nas a
N A;

of the

y-direction with the index of refraction ny; ,By, through n, has a

N A;

is the optical frequency in s=1 or Hz;
is the angular optical frequency in rad/s;
is the speed of light in vacuum;

is the distance in the device along the optical axis; z = L at the output of the device

with length L.

The complex ratio 4 (z)/A (z) describes the state of polarization (SOP) defined in the x-y plane
of the wave propagatlng along the z-direction.

2 Figures in square brackets refer to the Bibliography.
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In an ideal optical fibre with perfect circular symmetry,
. ﬂy = ﬂx’
« the two PM are degenerate;

e consequently, any wave with a defined input SOP will propagate unchanged along the z-
direction throughout the output of the fibre.

However, in a practical optical fibre, imperfections produced by the fabrication process,
cabling, field installation/use or the environment break the circular symmetry,

o ,By z ,/?JL implying a phase difference and index of refraction difference Au and a phase
velocity difference Av between the two PM;

« the degeneracy of the two PM is lifted;

* cgnsequently, the SOP of an input wave will change along the z- ut the
oytput of the fibre.

The difference between ,By and B, namely AB, is called the € ly the
birefringence and has units of inverse length. Birefringe i iso be eferred to as the
index| difference, An. Index differences typically vary 2 i monly
availgble single-mode fibres [2].

4.2 |Birefringence

Birefringence is produced by an anisotropic ibuti e index of refraction |n the
propagating region of an optical device i 7 any device is susceptible to
birefringence. For instance, birefringerice is prod asymmetry in the optical fibre| core,
mean|ng when the circular symmetry o the

It is well known that the as mmm provides an index of refraction that is smaller alophg an
axis, and as such that sm i 3-faster phase velocity along that axis comlpared

to the other one. alled the fast axis as opposed to the othef one,
which| is called 1@.
The sjower wave is73

onding to a larger index and a slower phase ve]ocity.
d compared to the other one.

The a@symmetry cs eometrical deformation of the medium or material anisptropy
through variods elasto-op agneto-optic or electro-optic changes of the index of refrgction.
Geomletrical d i mmetric lateral stress via elasto-optic index changes may be

produced i brlca'on for instance, and will typically produce linear birefrindence.
i : v-optic Kerr effect will also typically produce linear birefrindence.

Twist|and mag eto optic éffect via Faraday effect will produce circular birefringence.

Severnal of these mechanisms may coexist and may be present in various numbers, strgngths
and djstributions; and may vary with time and over environmental conditions. This makes the
SOP along the propagafing medium and at the oufput unpredictable and unstable and,
consequently, PMD compensation difficult to achieve.

Birefringence can, however, be imposed, such as is the case for polarization maintaining fibre
(PMF). This type of fibre has a strong birefringence maintained along the fibre length which
can be created, for example, by introducing stress in one plane. This will keep the two PM
non-degenerate. Any SOP launched aligned with the axis of one of these two PM will be
maintained throughout the fibre. As opposed to PMF, commonly available single-mode fibres
used for fibre optic transmissions in the field are weakly birefringent fibres.
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4.3 Beat length

Birefringence makes the two PM slip in phase relative to one another as they propagate at
different phase velocities. When the phase difference between the two PM is equal to an
integer number of 27z the two PM beat with one another, and at that periodic point along the
z-direction, the input SOP is reproduced. The length corresponding to that periodicity is called
the beat length L, .

21 . :
L, =—— in units of length (2)
AB
Beat |engths typically vary between 2 m and15 m in commonly available fibres
[2].
Beat |
4.4
Polari mplex
vecto space
(see H
e )
The arigin corresonds o the 7 axis
coring ot off the paper
IEC 1247/p6
d elliptical representation of a state of polarization
NOTE he anisotropy, the y axis is the slow axis in Figure 2, while the x axis is the fast ajis, and
the wa a plane is retarded. The resulting wave from the vector combination of the y-f plane
wave and the x-z\plane wave is shown in the x-y plane in the lower right corner of Figure 2
The Jpnes-vector has the form (not considering any unit vector):

0,

A E _e'%
E=|""l=| " (3)

Ay Eyeldy

Equation (3) can easily be related to Equation (1) in case of anisotropy when Jd becomes . As
polarized light traverses any DUT such as an optical fibre, its SOP undergoes a
transformation. This transformation is described in Jones calculus by the complex 2x2 Jones
matrix, T, so that the output Jones vector £, is related to the input Jones vector E;, through
Eoit =T E,,- The Jones matrix is determined by measuring the output Jones vectors in
response to any three unique input vectors. The calculation is simplest when the stimuli are
linear horizontal (LH) 0 © (Ey = 0; J, = 0), linear vertical (LV) 90 ° (£, =0, Jy = 0) and linear (L)

+45° (E, = E,; 9, = J,=0) SOPs. If the responses to the three stimuli are:
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I

the Jones matrix is

KiK4 K
r=c+ K1ha A2
Kqg 1

(4)

()

where

the of

4.5

While
meas
Stoke

Lo,

9%}
o
Il

%]
N
1l

ire the electric field of a light
S vector, as shown in Equation

(6)

from

ce to
s the

(7)

rcular

The magnitude of the Stokes vector is the square root of the sum of the squares of S, S, and

The Poincaré sphere uses the normalised S parameters s (s4 = S4/Sg, 59 = S5/Sg, s3 = S3/Sy) as
a three-real component unit vector co-ordinate system to represent any possible SOP [5,6].
The LH 0 © SOP is represented as (1,0,0), LV 90 © as (-1,0,0), L +45° as (0,1,0), L —-45° as
(0,-1,0), Crh as (0,0,1), and Clh as (0,0,-1).
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So Ef +E] E2+ E2
_| Ex Oe'® - S| E)% - E? _ E2 - E2 ®)
E, De'¥ S2| | 2Re(E,ED)| | 2E,E, cosA5
Ss 2|m(ExEE) 2ExEy sinAd
2 2 2 2 2 2 2 2
S1 S1/SQ (Ex_Ey)/(Ex+Ey) (Ex_Ey)/(Ex+Ey)
52 [=[82/S0 | = 2Re(ExED)/(E2+E2) =|2E,E, cos AG/(E2 + E2) (9)

s3] [S3/So| |2Im(EE, /(E2+E) L2ExEvsinA5/(E§+E3)J

In polpr coordinates,

j=|osEl™% ) g (10)
(sing)e™#!2
51 cos28
2| = (sin26?)(cos,u) (11)
53 (sin29)(sin,u)
wherg Ad = 9, - 9, is the difference in'pha
The use of the Stokes vector parameters i i ed vi [ & sphere
(see Figure 3). Stokes vectors can be gon e i i F-field

formujae.

IEC 1248/06

Figure 3 — Poincaré sphere representation of states of polarization

NOTE The LH axis usually faces the observer/receiver


https://iecnorm.com/api/?name=a6a2ee3ed9876fc040502ba17379c15b

TR 61282-9 © |IEC:2006(E) - 15—

For a fully polarized field (DOP = 100 %), 4/s4 +s§ +s§ is unitary, and a SOP is represented

by a dot on the surface of the sphere (the tip of the SOP vector). The observer looks at the LH
SOP. Any SOP laying on the equator of the sphere is linear. The north pole of the sphere is
Crh SOP, and the south pole is Clh SOP. Any other SOP anywhere else on the sphere is
elliptical.

4.6 Principal states of polarization

In a device that exhibits PMD, there are two SOPs called principal states of polarization
(PSPs) [7, 8] havmg the property that the SOP measured at the output of the device is

NOTE nternal
stressgs acting on the device.

NOTE P An output signal whose SOP is aligne MD, at
least tq first order.

4.7 |Differential group d

The difference between the two is i i . The
resultBnt pulse broade is the s €

The definition p

PDL, there is an opén

NOTE ice, the
pattern| ). The
averagp hnd the
wavele

4.8

PMD [is the-temporal distortion of an optical signal induced by the interaction of the qource
polarigationyand spectral characteristics with the transport of the signal through a device that
includesdwo orthogonal SOPs (i.e. PSPs) with differing group velocities. The term "PMD" is
used i i i i ell as

specific “numeric values” of broadening (in time) that characterise a device.

4.8.1 Phenomenon

When an optical signal pulse passes through a device, the pulse may change. PMD refers to
the change in shape, particularly in the root-mean-square (RMS) width of the pulse, due to the
average propagation delay difference between the two PSPs, i.e. DGD, and/or waveform
distortion for each PSP (see Figure 4). PMD together with PDL and PDG, when applicable,
may introduce waveform distortion leading to an unacceptable increase in bit error ratio
(BER).
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! . ,
| Gaussian | | LAT
Unchirped (| T4 [
rzEs,il(Ef+Es ' -::‘:I?F
T=(T2 + r(i-nAL) t
is
!
\ ‘\\ A
A

IEC V1249/06
a) One birefringent section/two pulses/with~distoxrtion

4.8.2
The H

14

ect of polarization mode dispersion on transmission
of an information-bit pulse in a device

MBvalue (in units of time) is specified and measured depending on the type of ¢

EC  1250/06

levice

and i

contribution to theoverattsigmat timkdistortiom i some tases, either the—averz

ge or

RMS DGD over an optical frequency (or wavelength) range is used to define the PMD value.
In other cases, the maximum DGD occurring in the optical frequency or wavelength range is

used.

4.9

Polarization dispersion and birefringence vectors

From Poole [6,9,10], the polarization dispersion vector (PDV), Q, and the birefringence

vector, Aﬁare a compact way of representing PMD. The variation of the SOP, s, as a

function of the optical angular frequency, w and z, inside the device obeys the equations of
motion described in (12) and (13) respectively (see Figure 5).
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ds(w) _ 27y -
1o —Q(a))xs(a)) (12)
BE) - p H i) (13)
dz
where
s is the SOP vector with three components, s4, s, and s3 defined in Equation (9),

unitless and depending on wand z;

Q is the PDV with three components, Q,, Q, and Q3‘ depending on @wand z, and having

units of time; Q depends on the DUT properties along the entire 0l i

JAVZ] is the birefringence vector with three components, Ag,, AB \depending on w
and z, and having units of inverse length; A,B depends. on propertjes at
position z;

5 (o+Aw)

IEC 1p51/06
arization dispersion vector and principal states of polarization

A reldtionship exists between the PDV and the birefringence vector, and this relationshjp has
important’consequences [6,10]:

dQ _ dhB ( )

" = + |A Q 14

E o aw 0Ax (14)
where

dAﬁ/da) is the modal birefringence (vector), B, at position z along the DUT and has units of
delay time per unit length;

A[S’xﬁ is the term indirectly affecting the growth of the polarization dispersion by causing

the PDV to change direction with dA,@’/da), causing dephasing between the two
vectors.
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where
v is the average group velocity;

Av is the differential group velocity between the fast and slow PM (PSPs), so that v + Y2Av is
the fast group velocity and v — %2Av is the slow group velocity [11].

Moda hirnfringnnm: is rpqlnnn':ihln far the grnwfh of the pnlnri7nfinn di':lnnr':inn alnng the DUT
length.
When| looking into the wdomain, the direction of f) is collinear wit irection
of thel fast PSP, §p, as shown in Figure 5). The magnitude of to the
DGD,|i.e. (see Figure 5)
Q=8 T+ 5, (w) (16)
whergq [7]
§;‘J]OW( :‘)) - _ Sl];ast(w) (1 7)
‘f)(w)‘ =Ar(w) = DGD (18)
4.10 |Polarization m
The tivo PM an@ ple” birefringent element result from two input [PSPs
whos¢ fast and slo ~ 8 maintaiped throughout the element (see Figure 6). A|short
opticg S ple birefringent element for which the two output|PSPs
do no i ical frequency and throughout the fibre.
fast fast
[} 1
:”\
! -
T Wj o
\

L

IEC 1252/06

Figure 6 — No or negligible mode coupling

In that case, the modal birefringence, B, is modelled as a constant vector (B,0,0). This is the
case for PMF in which birefringence is strong.

If two such elements are concatenated, i.e. they are jointed with random axis orientation, the
output PSPs of the first element may not align with the input PSPs of the second element, as
shown in Figure 7. The distance between such concatenations is associated with the coupling
length, & (also called the h-parameter).
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Figure 7 — Random mode coupling

Undef this condition, mode coupling occurs: part of the energy of one local PM i ferred
to thg other one [11]. The mode coupling resulting from the repeated many
elemgnts produces a continuous variation of the fast and slow axes s - and a
random variation, with optical frequency, of the output PSPs and D f on.

In a long single-mode optical fibre, the birefringence is gen n the
polarigation as compared to a PMF and is typically m nstant
background birefringence (AS,0,0) together with a hating
pertufbation (AABy,00B,,d0fB3) [6,10]. The distributiop and
uncorfelated.

The Ipcal fast-axis PSP PM and the er the

influe ha DUT is often modelled as the
concy ps) of
rando| gth of
these|elementary sectlons 3
In prgsence of random| soupling, mg atural
definifion for PM bf the
varioys PMs. T ncy is
present, only one\p4di to the
telegrppher equatigf flight,
7, as a function of

9 (19)
The HMD delay is~expressed by the RMS width of the PM time of flight distribution [6,14,15]
and i expressed in units of ps:

1/2
PMD _—[ 2L 44 ‘2“’1] (20)
V2 U h

where /4 is the PM mean coupling length [11].
Equation (20) has two limit conditions [11]:
a) when L <</, the PMD distribution function (PDF of times of flight, 7) is flat:

PMD = BL (21)
and PMD increases linearly with L.
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b) when L >> &, the PMD distribution function (PDF of times of flight, 7) becomes essentially
Gaussian:

por(ny=| |1 LT 12(r?) (22)

o]

where <2>1/2 is the PMD delay.

In that case,

AMD = BAJhL (23)

and PMD increases with the square root of L.

4.10.1 Random mode coupling

PMD
as a

When
pheng
stoch

ards for
It.

NOTE
randon

At an ength
(such n fast
and slow PSPs. Averaging, the PSPs ove slength , i then
yields| ing flon (in
relatig irefri . isvthen essentially a statistical pargmeter
charap e, the
PDV fcomponents (Q ibution
similafr to Equatréw\:/& of the
squargd Q;) is knownto. ohe

(24)
If the

(25)

and [5]

PDF(AT) = 3(\/§JL236—3A72/2<AT2> (26)
" ar?)

and PMD will be equal to the RMS DGD:

PMD = <A72>1/2 (27)
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If the mean value <Ar> is considered, then

o (\/? J(m) (28)

and

2
32 Ar®  -ans?/misr)

PDF(AT) = ) TEE (29)
and the PMD is equal to the mean value of the DGD (see Figure 8).
AMD = <Ar> (30)
The RMS DGD, <A>12 and the mean DGD <Ar> are both rela
ar?) =27 (nr)? (31)
8
The statistics of mean or RMS value 0 iati alysed over a wavelendth (or

opticgl frequency3) range (as wide as pQ

-~ 2
3 The RMS value of the spectral variation of the DGD (or PDV length or modulus) PMDgys = (‘Q(w)‘ y s

generally more representative of the mathematics of the PMD.
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Fig

4.10.2

In the case-where
orientation_along the DUT as shown in Figure 6), the two PSP PMs are not coupled or
neglidiblycoupled together.

g I 'kl fou l|| I 1 I I |'-l| 'J 'Ill /
ELAR AR 2,
I.‘I \ | A ' J Iﬂl t lh . ‘n'l
| | | | |
1480 1500 1520 1540

Wavelength (nm)

b4/06

a) Differential group delay (A1) as a function of

PDF

LN A MO\
N PDF = 4.2 x 10°°
[ E N ——
0 \4\> 4] B 7 8 9
T(Ps) IEC 12§5/06

al group delay and related Maxwell distribution [15]

e birefringence inside the DUT remains relatively fixed (fixed PSP

NOTE The expression weak mode coupling is also used in the literature and in some International Standards for
negligible mode coupling. As a preference, the expression negligible mode coupling will be used in this document.

As a consequence, DGD does not vary as a function of wavelength (or optical frequency), as
shown in Figure 9.
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g PMD = DGD

[a]

Q

D e —— ——— e T s Tt g . s g A g ™ i~
1290 .. 1300 w o« . 1310 1320 1330

Wavelength (nm)

IEC 1256/06
Figure 9 — Polarization mode dispersion and differential group dela
in negligible mode coupling
As mpst optical components have extremely small physical fibre
lengths, PMD of such components may then be reported i mplex
comppnents and optical amplifiers, the DGD may vary a C th (or
frequency) even if this variation is smooth, small or sometimes™p e' e e, the
conc%t of PMD expressed as the RMS value of th ati on of
wavel axi 3 iation
can bg used.
Therel can also be intermediate cases\wh [ a f irefri iong, and
the DIGD can vary less strongly as a function 0 : ¢ S r sine
wave |variation. Some components suc SOM i i may
exhibft such behaviour. s/ still th DGD
distriution, and the phenomenon i inistic, ing is
neithgr negligible nor random.
Therel are also DUT bvant.
Such |a device i ptical
multiglexer, where_thg . |ISome
Bragg grating DUT ent of
such a device.
4.11 | Second-orde
If the|DG icient to
charafterise- propaga gignal.
Howeyer, the(DGD can change within a frequency increment. Moreover, as PMD increapes in
random mode couplirig, the DGD varies more rapidly in its magnitude and the PSPs| more
rapidly in‘their orientation. Considering that first-order PMD (PMD,) is found from Equpations
(16) gnd(18), second-order PMD (PMD) is this variation of the DGD and PSPs with gptical

frequency (or wavelength), as shown in Equation (32), when deriving Equation (16).

salo) [ dadw)j{md%_@]

dw P dw dw (32)

PMDy term
PMD, was identified and described in some detail several years ago [17], but more recent

work has provided a deeper appreciation of its potential importance for realistic
communications links [5,18].
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There has been a common misconception that PMD, was simply derived from the slope of a
DGD-versus-w plot. The fact that the derivative is of a vector (see Equation (32)) rather than a
scalar introduces an additional term proportional to the frequency dependence of the PSP
orientation. For the very practical case of a long telecommunication fibre, this contribution can
be shown to account for about 8/9 of the total PMD, effect [18].

On the right-hand side of Equation (32), there are two terms present in the definition of PMD,.
The first term is in the direction of the fast PSP and is often refered to as the parallel term,
while the second term is in the direction perpendicular to the PSP and is often refered to as
the perpendicular term.

As an| example, a single waveplate or PMF does not (ideally) exhibit any PME

o, Since(ity§ DGD

does |not change significantly over a wavelength range (see Figure 9) small
variatjon due to chromatic dispersion), and since the orientation of its ow axes do
not change as the input wavelength is varied (see Figure 6). This witl k gimple
comppnent where the DGD barely varies as a function of wave 3 bplate
orientation was changed in response to changes in waveleng hi odld~introdute PMD,,

which| could be the case for more complex devices.

On a
outpu

more rigorous mathematical basis, the combi and PMD, gn the

IEC 1257/06

polarization mode dispersion (PMD,) on the output state
of polarization on the Poincaré sphere

At a piven angular optical frequency, a}, PMD, is characterised by the PDV as shgwn in
410\
IU,

and its modulus, |Q|, is

The vector, Q, lies along the direction of the output fast PSP, §p,
equal to the DGD as shown in Equation (18). Specifically, PMD, is defined in terms of the

RMS value of the modulus of é , Viz

PMD; = <‘Q‘2> = <Ar2> (33)
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On the sphere, s "precesses" around Q at a rate d@dw= At (like a spin around a static

magnetic field). On the other hand, PMD, is characterised by the w-derivative of f) its
velocity vector, and its modulus is the PDV velocity (DVV). From Equation (32), we note again
that both the variations of DGD and PSPs are included. Following [18], PMD, is defined in

analogy to PMD, as proportional to the RMS value of the wderivative of Q Equation (32) or
the RMS value of the DVV.

~ |2
G ( % > 54

dw
I\ /

The flindamental units of PMD, are s2, as for chromatic dispersion. Me af units are
ps2 off ps/nm with a slightly different formula (see Equation (35)).

(3%5)

As w
meas

with respect to frequency is
e polarization depgndent

chromatic dispersion (PDCD) is related tQ
PDV)|as follows:

of the w-derivative of @, the

ADCD = CDay — (36)

Equafion (36) ho@%
From [the above in its
magn|tude and\i PMD,.
Thus,|i ed to
each jothe listic)
limit qf ), the

followi
~(2 2

-2
& \:%/IQI ) (37)

aw / [e) \I T /

Combining Equations (34), (35) and (37), the following relation is obtained between PMD and
PMDy:

PMDy = — (PMD;)? (38)

1
V3
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5 Mathematical formulations of the polarization mode dispersion test methods

This clause is organized to present first the Stokes parameter evaluation (polarimetric), then
the methods most similar (in polarimetry), then those in the frequency domain, and finally the
time domain method.

There are two generic categories of PMD test methods: one that determines DGD and PMD,
and another that only determines PMD.

DGD and PMD determination is covered by the following methods:

» Stpkes parameter evaluation (SPE):
o | Jones matrix eigenanalysis (JME),
o | Poincaré sphere analysis (PSA);

e Modulation phase shift (MPS);

e Polarization phase shift (PPS);

e Paincaré sphere arc method (PS);

* Pqole formula.
PMD-pnly determination is covered by the followi

e Fixed analyser (FA):
o | Extrema counting (EC),
o | Fourier transform (FT);

* Interferometric method

5.1 |Stokes parameter eva

The $PE metho to a
chande of narrowb Jstinct
and K Ps at
nomir bctors
transmi hgular
opticg as a
functi

In the , with

an appropriate combination of the matrices at adjacent wavelengths. The regulting
eigenyalues are calculated followed by the application of an argument function to obtajin the
DGD ptthe base frequency.

In the PSA approach, matrix algebra is performed on the normalised output Stokes vectors to
infer the output Stokes vector associated with circular birefringence at two adjacent
wavelengths, followed by the application of an arcsine formula to obtain the DGD at the base
frequency.

For both JME and PSA, the average of the DGD values for a given wavelength range yields
the PMD value over that range. The JME and PSA approaches are mathematically and
formalistically equivalent.
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5.1.1 Jones matrix eigenanalysis

Any Jones vector can be completely specified by a magnitude, an absolute phase as shown in
Equation (3), and the Jones matrix of a DUT can be determined following 4.4. Typically, a
linear SOP parallel to the x (0 ©) axis, a linear SOP parallel to the y (90 °) axis, and parallel to
the bisector of the angle between the positive x and y axes (45 ©) are used as stimuli to the
DUT.

To obtain the output Jones vectors, the output Stokes vectors are measured using the stimuli,
then normalised to unit length. These are then converted to Jones vectors using Equations (8)
and (9), assuming, for example, that 0 < 8 < 7z Following Equation (6), four complex ratios,
not affected by the assumption on 8, and independent of the intensities the three $OPs,
can then.be formed

The tlansmission Jones matrix, 7, is then given by Equation (5).

By dgfinition of the PSP, a general device has associated with i Al t pripcipal
SOPs| x(w), which, as the input SOP is held constant whi » | frequency,

w, is ¢hanged by a small increment, results in a pair of 0 vhose) unit vectors are
invarignt to first order over w For a general transmissSi @), an output PSP
can be expressed as a magnitude, o(«w), and absolute pha ( imes a unit vector,| y(w),

which| specifies the output PSP:

Q=T ( 3= o{w)e' A j(w) (39)

o(w) and ¢« may vary with @ but y q - ariant to first order by definition of
the optput PSP. Using pi d entiation with respect to «, differentiatjon of

Equation (39) results in;

(40)

[

The fi e pHase ¢ is the group delay, Iy, through the device.|If the
devic 3, its transmission matrix, 7, is non-singular, and the inptt can
be ex sed\i i ewoutput as x = I~1y. Explicitly setting y' to zero, the follpwing
eigen i

o

' gﬂy:o (41)

where [ is the identity matrix, a square matrix with values of one on the diagonal and zero
elsewhere.

The imaginary parts of the eigenvalues of the matrix product are the group delays associated
with the PSPs, and the DGD Ar which leads to PMD is given by the difference of the
imaginary parts of the two eigenvalues. The output PSP themselves are the eigenvectors of
7' -1, which may be non-unitary for devices with PDL, in which case the output PSPs are not
necessarily orthogonal.
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Measurement of 7' and 7, including measurement of the absolute phase, would allow direct
calculation of the two group delays and Ar, but in practice, two restrictions are imposed by the
Jones matrix measurement technique previously described. Instead of measuring T’ directly,
T' must be approximated as T'= [T(w+tAw) — T(w)/Aw for a finite Aw. If the angular optical
frequency increment Awis small enough so that each output PSP suffers nearly the same loss
at wand w +Aw, then o' Aw/g = 0 and Equation (42) can be rewritten as

T( wr AT~ (e)-(1+i7,A0)1]y=0 (42)
The second restriction arises from the fact that T(w+Aw7T-"(w). and therefore its associated
eigenyalues p; and p, can be determined only to within a complex cen preventing
determination of the two group delays individually. When the loss through “the-\devjce is
indepgndent of polarization, the eigenvalues of T(wAw)T-"(w) are d ined tobe Be, and
Bp,, ywhere Bis a complex constant and ,ok=exp(irg,kAa). The D efgre be
exprepsed as
A,g(pq
_ _ _ P2
N —‘ng Tg‘z‘ = T (43)
wherg p; and p, are the eigenvalu d Arg denotes the argument
functipn, that is, Arg(aei) = 6. In the\ prese : the eigenvalues can sfill be
approkimated as
—qa iTg i A
D =1+iT, fAw=e © (44)
In prgctice, the impact of PDL an tt \ urement of Ar can be reduced by using smaller
Awin¢rements. € . ioM\A7T*Aw < rrmust be satisfied in order to avojd the
ambiduities of ther SN
NOTE
4 (45)
where
A ig the ma
A (46)
where
T is the Jones transfer matrix
By definition,
DGD = |Im(eigenvalue difference of 4)|
(47)
eigenvalue difference of 4 = ay — a,
where
a, is one eigenvalue of 4;
a, is the other eigenvalue of 4.
PSPs = 2 eigenvectors of 4 — 4 Q (48)

Q
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The JME method uses the following approximation:

T(wHda) - T(w) ], {[T(MA&))] .« T(w)” }- . - (49)
Aw Aw measured
JME is measuring T(w+Aw)T(w)~" and by definition,
DGDpeasured = |Im(eigenvalue difference of 4 casuredl
(50)

elgenvalue difference of Ameamred ((11 - aZ)measured - p‘l pZ
The JME method is not based on finite differences.

JME measures the polarizations, not the intensities, nor the phases and does not obtain the true Jones matrix, but
with a factor # (complex number, not constant with A):

[ DGDAW
1(0V,01)=ﬁ1eL 2 J

; DGDAw
2

S

2(0r,02)=,32e (51)

S

J=f2]

B
B2

o

o ( B ]eiDGDAw _
2\ B2

then

yi (52)
5.1.2
Let }; ted at
45 ° ff e two
meas

Q
=
Ka)a 4

o
n

IEC 1258/06

Figure 11 — Rectangular system of co-ordinates defined by the response Stokes
vectors, and direction angles of the polarization dispersion vector

Assuming negligible PDL, the transformation of Stokes vectors from input to output is a
rotation (angles between vectors are preserved), and the equation of motion of any one of the

response Stokes vector (including 5) is given by Equation (12) with

S=hgoré (53)
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The square modulus of the derivative in Equation (12) can be written as

|

where a is the angle between s and Q.

@

2 2

-2
J =‘Q‘ sin“(a)
dw

TR 61282-9 © IEC:2006(E)

(54)

But }; and ¢ are mutually orthogonal, since angles are preserved from input to output.

Thus p—¢—and defire—a—rectangwar—system—ef—eo-erdirates—{see—Figure—+H—r—which
cos(ay), cos(aq) and cos(a,) are the direction cosines of Q. Using the su
2 2 2 —
gos“(a;)+cos“(a,)+cos”(a.)=1 (55)
In Eqliation (56), the following expression of DGD is obtained:
N2 N A2
= ][] (56)
2| dw dw dw
If only finite differences As/Aw are know nation
of D@D must be obtained that is more accurate\tha DV is
indepgndent of wover the increment | the o t SOP follows an arc of a cirgle as

shown in Figure 12.

&

§_(L0+Am)

S _—— -

IEC 1259/06

Figure 12 — Arc of a circle described by the output state of polarization

imtheimcrement{oowrao

In Figure 12, $gis the component of § perpendicular to Q and @the angle swept by 55 . Also,

as a consequence of the equation of motion (12), we have

|§D| =|sin(a)|

g= ‘fz‘Aa)

(57)

(58)
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Through simple geometry (see Figure 12),

. (8
sm(;j‘ (59)

is obtained, so that

=25

} ‘Q‘Aw
|A9| =2sin(a)sin| ———— (60)
| |
The spim of the square modulus of Ak, Aj and A¢ is then written as
. A A éAa)

N +Aq2 +A¢? = 4sin? — E{binz(ah)+sin2(aq)+sin (a, (61)
Finally, we apply the sum rule of Equations (56) to((61) ai lowing expressjion of
DGD:

S T (A2 an2  aR2

'2‘=—arcsm —\/—(Ah + + A 62

‘ Aw {2 2 fa”+he (62)

tu .
PSP =—— with u = (63)

g

=
=y
[0}
=
(o))
5
S|
Q
=]
o
R
>®
P
—
=0
D

5.1.3 i ifferential group delay

In thg fol e DGD of a DUT is found from the Jones matrix or directly from
the Stokes btained at a pair of input optical frequencies or wavelengths| The
hypothetical \DUTN scribed in terms of Mueller matrices at these optical frequencjes or
wavelengths:

The DUT chosen for this example has linear PSPs at +45 © and —45 © in the wavelength range
of interest. The 4x4 Mueller matrix, M, for such DUT is [20]

1 0 0 0
0 cosdo 0 -sind
M@=y 9 1 o (64)

0 sind 0 cosd

where is the retardance at the angular optical frequency win rad/s.
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Assuming the DUT is non-dispersive for the two PSPs, the retardance is related to the DGD
AT by

J = Wht (65)

Assuming that the Jones matrix or the Stokes vectors of the DUT are obtained at frequencies
wy = 1,21x10'® rad/s (1 556,734 nm) and W = wtAw= 1,22x10'% rad/s (1 543,974 nm), and
that the DGD of the DUT is Ar(ay) = 100 fs, the Mueller matrices at these optical frequencies
are

[1 0 0 0 }
0 cos121 0 -sin121
=M@=, 5 4
0

1 sin121 cos121
(66)
1 0 0 0
0 cos122 0 -sin122
Mo =M(w)= 0 0 ) 0
0 sin122 0 cos122

Of coyrse, these matrices are unknown before

5.1.3 Jones matrix eigenanalysi

In the
The J
each

matrix at each of two wavelengths.
ot the output SOPs corresponding to
Ps are as follows:

-1
90° = x, = (67)
0
0
d\to the input ones by y = M, x, are obtained at «j:
1
—-cos121
Ya=| (68)
sin121 -sin121

1 41 4 L QAN TP By ) : 4 } AL et oy
The tlllb‘b‘ otrer output oUr 5, TC1alel 0 U1 1MTput Oorics Uy V — 1\/12 X, dIe ODldIiNcu dat U)Z

1 1 1
cos122 0 -cos122
= = = 69
Va2 0 b2 =\ Ye2 0 (69)
sin122 0 -sin122

The Jones matrix T, is calculated at «y, starting by converting the three output SOPs at « to
the following Jones vectors:

_ {0,689687} _ [0,7071 07} _ [0,7241 08 } (70)

Yal =1 0.724108i Y01 710707107 Y17 0.689687i
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From the Jones vectors, the following complex ratios are formed in order to populate the
Jones matrix:

[ DBBOBBT _ o ice < 0707107 1)
07241081 0707107

5= 0724108 _41649910i ky =522 = 0524332 - 0499408
~0,689687 k1 —ks

The following Jones matrix T, is obtained, where B, is an unknown complex constant:

1 =5 kikg ko | _|(-0,475668 +0,499408i) 1 (72)
! ky 1 (-0,524332 -0,499408:) 1
Similgrly, the Jones matrix T, is obtained by converting the S to tlw, to
Jonegq vectors:
0.258102 0,707107 6118
a2 = . Vb2 = e (73)
0,966118; 0,707107 58102i
Again|, from the Jones vectors, the following comple d in order to populate
the found Jones matrix 7, where f, is at : '
1=—O’258102 =-0,267153i (74)
0,966118i
, = 0006118 384 —0,249357
—-0,258102i
} (75)
Since 3 theeigenvalue ratio or the eigenvectors, they are dropped.
Next,
0,420735i) (0,229849 +0,420735i) (76)
l 9849 +0,420735:) (0,770151-0,4207351)
The ejgenvalues of 4 are p; = 1 and p, = 0,540302 — 0,841471 i.
The corresponding eigenvectors are
0,707107 0,707107
zq = z3 = (77)
0,707107 -0,707107

This can be seen by confirming that p,z4 = 4z4 and pyz, = Az, (the set of solutions is unique).

Eigenvectors z4 and z, are Jones vector representations of +45 © and —45 © linear SOPs, so
they correctly identify the output PSPs.
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Now the DGD Aris found from

Arg P1
P2 )| _

Arg L
0,540302-0,841471i

Ar(ay) = = (78)
w oy 0,01x10" rad /s
The expression 1/(0,540302 — 0,841471i) has magnitude 1 and polar angle 1 rad.
1rad
Ar(wy) = =100 fs (79)
0,01x10" rad /s
The OGD has correctly been found.
5.1.32 Poincaré sphere analysis
From [the Stokes vectorsl;, v and ¢, the vector produ / ¢'=¢xv are formed at
each wavelength. For each wavelength increment, t
Ni = h( @+ D - h(w)
(80)
A = wt A - E(w)
The OGD Ar is found for.a particula n:
(81)
nding
are formed as follows:
_ @+ (@rdw) o (@A @+ Dw)
2 2
(82)
;( /,) + I:( ALY Am) . ;'( /,) + f:'(m+ Am)
C = c=
2 2
and the scalar products are computed as follows:
u, =¢84 u, =hA¢ u, =g an (83)

The PSPs are found from the following expression:

z;=uhi;+uqc}+uccA (84)
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Now in the case of the hypothetical DUT defined previously, the six output Stokes vectors are

cos(121) —cos(121) 0
h(w) = 0 w(w) = 0 g(w) =1
sin(121) -sin(121) 0
(85)
cos(122) —cos(122) 0
h(w+ Aw) = 0 v(w+Aw) = 0 g(w+Aw) = 1
sin(122) —sin(122) 0
From|Equation (85), the vector products é=hx§ and v and
(wtAqy):
-sin(121) -sin(122)
J(w) = 0 o w+ Aw) = 0
cos(121) cos(122)
(86)
-sin(121)
d'(w) = 0
cos(121)
and th
(87)
%
and th
/ (88)
1 (1 1
At = ——[2 [arcsin| sinfl — || =—— =100 fs
Aw 2 Aw
This calculation yields the correct value of A7= 100 fs.
The PSPs can also be computed from the following mean Stokes vectors:
; ; A -0,458 . A 0
- + + A + +
Poh@rhwrdw) | LT (89)
0,749 0
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- A -0,749
- + +
. ca c;a) w) _ 0
-0,458

and the scalar products:

TR 61282-9 © IEC:2006(E)

uy =(e[Ag)=0 4, :(12 D{é):—o,841 ue =|i [Bi)=0 (90)
The PSPs are found:
. 0
tu
PSPZT= +1 (91)
|“| 0
The linear SOPs, PSPs have correctly been found at +45 °
5.1.4 Formalistic equivalence of Poincaré sphe
eigenanalysis
The test procedures for PSA and JM DGD
and the PSPs from the same raw dat of the
devicg¢ under test as a function of the a 5OPs.
The HSA is performed directly in the representation of the SOP, while the
JME |s performed in the SOP vector ( ones vector) representation,| after
transf ée Figure 13).

prmation of the Stok<es\vecR

VWavelen gtﬁ\—i&a nﬁe\Li aht Source

\§/O43 Generator Sip(®)

9

NN
%asur%yer?ﬁ\q N m}h/zed Stokes Vectors éout {w)

DUT ]

PS
Ah\s}\For ula

Eigenvalues of T{e+Aw) T (w)

:

o) MDY
Motulls of [

Z

Qed

Argument Formula

o=
larization
isparsion Vector &

DGD

a7

g:[ U
dw

)

2 '}/ﬁization

Dispersion Matrix 2
—-—Tr

a7

(o)

TEC TZ2060

Figure 13 — Functional diagram of Stokes parameter evaluation

In the following sections, PSA and JME are demonstrated to be formally equivalent [21]. The
polarization dispersion matrix is identified in the Jones vector representation that is equivalent
to the complex or generalised PDV in the Stokes vector representation. A simple expression
of the polarization dispersion matrix as a function of the PDV establishes the conceptual link
between the two analyses. A formula is also provided for a simple calculation of DGD in low
PDL conditions, which is the equivalent of the "exponential approximation" used in JME.
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5.1.4.1 Fundamental link between Poincaré sphere analysis and Jones matrix
eigenanalysis

The normalised Jones vector can be viewed as the quantum mechanical state-vector
representing the SOP of each individual photon of a fully polarized wave. On the other hand,

the normalised Stokes vector, s, can be defined as the mean value of the photon angular
momentum (in units of 7). Hence, s =(e|dle) where |e) is the normalised Jones vector, and

o is the Pauli operator.

JME and PSA are based on the equations of motion of the SOP at the output of the device

under—test,as a function of angular nlr_\fir‘al frnqnnnr‘y, w-—The derivative nf;\’d;/ﬂm can be

found|from d|e)/dw, starting from s =(e[d]e). In order to obtain formally identical equatipns, it

is corjvenient to use the polarization density matrix p =|e)(e| instead of t . This
eliminates the cumbersome phase factor that appears in|e). The atic dtions. can be
writtep as
s 1[&2—1(6 x§]x§ +coc. (92)
lw 2
wherg
c.c. is a complex conjugate expressi
h.c. is the hermitian conjugate.

The complex or generalised polarization dispersian O and the polarization dispersion
matrix (T)%Jgh he following relations:

5 and
s and
e link
nction

of Q Equation (94). Simply, knowing Q , the vector obtained via PSA, one can deduce Q, the
matrix that defines the DGD and PSPs in JME.

5.1.4.2 Comparison of results obtained through Poincaré sphere analysis and Jones
matrix eigenanalysis

To illustrate the identity of the two analyses, the DGD was calculated from both PSA and
JME, as a function of the optical frequency. The simulation was performed with a
concatenation of 20 waveplates with random delays and orientations of the birefringence

axes. In PSA, the DGD was deduced from the finite differences As, corresponding to input
SOP’s a =i, j, k through the following formula:
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DGD = ——arcsin

e 75

where Awis the angular optical frequency increment.

06(E)

(95)

The relative frequency increment was Aw[Ar,,, =0,277. The following section provides the

derivation of Equation (95). Equation (95) is obtained using the equivalent of the
exponential approximation, which consists of assuming that the polarization dispersion matrix
(vector) is constant over the frequency increment, so that the Jones matrix can be written as

nnnnl-.nl

an ex

)

The €
pointg i
vecto

circul
SOP’s

the two

R aVal a

NOTE
axes. T
(1 550

Figu

JME

"((w+ A = T(w) "2% (96)
n two
tokes
ng to
input
from

|
193.4 2034
Optical Frequency [THz]

IEC 1261/06

ihgence

4,4 THz

— a)Differential group delay (DGD) as a function of the optical frequenciy (f)
obtained through Poincaré sphere analysis (PSA) and Jones matrix analysis (JME), and
b) Difference of DGDs.
vocurves are superimposed on the graph. The difference of PMD values is APMD = 2,2

The t

x 10-16, The difference between DGD’s (ADGD) is shown in Figure 14(b) as a function of the
optical frequency. Its RMS value is ADGDpysg = 1,6 % 10-15. These residual differences are
accounted for by rounding errors.

The PSPs obtained from both analyses are shown in Figure 15 (trajectories).
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Q.5

— —

S14S2,83 S'1,82,83

Figure 15 — Trajectories of the principal states of pola

from a) Jones matrix eigenanalysis (JME) and b) Poi alysis (PS4

Therg is no difference between the PSP trajectories
Stokefs parameters within numerical rounding err

5.2 |Modulation phase shift

This dlause includes a method for detey

In thi$ procedure, a mod

1262/06

oincaré sphere

\)

three

DUT,

and the phase of the modulated si iti th the

phasg at a second,
corresponding to the (inpu

differgnce is th
the given wavele

meas
proce
polari

y pair of orthogonal input SOPs, there will be a phase shift difference for a

mined
bhase
ice at
h.

n the
earch
ith a

given
y pair

t the wavelength is derived from the maximum phase shift for an

the PSP.

There are several strategies for determining the correct DGD between the fast/slow

urs is

PSPs

when the PSPs themselves are arbitrary, as described above. In the SOP-search methods, a
source of uncertainty is the alignment error of the input SOPs with the true PSPs. For
example, a 5 © alignment error will give rise to a 0,4 % uncertainty in the DGD value. The

polarization search alignment error will have to be well controlled and minimised.
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Examples of suitable implementations are:

e the use of the polarization controller in a search mode at each wavelength. At a given
wavelength, the polarization controller is used to scan the launch SOP, recording the
phase shift for each SOP. Once sufficient SOPs are covered, the maximum and minimum
of the recorded phase shifts will correspond to light launched along the PSPs. The DGD at
the current wavelength is then proportional to the difference between the maximum and
minimum phase shifts. This difference is referred to as the differential phase shift. The
DGD at this wavelength is the difference in delay between these two SOPs;

e in the case of polarization modulation, the search mode may be adapted, so that as the
polarization controller is scanned, the differential phase shift can be detected directly. This
simplifies the search to looking for the maximum differential phase_ shift, wh|ch is
prpportional to the DGD by the relationship of 5.2.3. At this point, t S5Ps have| been
found.

The maximum phase shift difference for a given wavelength is:
Minex (1) =g (4) - 2 1)

where
i is an index representing the various input SOR

Ag |is the phase shift of one orthogonal SOP;
A¢ |is the phase shift of the other or

5.2.2 Mueller set analysis

A Mugller set of input SOPs\can be de

Tt [

e i

Clh

IEC 1263/06

Figure 16 — Mueller states on Poincaré sphere
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Orthogonal SOPs are 180 ° apart on the sphere. Three of the SOPs are on the sphere
equator and are mutually separated by 90 °. Starting from the horizontal SOP on the equator,
45 ° and vertical SOPs follow by adding, successively, 90 °. A circular right handed SOP is
orthogonal to the other points and oriented “up” (north pole) using the right hand rule. The
system of spherical coordinates is used to describe the normalised input Stokes vector s, the
parameters used to define an example of a Mueller set where the great circle is on the
equator as shown in Figure 16. The parameter @ is the linear orientation of the associated
normalised Jones vector j,. The parameter y is the phase difference of the x and y elements
of that vector as shown in Equation (98) and Table 1.

51 T——cos 26— I_buo & UAPL lél j-|
so | = | sin28cos u Jo = » (98)
53 sin28sin u sin Hexp[7j

Table 1 — Example of Mueller se

0 U Desﬁipw >

0 0 Linear polarlzatlonarﬁ\wy

774 0 LlnearQ/ol\\{atI@ 4% (45() U ‘\/

72 0 Linear pérgkrlza\h\m\xtgo\\(vertl )]

4 | m2 Circular@rizati&r{s\p@ri}&)

For epch wavelength, the will be

recorIed for each SOR i shift
differgnce for the given waye
5.2.3
Both PGD calculati i i i jth as
show:l: i i 3a). i e DGD values may be displayed in a histogram format
show
5.2.3(
The DGD valueli i i [ i , m the
maximum phase di i i [ i [ f GHz
as follows:
A A
pGp() = 10° Ay (A) (99)
2ir f
5.2.3.2 Differential group delay calculation using Mueller set technique
The average phase of the two PSPs ¢,,(/1) is obtained from:
Ap )+ D@ (A
oep (1) = 22a1) 80 () (100)

2
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The measured phase values are adjusted by the average phase as:
tr 4(A) = 8y (1) - 2pr (1)
er5(A) = 0055(1) - g (1) (101)
e, () = e (1)~ grr (1)

The phase difference J,x(A) is calculated as:

JaR (I__2¢ JAR\ 2/ JaR\ 2/ L a172)
RF V‘)—AarC‘aniﬂa” \Ger, aA\A)] 7 1A \Grp, p\A)) T 1aN \Grr, p\A1))] f (102)
The OGD in units of ps is calculated using (M) in units of rad an e dula equency
fin units of GHz as:
DGD(A)=1035RL(") (103)
2

5.2.4 Polarization mode dispersion calculatio

The A

5.3 |Polarization phase shift

This 1 he 0 ©
and 9 i ahd the outputs are separated info two
SOP fomponents by the i splitte er t by for
each |SOP (the P- an iz h are
measfired. That is, ight amplitudes (|71112mea and [Toq?mea-
respe lela ea and d®,,/dw, 4, respectively) for the 0°
linear . €™0 © linearly SOP, the P- and S-polarizeqd light
ampli pA s o) 2 he group delays (d®5/dwy,eq and d®oyo/d gy, l,) are
meas

5.3.1

The cale Aniquecan result in a series of DGD values versus wavelength as gshown
in Fig 3

T \YAO A© R
T=— =~ — A
Aw 2redA
E :l ch11 _ chZZ _ ch21 " ch']Z
"4l dow dw dw dw
}_/1 :i d¢11 _ dq322 " dq321 _ dq312 (104)
4\ dw dw dw dw
2 2
| 1] [T
=7 T2
[T3a|” + |72

2 2
0, = 714|" = |24

cos2
|T11|2 +|T21|2
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where
A; is the initial wavelength;

/lf is the final wavelength;

o0/ is the wavelength range.

2
T
172 by """;ﬂ Lou :[—dq”d} —{—dq’”} K =11 and 12 (105)
|T11|ca1 dw dw |,.. dw |.,
2
|rmn|2 = L 5 P :[dQJM" } _{_dd)zz } mn =21 and 2 (106)
|T22|cal dw dw mea dw cal
The OGD value for each wavelength is calculated using a4, B4,
o 2 n2 .2 5
DGD( A) —2\/a°| + 6"+ +26,y1€0820 (107)
5.3.2 Differential group delay determination
The definition of DGD concerning this/metho erei af@des ribed. The optical transfer
functipn matrix can be expressed as:
J(w) {
(108)
F2U6) = T(o) (E™ (w) (109)

where E"(¢) is the FT of an optical input signal.

E°"!(¢), which is described by Taylor expansion around the optical carrier frequency « is
expressed as:

dEout
dw

E® (w)= E°“ (ap) + 3 (110)

ow = w- ay (111)
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The first order PMD operator D(«), that should be called a transfer function differential
operator, is expressed as:

p(e) =L ) (112)

Therefore, the following expression is obtained by substituting Equation (112) for Equation
(110).

E% (o) = {1+D5a)+ED 5ef +; ZZ&(}Z}EM(%)

(113)
0 exp{DJw+ 1db sz} CE™ ()

2 dw
wherg¢
D(w) is the first order PMD operator;
di—(; is the second order PMD operator.
They

(114)

That -I_|is the

first o

Four |ndependent parameters, ©, ¢ (¢ and ®, described in Equation (109) make the following
exprepsion-using Taylor expansion.

O:OO +C_715a)+%525&)2
0= + Brdar— BpdeF
(115)
_ - L.
W=4o +V150)+EV25

=D, +,815w+%,6’26a12

where

ow = w-@ (116)
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©y isthe value of @ at w - «;
@  is the value of pat w - @);
Y is the value of yat w - w;
®, is the values of ® at w — @);

a, s the first order coefficient of Taylor expansion of ©;

,51 is the first order coefficient of Taylor expansion of ¢

" is the first order coefficient of Taylor expansion of ¢;

,81 IS the Tirst order coetricient ot laylor expansion @;

a, [is the second order coefficient of Taylor expansion of ©;

Bo |is the second order coefficient of Taylor expansion of ¢

Vo |is the second order coefficient of Taylor expansion of ¢,

The first order PMD operator D(w) is expressed using

(117)

~
N\
—
£
|
[
~.
»
— 1
QO

(118)

wherg S, is the p@z

The OGD, Ar, is givén alues
as:

N (119)
5.3.3 e dispersion calculation
The RMD value within the measured wavelength range is given by the DGD average|value

over thesmeasured wavelength range.

5.4 Fixed analyser

This method [16,27,28] requires calculation of the power ratio R(A1) from the received power as
P 4(A) with a polarization analyser in the light path, and the received power as P, (A1) with the
analyser removed from the light path.

R(1)= P4(2) (120)

PTot (/])
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An alternative procedure is to leave the analyser in place on the second scan, but rotate it
90 °, and record the power as Py(A). The formula for the power ratio R(4) is then:

__ P)
SO0 0

There are two techniques for calculating PMD from the R function:

» extrema counting (EC);

e Fourier transform (FT).

5.4.1 Extrema counting

The pfocedure is also called cycle counting.

The function R(A) should be obtained at equally spaced om a

minimum wavelength of A, to a maximum wavelength of A,/ E i (both

maxima and minima) within the wavelength range A; < A ength

range{ can be redefined so that Ay and A, coincide s the

numbgr of extrema (including A4 and A,) minus one. >, is:

b ar >= KEAA (122)
26‘“2 —A1i

where

c is

k is 82 in
ra

5.4.1.

The b 'his is

esped ndom mode coupling and less so otherwise. Valuepg of E

in the s . When E is at the low end of this range, the percgntage

uncertainti i 3 e PMD become large. At the upper end of the range,| finite

waveleng on\instrdmental spectral width may result in some adjacent peaks not

being

Ideally, the ‘sean~window should be centred on the fibre's wavelength of use, and the

wavelength ,range made wide enough to insure that E is greater than about 10 for the

maxirFum PMD value of interest (where pass/fail is an issue).

5.4.1.2 Peak identification algorithm for extrema counting

In the presence of noise and/or random mode coupling, the identification of extrema in R(A)
may sometimes be ambiguous. The following mathematical algorithm is used to make this
identification objective.

5.4.1.2.1 Smoothing

At an evenly spaced set of wavelengths {14, Ao, ... Ay} the power ratio R(A) is obtained. To
reduce the effect of noise, these {f1, fo, ... /5} data are smoothed with a running least-square
procedure. For each A;, a low-order polynomial is fitted to the 2m+1 measured values {f;_,,, ...
fi - fi+mt centred at A;. A cubic polynomial with m = 8 has been found to work well on most
PMD data.
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A cubic polynomial centred at A; has the general form:

Rj (A) = a;+b; (A= A) + ¢; (A= D2 + d; (A 13 (123)

Using the method of least squares to calculate the coefficients,

a, = yo"f, +Z;'f=1 Y+ i) (124)
1 m
b= 5 e " i) (125)
where
h is the spacing between wavelengths.
2 _E:2_
}j(m) -3 3m* +3m -5, -1 (126)
(2m+1)(2m-1)(2m+3)

Jow 5/ [7%(3m? +3m =1) =5(3m* +6m> -3m£1)] (127)
’ m(m +1)(2m +1)(4m* +8m° =Tm? - V G
Once|a; and b; are evaluated, we find:

_ 3 E;nz_mfl»_,_j—(2m+1)al-

T2 mmey mw

(128)

(129)

The s
value
the dd

single
culate

5.4.1.2.

Once|the smoothe nctions R;(A) have been calculated, their derivatives dR;/dA can be
calcu‘;ated. Whenever the sign of the derivative changes between the following ad]acent

value

Ry 1 dRy
s d ) 130
U (Akx-1) an 7l (Ag) (130)

The midpoint (A4 + Ag)/2, or an interpolated point, is identified as an extremum.

5.4.1.2.3 Robustness

Some extrema may be the result of small spurious oscillations that are unrelated to PMD
(e.g., measurement noise). These can be eliminated by subjecting all of the identified extrema
to a test. For each local maximum value R (max), calculate the ratio:
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R(max) — R(nearest min)
R(global max) - R(global min)

(131)

where "global" refers to the entire data range from A4 to A.

R(max) is an acceptable maximum only if this ratio exceeds some predetermined value (which
might typically be a few percent). Similarly, R(min) is an acceptable minimum only if the ratio:

R(nearest max) — R(min)

. (132)

R(global max) - R(global min)
excedds the same predetermined value.
54.12.4 Goodness-of-fit
A goo esent
the m

] (133)
to be hmple
repea
5.4.2
The p
In thi ptical
frequI‘lncy V, is u ata to
the time domaint es Or.
Thesg data are po or the
DUT. |This method/i ibrés with negligible or random mode coupling. Figlire 17
shows e FT
techn|que.
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e coupling result with fixed analyser using Fourier

ormally requires equal increments in optical frequency sp that

values so that they form equal increments in the optical frequency
taken at equal A increments may be fitted (for example, by uging a
terpolation used to generate these points, or more advanced spgectral
ption techniques’can be used. In each instance, the ratio R(1) at each A value uged is
calculated using Equation (120) or (121) as appropriate.

Zero-padding or data interpolation and d.c. level removal may be performed on the ratio data,
R(A). Windowing the data may also be used as a pre-conditioning step before the FT. The
Fourier transformation is then carried out, to yield the amplitude data distribution P(d1) for
each value of or.

5.4.2.2 Transform data fitting

FT data at zero ot has little meaning since, unless carefully removed, d.c. components in R(A)
may be partially due to insertion loss of the analyser, for example. When the d.c. level is not
removed, up to two data points are generally bypassed (not used) in any further calculations.
A variable j can be defined so that the 'first valid bin' above zero Or that is included in
calculations corresponds to j = 0.
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In order to remove measurement noise from subsequent calculations, P(J1) is compared to a
threshold level T, typically set to 200 % of the RMS noise level of the detection system. It is
now necessary to determine if the mode coupling is negligible or random.

If it is found that the first X valid points of P(J1) are all below T4, this indicates that P(d17) must
have discrete spike features characteristic of negligible mode coupling. The value of X is
equal to three, unless zero-padding is used in the Fourier analysis. In that case, the value of
X can be determined from

3. (number _original _data _ points) (134)

total length of array after zeropadding

PMD [is calculated using Equation (135) for a negligible mode coupling fibrej'or PMD is

calculated using Equation (136) for a random mode coupling fibre.

5.4.23 Polarization mode dispersion calculation for negligi

In the| case of negligible mode coupling or a simple birefrin dew i ay be
derivgd as a simple chirped sine wave in the wavelength de : in the
opticdl frequency domain, the chirp is removed, and i wave
is relgted to the relative pulse arrival time Jr, or si d with
the birefringence that produces the oscillation. i butput
conta|ning a discrete spike at a positi b7, the

centrgid of which is the PMD value <A%>.

To deffine the spike centroid <Ar> those points mined
threshold level T,, typicall - oise level of the detection system are
used [n the equation:

P
tAr>= (135)

wherg M'+1 is the d ints of P within the spike which exceed T,.

<Ar> |n Eqt : typically quoted in units of ps. If the DUT is a fibre of length |L, the
PMD [co 3 alculated using <Ar>/L. If no spike is detected (i.e., M”=0)} then
PMD |s zero~Qther paramieters such as the RMS spike width and/or spike peak value may be
reporfed.

If the DUT contains one or more birefringent elements, more than one spike will be genegfrated.

For a'numbermconcatenated-fibrestdevicesup-to2¢--spikes-wittbeobtained———

5.4.2.4 Polarization mode dispersion calculation for random mode coupling

In the case of random mode coupling many pulse arrival times, Jr, are present with different
relative strengths, and R(1) becomes an extremely complex function. This leads to the
concept that if an unweighted analysis of the spectral content (e.g. the fast FT) of R(1) is
performed, the autocorrelation function P(J1) of the distribution of the individual pulse arrivals
and their relative strengths will be obtained. The second moment of this distribution P(d17) will
define the expected value of PMD, <A7r>. The statistics of random coupling dictates that the
distribution P(Jd1), should fall on a Gaussian curve, so comparing the distribution to a
Gaussian permits the degree of randomness in the coupling to be inferred.
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Counting up from j =0, the first point of P is determined which exceeds T, and which is
followed by at least X data points which fall below T;. This point represents the last significant
point in (i.e. the 'end' of) the distribution P(Jd17) for a random mode coupling that is not
substantially affected by measurement noise. The drvalue for this point is denoted d7,, ,, and
the value of j at 7, is denoted M".

The square root of the second moment, g, of this distribution defines the fibore PMD <Ar> and
is given by

1
(> (pionar?y |2

Far st =0, = — (136)
ZFOPJ(JT)
<Ar> |n Equation (136) is typically quoted in units of ps. If the DU hiL, the
PMD toefficient may be calculated using <A>A/L.
5.4.2
Ther upled
ntroid
deter mfay be
requir
5.4.2.
The [ simple
birefringent device (i.e., izers,
each [at 450 to the DUT bi on of
wavelength A is given
(137)
(138)
where c is the velocity of light in free space.
Now, the PMD of the device is defined as:
or = An L (139)
€0

Any (usually small) dispersion term in An has been neglected in Equation (139) for clarity.
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Using Equation (139) in Equation (138) and reformulating:

_ 1—cos(2m/ D§r)
2

R (140)

Examination of Equation (140) reveals that R' is a cosine wave with an oscillation 'frequency'
F given by:

F =01 (141)

In other waords the spectral content of R' has a single compaonent at Or Since the spectral

content may be obtained by Fourier transformation of R', the FT of R’ single
'spikef at drin the transform domain (in this case the time domain). The m the
opticdl frequency domain to the time domain. The effect of the disgersive itted in
Equafion (140) is to slightly broaden or 'smear' the spike in the timg i AD [of the
devicé is then simply the centroid position of this spike within spike
intengity will depend on the orientations of the polarizer and evice

polarigation axes at input and output. However, it can be shown that e ‘position” Jr, i.¢., the

PMD |indication, does not change with polarizer/analyse ay be
measfyred independently of fibre splice rotation, polarize

Extending this analysis to the case where the mode ingNl M, t the
indivigual 'path' pulse arrlval times ar si m g wi i is¢ to a
corregponding spike i q igation
orientation to the polarlzer/analyser and i i i , with
no other weighting factors. The FT is ther s ati isti PMD
in fibres, and the data represents the i

The model of PMD in fibre i 3 0 gwshows that a short input pulse will emerge
from the fibre as a brpaden i ability
distriution of the outputy [ 3 i i i b (the
average group y) 3 j ect a
distribution P(dr@%i which is Gaussian, centred around or=(Q (i.e.,
centrgd at zero 'freque . , e FT of a real function is symmetric about zero
“frequency’, the rest ansform is\a one-sided Gaussian.

It can| be determingd ne amplitude data P(Jd1) is sufficiently close to Gaussiap that
the mpde ing nray-t simed to be random. This is to determine if the PMD coefficient
may be calc om the PMD <Ar> divided by the square root of the device length. One
methqd tha 9 is a chi-squared test assuming a fitted Gaussian equation.

The Gaussian equation fitted has the form

(52
2ot
' 203
Pj(dr) = Amediane (142)
where
A,04ian 18 @ constant;

P’j(Jr) is the predicted probability function at time value Jrj.
The procedure is as follows:

a) rearranging Equation (142), an estimate of the value of 4, 4; is obtained from each data
point Pj(dzj fromj =0toj = M", using
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, 20
A; =Pj(dr)e " (143)

wherej =0, 1, ...M".
b) taking the 4; values, the final value of 4 is obtained from their median value, 4, ;... 9iven

by first arranging Aj in ascending order and using
M"even: Ayegion = Ar v (144)
)
IGSNES
2 2

M"odd: Apegion = 5 (145)
c) using 4, 4., in Equation (143), the predicted (Gausg alues P';(dr) are

ddtermined, and the chi-squared test carried out usi

" 2
M 1 p(dr
b2 22{ i )1 (146)
oo LBlon)
d) if
K2 <x? (147)
and

¥2sx2 : (148)

wherg squared distribution at level a (e.g. 0,01).

For 2{(M"+1)/degree , the Gaussian fit is accepted, and the data is therefore
random. The PMD ceefficientumay then be calculated using the square root of the DUT |ength
(rand¢ i

If the|conditions notymet, the data is deemed to be non-random, and the PMD coefficient
may then not'be caleulated using the square root of the DUT length. The PMD coefficient is
not defined-in this case.

The statistical uncertainty in the chi-squared test is defined by the level a (in this case 1 %).
Thus 1 % of tests can give the wrong decision whether the data is sufficiently random for the
PMD coefficient to be determined using the square root of the DUT length. Multiple PMD
measurements may be used to improve the measurement uncertainty. Individual
measurements may or may not pass the chi-squared test, and in this instance the mean of the
PMD <Ar> values is calculated. Length normalisation using the DUT length or using the
square root of the DUT length is then applied; the choice of length normalisation is made by
whether the majority of single measurements in the set fail or pass the chi-squared test
respectively. Regardless of the choice of equation, note that the second moment will always
define the PMD, <A7>.
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An example of the FT output obtained in a fibre of length 25 km with random mode coupling is
shown in Figure 18. In this case M" was determined to be 9, and Equation (146) gave

X2 =2261. Since for 2(M"+1) =20, XZ2is 37,6, and X7, is 8,26, both conditions of

Equations (147) and (148) are met. The data is therefore Gaussian, randomly coupled, so that
the PMD coefficient may be determined using the square root of a fibre length.

i=0

0.04 ]

1 /\ X2=2261, Gaussian
S5 0.03;
duch
oy
)
© 0.021 Q
E ] Gaussian Fit
FFT Magnitude
0.01

PMD = 0.167 ps {2nd moment)
]|PMD coeff. = 0.0334 psiy km

05

IEC 1266/06

5.4.3

This analysis is based on\the hre ourier transform of the spectrum epmitted
from e (see
5.5.3. set at
two o o the
analy ; ource
spectfum in the optic c Jomain’acts as a windowing function which produces a non-
zero gutocorrelation\f

The & c n the
GINTY apalysi D s is
proportional te ! DGD
value ¢ i

The resultfrom the etails

ree of

The result is limited by the spectral width and optical frequency increment that is measured.
As the PMD increases, the frequency increment must be decreased.

The analysis reports the PMDg\g metric. If ideal random mode coupling is present, the result
can be converted to PMD,,,g using Equation (31).
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5.4.3.1 Overview

The measurement of powers emitted from the analyser set at two orthogonal settings is
required. The ratio, R, associated with Equation (121) is modified to:

Rl)= Py(v)-Pplv) (149)
Pyv)+Pglv

where v =c¢/A is the optical frequency (THz)

If a polarimeter is used, the three normalised output Stokes vector elements are equivalent to
three [INdependent normalized ratios equivalent 1o that represenied by Equation (149)] Each
Stokes vector element is the difference in powers between orthogonal a settings. The
three [elements are different in that the base settings are also orthogona

The data are multiplied by a windowing function, W(v), that goes S bt the
edgeq. Both R(v)W(v) and W(v) are put into arrays with zero padding a sured
frequencies. Fast Cosine Fourier Transforms (FCFT) are applie ~ in the
time gomain fringe envelopes, r@)w(t) and w(t). These : uared
crosstcorrelation and autocorrelation envelopes, Ef Lltiple
ratio flunctions (N) are available from different combinations of\inpu > base
analyser settings (or different Stokes output vecto . [ butput
(1/0) $OP scrambling, form the mean s :

t2_1 2

EZ -WgEx,- (150)

t2_1 2

K5 =7 2 Eo (151)

i

alculate the RMS widths, ¢, and ¢, of thege two
ed as:

Using| the RMS
functipns. The PMD

(152)

(153)

The expected value operator is with respect to random 1/O SOPs.

5.4.3.2 Details

This clause explains some of the details with respect to the measured frequency window, the
frequency increment, Av, frequency shifting and the result of the FCFT. An example of a
FCFT algorithm may be found in [60].

The data must be available in uniform frequency increments. The number of data points,
including zero pad values, must be 1+2k, with k an integer.
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If the nm measured data points are not taken in uniform frequency increments, they may be
fitted to a polynomial such as a spline for interpolation. A cubic spline [61] with nm — 3 uniform
segments will fit all the data perfectly and allow interpolation.

Given that the measured data are bounded by Vi,inys @Nd Viyaxas @nd the fact that the minimum
optical frequency is well above zero, the application of frequency shifting can be used to
reduce the size of the arrays that are processed. The boundaries of the frequencies used in
the calculation array can be selected by any choice of n so that:

n—1

Vmax - =Vmin SVminM » Ymax = Vmaxy (154)
wherg n is a positive integer.
The flequency values less than the measured frequency are filled wit
Following the FCFT, the array will contain the time domain fri f 0 to
fmax ¥ Ar2F | where the time increment, Az, is given as:

N=—"" = 1 (155)

2I/max 2(Vmax _Vmin)
The flinge pattern that would be obtajried n intepf alues
as welll as positive time values. The va given ati i at the
positiye time. The function is even and s i 3
The delection of the frequ k width
calculation needs some ti i s\that are>less than the minimum PMDg,,s that is
measprable.
The ffequency i uency
shift, pnd the m g with
the cqnstraint as:
_ Ymax ™ %mi

Av = (156)
The spec can is
done jn equa increments, the wavelength increment at the lower end of the frange
shouldl be consis ith the constraint of Equation (156).
The windowing function, W(v), can technically be any function, including a square furction.

The function that is chosen should be one that minimises the value of gy. Functions that do
this proceed to zero at the edges in a continuous way and should also have the first derivative
proceed to zero at the edges. This will minimise the ringing that can increase g,

5.4.3.3 Examples

Table 2 shows a sample calculation spreadsheet. The wavelength extrema and k are entered.
For each of several possible frequency shift values, n, the other parameters are calculated.
minPMD is calculated as 3Ar. The increment in terms of AA at the lower wavelength limit is
also presented. Clearly there are tradeoffs, depending on the range of PMDgyg values that
are to be measured. In general, the broader the wavelength range and the smaller the
frequency increment, the better.
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Table 2 — Cosine Fourier transform calculations

Frequency shift

fregqmincalc delt delfreq | minPMD
(THz] (p=) (THz) (ps)

maxPMD
{ps)

wa Ve
increment
(nrm]

0] 0.002165] 0.112602 | 0.006504

0.370054

0.63507 B

115.30458077| 0.004336] 0.2252056 | 0.013003

0.185017

1.270772

163.7397436| 0.008504] 0.557807 | 0.014513

0. 123345

1.90709

172 .9572115] 0.008673] 0.450408 | 0.026015

0.092505

2.544031

184 45876923 0.010541) 0863012 | 0.052522
1921747595 0013009 0.675kR14 | 0055027

0.074007
0.0516872

3.181586

| 3.519785]

197 BE53346|) 0.015177] 0.788216 [ 0.045531

0.052867

4 453599

Qo =~ | S e (D B [ —

201.7834135] 0.017345) 0.900518 | 0.052036

0.046254

5095039

Wavelengths {nm) Frequencies {THz)

ek

1700 230 6096154

rrin

1300 1763435294

The
using|a windowi

from @ simulation of a fibre with ideal random
simulation was 0,185 ps.

FigurrI 19 illustrates the results for what might be obtained-fro

ng function that is Gaussian with a

&

,2 pS.
scan
sult is
r this
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b) Mean autocorrelation envelope
Eigu — Mean cross-correlation and autocorrelation functions

5.4.4 Spectral range

For random mode coupling, sufficient spectral range must be used to form the spectral
ensemble (average) with sufficient precision. The statistical uncertainty may be minimised by
using the widest possible spectral range (e.g. at least 200 nm). The precision required and
therefore spectral range must be specified prior to the measurement.

In addition, very low drvalues will give very long periods in R(4), and the spectral range A, to
A, should cover at least two complete 'cycles'. The spectral range covered defines the
smallest 7 value that can be resolved in P(d17), o1,

2145

o= 72 157
fmin (A2 =Aq)co 17
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The factor 2 is introduced in Equation (156) to allow for the fact that two data points in P at
and adjacent to zero are generally ignored. For example, for A, =1 270 nm, A, =1 700 nm,
OTin = 0,033 ps.

For negligible mode coupling, the requirement for spectral averaging described above may be

relaxed, and the spectral range reduced (e.g. (A, — A;) ~ 30 nm) in order to allow variation of
PMD with wavelength to be examined.

5.5 Interferometric method

The interferometric method (INTY) is based on a broadband light source (BBS) that is linearly

polarige some form of polgrizing
analyser is used (see the generic INTY set-up shown in Figure 20). The/cross-correlafion of
the electromagnetic field emerging from the DUT is determined by the i ern of
the odtput light, i.e. the interferogram. The determination of the PMD de f ength
range| associated with the source spectrum is based on the envé C i attern
interf i :

e a for its

su
e 17 itjon to

the same basic set-up also using a modified set-
5.5.1 Generic set-up and definiti

Figurg¢ 20 provides an example of a generic

Polariz Analyzer Interferometer,
e |
Broadband 'lﬂi S, v ' S{v) “'i"*
Source X Sop! —2v) g, 1
L

<\Q&/\ Wﬂ S{V,]'SEJ‘JKS\DE(V) P(1) Fr'l"HES

= ‘ o(V) N \\\ cgtr?;.latiun
¥ 5] Ll
E L | |Fourier N -
v L
I i ross-carrelatio
Optical Frequency (v) Delay (1)

IEC 1269/06

Figure 20 — Generic set-up for the measurement of polarization mode dispersion
using the interferometric test method

where

T is the difference of round-trip delay between the two arms of the interferometer;

ﬁ:“s(v) is the complex amplitude of the optical field at DUT input;

ﬁ:“o(v) is the complex amplitude of the optical field at DUT output and analyser input;
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E(V) is the complex amplitude of the optical field at analyser output and interferometer
input;

I;:d(v,r) is the complex amplitude of the optical field at interferometer output;

S0 is the input SOP (unit Stokes vector) at DUT input;
s(v) is the DUT output SOP;
5, is the analyser transmission axis;

x(v)= 5, +s(v) is the Stokes parameter giving the projection of s(v)on the analyser axis; it is

this x(v) parameter that contains the information on PMD;

S(v) is the DUT input optical spectrum = spectral density of Es(v) trum;

So(v)

S(v) is the analyser output optical spectrum (and at the inté

J() is the Jones matrix of the DUT as in Equation (93

Ho(v) = J(V)E,(V) (158)

NOTE | In a single-mode fibre, the DOP is assumed equal to 1.

P(1) is the interferometer output optical pow

;(r) is the 1-dependent part of P a.C inus the r-independent part
("d.c." part), or the zero-mea i

E(7) is the interferogra ringes
(AM demodulation)

Ey(T) is the autoca i
E\(7)

As illystrated in F|§>

e a gonstant pafkt;

* an SOP-depend

Therefore, the s nd as

a congequences i FT of

the spectrum.S¢

* cdnstant part gives:

autocorrelation = FT of spectrum Sy(v)at input of analyser.

 SOP-dependent part:
cross-correlation = FT of |s(v)e EQJSO(V).

where

s(v) is the unit Stokes vector that represents the SOP at the output of the DUT (output-
SOP);

S, is the unit Stokes vector that represents the analyser axis.

In all cases, the interferometer must be configured so that orthogonal SOPs can interfere.
There are many ways to achieve this.
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A first way is to put a polarizer at the input of the interferometer, as depicted in the generic
set-up above. However, if no polarizer is placed at input and both arms of the interferometer
have no effect on the SOPs, no cross-correlation interferogram representative of PMD is
observed. If no polarizer is set at the interferometer input, something else must be done.

Second, a waveplate in one interferometer arm may be used in case of an air-type
interferometer. Generally speaking, the roundtrip in the two interferometer arms of any dual-
path interferometer can be represented by Jones matrices J; and J,. This is equivalent to a
waveplate with Jones matrix J =J;J,* in one arm only. In case of a fibre interferometer, a
Lefebvre loop may be put in one arm and adjusted until J =J,J5* gives the desired effect (a
given cross-correlation-to-autocorrelation ratio).

a Michelson
ef)) with this

One particular case consists of putting a quarter waveplate in one a
interf¢rometer (or a half waveplate in one arm of a Mach-Zehnder inte
configuration, only the cross-correlation interferogram is observed.

5.5.2 Basic formulation and assumptions

The fopllowing subclauses provide the basic formulation and’ass
appligation.

thevgeneric INTY

5.5.21 The device under test

A DUT with no PDL is assumed. In thi se, the\Johes at@can be written as,

4(v) = exp[z; (V)] U(v) (159)
where
U(v) | is a unitary matrix;

UV wuw) =1 (160)
z; isfa complex@?b

4, (v) = [ay (V)& (161)
The domplex’number 2y nts the mean attenuation and phase shift of the opticdl field
from 1:19 i put,~averaged over all possible input SOPs, §0. The mirror im}ge of
U(v) i tation is the reduced 3x3 Mueller matrix, M(v). The equivalent of
the prioperty

y @wyww) =1 (162)

is that M(v) acts as a pure rotation operator on the Stokes vectors representing the SOP.
Therefore, angles between different input SOPs are maintained at the DUT output.

NOTE This property will be useful as follows: if A:O is a random variable (such as in the case of I/O SOP

scrambling), E(l/)has the same statistical properties as EO .

Given the above DUT property, the equation of motion of the output SOP, s(v), as a function
of optical frequency vis found in Equation (12) replacing wby v.


https://iecnorm.com/api/?name=a6a2ee3ed9876fc040502ba17379c15b

- 62 - TR 61282-9 © IEC:2006(E)

Also implicitly assumed in:

zy(v) = [a;(v)+ig;(V)]

(163)

is that z,;(v)is time independent. The derivation can be generalised for a time-dependent

z;(v,t); but it is assumed to be time-independent for simplicity.

M(v) can also be time dependent. A time-dependent M(v) represents an unstable DUT. It is
also assumed tlme mdependent here for S|mpI|C|ty However the results can be generalised

to takp
effect

simply be the average over the time of the measurement.

5.5.2.2 Representation of a broadband source

In org
approximately Gaussian, without ripples that could influe ce he
the efnerging light. GINTY does not require such chara

BBS yised is assumed having no deterministic amplit

a periodic modulation. Mathematically, the required condi 'on

E (t)emitted by the source (DOP =1).is a ra

indepgndent. Then the autocorrelation

e aytocorrelation (time independent):

)

()= (E,(0)+ ESe -1

e spectrum:

are an FT pair:

V Rp(7)exp(-i2mvr)

The DYT is also assumed not affecting this property, so that, in the same way,

to be
on of
. The
ample
| field

q time

(164)

(165)

(166)

(167)

(168)

R(r)= <E(t) CE(t- r)>
J‘So yexp(i2rvr) <« So(V IRO ) exp(—i27vr)

R(r)=LS(v)exp(i27Tvr) o S(v)=jVR(r) exp(—-i27vr)

(169)

(170)

(171)
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5.5.2.3 General expression of the auto- and cross-correlation envelopes

The raw interferogram, P(r), is proportional to the optical power at the interferometer output
as a function of delay r. Given the definitions and basic assumptions provided in the previous
clauses, the r-dependent part of the interferogram, P(r), is given by

E(r) = R(1) = IVS(V)exp(iZJTVT) (172)

where S(v) is the spectrum at analyser output and interferometer input.

On the other hand, the transmission of the analyser can be written

s(v) _ 1
Ko(V) 2

(1+x)) (173)

wherd x(v)= s, s(v)is the projection of s(v)onto the anak 3

Thus [S(v) can also be written as:

)= 7 [So)+5,0)] % (174)
where

la

§:(v) = x(v) So(v) (175)
Thergffore
k) = Ry(r)+ (176)

(177)

(178)

Since P(r) is complex, its amplitude or envelope is represented by its modulus, as follows:
E(T) = | Ro(r)+Ry(7)| (179)

NOTE 1 |R0(T)| and |Rx(r)| are respectively the autocorrrelation and cross-correlation envelopes, such as:

the autocorrrelation envelope is

Eo(r) = | Ro(7)| (180)

the cross-correlation envelope is

E (1) = | R.(7)] (181)
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NOTE 2 The overall envelope E(7) in Equation (179) is not the sum of the modulus but the modulus of the sum:
that the two interferograms interfere; the envelope is not the sum of the two envelopes.

NOTE 3 §,(v) represents the zero-mean fluctuations of the output spectrum related to the fluctuations of the
output SOP, i.e. related to PMD. Its ensemble, statistical average is zero.

NOTE 4 The variance ag of the autocorrelation envelope can be written as a function of the output spectrum as

follows:

2
d
2 2 v
o - J,7% [ro(r) _ Iv[deO(V)j (182)

[ IRo(r)? [ stw)

(See Apnex D: "Generalised Parseval theorem".)
5.5.2.4 Statistical properties related to input/output state-of-pof ambling

Ensemble averages may be performed over all possible occurrences of\the ables
so and s, . The ensemble averages will be represented by brac

so apd s, are assumed to be independent random- vari S ormly
distriuted SOPs on the Poincaré sphere. Mathemati

e cdrrelation:

5+ 50)=0 (183)
- PIDF:
(184)
wherdg
) (185)
(186)

elsewher

5.5.2.4.1 arollaries related to input/output state-of-polarization scrambling

Since| M(v)acts as a rotation of the Stokes vectors, s(V)=M(v)sy has the same statlistical

properties as sgi e

() = (5, 5w =0 fi(s,)= (187)

Given the above relations, it can be shown that

(sg°5q) = (s0q * Saq) = %Jq‘q. (188)
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The different Stokes parameters are uncorrelated

<i§(v)> = Qw)x(iv)) = 0 (189)
dw
2 1
<x (u)> = = (190)
3
d - d -
<Ex(v)> = <sa . dws(v)> =0 (191)
(192)
| <82(|/)> = [ <x2(v)>82(|/) = lj s2(v) (193)
X v 0 3 0

These different corollaries will prove useful in the GINTY ca

5.5.2.4.2 Implementation of input/output state-of-polarizati bling

When[ GINTY or TINTY analysis is performed usi e v in Figure 20, a single

envelppe is obtained (a squared envelope in ca esponding to a single 1/0-

SOP |combination and a single interfero ~ SINTY or TINTY analysis is

perfofmed using the set-up shown in ki D g of 1/0-SOP combinatipns is

obtairnjed in conjunction with the following:

« for GINTY, both auto i correlation interferograms are obtained
s¢parately;

« the envelopes (sq ire averaged over the ensemble of 1/Q-SOP
cagmbinations. In this case, a ¢ (mean-squared for GINTY) is obtainedjand a
dramatic im eme 2 ainty is obtained (see single-scan uncertainty

TEw Analyzer Interferometen
=, i, e, = +—h
Do Scramblers——/
F"'Ef'zat"_"_'t; Polarization &~
Iversi .
B Splitt
Detector eam Spitier,,

O

O

Fringes: Ev {t) E“(‘l'.:l

Figure 21 — Schematic diagram for GINTY analysis
using input/output state-of-polarization scrambling

IEC 1270/06

Physically, SOP scrambling consists of inserting controllable polarization scramblers or
controllers, one at the input and one at the output of the DUT, so that different input-SOPs
and analyser axes (output SOP) are set for an interferometer scan. Multiple 1/0 SOPs can be
selected to obtain a more complete interferometric envelope, the mean-squared envelope,
than would be possible for a single 1/0-SOP setting. While a measurement obtained from a
single setting is an option, doing multiple settings will improve the accuracy of the result.

Conceptually, the scrambling process can be viewed as follows:
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« the input polarizer followed by the scrambler acts as a single unit, an equivalent elliptical
polarizer whose axis is set at any point on the Poincaré sphere in order to define the input
SOP;

« the scrambler followed by the polarization beam splitter (PBS)/analyser acts as an
equivalent elliptical analyser whose axis is set at any point on the sphere in order to
define the output SOP.

One set of input-SOP/analyser-axis combination will be labelled as one I/O SOP. The aim is
to get the mean envelope (mean-squared for GINTY) averaged over uniformly distributed I/O
SOPs. In practice, there exist a number of possible ways to achieve this goal, as shown
below:

a) thla 9-states Mueller set

The sum of nine envelopes (squared for GINTY) observed with niné ifi Ps is
rigorously equal to the uniformly scrambled mean envelope (me S NTY).
These nine 1/O SOPs are: three analyser axes forming a right<a it C each
three input SOPs also forming a right-angled trihedron.

b) uniform grid

If the necessary hardware is available (waveplates, loops, et ing may
also be performed using a uniformly-spaced grid he 2 f ple of
repults obtained with such uniformly-spaced grid/is shown\in\Fig ean-
squared envelope was obtained with 96 I/O-SOP\co 9

C) rardom scrambling
R
¢ | scan-to-scan scrambling: auto \ i an;

* | continuous scrambling: when e L , nbling

« | fast, single-scan\gserambling: mbled
envelope qua , this
requires iously
d.c. part of the

Contihuous scrambling e aNNing i i i n the
field, for insta 3 ) ing i i i i ime.

When| thé DUT\is\i : , [ ith li [ [ tions,
the DUT i « ling ''self- ing" i iti i [ i ith the
I/0O sg¢ramblers is case, the reduction of the uncertainty is even better, but obvipusly,

specifying bysexastly how much (factor 100 or 200) demands that the fluctuations of the link
be characterised as well as the characteristics of the scramblers.

The critical parameter is the "scrambling bandwidth." It can be determined for given
scramblers by launching a polarized input, with a polarizer at the scramblers output, and
looking at the transmitted power with an OSA, or by sampling and Fourier transforming (with a
digital oscilloscope for example). Typically, the transmitted power is a band-limited white
noise (i.e. as white noise passed through a lowpass filter). The ratio between this bandwidth
and (v/c) times (spectral width of the optical spectrum) says it all, i.e. gives the accuracy
improvement factor over N scan-to-scan settings. But beforehand, the scramblers must be
known or measured/characterised.
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5.5.2.4.2.1 Polarization beam splitter

A PBS may be used to obtain interferograms from output states that are orthogonal (opposite
on the Poincaré sphere) for the same I/O-SOP combination. These two interferograms allow
the calculation of the autocorrelation and cross-correlation as separate functions. Together
with the detection system, the PBS forms a polarization diversity detection system. Means
other than the PBS may be used to obtain these interferograms from orthogonal output states.

Any interferogram can be basically represented by a weighted sum of two interferograms
obtained with the generic set-up (INTY), more precisely, two interferograms observed with two
orthogonal analyser-axes (opposite on the Poincaré sphere). Thus, whatever the actual
meanfp for separatety providing both autocorrreration and cross-corretation, they are basgically
given|by the following expressions:

e adtocorrrelation envelope for a single 1/0 SOP:

Fo(r) = Px<r>+Py(r>\ (194)
The 9 elope
being

E.(r) = (199)

5x(r)—5y(r)\

The s elope

being

whersg g two

Raw zero-
mean nction of 7). In Equations (194) and (195), P (r) and| Py (7)
repre eir respective raw interferograms.

than if

no 1/0-SOP scrambling is performed. This is true and applicable if either TINTY or GINTY is
used, independent of the stability of the device or DUT.

This uncertainty has nothing to do with the statistical nature of PMD. It is a procedural
uncertainty due to the fact that a single I/O SOP combination gives only partial, basically
insufficient information, however absolutely perfect the actual instrument may be (it is not an
instrumental uncertainty; it is neither "noise," nor instrument instability nor imperfection). The
distribution of single-scan, single 1/O-SOP results obtained with a set of distinct /O SOPs
(single-scan statistics) has nothing to do with the distribution of DGDs, for example. It is not
"PMD statistics," it is procedural, single-scan statistics. Multiple 1/O0 SOPs or scrambling must
be used to retrieve complete information that will dramatically reduce uncertainty compared to
single-scan uncertainty.
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Generally speaking, unless very large PMD values in the ns range are measured, single-scan

uncer

tainly is overwhelmingly larger than any other uncertainty from other causes, but:

¢ this is not INTY uncertainty;

* it is single-scan, single I/O-SOP uncertainty, which can be virtually eliminated via I/0O-SOP
scrambling. One sees the "PMD" dramatically changing when "moving the patchcord." No
more of that with 1/O-SOP scrambling.

The GINTY analysis yields the RMS result that is rigorously equivalent to the result that is
obtained from reporting the RMS metric from the Stokes parameter evaluation (SPE) method.
It does not, however, report the average DGD (which may be specified), but must be linked to

this n

otric byv wav aof accuminag o2 Maviwugll dictribiition 1t maang that ot onv aivgn tim
HHE— YWY — tHHHRg—a—racW e r—aiStHe HHe R—+— R eahis—tHatr—a+—ahy—gh-ehi—+HHh

, the

RMS

5.5.2.

DGD within a given spectral window is a deterministic value.

4.3.1 Expression of the mean single-scan uncertainty

In thelgeneral case,

In the

where

AN
I 2(1— =\,

asymptotic case, when PMD >> &,
j-Single

~b / oA
PMD PMD

dy RMS 1. of the autocorrelation envelope.
An exar n in\ Figure 22, where 1-ps PMD emulator is used consisting
concgtena PMF. The segments are spliced with their axes at ~ 45
autocprrelatio oss-correlation envelopes are measured with 96 1/0 SOPs perforn

SOP
spher
simpl

matrix-equalty_and uniformly spaced, simulating a complete covering of the Po
. The autocorrelation and cross-correlation mean-square envelopes are obtain
adding the 96 square envelopes (each normalised to total input power, i.e. maxim

(196)

(197)

(198)

of 10
. The
ning a
ncaré
ed by
um of

the aufocorrelation envelope, in case the total power changes with time).
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Singlescan, Single VO-SOP Results
T

PMD, .= 1.11  PMD, =111

Z &, = 0.057
=] o % & - =
x l"’- %00 0% 40000 o’ £% .0 % T-—=
L bR pnan - s teebe- Teles e _owD . x I
= oo e, so? o g0 o 0o @ ® 5 simgle wean =
g AN e 1 [PMDMEM
= a
E = 0.169 S
i

] . 6., =0.122

0 48

Scan Number
1271/06

5.5.2.4.3.2

In thg case of scan-to-scan scrambling, the uncertai : ing is decreased by the
followjing factor:

« 1[N when using random scrambling;

*  ~[I/Nwith /0O SOPs distributed over a uniforim
Basic| uncertainty is reduced to not f ) bove.
Howe)er, this is assuming’that the . aging

provided by the 9-states Mueller isN ired. UT is
unstaple is equivalent fo.providing '{se nbli

Continuous scrg, istic, can also be precisely characterised, but this
discugsion will be skipped document. In the general case, especially for outside
plant Japplications x annot be assumed stable, continuous scrambling |is the
best dolution and{provides 2 deal scrambling with a reasonable number of scang.

In any case, q rea NE ell-done, systematic scrambling, performed according [to the
consiflera e in ‘this document, easily and dramatically reduces the |basic
uncerfain g 0 to100, towards the noise floor where instrumental imperfections
may f[nally come into\play.

5.5.3 Determination of polarization mode dispersion

The fottowimgsubclausesdescribethe mathermaticat formutationm for thedetermimatiorrof PMD

for TINTY and GINTY in different cases of mode coupling.

5.5.3.1 Negligible mode coupling

In the case of negligible mode coupling, the PMD delay is determined in the same way for
TINTY and GINTY: from the separation of the two satellite coherence peaks, each delayed
from the centre by the DGD of the DUT, as shown, for example, in Figure 23.
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PMD program - [PMD Graph : cipmdihibi2.pmd] -
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PMD Graph : c'pmdihibi2.pond
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(mEnmE i f= =
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(=]
(=]
1
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PMD prograrm ( m \ /

\/ Q IEQG 1272/06
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] w + DGD

Mean-Square X-Envelope

I 1 1 1 I 1 L | 1 1
06 04 02 0 02 04 0B pB 10 12

Delay [ps] IEG 1273/06

OP scrambling (L/h << 1, DGD = 0,732 ps, o, = 50 fs, DGD/o, ~ 14,})

Figure 23 — Example of negligible-mode-coupling result using

In this case, the DGD is equivalent to the PMD delay:

2AL

PMD =<AT >= (199)

i)

where
AL is the moving path of the optical delay line between the two satellite coherence peaks;
o is the light velocity in free space.

<Ar> in Equation (199) is typically quoted in units of ps. The PMD coefficient is given by
<Ar>/L, where L is the DUT length (such as a fibre length) in km.
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5.5.3.1.1 Random mode coupling

In the case of random mode coupling, TINTY and GINTY diverge in their analysis and results
depending on their assumptions, as described below.

5.5.3.1.1.1 Traditional analysis

In the case of random mode coupling using TINTY, the determination of the PMD delay is
based on the envelope of the fringe pattern interferogram. An example of such an
interferogram is shown in Figure 24.

IRAMN Cennk = ..-.l..-u-n..-ll.nnl-.ln1 MY e Al
ML PPIAFLIIUEEE [0 RTELS ARUIRAEE e IR IR AR Py

Parameters Measurement Graph Options 32

0|0

Files

PMD Graph : c'pmd'cablo102.pmd

[mEYaETR]== 5]
Delay [pico-seconds]

-0 9 & -f & S5 4 3 2 1 0 1 2 3

85 '!
Lambd= : 1.200 [pm]
1 FMDDelay: 165 [ps]
59  PMD Costf: 1,126 [pe / Km™1i2]

a0 of Do ool

It

“ 1 1 e T "I o= T T T 1 T
-800 -¥0O 00 00 400 \g}uf -1 l]ll 0 1lll] 200 300 400 500 GOOD YOO 80O
/\ Mirror Displacement [microngs]

AL program |

4%m le of random-mode-coupling result using TINTY analysis

The RMD del
correlation interfe

L2112 _{\E};g (200)

/2'is determined from the second moment (RMS width) of the ¢ross-
m:

where o, is the RMS width of the cross-correlation envelope.

<Ar2>1/2 in Equation (200) is typically quoted in units of ps. The PMD coefficient is given by
<A?>12A4L, where L is the DUT length (such as a fibre length) in km. Equation (200) applies
to a RMS DGD definition; a different coefficient may be necessary for an average DGD
definition.

Equation (200) is obtained from the theory [11,29,30] given the following assumptions. These
are generally true for testing typical installed fibre links using modern commercially available
test equipment.

EC 1274/06
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random mode coupling (installed optical fibre cable sections greater than 10 km will

generally exhibit random mode coupling);

NOTE 1

segments of length 4, this corresponds to y _ « with uniformly distributed axes.

NOTE 2 Analysis of no or negligible mode coupling is possible.

a Gaussian interferogram;

* PMD >> g,
« Equation (200) is a statistical RMS DGD, not a wavelength average;

N

TE 3 A conceptual, statistical RMS DGD is assumed to be measured, not a well-defined average over a

fin
m4
N(
giv
co
av
wa
log
be

N(
co
oth
tral
st3
de
irrg
(2
thg
giv
thdg
be

e an

NG
thri

N(
pu

PMD
proba

[ Sy]y
Equa

te wavelength range. Thus, Equation (200), obtained through TINTY, is not exa
asurements over a finite wavelength range.

TE 4 In the case of a statistical RMS DGD, the DGD is considered as a local s i ht each
en wavelength value. Averages are not performed over wavelength but over a i e of the
hceptual random variables. For this to represent the reality of a measuremént, d avelength
brage, the statistical properties (mean, variance, PDF) of the locally random D to be
velength-independent, and that wavelength and time averages are endent
al averages (ergodicity). As long as the envelope itself is analysed, no\formulas E i 8B3) can
obtained if assumed otherwise.

TE 5 When considering a wavelength average, DGDs outsi qree do not obviously
htribute to the average when performing a measurement. But typi éctangular windpws. In
er words, how the average (RMS DGD) is actually is not specified|in the
ditional analysis. Because in order for Equation (200) to i upposed to measure|a local
tistical-mean assumed to be wavelength-independent enof the concrete DGD(A),|locally
erministic at a given time. Averaging a’censtant /oy e ed, therefore any weighting is
levant in this context and thus remains\unspe eraging is needed to obtain Efquation
0). The theory does not assume and newe veraging within a finite range;" it agsumes
t the observed interferogram is an averag ith the same conceptual PMD| which

age’

UT gjves a "noisy" envelope even if overall Gaussian-shgped: a

The f

ITIOWINg gives an example OoT an algorithim 10 determine the FIVID delay TAT2>H2from an

interferogram. Other algorithms are possible for instance based on cumulative integration.

Let 7; denote the measured intensity of the interferogram at increasing positions,

with j

tj!
=1...N.

Step 1: computation of the zero intensity /o and the noise amplitude Na

Defini

tion: N, = round (5 N/100) is the integer at which is }j approximately 5 %.

Ideal random coupling means 1/ -, », and a uniformly distributed birefringence axis. L is the device
length, and % is the polarization coupling-length. For a device consisting of N concatenated birefringent

equivalent_to DGD

ging of the actual DGD of a single DYT. The

ory never mentioned what is supposed\to be the weighting wjith TINTY or even that there is a we|ghting,
Cause there is in fact a weighting. The theory had fargotte pecify it.

erage
axwell

(201)

in ps,
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2(7/'*7Ns—1)

2N

1 Ns=j
X2 = J
2N
-
Na = \/XZ —IOA

Step 2: definition of the shifted intensity, IJ

I:IJ_IO if IJ_10>4Na

1, =0 if 1;-1p<4Na

Step 8: computation of the centre, C, of the interferogram

Step 4: removal of thela

Definition: Q
; = the largesti

where

NOTE | For cross-earrelation interferograms, the following definition is to be applied:

r=ji+1

£ £ 4l - b vl
I e nrerreroyrdari

S - vy n s ) (] el
tep J. LUNMMputatorr o e seCuTrmu 1morreTit s U

z 2 al 2
1 2 (6, -C)1, 2 (t;=C)1,
=1 =
S=— J + r
2 Ji N
21 2 1
Jj=1 J=Jr

Step 6: Truncate the interferogram

* Set jmyin to the largest index j so that C— ¢; > 2§

¢ Set jmaxto the smallest index j so thats; — C > 2§

(202)

(203)

(204)

(205)

(206)

(207)

(208)

(209)

(210)

(211)
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Step 7: Computation of the second moment Ug of the interferogram

Jmax

Ji
> G-CP | X -C)
1 i=imin i=ir
O, =— . + , 212
£ 2 Ji Jmax ( )
2 ; 2 |j
= imin =
_(1-CP
Step § Computation of the G, of the Gaussian e 27" —so that
Ljy - (t—C)2 ! jmax - (t—C)2
j (t-CPe 20° g4 j t-CPe 20° g4
1 Ljmin Lr
e == 3 * > (213)
2 \ t, _(t=0 timax (170
J-e 20 dt J. e 20° dt<
! jemin Ljr
o is gomputed by iteration from Equation. (21 PM is@ ed from Equation (200).
5.5.3./1.1.2 General analysis
The determination of PMD lopes
of the¢ cross-correlation<and y be
obtained in any mode t the
receiver. This means t
The gnvelopes, @ : 195),
from the raw interferdgra
Second, the
Third,
1 (214)

wher

0, is the RMS width of the squared envelope Eg(r) of the autocorrelation interferogram;

o, is the RMS width of the squared envelope Ef(r)of the cross-correlation interferogram;

both being defined as:

IrzEg(r)dr

2_1
o =F—————
0 ng(r)dr
T

(215)
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IrzEf(r)dr

o?=L (216)
J.Ef(r)dr

In case an ensemble of I/O-SOP combinations (I/O-SOP scrambling) is used, the first step
(getting the Eg(7) and E (1) envelopes) and the second step (getting the Eg(r) and Ef(r)

squared envelopes) above are performed for each I/0-SOP combination. It is important to
make sure that the ensemble used be representative of sufficient coverage of the Poincaré
sphere.

The mean-squared envelopes <E§(r)> and <Ef(r)> are then formed, and D.is cemputed

using|Equation (214), where this time,

0y is t RMS width of the mean-squared envelope < of the” cross-corrglation

interferogram.

Both are defined as:

_[r2<E§(r)>dr
¢e=r (217)

¢ = I< (218)
T
An exfample of a IS} in Figure 25 for random mode coupling (L/2 = 100 and
PMD/p, ~ 100; { = 50 fs; still not "ideal", but nearly-Gaussian smdothed
envelppe; smoéothing i guiding the eye only: analysis is not performed on any kind of] fit).

2/

|
I

4 e L
(3 N N a7
|

e
I

Mean-Square X-Envelo
oo
[0 e ]
I I

04l Mt ’W’A[ v v :

02F { »Jm .
. [ ._LJ.,;-J!I'["I"'j“'l | I ! | l"""'vn.:_i,..- el o

200 180 12 -5 -4 0 4 g 12 16 20

Delay [ps ]

IEC 1275/06

Figure 25 — Example of random-mode-coupling result using GINTY analysis
with I/O-SOP scrambling
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The RMS widths, o, and ¢, of these envelopes can be obtained using an algorithm such as
the one described below.

Equation (214) is obtained from the theory [31] given the following enhancement features
(notably):

* mean squared envelope = realisable average from I/O-SOP scrambling;

e basically exact for any mode coupling: 1, 2,...,N-segment DUT, anything;

* basically exact for any interferogram shape: no exception;

e same result as Equation (200) if TINTY assumptions are met as defined in 5.5.3.1.1;

* repult from mean squared envelope exactly equivalent to RMS DGB measured-with a
reference test method (RTM) such as SPE, using typical standard|reference-materials

i wn.'ih Figlire 26

Thg DGD
MD test
. TINTY

where the artifact is the same as the one used for the case shov
is|measured as a function of optical frequency using the PSA
method. A smoothed mean-square envelope is plotted foq idi
analysis gives a PMD of 0,94 ps.
NOTE | Equivalence means that the result exactly compares to RMS € DGD measurgments
within f practical, finite wavelength range, using the expression gi i er, answering the questign: how

exactlylis DGD weighted when performing Interferometric PMD ?H.does naet mean that the restlt from
TINTY fis not weighted by the spectrum. It is, but it is not specifi

=
]

Measured DGD [ ps ]

0 -

1 =
162 55 208
tical Frequency [ THz | IEC 1276/96
a) DGD obtained from PSA analysis

PMD = 1.1 ps

Mean-Square Enyelope( msE)
=
[y
T
I

|
a ]

Delay [ps]

[

uh

IEC 1277/06
b) PMD obtained from GINTY analysis with the mean-square envelopes

Figure 26 — Equivalence between a) Stokes parameter evaluation method PSA analysis
and b) GINTY analysis
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+ the measured PMD, i.e. RMS DGD <Ar>12 given by Equation (214), is related to DGD
At by Equation (219):

j w2 )AT3 (V)
v

Measured _ PMD =< Ar2 >12 = 5
[,waw)

(219)

where wy(v)is the FT of the autocorrelation interferogram (fringes).

If no ormalisation—of the - snactra ic narformad wl2) ic tha nhyucical cnactruim © /1)) a9t the
oSO R—o+— 5P tH—S—peoO+HH v —5—tHEe—pHySt —SpP-eetuh =}

Hee—nt ot
outpuf of the DUT. But since S,(v) is known because the autocorrelation s Kk /) can
be a yser-selected window. Through respective applications of forward | i T, the

his is
er the

spectfa are multiplied by wqy(v)/Sy(v), and the corresponding interferc
essenftially identical to the spectrum normalisation in the FA me
followling conditions:

a) wy(v) must not extend in a range where the measured’phys s into
the noise floor;

b) wj(v) can be nearly rectangular or narrow, b 5t not
extend outside the delay travel.

Along| the same lines (for instance, rati gstimate of the DGD |curve
may e made via multiple-windowing. i s_of analysing the same raw data uging a
numbgr of narrow, shifted windows. Ultimate pras imi ain to be assessed, but|there
is no theoretical limit. A few tenths of gs uncertainty asily achieved with windows haying a
width [of 100 GHz (~0,78 nm at 1 550 nm).

The weighting on DGD,used_in s i pically uniform, even when the soyrce is
an LBD, because the[sp i ISET en measuring the SOPs; the power |along
each polarimeter axis \i i power. The exact same thing can be dong with
GINTY, as weII@ with the generalised PSA implemented wjth an
interf¢rometer us : um analyser. Equivalence between GINTY (with mean-
squar(Ed envelope i and there is no source shape dependence of [PMD.
The expected weighted RMS is the same as the expected value of a non-

uniformly wei

+ subtrdction\of the

NOTE | When o d from af, all that matters about the output spectrum is the RMS width of its FT

(autocqrrelation),~whie
shape pr width of the sp

acts as an offset. Values obtained via Equation (214) are basically exact whatepjer the
ectrum, should there be large ripples or not, thanks to the offset subtraction:

There |s.'northeoretical requirement for spectrum smoothness, absence of ripples, etc; there are no p4grticular

requir ents for the sgurce epnﬂfral ehapn

Noise-limited PMD value can basically be measured if a set-up is provided so that both autocorrelation and cross-
correlation are obtained separately;

Measurement through amplified links is possible, i.e. with an unknown, narrowed and/or ill-shaped output
spectrum.

The same consideration applies here in the case of Equation (200).

The following is an example of an algorithm for determining the PMD delay <A2>1/2 from the
squared envelope of an interferogram.

Let 7, denote the measured intensity of the interferogram at increasing positions i in units of
ps,j =1...N.
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Step 1: computation of the zero intensity 7o

Definition: N, = round (5 N/100) is the integer at which ;‘,- is approximately 5 %.

Ns(. ~
(1./ ”Ns—j)
~ -
Ig =2 220
0 2N (220)
Step P—defimitiomof-the—shifted itensity; Ij'
Step 8: computation of the centre C of the interferogram:
NS
216'11
L _ J=
( A (222)
21
J=1

Step 4: computation of the second oss-correlation envelop¢ over

the full scan scale:

N

> (t; =CY1;

Jj=1

g, = (223)
Step 5:
* S@t j,in to the l3
o S8t jaxtothe
Now the tota
N=( (224)

Step 6: recomputation of the zero intensity 70 within the new scan scale

Step 7: redefinition of the shifted intensity /;

Step 8: recomputation of the second moment, o, of the of the squared cross-correlation
envelope over the new adjusted scan scale

Redo Step 5 to Step 8 until there is no substantial variation of the second moment, i.e.
second moment and scan become compatible (maximum delay of the scan scale ~40,)

Step 9: Computation of the RMS width oy of the squared envelope of the autocorrelation of
the interferogram

Step 10: The PMD delay <A72>1/2 js computed using Equation (194).
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5.5.3.1.2 Mixed mode coupling

In the case of mixed mode coupling, only GINTY applies with the same considerations as
described in 5.5.3.1.1.1. An example of a test result is provide in Figure 27 for mixed mode
coupling (one random-mode-coupling section with L/h = 10 + one negligible-mode-coupling
section with DGD = PMDgndom/@; PMD = 9,97 ps, g, = 50 fs with nearly-flat envelope).

| | | | | | | | |
1.8 -

16 |-
14
1.2 -
1 -
08k
05
04 b
02k

Mean-Square X-Envelppe

IEC (1278/06

5.5.3/.3 analyses for various degrees qgf
coupling

The GINTY analysis is

Thus,|"type of coupling
can be measur hen
results with GIN

define

oupling. The analysis is valid in all ¢ases.
” labels are no longer necessary to qualify what
er, in order to compare the validity of TINTY
factor (g) may be introduced. This factor would
are off-target simply knowing the shape qf the

8 (225)

1 (226)
The Gaussian compliance factor, g, can be expressed as follows:

g = 288 (227)

2 2
VEyv ~ 88§

where

gs = L is a shape factor (a Gaussian interferogram corresponds to gg = 1);
V2 o,

g, = Li is a value factor;
V2 o

o is the RMS width of the cross-correlation envelope;
is the RMS width of the squared cross-correlation envelope;

oy is the RMS width of the squared autocorrelation envelope.
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In case of large PMD, g,>>1 and, consequently, g~gg.

Table 3 provides some values of gg for various types or degrees of coupling. Typical labels
are given here for illustration only. These labels concerning types or degrees of coupling have
developed fuzzy meanings, and tend to create misunderstandings and to generate an artificial
appearance of complexity which is in fact simple. There simply cannot be a label for any
device or interferogram shape that is possible, where indeed anything is possible in practice.
The shapes mentioned in Table 3 refer to the shape of the RMS envelope (averaged over |/O
SOPs).

Table 3 — Values of g¢ for various types or degrees of coupling

Shape factor Interferogram Mode couplin Comménts
g5 shape pling
1 Gaussian Ideal random with N = L/h - o 1-p e%gI\at(}\{= 85 %

—— Super-Gaussian Mixed/intermediate
Vol \\/

<1 Flat Mixed/intermediate < N

>1 Sharp Mixed/intermediate A\

Concave Negligible: small L/hf wit ge nd
correlated axes

1
V2|
1 Concave Random: s aII}/h ith s aII g~67%
<E uncorrelated axes
1 3 peaks No ouplmg (N waveplates,
f etc.
1 do707 Rectangular inw ter |at "Flat-top", g =71 %
21 [\ Figure 31: g = 75 %
- Expanential 'e intermediate Sharp
V2 =f1141
2
50
S
6

TM e bola ixed/intermediate Concave
=0,648 /x

Tri ngl *Nﬁxed/intermediate
30,913

an example of the difference between TINTY and GINTY results
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Low L/h case: 2-segment device, =227
DGD,=0.3 ps; DGD, = 1.5 ps;
Known PMD Value = PMDy, ., = 1.728 ps
TINTY GINTY
I

! i | ) I

T

|
[#]
£
+
LEEEEEREEEE » EEL
£

ENVELOP
T
1
SQUARED ENVELOP

PMD=1.152 ps
APMD = 33 %

C 1279/06

5.5.31.4 Three steps from root-mean-square ¥
group delay

oot-‘meanssquare differential

NOTE

Step

(228)

where

The 1 ed to
when hined.
When quare

envel

Now, since R, (r) and S, (v) are forming a FT pair, it follows that

. £ L
ST = TRt (229)
1% T
is the Parseval theorem.
d 2 2 2
| (%smj = [ 2 1R (230)

is the generalised Parseval theorem (see Annex D). Thus, combining Equations (228), (229)
and (230), step 3 equation follows.
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mean square-derivative of spectrum S, (V)=x(V) Sp(v)

i) L{Gs))

e T [

(See Annex D: generalized Parseval theorem)

Step 2:

Starting from the S, (v)definition in Equation (175) and using-the
5.5.2.4.1, it follows that

<[;’;Sx‘”’f> i Sg(v)<%x<v)j2> SEDIE

Dividing Equation (231) by the integral

mempier of Equation (231}, th qua g&

meanmnsquare-derivative of spectrum S, (v)
> WU
3 ua i
x(v) = s, * s(v)
y 2 ) d 2
5 x(v)j > jvso<v)<(dwx<v)j >

RN T A 7

tive of Stokes parameter x(v)

Step 3:
The equation of motion of s(v), Equation (12), can be written as:
Sulv) = QW)xiw) = DGDW)| pw)xiw)]

where
Q(v) s the PDV;

p(v) is the PSP (unit vector, direction of the PDV).

es in

right

(232)
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Thus

%x(v) = DGD(v) éa * [ﬁ(u)x_;(l/)]
2
<(%x(v)) > = DGGz(V) <(§a ° [IS(V)Xg(V)] )2 >

Since §,, s(v)and p(v)are independent random variables, and (s, *Saq) = =0,

OJ|—\

to Eqsljation (188), a corollary in 5.5.2.4.1,

dw

(ix(u)j2> ) DGDZ(V)%[ <(p2S3 _p352)2> +<(p3s1 -p1S3)2> +

and s

Finall

(233)

(234)

..~ according

(235)

(236)

Combiini Nnin the three steps above, the link between RMS DGD and the
RMS wi alysis
formu
(237)
where
. j S&(v) DGD2(v)
DGD* = (238)

[s80)
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5.6 Poincaré sphere arc method

This procedure, also called SOP analysis, is based on finding A& (see Figure 10) from one
trajectory on the Poincaré sphere, or from a number of trajectories but treating them
independently from each other. The method is fundamentally correct and will give the right

result if dfz/da)zo; but it will give a false result if dfz/da);to. Consequently, the method is

fundamentally valid and has no bias in negligible mode coupling, but it is not valid in random
mode coupling.

Its existence has propagated from a number of references in scientific literature [32-34].

It has|never been verified in random mode coupling (example: 10 ps PMD ove , with
no simulations and no comparison with the SPE. It is expected that s ethod
counts extrema (like the FA method); a k correction factor would be make
the method valid in the presence of random mode coupling.

Howe)er, there are a number of known facts available:

e the result depends on the local DGD but also depe

* in[some cases, Q has very fast local change value,

dgpending on how Q moved locally;

e the local DGD varies randomly, te f 20 %,
dgpending on the ratio of 15t order to ‘

The AS arc method is consequently onl

5.6.1 Calculation ori

After the SOP fluctuatio

it can|be transfo@ i

The JOP is expressé

yser),

(239)

1 :tan[0,5tan_ S3/1,S12 +S§ ﬂ (240)

Here, 7] is the polarization ellipticity; s4, s5 and s3 are Stokes parameters.

Here, the relationship between beat length and SOP is shown in Figure 29. Also, the
relationship between Stokes parameter on the Poincaré sphere and the SOP is shown in
Table 4 and Figure 30.
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Figure 29 — Relationship between beat length and state of polarization

Tabll 4 — Values of 45 ° power, Stokes parameters and SOP correWFigure 29

sop (a) (b) (c) (d) (e) (\Q \(9\
1 0 1
APTAY €0s2450 €0s2450 <\\e§4}5\\$
(max) (min) &mex) N i
(sq1,52,53) | (0,1,0) (0,0,1)
SOP 1 0

@ Front
= Back

(b)

on the Poincaré sphere

) @
Fibre Length

IEC 12§

Figure 30 — Relationship between Stokes parameter and state of polarization

The DGD or PMD Aris given by [35]:

AT: ﬁo
2 o

1N M,

2 A

where N represents the numbers from extrema to extrema of the SOP curves.

1/06

(241)
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5.6.2 Possible ambiguity in the measurements

Depending on how the launch polarization relates to the PSP, there can be a factor-two
ambiguity in the measured PMD.

It can be shown from Equations (240) and (241) that (1 — 72)(1 + 72) is equal to (1 — s32)1/2,
which is plotted versus s5 in Figure 31. This plot assumes the use of a Stokes analyser in the
SOP method and a circular polarizer/detector in the FA method.

07e _— ,,-«-f
2 ]
= 05— —
=T} ']
£ i —
| [

025 -

IEC 1282/06

As thé wavelength of the source is sc ed ¢ SOP traces a circle on the Po|ncaré
sphere. Each time the cirefe i e hY'one cycle oscillation. The numper of
extretha in (1 — 72)(1 + n2) pe i is counted, and this number is uged to
calcullate the PMD.

If the [output SO@ e/upper hemisphere of the Poincaré sphere,|there
is exdctly one ma in S5 for each oscillation period. In this casq, only
the right half of Fig — 532)12 will also have only one maximum and one
minimum. The sa if the output SOP circle is traced only on the|lower
hemig 3 —In this case, only the left half of Figure 31 is used.

Suppose T ircle is large enough to extend into both hemispheres pf the
Poinc e case, the s3 = 0 plane (i.e., the equator) is crossed twice in each
oscillation cy m “Figure 31, we see that (1 — s32)V2 now has two maxima and two
mini ation cycle. Counting extrema will then lead to a PMD value that is| twice
as larg

generally not known during the measurement In the presence of random mode coupling, the
error can still occur, but it is no longer a simple factor of two. This is not a flaw of all extrema
counting methods — it can be seen in Figure 35 that the problem does not exist with the FA
method.

Figure 32 illustrates experimental results showing that the SOP method results in a doubling
of the peak count when the output polarization cycles back and forth across the equator of
the Poincaré sphere (s3 = 0).
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er. The curve labelled ySOP is

/06

ptical
tokes

cases

his is

nt for

cross
at are
ay to
ctor is

ncaré

The qurve labelled s givg
are eyident:
a) a|peak or vallgy in

eyident at 1 Q@ ’
b) an excursion acre

the negative s
The impact ofthi Q that polarization variations that extend back and forth 3
the s} =0 bounds wice as many extrema as polarization variations tha
confirjed [ ive) s3 values. In actual measurements, there is no w
predigt where he.pola izatjon excursions will occur. Therefore, correction by a scale fa
not fepsible.
In conjclusion, there is a possibility of as much as a factor-two error occurring in the Po
spherg.afe (SOP) method, confirming its non-validity for the random mode coupling.
5.7 Poole formula method
Poole [7] did not give a name to his method. However a number of facts are available:

e the method requires a AA increment 4 to 5 times smaller than SPE for obtaining the same
standard deviation independently from the noise;

* but Poole analysis and SPE are formally and fundamentally equivalent;

« the result with Poole analysis is right but the standard deviation is larger than with SPE if
AN £ 0.

Poole analysis estimates DGD by approximating the derivatives of T with finite differences.

In SPE using JME for instance, Equation (51) is obtained.
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If the previous procedure is applied, the same standard deviation will be obtained with the
Poole analysis, and the following conclusions stand:

« Poole’s analysis = JME, fundamentally, in cases where AA tends to 0;

e but even if AA # 0, the result with Poole’s analysis is good, but the standard deviation will
be larger.

5.8 Single-end test methods

Various techniques have been proposed for single-end PMD measurement:

« orfe 1s based on SPE (JME) analysis of the back-reflected field from_the fibre-iar-end
(Fresnel reflection) [36];

< arlother one is based on FA method [37] of the back-reflected field ar-end

(Fresnel reflection);
I : ' (QTDR)
for the identification of bad PMD section in a cable plant 8ising i DOP
and the % factor [38].

5.8.1 Single-end test method using the Jones m
When[ a continuous optical wave is injected into afi given

by the sum of two contributions: the to the
fibre flar-end face. The Rayleigh backsc

(242)

[

SO'R ( —ZLYL)
b, = P, 1-—

S 0 %, €
mode
s’the fibre length [m]; S 01,5103 reprgsents
the Rayleigh scattering loss coefficient, and a O

wherg symbols have
fibres|at 1 550 nm):

the rgcapture fa ;A%
5x107P° is the att '

Simils

(243)

where hector

termir

In orderto-perform PMD measurement based on the power reflected by the fibre far-enq face,
it shquldvbe assumed that P, is the backscattered power dominant component. Setjing a
minimum acceptable value of the ratio P./Pg, the maximum fibre length is consequently fixed.
From now on, it will be assumed that the total backscattered power is due to P, only. The
maximum fibre length can be further increased by placing a perfect reflector at the fibre far-
end (i.e. pr — 1). This solution is mandatory when the fibre is terminated with an angled
connector.

Let s; be the unitary Stokes vector of the input field and R the Mueller matrix of a single-
mode fibre; the SOP of the output field can be expressed as s = Rsy. The evolution of s as a
function of frequency is well known [6]:

= =R 's=Qxs (244)
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where

R represents the inverse matrix of R;
Q =(Q4,9,.Q3 )is the PDV;

AT =‘§)‘is the DGD.

A similar result can be obtained for the SOP of the backreflected field, s . Indeed, it can be
demonstrated that [35]:

Y5 =RBSO =MR1 MRSO (245)
wherg
M =|diag(1,1,- 1) is a diagonal matrix;
RT is the transpose of R.
The analogy can be pushed further, as it is easy to demon as a
functipn of frequency is described by the following eq

isg _(dRg ) -1~ _~ -~

+==|—= R =QpXsp, 246

d w ( da)j BB B7B (246)
wherg
f)B may be written as

(247)

Since s, it is easy to obtain [40]:

! (248)
It is well known tha hen the fibre is in the long-length regime, Q,, i =1, 2, 3, are Gayssian
distrijuted_random variables, statistically independent of each other, with zero mean and the
same|standard deviation [41]. Because of this, A7 is Maxwellian while A7, results Ralyleigh

distributed, and its PDF reads as follows [40]:

2
f(ATB): ZATB ATB

_ 249
(A r>2 (A r>2 (249)

where (Ar) is the mean value of Ar.
Finally the following relationship holds:

(ary)="T(ar) (250)
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It can be noticed that the motion equation of the round trip, (247), formally coincides with the
motion equation of forward propagation (245). Consequently A7, can be measured applying
the same techniques used for forward measurements. Even if Equation (251) is independent
of the particular measurement technique, the JME method is preferred because of its intrinsic
high dynamic range and easy implementation in single-end configuration.

5.8.2 Single-end test method using the fixed analyser procedure

With the single-end technique, the PMD of the fibre can be calculated using the following
formula:

AL _A
INg I

= 0495(N, — 1) ——1-2

AT) = 1555 M2
Aw 20()\2 - )\1 )

(251)

<AT> is the fibre PMD;

c is the speed of light;

A

Az

This formula is slightly different fro a i .epN -1 instead of Ng), but is
compliant with the S i As the purpose of |these
measfirements is to demonstrate the coherence ¢ nt measurement schemes, this

formula has been chosen to adopt the(sa ounting criterion in the single-enld and

The iptrinsic measurement i e/ finite width of the spectral incremenf over
which|the extrema counti

2
g
T D01 A (252)
AT)
wherg ois the 3 ation of the measurement results in the spectral increment, Aw.
With fhe bo Yo hnigque, the PMD can be calculated using the following formula [43]:
A 1 AN
AT) = 2589—2~— = 0,824(N, - 1) 122 (253)

Aw 26()\2 —}\1)

with the same meaning of symbols as illustrated before.

The intrinsic measurement uncertainty, due to the finite width of the spectral increment over
which the extrema counting is performed, is given by

2
o 00,21 27T 0 021 A4Ao
<Ar>2 (Ar)Aw (Ar) c(Ay = Aq)

(254)
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5.8.3 Single-end test method using polarization optical time domain reflectometry

A polarization sensitive OTDR (P-OTDR) can be used for field measurements along installed
fibre links on the localisation and classification of fibre sections with respect to their PMD
characteristics [44]. The technique relies on the statistical analysis of the local DOP obtained
from the backscattered signal. It allows classifying fibre sections as low-, medium- and high-
PMD contributors.

Most recent efforts [45-47] are derived from the P-OTDR initially proposed by Rogers for fibre
sensing applications [48]. The simplest P-OTDR is nothing but an OTDR with a polarizer
analyser inserted in the return path just before the detector. An interesting variation using a
TLS igamextension of the FA PMD Measurement methods {461 Afthough conceptualty 3imple

and cppable of directly measuring the DGD along a fibre, the technique is , ted to
the tgdsk because of its long measurement time (one P-OTDR traceper wave ) and
complex and expensive hardware, but more importantly because it ext e.'bi jence
properties of the fibre from the measurement of the evolution of the SOR ichN icult to

measpre on high-PMD fibres.

The SOP of the light transmitted through a fibre is knowpr
axis at a rate that depends on the local birefringence ©
repregents the period of this rotation and is defined b

ingence
h, L,

L, (255)

A
Bc

A is[the wavelength of light;

the local birefringenc

the speed of ligh

bletes

signal
uently
Only

| They
ng or
b fibre
. The
has to
hitude

The DOP method is based on temporal depolarization not to be confused with spectral
depolarization. In practice, for each sample point, the backscattered light impinging upon the
detector arrives from many scatterers distributed along the (half-) length of the pulse (L )
within the fibre. If L and the beat length, L,, are comparable, the polarization coming from
each individual scatterer differs from the others, and the resulting measured SOP is a
smoothed average of the true local SOPs. The evolution of the measured SOP is no longer
directly related to the change in birefringence along the fibre, and this is why SOP-based
methods fail in presence of large birefringence. It is instead the variations of the DOP,
brought about by the variation of the SOP within the pulse, which will yield information on the
local birefringence. It is important to note that this depolarization is dependent on the local
birefringence only, and that it is not affected by the accumulated PMD.
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Three particular regimes may be distinguished based on the relations between the pulse
length L , the beat length L, and the coupling length 4.

a) L,<<L,

No depolarization occurs within the pulse and the DOP stays close to unity whatever is 4.
This case is characteristic of low-PMD fibres.

b) L,>>L,

When the pulses are longer than the backscattering beat length, several SOP rotations
occur within the pulse, which yield a decrease in measured DOP. For a very long pulse, L,
>> h, the transmitted DOP will tend toward zero, but the backscattered DOP approaches
1/3_The returned pnlcn gets pnrhnlly re- pnlnrwnr{ on its way hack_ Deventer [50]
presented the complete explanation of this phenomenon with argume based on/Mueller
matrix calculations. This case is characteristic of medium-PMD fibre

C) Ly<<L,<<h

The SOP rotates rapidly around the birefringence axis, but the orienta xi§ does
ndt change much within the pulse. The measured local DOP c¢s een 0
and 1, since it will depend on the angle between the SOP and the birefringence axis.|For a
short section of fibre, the backscattered SOP collapse ] DOP
is|small when the SOP and the birefringence axis are (Fig . other
hgnd, when the SOP and the birefringence axis ayé near i SOP

will not cover a large part of the sphere and ey
will remain close to 1 (Figure 33b)). This cas

&

DOP
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b) For a small SOP-to-birefringence axis angle

Figure 33 — Backscattered state of polarization (SOP)
for short and long pulses versus distance

The mean DOP measured with the P-OTDR give some insights of the mean local
birefringence of a fibre. An estimate of the mean DOP can be calculated based on the fading
in signal that is expected from the ratio between the P-OTDR resolution and the
backscattering beat length by the following formula:
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(256)

where

Lp is the spatial resolution of the P-OTDR,;

L,/2 s the beat length of the backscattering signal.

L,is defined as FWHM of the impulse response of the P-OTDR. measured at a Fresnel
reflecfion. The simple estimate in Equation (256) yields a relatively good estimate of the|mean
DOP,|but is not exact since it does not take into account the impact of mode coupling.

The $ dation.
Howe e Jength of
the fibre, which gives rise to mode coupling and the notion of coupling, length. upling
length i irefri hnged
signif hst or
slow)|i

The R ength

1 (257)
It is i small
birefri ecent

fibres| have rather long i a oupling length. Older fibres tend to| have
significantly longerco i beat lengths. Therefore, the detection of & long
coupling length c

of most of the high PMD sections in a fibrg link.
In prdctice, for fibre egligible mode coupling (high # value), the DOP is expected tp vary
slowly i >etween 0 and 1. But the DOP will not change as Igng as
the ofi efringence axis does not change with distance (relative|[to an
initial sns” of the slow and fast axes move, the DOP will vary. | Slow
fluctu amplitude are seen on fibres with a very long coupling length, 2,
as ca section of Figure 34.

A ﬂ/\ m M’\ A
VN e
500 Distance (m) 1000 1500
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Figure 34 — Degree of polarization (DOP) vs. distance for a concatenation
of three 500-m fibres, with a centre fibre that exhibits a high % value

The rate of change of the DOP is thus related to the rate of change of the orientation of the
birefringence vector, which is itself related to the coupling length, 4. In order to quantify the
rate of change of DOP against distance, the DOP correlation length is used, a quantity that is
refered to as & p. hpop has a definition similar to the coupling length and it has been shown
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to be linearly related to 4 for values of i that are higher than the resolution of the P-OTDR

[51].

6 Measurement issues

The following paragraphs will discuss some of the critical issues related to the measurement

techniques described in this document.

6.1 Degree of polarization and amplified spontaneous emission

The methed i i i irg—a—H-S—tegethe i wavelength
techn aent (“step”), or
with g r ¢ DUT
remaips polarized under all measurement conditions and for all DGD, values sured.
A DOP of 90 % or greater is preferred, although measurements ma alues
as low as 25 % with reduced precision.
It is inportant to understand that the DOP that is mentio at the
DUT output, not at the DUT input.
This DOP requirement is particularly critical when fest nough
the tgst source is highly polarized, the DOP 3 ificantly
reduced by the unpolarized amplified PMD
itself.| In this case, the measured signal 25 %
within[ the optical bandwidth of the SOR when
using|a TLS without a tracking optical filfter at the er out
of the OA, i.e. the ASE spectrum h the
photodetectors whatever the \ itions
must pe ensured in order for the OP o _be
An optical fibre a more
ASE noise but wi signal
powef to satura ower.
Figurg¢ 35 shows a with a
RBW jof 0,5 nm (
Amplified signal T

o OSNR
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Figure 35 — Power spectrum of a typical optical fibre amplifier output
showing the amplified signal, the amplified spontaneous emission (ASE),

and the optical signal-to-noise ratio (OSNR)

Normally, the ASE noise is specified in optical systems using OSNR, the ratio of the signal

power and the noise power defined when the RBW is 0,1 nm. When using a BBS and
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spectrum analyser (the latter acts as a narrowband optical tracking filter centred about the
selected wavelength), or a TLS with a tracking narrowband filter at the output of the amplifier,
then the OSNR is the relevant quantity to consider. In this case, the ASE power, within the
RBW of the spectral analysis, or output-filter bandwidth, remains low with respect to signal
power for a broad range of saturation conditions.

However, when using a TLS without a tracking optical filter at the OA output, the total ASE
power out of the OA, i.e. the ASE spectrum integrated over all wavelengths, impinges on the
photo-detectors whatever the selected wavelength. In this case, proper saturation conditions
must be ensured in order for the output DOP to be high enough for accurate measurement.
For this case, it is best to take the ratio of the S|gnal power to the total ASE power. This would
se of

total

total
N limit

is more than the signal power, even for ‘good” OSNR of 18 d
the permissible range of amplifier saturation conditions.

— 0
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Fig ignal to total amplified spontaneous emissjon
(AS oise ratio (OSNR) in 0,1-nm resolution bandwjdth
(RBW)

The [ i eht-Is consequently less of a concern when using a BBS and sgectral
analysi i as a‘narrowband filter centred about the selected wavelength), or & TLS
with & i owband filter at the output of the amplifier. In this case, the ASE gower,
within \ spectral analysis, or output-filter bandwidth, remains low with resgect to

signal| powerfor a~broader range of saturation conditions.

With INTY, the DOP at the DUT output, over the spectral width, is typically very small (OA or
not), whenever PMD*Av is much larger than one. But, the condition PMD*Av >> 1 is exactly
what is being required, as much as possible, to get the best averaging.

Now, regarding the ratio amplified-signal to ASE, it has nothing to do with the DOP
requirement; it does not depend on PMD. And it must not be confused with DOP over the
spectral width, which is already low, whether there is ASE or not.

Finally, the input must obviously be polarized. Any polarizer will meet this requirement; this is
not critical at all. Even a 10-dB extinction ratio can be satisfactory at DUT input. One
important criterion to be set should be that the extinction of the input polarizer must be, say,
10 times or larger than the PDL of the DUT. This is particularly important in the case of link
testing. When a link exhibits some PDL, a cross-correlation interferogram can be observed
even if the input DOP = 0.
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Assuming that the signal is highly polarized and the ASE is unpolarized, the DOP is given by
the following equation:

DOP = S S (258)
P+ f N(A)dA
where
P, is the amplified signal power;

N(A) is the power spectral density of the ASE.

The integral in the denominator is the total ASE power. For an OFA, the value of N jt the
signal wavelength can be calculated as follows:

N = FGhv (259)

F isthe OA noise factor;

G is|the gain;

h is[Plank’s constant;

v is|the optical frequency.

Typical values for a heavily saturated< ifi e
F=4 (6 dB)

G =1p0 (20 dB)

P.=10mwW  (+10 dBm)

Lation
aking

Assur
(251)
DGD

Howe A at a

lower
F=4
G =1p00 (30 dB)
P, = LW (0-dBm)

N=4x1000x 1,28 x 10-19=5,12 x 10~ W/Hz ~ 6,4 x 10-5 W/nm = -11,9 dBm/nm.

Again, assuming a 30 nm bandwidth, the total ASE power is 1,9 mw = +2,8 dBm. Using
Equation (258), DOP is calculated as 1/(1+1,9) = 34 %. This is marginally adequate for the
JME or FA method using a narrowband TLS. It is therefore critical to adequately saturate the
OFA to obtain a sufficiently high DOP and a reliable measurement result. Furthermore,
filtering and other methods may be needed to maintain the instrument performance.

6.2 Suppression of amplified spontaneous emission using optical or electrical
filtering

In 6.1, the ASE noise contribution from the use of OAs within the instrument (e.g. for power
boosting) or within a link was considered.
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ASE is characterised by its un-polarized, broadband nature. Normally, ASE is a random noise
(characteristically similar to white noise) and, like other types of noise in electrical
measurements, requires some specialised methods to suppress or remove its effects. Without
control, it acts to swamp or saturate the detector within the instrument or to add a spurious
output to the detector photo-current, so limiting the amount of signal gain/sensitivity that can
be used or simply adding noise to the overall PMD output.

ASE control is highly effective in PMD instrumentation. Some of these control techniques are
discussed here. These may be applied individually or in tandem where required:

« control of OA saturation conditions

This technique can be used most effectively with TLS sources, which h
densities. If the TLS can drive the OFA hard into saturation, then ASE

e highet- power
ninimise(d and

signal output maximised. This will maintain both a good OSNR at the i r and
mainthin a high DOP for SOP measurements;

* refducing the detection optical bandwidth

The optical bandwidth used at the detector can be limited » ecti i =. For
example, the use of a tuneable optical filter at the detector, i | int ource
wavelength, will allow a much lower ASE power to arfive at.thed . br will
no longer be in danger of becoming saturated, and the { 3 g the
wantdd signal is reduced, and the instrument pefforn Z e DSNR
levels|;

¢ refucing the electrical bandwidth

The gptical input must always be det fed or
overlgaded, or else PMD measureme once
the signal has been conw an be
used rce to

o limit the effective s
be md j ing the MPS method). This enables the gignal
powe chronous demodulation, lock-in amplifief, etc.
and th is ¥ejected except within the signal transmission window

o di

This i ddcing the electrical bandwidth, by modulating the dource
and d , observed at the detector. The “modulation” may take|many
forms| typic : ation, or digital keying or encoding methods.

6.3

It is plossible to characterise devices, components, sub-systems, systems and networkp with

the upe/0f”BBS and tuneable optical filter (such as OSA). Some filters (analysers)| have
<10-pm>RBW (<1,5 GHz around 1 550 nm). The difference here is the power measurement
range. Strong ASE sources of 2 0 dBm/nm will give approximately —20 dBm (including filter
loss) in a 20-pm window, whereas laser sources are generally >0 dBm, thus a 25-dB
difference in measurement range. It is worth noting that some ASE sources can give
>+20 dBm/nm in some wavelength ranges. Nonetheless, if the sensitivity of the detectors is
—80 to —90 dBm, this still gives, in general, 60 dB to 70 dB of measurement range, sufficient
for many measurement applications.

If a BBS is used together with a tuneable filter or OSA after or before the DUT and the FT is
performed on the OSA output signal, the interferogram or the time signature of the signal is
obtained. This approach may be used for instance to perform PMD measurement using the
PSA method. In that case, the RBW is the setting parameter. In fact any measure has a RBW,
tuneable laser included, that must be known, including the shape of the filter used) if the
results need to be accurately determined and properly analysed.
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In the case of the interferogram, the cut-off delay or the coherence time (in the time do

main)

or the RBW (in the frequency domain) must be specified. This corresponds to specifying the
bandwidth of a filter, in order to properly reduce the noise level: the spectrum of the signal
(the interferogram) is looked at and is cut-off from the point or area where there is excessive
noise, spurious or non-interesting, irrelevant information. In fact, the cut-off frequency of the
filter (or its coherence time) is carefully selected by analysing the signal spectrum (the

interferogram).

6.4 The Nyquist theorem and optical measurements

Many optlcal components deS|gned for use in WDM optlcal systems exh|b|t for instance,

frequg¢ncy spectrum signals.

6.4.1 The Nyquist theorem

The Nyquist theorem (also referred to as the Nyquist criterio
and is still generally used for measurements of tme v
domaljn); thus its terminology is well adapted to (the

any upits used with ordinates or abscig

The Nyquist theorem stipulates that whenssa
frequency used to reconstruct the sign
bandwidth of the measured si
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Figure 37 — Time varying signal
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a) in linear; b) in log scales

As the sigmalin Figure 37 has a finite duration, its frequency spectrum (FT) goes to infinity.
Howeler,\in practice, the measurement accuracy is not infinite (uncertainty exists and is
finite), and consequently a spectral width (the signal bandwidth) is chosen proportional {o this
measurement accuracy.

This signal will then be sampled and then tentatively reconstructed in two different ways:

« first, by following the Nyquist theorem, i.e. by sampling the signal with a frequency at least
larger than or equal to two times the signal defined bandwidth;

e second, by using a sampling frequency too low by a factor two (under-sampling).

Figure 38a and Figure 38b show that the signal is essentially defined in a frequency band of
about 2,5 Hz. The minimum sampling frequency can consequently be set at 5 Hz in order to
follow the Nyquist theorem (Figure 39a), which corresponds to a time increment of
1/(5 Hz) = 0,2 s. If this time increment is used, the signal can be accurately reconstructed
(Figure 39b).
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If the signal is under-sampled (Figure 40), the reconstruction is inaccurate. The difference is
based not only on the fact that part of the signal has been neglected but also because that
neglected part has folded and acts now as a perturbation.

Nyquist-followed signal

Under-sampled signal (factor 2)

1 P T |-
Bt g, Bt g
2 2
05 ﬂ L
0 i .
| I [
S -2 I} 2
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IEC 1292/06

a) Signal frequency spectrum

At Nygquist Sampling Rate

b)
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Example of a noisy time varying signal

In practice, all signals come with noise. Following the case discussed in the previous clause,
a zero-average Gaussian noise will be added to the time varying signal shown in Figure 37.
Figure 41 shows the new noisy signal in the time domain while Figure 42 shows its frequency
spectrum (its FT). The frequency spectrum of the new noisy signal is not anymore only
defined by its original spectrum (zero-noise average), but the noise now broadens the
spectrum almost to infinity (the noise bandwidth is infinite). In order to accurately reconstruct
the signal, two alternatives can be considered:

« sample the signal with infinite rate (infinite bandwidth to sample the noise as well); or

« filter the signal before sampling (to remove the noise).
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When measuring a transmission spectrum in the frequency domain, the issue is the same.

Only the terminology is different.

Figure 45 illustrates a transmission spectrum whose shape is the same in the frequency
domain as the one shown in Figure 37 in the time domain. The difference is shown on the "X"
axis (the abscissa) now scaled in units of Hz instead of in units of s as shown in Figure 37.
The FT of this kind of frequency filter is its time impulse spectrum (Figure 46 — Impulse
response from Figure 45). It has the same shape as shown in Figure 38.
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