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INTERNATIONAL ELECTROTECHNICAL COMMISSION

FIBRE OPTIC COMMUNICATION SYSTEM DESIGN GUIDES -

Part 9: Guidance on polarization mode dispersion
measurements and theory

EOREWORD

International Electrotechnical Commission (IEC) is a worldwide organization for standardization com
national electrotechnical committees (IEC National Committees). The object of IEC ¢is\to p
rnational co-operation on all questions concerning standardization in the electrical and electronic fig
end and in addition to other activities, IEC publishes International Standards, Technical Specifig
hnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter~referred to a

Puljlication(s)”). Their preparation is entrusted to technical committees; any IEC National*Committee int

in
go
wit

he subject dealt with may participate in this preparatory work. International;\governmental an
ernmental organizations liaising with the IEC also participate in this preparation) IEC collaborates
the International Organization for Standardization (ISO) in accordance <with conditions determi

agreement between the two organizations.

Thqg formal decisions or agreements of IEC on technical matters express,as_nearly as possible, an intern

co

ensus of opinion on the relevant subjects since each technical «committee has representation f

intdrested IEC National Committees.

IEQ Publications have the form of recommendations for international use and are accepted by IEC N

Co

hmittees in that sense. While all reasonable efforts are madesto ensure that the technical content

Publications is accurate, IEC cannot be held responsible{forvthe way in which they are used or

mis

In

interpretation by any end user.

rder to promote international uniformity, IEC Natiohal Committees undertake to apply IEC Publi

trarjsparently to the maximum extent possible in their national and regional publications. Any divg

bet
the

veen any IEC Publication and the corresponding(national or regional publication shall be clearly indid
latter.

IEQ itself does not provide any attestation -of/conformity. Independent certification bodies provide con

ass
ser

Al

No
me
oth

lessment services and, in some areas,-access to IEC marks of conformity. IEC is not responsible
ices carried out by independent certification bodies.

Lsers should ensure that they have-the latest edition of this publication.

liability shall attach to IEC or'its directors, employees, servants or agents including individual expe|
nbers of its technical committees and IEC National Committees for any personal injury, property dan
br damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feq

expenses arising out of ‘the" publication, use of, or reliance upon, this IEC Publication or any oth
Puljlications.

Attgntion is drawn ¢o ‘the Normative references cited in this publication. Use of the referenced publica
indispensable forthe*correct application of this publication.

Attention is drawn to the possibility that some of the elements of this IEC Publication may be the su

pat

ent rights.NEC shall not be held responsible for identifying any or all such patent rights.
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nl:ain task of IEC technical committees is to prepare International Standards. Howe

ected

data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC TR 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.

This second edition cancels and replaces the first edition published in 2006.

This second edition includes the following significant technical changes with respect to the
previous edition:

a) much of the theory has been condensed — focusing only on content that is needed to
explain the test method,;

b) symbols have been removed, but abbreviations are retained;
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c) the material in the Clause 5 has been significantly reduced in an effort to avoid repeating
what is already in the actual International Standards. Instead, the focus is on explaining
the International Standards;

d) measurement methods that are not found in International Standards have been removed;

e) there are significant corrections to the modulation phase shift method, particularly in
regard to the Mueller set technique;

f) there are significant corrections to the polarization phase shift method;

g) the proof of the GINTY interferometric method is presented. This proof also extends to the
Fixed Analyser Cosine transfer technique;

h) a

other Fixed Annlycpr method is nggncmd This is based on the prnnf of the GINTY

method and is called "spectral differentiation method";

i) Clpuse 6 has been renamed "Limitations" and refocused on the limitations.'of th
methods. This Technical Report is not intended to be an engineering manuak;

j) the annexes have been removed;
k) the bibliography has been much reduced in size;

b test

[) the introduction has been expanded to include some information on ‘system impairmepnts.

The tgxt of this Technical Report is based on the following documents:

Full information on the voting for the approval of<this Technical Report can be found

report
This g

A list
commi

The ¢
the s

Enquiry draft Report on,voting
86C/1342/DTR 86C/1366/RVC

on voting indicated in the above table.
ublication has been drafted in accordance with the ISO/IEC Directives, Part 2.

of all parts in the IEC 61282-~series, published under the general title Fibre
unication system design guides) can be found on the IEC website.

ability date indicated on the IEC website under "http://webstore.iec.ch” in the

related to the specific publication. At this date, the publication will be
e regonfirmed,

e withdrawn,

o replaced.bya revised edition, or

e amended:

A b|||l chl: VUID;UII Uf t:l;b pub“batiun iay bc ;DBUUUI dt d :dtcl u'cltc.

n the

optic

ommittee has decided ithat the contents of this publication will remain unchanged until

data

that

colo

IMPORTANT - The 'colour inside' logo on the cover page of this publication indicates

it contains colours which are considered to be useful for the correct

ur printer.

understanding of its contents. Users should therefore print this document using a
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INTRODUCTION

This Technical Report is complementary to the International Standards describing PMD
procedures (IEC 60793-1-48, |EC 61280-4-4, |IEC 61290-11-1, IEC 61290-11-2 and
IEC 61300-3-32) and other design guides on PMD (IEC 61282-3 and IEC 61292-5), as well as
ITU-T Recommendation G.650.2.

The system power penalty associated with PMD varies depending on transmission format and
bit rate. It also varies with optical frequency and state of polarization (SOP) of the light
source. At the output of a link, the signal can shift from a maximum delay to a minimum delay
as a result of using different SOPs at the source. The difference in these delays is called the
differgntial group delay (DGD), which is associated with two extremes of input SOP. At|these
extremes, a signal in the form of a single pulse appears shifted up or down by half the'[DGD,
about[a midpoint, at the output. At intermediate SOPs, the single pulse appears as,a'weighted
total ¢f two pulses at the output, one shifted up by half the DGD and one shifted.down Qy half
the DEGD. This weighted total of two shifted pulses is what causes signal distortion.

The system power penalty is partly defined in terms of a maximum allowed bit error rate [and a
minimum received power. In the absence of distortion, there is a_minimum received power
that will produce the maximum allowed bit error rate. In the presence of distortion, the
receied power should be increased to produce the maximum bit"error rate. The magnityide of
the rejquired increase of received power is the power penalty of/the distortion.

rm PMD is used to describe two distinctly different/ideas.

One ifea is associated with the signal distortion induced by transmission media for whi¢h the
outpuf SOP varies with optical frequency. This is.the fundamental source of signal distortion.

The other idea is that of a number (value) associated with the measurement of a single{mode
fibre fransmission link or element of that-link. There are several measurement methodg with
differint strengths and capabilities. They are all based on quantifying the magnitude of
possible variation in output SOP with-optical frequency. The objective of this Technical Report
is to gxplain the commonality of the different methods.

The OGD at the source’s optical frequency is what controls the maximum penalty acrdss all
possilble SOPs. Howevery in most links, the DGD varies randomly across optical frequency
and tTme. The PMD nalue associated with measurements, and which is specified| is a
statisfical metric that ;describes the DGD distribution. There are two main metrics, [linear
averape and root-mean square (RMS), that exist in the literature and in the measurg¢ment
methqds. For most situations, one metric can be calculated from the other using a conversion
formuja. The(teason for the dual metrics is an accident of history. If history could be
corregted, thesRMS definition would be the most suitable.

For thexnon-return to zero transmission format, DGD equal to 0.3 of the bit period lields
approximately 1 dB maximum penalty. Because DGD varies randomly, a rule of thumb
emerged in the system standardization groups: keep PMD less than 0,1 of the bit period for
less than 1 dB penalty. This assumes that DGD larger than three times the PMD, and that the
source output SOP produces the worst case distortion, is not very likely. For 10 Gbit/s non-
return to zero, this rule yields a design rule: keep the link PMD less than 10 ps.
ITU-T G.sup.39 [1]1 has more information on the relationship of PMD and system penalties.

1 Numbers in square brackets refer to the Bibliography.
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FIBRE OPTIC COMMUNICATION SYSTEM DESIGN GUIDES -

Part 9: Guidance on polarization mode dispersion
measurements and theory

1 Scope

This part of TEC 61282, which 1S a Tlechnical Report, describes eiliects and thedry of
polarigation mode dispersion (PMD) and provides guidance on PMD measurements.

2 Normative references

The following documents, in whole or in part, are normatively referencedhin‘this document and
are indispensable for its application. For dated references, only the edition cited appliegs. For
undated references, the latest edition of the referenced ,doCument (including any
amenfiments) applies.

IEC 6D793-1-48, Optical fibres — Part 1-48: Measurement«methods and test procedyres —
Polarfzation mode dispersion

IEC 6[1280-4-4, Fibre optic communication subsystem test procedures — Part 4-4: |Cable
plantg and links — Polarization mode dispersion measurement for installed links

IEC 6[1290-11-1, Optical amplifier — Test methods — Part 11-1: Polarization mode dispersion
parameter — Jones matrix eigenanalysis (JME)

IEC 6[1290-11-2, Optical amplifier —Test methods — Part 11-1: Polarization mode dispgrsion
parameter — Poincaré sphere analysis method

IEC 6[1300-3-32, Fibre optic\interconnecting devices and passive components — Basic| tests
and measurement procedures — Part 3-32: Examinations and measurements — Polarikation
mode|dispersion measurtement for passive optical components

3 Terms, definitions, and abbreviations

3.1 Terms-and definitions

For the\purposes of this document, the following terms and definitions apply.

3.11

PMD phenomenon

polarization mode dispersion phenomenon

signal of fibre-optic transmission signal induced by variation in the signal output state of
polarization with optical frequency

Note 1 to entry: PMD can limit the bit rate-length product of digital systems.

3.1.2

PMD value

polarization mode dispersion value

magnitude of polarization mode dispersion phenomenon associated with a single-mode fibre,
optical component and sub-system, or installed link
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3.2
CFT
DGD
DOP
EC
FA
FT
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to entry: The polarization mode dispersion value is usually expressed in ps.

Abbreviations
cosine Fourier transform
differential group delay
degree of polarization
extrema counting
fixed analyser
Fourier transform

GINT
JME
MPS
OTDR
PDL
PDV
PMD
PPS
PSA
PSP
SMF
SOP
SPE
TINT
WSO

4 T

4.1

The tILeory presented in,Clause 4 does not include the effects of polarization depender

or gai

The o

° op

° m

general interferometric method

Jones matrix eigenanalysis

modulation phase shift

optical time domain reflectometer

polarization dependent loss

polarization dispersion vector

polarization mode dispersion

polarization phase shift

Poincaré sphere analysis

principal state of polarization

single-mode fibre

state of polarization

Stokes parameter evaluation

traditional interferometric method
BA  wavelength scanning OTDR.and SOP analysis method

heoretical framework

Limitations and outline

, or nonlinearceffects. See 6.3 for information on polarization dependent loss.

utline for Clause 4 is

ticalfield and state of polarization;

pasurement of SOP, Stokes vector, and rotation;

e first order polarization mode dispersion;

e birefringence vector, concatenations, and mode coupling;
e the statistics of PMD and second order PMD.

4.2

Optical field and state of polarization

2016

t loss

This subclause is intended to show the linkage between the propagation of an optical field in
a single-mode fibre (SMF) and the transmission signal state of polarization (SOP). This
information is fundamental to the PMD phenomena because variation in output SOP with
optical frequency is the distortion inducing mechanism.

The solution of the wave equation has degenerated eigenvalues. This means that even the
fundamental solution is degenerated. A SMF supports a pair of polarization modes for a
monochromatic light source. In particular, the lowest order mode, namely the fundamental
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mode HE,, (LPyq) can be defined to have its transverse electric field predominately along the
x-direction; the orthogonal polarization is an independent mode, as shown in Figure 1.

In a lossless SMF, the electric field vector of a monochromatic electromagnetic wave
propagating along the z-direction can be described by a linear superposition of these two
modes in the x-y transverse plane as shown in Equation (1) and in Figure 1.

£ = Uy explip, 2N+ |y explg, ool ian)

AV

wherg

J,and

E\ (x.y
E (x.y

B, and

Ap

)

= [jx exp(— 46z12)+ j, explidpz/ 2)]expi— i(wt - Bz

are complex coefficients describing the amplitude and phase of the x/y
SOPs;

are the spatial variation (in the x-y transverse plane) of the E vector
PM along the x/y-direction (see Figure 1);

are the propagation constants (also calledeffective index or wavenu
of the PM along the x/y-directions with the index of refraction nx/ny.
i=xory, p;=kn; The index of refraction has a dependence on freq
@, frequency v, or wavelength 4;

is the difference of . and §,;
is the average of fx and py;

is the propagation canstant with the wavelength 4 in v3
(=2nvic = 2n/1 = wfc);

is the frequency in@! or Hz;

is the angular-frequency in rad/s (the bar indicates absolute freq
rather than deviation from some particular value);

is the speed of light in vacuum (299792458 m/s);

is the birefringence coefficient (s/m), = Adn/c

(1)

initial

of the

mber)
Using
uency

cuum

lency

is_the distance (m) in the DUT along the optical axis (axis of propagation);

z-= L at the output of the DUT with length L.
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Axis of propagation, z

4\

core

l
.. W

Axis of polarization, y

N T IEC
Figure 1 — Two electric field vector polarizations of the HFquaode in a SMF

A

The cpbmplex pair, |/, exp(—idgz/2) j, exp(iapz12)|, describes th P defined in the x-y|plane

of the| wave propagating along the z-direction. This pair cang@a onsidered as a vector, and is
often ralled a Jones vector. Q @)

In thg case where the transmission media is an |\ SMF with perfect circular symmetry,
b= Ao \\‘}

e the two polarization modes are degag@rate (when two solutions have the |same
eigenvalue, they are said to be degenerate);

e arly wave with a defined input S

Q will propagate unchanged along the z-direction
thfoughout the output of the SMF. )

X
Howeyer, in a practical SMF, t ircular symmetry is broken by imperfections produced by
the faprication process, cabli&%\ ield installation/use or the installation environment:

* pB|# By implying a ise difference, an index-of-refraction difference An, and a phase-
veflocity difference@ een the two PMs;

e the SOP of

SMF. O

The diff rgdce between p’y and g, namely Ap, is called the phase birefringence or simgly the
birefringénce and has units of inverse length (m~'). Birefringence may also be referred|to as
the index difference, An, or as the birefringence coefficient, the difference divided by length.
Birefringence coefficient values typically vary between 0,25 fs/m and 2,5 fs/m in commonly
available SMFs.

e the degenerac @he two polarization modes is lifted;
&put wave will change along the z-direction throughout the output pf the

As the SOPs travel through the fibre, they will return to the initial state at positions that are
increments of 2n/ApB. At these positions, the two field components will beat. The difference
between these positions is called the beat length.

Birefringence can be induced by a number of factors such as core non-circularity or
asymmetric stresses that can be induced by bends, twist, and compression. These factors
change over the length of the fibre and can change over time due to changes in configuration,
or temperature. These factors will also vary with optical frequency. Equation (1) is also
defined with an arbitrary coordinate system that will not generally correspond to the laboratory
or field test equipment coordinate system. The mapping of the input SOP to the output SOP
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over a particular length and optical frequency, L and @, is represented with the Jones matrix,
7, and the input and output Jones vectors, j,, and j,, as:

Jo=Ti (2)

where

T =VpSpVy (3)

0 expli&r 12)

5 = {exp(— i&r12) 0

= S(iur 1 2)R(6r ) (5)

) _|cos Or exp(—iuy 12) —sind exp(-iur 12)]
71 sing expliur/2)  cos6y explipy /2)

NOTE The subscript T is used to distinguish the matrix parameters from similar parameters used later.

The main operation of Equation (3), corresponding to Equatien (1), is found in the matrjx, S;.

Pre apd post-multiplying by V', and VZT is a change of edordinates. The notation VT indjcates
the transpose conjugate for matrices and vectors.

Equatfion (1), however, is only applicable locally; while Equation (3) is used to indicate change
over fhe entire transmission media. There\is another expression that uses y; =&;/2 that is

found|in ITU-T Recommendation G.650.2? On the Poincaré sphere, the action of Equatipn (4)
is a rptation of yr from an input SOPto an output SOP. When equations are found in both

documents, the yr notation will be used.

The drgonal expressions in Equation (4) are intended to show the connection to Equatign (1).

Unit Jones vectors, which are“one way to represent SOPs, can be specified with a (6,4) pair
as:

- (6)

- [cos@exp(-iul2)
sin@expl(iu/2)

The Jpa€s matrix, 7T, is unitary in that TTT:I, the identity matrix. The columns of V. afe the
eigenvectors,—and—thediagomat—etements of ST are—the—eigenvatues—Whenm—the—mnput—Jones
vector is equal to either of the eigenvectors, the output SOP is the same as the input SOP
because the SOP is not affected by a multiplication by a constant. These states are
sometimes called the eigenstates.

NOTE 2 All the parameters of T can change with optical frequency, as well as with changes caused by fibre
movement over time or temperature change.

4.3 SOP measurements, Stokes vectors, and Poincaré sphere rotations

The SOP is usually measured with a polarimeter, which yields a Stokes vector. The
measurement is actually done with a series of power measurement differences through
various states of a polarizer/analyser.

An ideal polarizer may be defined as:
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1 0] 4 cos? 0p %sinZ@Pexp(—in)
0 OVPol: 1 (7)

Pol(6p, ip) = VPol|:
Esin29p exp(iyp) sin? Op

where Vp,, is of the same form as Equation (5), but with different parameters.

For a given Jones vector, the power through the polarizer is:

nlo N ) o o Vo (8)
T\UP P )= J 100 \Up, /P )t ONUP, P )T

The measured Stokes vector is given as:

P(0,0)+ P(z/20)
P(0,0)- P(z/20)
P(z14,0)- P(-7140)
Pz!4,712)-P(zx!4-712)

Uy
I

indexed with j = 0,1,2)3 (9)

The normalized Stokes vector is designated with a small s~and has three elements indexed:
1, 2, and 3. The normalized Stokes vector elements are{the measured Stokes vector element
value$ with the same index, divided by S,. The normalized Stokes vector has a length of|one.

SOPs|where 53 is zero are linear states. When s4:8 nonzero but with absolute value les$ than
one, the polarization is elliptical. When s5 is £1¢Zthe polarization is circular.

NOTE In the rest of this Technical Report, the noermalized Stokes vector will be referred to simply as the|Stokes
vector.

The degree of polarization (DOP).is normally expressed as a per cent and is eqyal to
100-4q/ P, where P is the powepwithout the polarizer.

A unit Jones vector can_be represented either as an x/y pair or as Equation (6) The
relatignship of the normalized Stokes vector to the Jones vector is given as:

xx - yy* cos26
s=| x +w |=|sin20cosu (10)
ixy* - yx* sin20sin u

There is an ambiguity in trying to calculate the Jones vector from the Stokes vector. One must
assume something like 0<B<z. This is due to the fact that the Stokes vector is not affected by
multiplying the Jones vector by any unit complex number (a number, ¢, for which cc” = 1),
including +1. This can be called a one x ambiguity. This property is one reason to think of the
Stokes vector as the primary definition of the SOP: the SOP is not changed when either of the
eigenstates are used as inputs, but the output Jones vector is multiplied by exp(*i¢;/2).

Unit three term vectors can be represented on a sphere. In the case of Stokes vectors, the
sphere is called the Poincaré sphere.

Examination of the rightmost expression of Equation (10) and the different parts of Equations
(3), (4) and (5) shows that the action of T is consistent with the following right-hand-rule
rotations applied to the input Stokes vector that corresponds to the input Jones vector:
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a) anti-rotation of puy about the (1,0,0) vector, which describes a linear SOP;

b) anti-rotation of 26 about the (0,0,1) vector, which describes a circular SOP;

c) rotation of {; (= 2yg) about the (1,0,0) vector;
d) rotation of 261 about the (0,0,1) vector;

e) rotation of pu about the (1,0,0) vector.

These steps can be combined into a single rotation, from input Stokes vector to output Stokes
vector, as:

wherg

wherg
0

Y3

- )2

This i
the fi
spher]

so =Rrsiy

Ry = )7)7T(1—cos§T)+ Icosér + [} x]singr

}Tis the transpose of y, I is the identity matrix, and [} ><] is"the cross product opg
—y3 )2

0 —y1 .

yv O

5 a rotation of ¢, about the rotation vector, y~\The rotation vector is found by cony

. This is a 2z rotation about the (1,0,0)-axis.

(11)

(12)

rator,

erting

st column of V', to a Stokes vector. Figure 2 illustrates a rotation on the Pojncaré

w2z

IEC

Figure 2 — A rotation on the Poincaré sphere

The T matrix can now be written in a simplified form:

_ {cos yr —ivisinyy  —(ys +ivy)sinyy
(v —ivz)sinyy  cosyy +iyysinyy
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1 yz—iys} (13)

=cosyrl —isinyr )
Y2 +iy3 -

NOTE 2 The form of this equation re-emerges in Equation (20), in which it is pointed out that the rightmost matrix
is the weighted sum of Pauli matrices.

4.4 First order polarization mode dispersion

First order PMD is induced by the variance in the output Jones vector with optical frequency.
This is the same as the variance of the output Stokes vector with frequency, which is one way
to measure it, but the signal distortion must be understood in terms of the Jones calculus. To
distinguishthevarrance of SOPwithopticatfrequency from the mput-to-outputJones matrix

of the|prior clauses, the frequency transfer matrix is designated with J(w) as

- - exp(— iAm)/Z) 0 T
o)=J\w)jy =V V 14
Jour(@)=J(@)jo =V 0 explidzol2) JJo (14)
where
v, is the same form as Equation (5);
1) is deviation from the particular frequency, m;
}0 is the output SOP at that frequency;

jour(p) is the output Jones vector at the frequency, @g+w;

At is the differential group delay (DGD).

The ekponent of the ratio of eigenvalues of J yields ArAw for a finite frequency increment.

The action of J(w) is a rotation on the Paincaré sphere from the output Stokes vector at| @ to
the Siokes vector at wp+ w. The rotation angle is Arw, and the rotation vector is formed by
transfporming the first column of J4linto a Stokes vector. This rotation vector is callgd the
principal state of polarization (PSP} and is later designated as a vector, p.

The djstortion can be understood by considering the Fourier transform of the signal field| H(w)
and itp inverse transforms-/(¢). Time shifting of the inverse transform is given as transform pair
as:

explitg)H (o) < ——hlt - 1) (15)
2r

The output Jones vector in the time domain is therefore given as:

hlt—Arl2 0 -
Jour()= J{ (6= a12) 1 (16)

1 v
21 0 W+ aci2)| 770

The output power is the conjugate transpose of the output Jones vector times itself. When 7,
is the identity matrix and the elements of }0 are both equal to \/5 the output pulse is the

sum of squares of two field pulses separated by Az. This represents a worst case for distortion
within the first order formulation.

When ]’0 is equal to either column of V,, there is no distortion, but the signal is shifted in the

time domain by +47/2. At intermediate polarization states, the output pulse is the total of two
time shifted pulses of different magnitudes. In the worst case, the magnitudes are equal.
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In the Stokes formulation, the action of Equation (14) is a rotation, R;, with rotation angle,
Arw, about rotation vector, p. The rotation vector is found by converting the first column of 7

to a Stokes vector. This rotation vector is also called the fast PSP, because when 5, is equal

to this vector, there is, to the first order, no change in the output Stokes vector with
frequency. Since it is aligned with —idrw/2, it is the early arriving, or fast, part of the signal.

For completeness, R; is of the form of Equation (12), but with different parameters, and the
relationship of the output Stokes vector as a function of frequency is:

S

m{m\ =R r(m\);n
A4 J UV

(17)

Two i

desig
desig
RT an

When
is no

L
\4ops

mportant objects in the PMD literature are the polarization dispersion vegtor (

hated as 2 and the frequency transfer function differential operator, a
nated as D. These are defined as the following, considering that all pardmeters o
d 7 are functions of frequency:

dgo;;(w) |O _ dRTa()a)) |0RT(0)T§0 _ [é X]§0 _ [(A‘ZZ»?)XFO

the output Stokes vector at @, designated as 50, is aligned with the PSP or PDV,
change in the output Stokes vector with respect te~frequency, to the first order.

Yout\?)| = _ - — ) v
lo=Dio 0 iar/2] 770

doul@)| _ - dT_(w)‘OT_1(0)J*.O_dJ(w>|0}0:VJ{_iAr/2 0 }T‘.
dw do @

_ _Ar| p P2 —ip3 |~
=<0 . Jo
2 |pa+ips P

The npatrix expression in the tast term is the weighted sum of the three Pauli operators:

10 0 1 0 —i
Oq = O = O =
o -1 2 {10l 2 |i o0

The ejgenyvatues of D are +iAq/2.

Expar

sion of the expnressions containina the narameters of 7 shows the followina:
Ll J L J

PDV),

matrix
f both

(19)

(20)

e the equations are consistent;

o a differential equation that links the parameters and derivative of T to the PDV emerges.

Q= 2dﬂ§+sin2;@ﬂ+2$in2 rr }xﬂ
do do do

(21)

Given the PDV as a function of optical frequency and suitable boundary conditions, the
parameters of T, hence T can be solved using numerical techniques. This was important in
simulating the interferometric measurement method.
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First order PMD means that the exponent of the diagonal matrix in Equation (14) is linear in
frequency. In reality, there are limitations in the first order projections because the PSP and
DGD actually vary with frequency in most (long) transmission media.

4.5 Birefringence vector, concatenations, and mode coupling

4.4 indicated that the important parameters, the PSP and DGD, also vary with optical
frequency. 4.5 will give some background as to why this is so.

The birefringence vector is defined by replacing the frequency (w) derivatives with length (z)
derivatives in Equations (18) and (21). Also, replace the symbol for the PDV with the symbol
for thg—birefri " i gth of
transrission media can be calculated from the modified Equation (18) and ,aCget of
assumptions about the birefringence vector. These assumptions can include factars sych as
twist, which induces circular birefringence, bend, lateral load, and spin.

A simple birefringent element can be defined from Equations (3) throogh (5) with the
followjing:

Set ¢y =wzA and u; =0 (22)
wherg 4’ is the birefringence coefficient (s/m).

A corjcatenation of a number of randomly rotated simple birefringent elements will ipduce
mode|coupling that varies with optical frequency. As/a result, depending on the numbgr and
length] of such elements, the output SOPs no longer follow simple rotations with freqyency,
and the PDV becomes random. Figure 3 shows an-example.

IEC
Figure 3 — Strong mode coupling — Frequency evolution of the SOP

Negligible mode coupling would display a less complicated evolution, such as what is shown
in Figure 2. However, there is no firm boundary between the different regimes.

The concatenation of randomly rotated simple elements is not a complete model for optical
fibre. The PMD behaviour of optical fibre and cable is in the realm of strong random mode
coupling. Most optical fibre is manufactured using a spinning technique to deliberately
introduce strong mode coupling.
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Consequences of mode coupling include:

e the connection between the birefringence vector and the PDV is lost. The birefringence
vector is a local phenomenon, while the PDV is a result of transmission over the whole of
the media;

o DGD varies randomly with frequency;
e the PSP varies randomly with frequency;

o the first order PMD model is an approximation that is only applicable for a narrow
frequency interval;

e depending on the measurement type, frequency domain or time domain, the sampling
dgnsity and/or extent must take into account the random nature of the phenomenon;

e the PMD value that is reported must be derived from a statistical calculation;

e PMD increases with the square root of length, leading to the definitionyof the| PMD
coefficient as the PMD measured value divided by square root of the transmission length;

e there is a phenomenon called second order PMD, which is a measure of /how the DGPD and
P$P vary with frequency;

e third- and higher-order PMD may have an effect on the distortion at very high bit rates or
under particular transmission formats but have not been studied.
4.6 |[The statistics of PMD and second order PMD

This qubclause assumes the transmission media is in thé.srandom mode coupling regime

A firs{ consequence of random mode coupling is that'the three elements of the PDV bgcome
indepgndently distributed Gaussian random variables if the frequency points are far epough
apart| The average of these distributions is zefo, and there is a common standard deviation,
o. Th¢ DGD, 4z, is the square root of the sum of squares of the three elements. This means
that the distribution of DGD values is ideally Maxwellian, with probability density fuphction

given|as Equation (23).
/ 2 Ar? Ar?
fMaxwell(AT)z - 3 exp{_ 2} (23)
T o 20

The HMD value that is‘reported from measurements is derived from one of two main statjstical
calculations:

e ropt meanrsguare (RMS) equals square root of average of squares of DGD values gcross
frgquencies;

e lineaf,average equals a simple average of DGD values across frequencies

Exceptions to these statistics may be found for some components for which the negligible
mode coupling regime applies. In these cases, the maximum DGD can be reported. A PMD
can still be reported, but the Maxwell approximation does not hold.

The RMS statistic is the most "natural” for PMD (see Equation (24)), but the linear average
was standardized for fibre and cabled fibre measurements before PMD was more completely
understood. This is of particular importance for the interferometric measurement methods,
where the value reported is equivalent to the RMS statistic.

Y

is expressed as <Ar>. Depending on which statistic is reported, the ¢ parameter found in

Equation (23) can be replaced with either the expression in Equation (24) for RMS or with
Equation (25) for linear average.

The RMS value is expressed with the expected value operator as <A72> . The linear average
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o2 =%<A12> (24)

o= (r>\/§ (25)

From these equations, it can be deduced that the RMS value is approximately 1/3?” larger

than the linear average.

Figurls 4 and 5 illustrate the random DGD both as a plot vs. wavelength (frequency)‘and as a
histodram.

6
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Figure 4 —- Random DGDariation vs. wavelength
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Figure 5 — Histogram of DGD values from Figure 4

For the frequency domain measurements, there is a scan of frequencies from w, to @, with an
increment of Aw. The extent and sampling density needed depend on the expected PMD of
the transmission media being measured.

NOTE For time domain measurements, the time increment is inversely proportional to the frequency extent and
the time extent is inversely proportional to the frequency increment.

Guidance on the frequency extent can be derived from the fixed analyser measurement
method (see 5.5). This method relates the RMS PMD to the number of extrema, N,, counted
over the frequency scan as
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1/2
<A,2> o |37 ANe (26)
8 ZU'2—ZD'1

As the number of extrema increases, the reproducibility of the PMD measurements improves.
One way to increase the number of extrema is to measure across a wider frequency interval.
Equation (27), from Gisin [2] relates the frequency extent to the uncertainty (one standard
deviation) of the measurement compared to the result one might obtain with a very large
(approaching infinity) frequency extent.

[ )
<A72>1/2 z<m2>1/2 1 09 (27)

L) e

o0

H

If the [frequency extent is 16 THz, corresponding to 129 nm around 1 550 _nm, and the PMD is
1 ps, [the measurement uncertainty is about 9 %. However, if the wayelength range| were
incregsed from 1 310 nm to 1 625 nm, the uncertainty would be reduced to around +5 %

One feason for the uncertainty situation is second order PNMD;”which is expressed 3s the
frequency derivative of the PDV, i.e., 2, . It is related to the<PMD according to the following

(@-a)-(af J{a) (28)

(29)

(31)

(ae%uf’) = (2sa] )= 5 () )

Second order PMD RMS (square root of Equation (30)) increases as the square of PMD, and
the result is dominated by the part associated with the PSP (Equation (32)). On the other
hand, for very low PMD, a measurement at a single frequency might not be much different
from measurements across a range that is practical.

Another outcome of the uncertainty is that optical fibre cable is specified statistically using a
parameter called the link design value or PMDQ. IEC TR 61282-3 [9] explains this statistic
more completely, but it is an upper confidence limit, at 99,99 % probability, on the
concatenated PMD coefficient of 20 cables. The statistic takes both average and variance of
the PMD distribution into account. The variance includes measurement uncertainty, so the
statistical specification is a primary way of managing measurement uncertainty.
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4.7 Managing time

The output SOP can be modified by factors other than optical frequency. These factors can
change with time. Factors include:
e Temperature

Even for buried cabling, small temperature changes over long times can produce changes
in the DGD that are apparently random when the times between measurements are
sufficiently long.

e Vibration

Saqme aerial lines have high frequency variations Another source could be railrogds or

highways.

e Bending variation
THis can be caused by winds.
e Rewinding the cabled fibre
e Uncontrolled changes in the input SOP
THis is important for active system monitoring.
Changes in these factors over the time of measurement can resulbin errors, depending ¢n the

measyrement method. Except for uncontrolled changes in theXinput SOP, the main effdcts of
these|sources of variation are changes in mode coupling.

For frequency domain measurements, at least a part-0f.the output SOP shall be measured at
either|a pair of frequencies, otherwise a means of evaluating the frequency derivative sHall be
provided in order to obtain an estimate of the DGD. The measurement time for such g pair
shouldl be small in comparison to the factor variation rate, e.g., 1 ms for vibration noise |in the
range|of 50 Hz to 60 Hz.

When|such a small interval is not practical, there are alternatives:

o wait until the disruptions are not'‘changing, e.g., the wind stops, or the train is gone;

e usle a time domain, interferometric measurement.

The dlow variation with small temperature changes produces a different random DGD |curve
vs. optical frequency ,atione time vs. another. This gives rise to the term "instantapeous
DGD"

Depending on the*type of physical perturbations, the statistics of the DGD across tim¢ at a
given|frequency are similar to the statistics of the DGD across frequencies at a single| time.
This i an,aspect that can be exploited in system monitoring.

S HhRotion ' is—a thing
to do, particularly for measurement of installed links. There is, however, no formal
requirement to do this check or a standardized criterion for "stability".

5 Measurement methods

5.1 General

There are several international publications that describe some common measurement
methods. Each such publication is normative to the products to which the publication applies.
The product categories and normative test publications are:

e optical fibre and cable: IEC 60793-1-48;
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e optical amplifiers: IEC 61290-11-1 and IEC 61290-11-2 (IEC TR 61292-5 [10] for
information);

e passive optical components: IEC 61300-3-32;
e installed links: IEC 61280-4-4.

These normative test procedures differ in respect to details that are especially critical to the
product. For example, the amplifier documents pay particular attention to amplified
spontaneous emissions. The passive component document provides some guidance on
polarization dependent loss for devices with small levels of PMD and which are in the
negligible mode coupling regime.

Anothler aspect relevant to optical components is that some components such a waveiength
divisign multiplexing devices have multiple optical paths that require special procedures.
Provigions for devices with multiple optical paths are not in the scope of this,Technical
Report.

Each | normative test publication has one or more measurement methods. The [same
measyirement methods appear in multiple normative publications. The lintent of this Technical
Repoit is to explain how the different measurement methods relate to’the underlying thepry. It
is notl the intent of this Technical Report to repeat the technical requirements found |n the
indivigual normative test procedures listed above. In some _ cases, however, some of the
requinements must be repeated in order to provide backgroundnecessary for the explanation.

The methods include

o Stpkes parameter evaluation (SPE):
— | Jones matrix eigenanalysis (JME);
— | Poincaré sphere analysis (PSA).
e Phase based measurements:
— | modulation phase shift (MPS);
— | polarization phase shift (PRPSY.
e Inferferometric methods:
— | traditional interferometric method (TINTY);
— | general interferemetric method (GINTY).
e Fixed analyser (FA):
— | extrema_counting (EC);
— | Fourier.transform (FT);
— | cosine Fourier transform (CFT).
o Whavelength scanning OTDR and SOP analysis method (WSOSA)

The main list items use common equipment and procedures, while the indented list items
differ mainly in the analysis. There are some equipment modifications to the TINTY, for
example, that are needed to complete the GINTY measurement, but most of the equipment
needs are quite similar.

SPE, FA, and phase based measurements involve a scan of optical frequency from a lower
frequency to an upper frequency at a frequency increment. For SPE and phase based
measurements, the DGD is reported for each increment, and the PMD value is based on DGD
statistics, either linear average or RMS.

See 4.6 for information on frequency range and increment. The different publications have
requirements for the frequency increment based on a requirement that the output Stokes
rotation from one frequency to the next should not exceed 180° (on the Poincaré sphere), but
considering second order PMD, this limit is too large for randomly coupled transmission
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media. Instead, a rule based on apparent continuity of the result should be used. In any case,

the larger the PMD being measured, the smaller the increment shall be.

For FA and interferometric methods, the PMD as a whole is reported. For interferometric
methods, the PMD is reported as RMS DGD value. For FA, PMD is reported as linear average
DGD. Equations (24) and (25) can be used to convert either way.

Table 1 shows which test methods are defined in which International Standards. An X denotes

a normative method; a Y denotes an informative method.

Table 1 — Map of test methods and International Standards

differences between Stokes characteristics of adjacent frequency paifs.

NOTE| While WSOSA has a separate clause, it is categorized as a Stokes Parameter Evaluation nj
becauge of the similarity to the others in this category. It is a frequéncy domain method that is bas

Method SPE Phase Interferometric Fixed analyser
Standard JME PSA |WSOSA | MPS PPS TINTY | GINTY EC FT CFT
60793-1-48 X X X X X X
6128p-4-4 X Y X Y Y X X
6129(Q-11-1
6129(Q-11-2
61300-3-32 X X X X X X X X

ethod

ed on

5.2 |Stokes parameter evaluation
5.2.1 Equipment setup and procedure

Figurg 6 shows an equipment diagram.

BBS

N

I PC Pol DUT

A

@@ @ |

TL

Key

BBS broadband source

TL tuneable laser

PC polarization controller
Pol polarizer (3 SOPs)
TF tunable filter

P polarimeter

stroke parameter analyzer

Figure 6 — SPE equipment diagram

Figure 6 shows some different options:

IEC
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e broadband source and tuneable filter that could be used for either PSA or JME;

e tuneable laser that could also be used for either PSA or JME.

Either the filter or tuneable laser is scanned across the frequency range, w1 to @2, in
increments of Aw. At each frequency, the polarization controller is swept through three input
linear SOPs: § = 0, #/4, and #/2, with 4 =0 (see Equations (6) and (10)). The normalized

output Stokes vectors associated with these input states are measured and called ;I é and

V , respectively.

The rotation of the output SOP from one frequency to another is deduced using either the
Joneq formulation of Equation (16), or the equivalent rotation on the Poincaré sphere;djrectly
using|calculations in 5.2.2 and 5.2.3. These calculation methods are exactly equivalgnt for
DGD.

The OQGD is reported for each adjacent pair of frequencies, and finally, thecPMD is calculated
using|either the RMS or linear average of the DGD values.

5.2.2 Jones matrix eigenanalysis

This describes the calculations for a pair of frequencies, wy and, mwj+4w.

The qutput Stokes vectors are converted to complex/Jones vectors: fz g, and v |using
Equations (6) and (10) for each frequency using an assumption that 6<x.

The 7 matrices are calculated for each frequencyr Given the following, one might think that
the ellements of the T matrix could be taken directly from the elements of the horizontal and
verticgl outputs:

[}? ;]: TB ﬂ (33)

Due tp the one 7 ambiguity in the conversion of Stokes vectors to Jones vectors, Equation
(33) is not quite a valid\way of estimating 7. Instead, the following ratios, which are not
affectpd by the ambiguity, are calculated:

k=t gy =Y gy dx _TootTor 4 ks—hky  Tho (34)

4
) g, Tho+T1 ki—ks  Ty4

For theast two equations in Equation (34), the terms on the left are numbers and the fterms
on the far right are relationships. The 7 matrix estimate is now given as the following:

~ \kiks Kk htlv, v /v
7o |fka Ko eIV Vel Yy (35)
ky 1] |hyIvy vy Iy,

It is stated that the actual T matrix is equal to this estimate times an arbitrary complex
constant.

The first matrix expression of Equation (35) provides a numerical estimate of T. The second
matrix expression shows that the mysterious constant is tv.. This expression results from
expanding the expression for k,. The one = ambiguity is now isolated to the sign of the matrix,
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which can be arbitrary. Given a sequences of frequencies, the signs could be chosen for
continuity.

NOTE Most implementations of the JME do not carry out the multiplication by ivy. They do not need to.
The frequency mapping matrix, J, of Equation (14) is now given as
~+ Vyw0+Aw

Syt = (40)gy £ T g + A0 (@0 i (36)
yo

Inspegtion of Equation (14) shows that the absolute value of the argument of thecrgtio of
eigenyalues of J is equal to dwAr. Since multiplication by an arbitrary constant does.'not|affect
the ratio of eigenvalues, the ratio of the eigenvalues of the expression using the [[-estijnates
insidg Equation (36) also yields the value of this ratio.

5.2.3 Poincaré sphere analysis

This gnalysis technique deduces the rotation angle, AwA4z, directly.

Since|the input SOPs, 0 and 7/2 (sphere coordinates) are orthegonal, and the action pf the
input fo output T matrix is that of a rotation, the associated outplt SOPs should be orthggonal
on the sphere. A third orthogonal normalized Stokes vectorrepresenting what would be putput
from gircular input SOP is calculated with the cross product operator. The measured ¢output
SOPs| for both frequencies, wy and wy+4dw, are agdjusted to ensure orthogonality with the
followjing

T
X
Q1
Syt
X
<

S
Il
T

Q|
1]

T
X
[\
<
X
<!

Also, |calculate the associated difference vectors by subtracting the vector at @y from the
vectol at wy+Aw to obtain: AZ,A&,AE,AE,AE’.

First, [the situation for };,Q,E is explained using Figures 7 and 8. Figure 7 shows a pogsible
relatignship of the PSB to the vectors obtained from Equation (37).

AE:hxé
=
\P)
Qe
th R
Olh ~
q

Figure 7 — Relationship of orthogonal output SOPs to the PDV

Figure 8 illustrates the rotation from one frequency to the next for an arbitrary output Stokes
vector.
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IEC

Figure 8 — Stokes vector rotation with frequency change

In Figure 8, s(w+ Aw) is the component of s that is perpendicular to 5 and @ is the rdtation
angle| from which DGD, A4z, will be determined from the Stokes difference wector,
45 = §|(@g + Aw)-5(@g ). From geometrical considerations:

[s1|=sine] |A§|:2|§i| sin%|sina| (38)

sinﬁ‘:Z
2

Squatling both sides:
452 =A§-A§:4sin2§sin2a (39)

Collegting all the difference vectors«<lengths:

Ah? + qu + Ac? = 4sin? %(sin2 ay + sin? ag + sin? ac)

= 45sin? % [3 - (0032 ay + cos? ag+ cos? a,. )]

=8sin“ — (40)

The elimination of the sum of cosine terms is due to the cosine rule of three orthogonal
vectors with respect to a common fourth vector. The sum of the cosine squared terms is equal
to one.

From Equation (40), DGD is:

AT :i:isin_1 [

(41)

8

- ~ /2
Ah2+Aq2+A02
Ao Ao

Using the alternative orthogonal Stokes vectors based on 4 yields a slightly improved
estimate:
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At =——<sin (42)
A 8 8

- - - 1/2 - ~ - 112
1 1 (Ah2+Aq2+Ac2J 1 (Aq2+Av2+Ac’2]
+ Sin
w

NOTE It is easily demonstrated that the PSA is also equivalent to the Mueller matrix method.
5.2.4 One ended measurements based on SPE [3]

IEC 61280-4-4 includes an informative measurement method based on measurements that
can be done from one end of the transmission media. It is based on analysis of the output
SOPs that are reflected from the far end and re-transmitted back toward the source where the
reflecied SOPs are measured with a polarimeter.

A dirg¢ctional coupler is inserted between the polarization controller and the transmjssion
medig. The transmission media is attached to the measurement equipment with a low loss
angled connector. The reflected light goes through the directional coupler and info the
polarimeter.

The far end of the transmission media shall reflect sufficient light{se a flat end cut that is
perpendicular to the fibre end might need to be prepared.

The reflected light is the sum of the Rayleigh scattering light*and the light reflected from the
far enld. The following limitations must be evaluated:

e THe far end reflected power dominates. Thisplaces a practical limit on the length
measured.

e THe Rayleigh scattering will normally be depdlarized due to strong mode coupling. Diegree
of|polarization of 90 % or more is preferredbut degree of polarization as low as 25 % can
bg measured — with reduced accuracy.

The Hasis of this technique is to write\'out the matrix, Rg, that maps input Stokes to ¢utput
reflecfed Stokes as Equation (43).

Ry = MRT MR (43)
Wherg¢ R is the forward transmission matrix and M is a diagonal matrix with elements (1,1,-1).

Like forward tranSmission, the DGD effect is deduced from the derivative expression:

Do _ s plso = 2pxs (44)
do do

It can be deduced that the reflected PDV is equal given as:

07
Qp =—2MR"| 2, (45)
0

Since the action of the rotations in Equation (45) have no effect on the length of the resulting
vector, we can see that, in the context of strong mode coupling, the expected value of the
length of this vector is related to the PMD RMS, hence linear average PMD, as Equation (46).


https://iecnorm.com/api/?name=92e8cef7ab5b547d9e6bf2ea35a2a7bd

IEC TR 61282-9:2016 © IEC 2016 - 27 -
<Ar§>z%<4\rz>:ﬂ<ﬁz'>2 (46)

Because the third element of Equation (45) is zero, the distribution of the length of ¢y is
Rayleigh. This provides a relationship of the RMS to linear average given as:

(acB)=2{ary)? (47)

Combining Equations (46) and (47) yields Equation (48).

(ar) =2 {azy) (48)

5.3 Phase shift based measurement methods
5.3.1 General

There| are two basic setups that are quite similar. These are illustrated in Figures 9 and 10.

TL M PC DUT ORX
i Q0. @
— - ~ I
I [P M|
1
1
1
1
1
' /f A
1
: G Ref
L d
IEC
Key
TL tuneable laser
M modulator (optional)

PC polarization centroller
ORx [optical receiver
G HF oscillator tuneable in range 0,01 GHz to 10 GHz

A phase measurement analyzer

Figure 9 — Setup for modulation phase shift
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TL M PC DUT Pol ORXx

\é{ ©X® @ O/E

S
ORX OJE

P4 f A

G Ref

—~

IEC

Key
TL tuneable laser
M modulator (optional)
PC polarization controller
Pol polarizer
ORx [optical receiver
G HF oscillator tuneable in range 0,01 to 10 GHz
A amplitude / phase measurement analyzer

Figure 10 — Setup for polarization phase shift

For these methods, there is a scan of optical frequency yielding a DGD vs. frequency plqgt. For
each pptical frequency, there are a number of input SOPs that are launched. For each Idunch,
the phase shift of a modulated optical signal is’measured. For the MPS measurements) each
opticgdl frequency results in a DGD value. For the PPS measurement, each pair of ad|acent
opticdl frequencies produces a DGD values

The main difference in the equipment is the polarization beam splitter used in thg PPS
methqd.

The ipdividual test method standards have requirements on the modulation frequency that
depernd on the maximum DGD to be measured and the minimum resolution.

5.3.2 Modulation.phase shift — Full search

The ipput SOPLis varied over the full Poincaré sphere as pairs of orthogonal state§. The
phasq difference for each orthogonal pair is calculated. The switching between orthqgonal
pairs [may~be modulated so phase difference measurements will not be affected by thermal
drift.

The search is for the input pair that produces the maximum phase difference.

When the two orthogonal pairs are aligned with the fast and slow PSPs, the phase difference
is maximal. A five degree difference between the true PSPs and the input SOPs will yield a
DGD error of approximately 0,4 %. This forms a limit on the search density.

The DGD (ps) is obtained from the maximum phase difference, A, (rad), and the
modulation frequency, f (GHz) as

Az =1000 A%max (49)
27f
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Clearly, in an optical frequency scan, the PSPs of the last frequency can provide guidance on
the approximate PSPs of the next optical frequency. This can be used to avoid doing an
actual full SOP search for each optical frequency.

5.3.3

Modulation phase shift method — Mueller set analysis [4]

For each optical frequency, the input SOPs are cycled through the 4 Mueller states found in
Table 2, where 6 and u are defined in Equations (6) and (10).

Table 2 — Mueller SOPs

Position [ 7] Description
A 0 0 Linear horizontal (H)
B 74 0 Linear 45 (Q)
C 72 0 Linear wertical (V)
D 74 72 Cireular (C)

The phase of each position is measured and labelled ¢,, ¢g, ¢¢c, and ¢p.

The §

positi

This i

The n

An ar
PSP
polari

The plolarization dependent part is 6. The power of the two components can be related

angle
cos?(

ext paragraphs formian attempt to explain Equation (50).

Jones vectors. The two components have phase shifts of &+ and &-6. @
vation independent due to both the systems mean group delay and electronic d

o (Poincaré sphere angle), between the PSP and output SOP on the Poincs
/2)7and sin?(a/2).

verage of phases A and C is calculated and then¢subtracted from the phasg¢s for
bns A, B, and D, which are labelled as da, Jdg, and ©p. Finally, these are combined in
Equatjion (50).

12
0= 2’(an1{[tan2 Op + tan? og + tan? 5D]1 } (50)
5 converted to DGD (ps) using the modulation frequency, f (GHz), and Equation (51).
0
Ar =1000 — (51)
2nf

pitrary outputiJones vector can be written as a linear combination of the two orthdgonal

s the
elays.
to the
ré as

The phase detector yields the phase resulting from the sum of the two components, which can
be shown to follow Equation (52).

o= tan‘(COSatangj +@

Figure 11 shows an output SOP, S, and its relationship to the PSP.

(52)
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N

PSP

IEC

Figure 11 — Output SOP relation to the PSP

From [Figure 11, Equation (53) can be deduced.

a = cos ™ '[cos ppgp Cos(Opsp — 83 )] (53)

Thus far, the discussion has been with respect to an<arbitrary output SOP, which, in general,
has an unknown relationship to an input SOP..Iln the case of the Mueller input set, which
forms| an orthogonal framework, we can conglude that the output SOPs will also form an
orthogonal basis because the action of the # matrix is a rotation. This means that therg is a
rotated reference frame wherein the output SOPs form the Mueller set. The following results
from fhe application of Equations (52) and, (53) in that rotated reference frame.

For the linear SOPs, the measured ‘phases follow:
1 o
¢4 =tan (cos @psp COS Opgp tan 5) +@ (54)
1 . )
¢p = tan (cos @psp SiNBpgp tan Ej +@ (55)
e S\
¢c =—tan 'Lcos @psp COS Opgp tan EJ +@ (56)

Equation (56) is derived from the fact that SOP C is orthogonal to SOP A.

Since SOP D is not on the equator, but for this special case, a = 712 — ¢ pgp SsO:

¢p :tan‘1(sin ®psp tan§j+¢ (57)

It is clear that when the average of phase A and phase C are subtracted from the A, B, and D
phase measurement, the tan-! terms remain as d,, d3, and Jdp. The sum of tan2d, and tan25,
yields cos?,pgptan?s/2. Addition of tan?s, yields tan25/2. Equation (50) follows easily.
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5.34 Polarization phase shift measurement method[5]
5.3.4.1 PPD measurements and calculations

A scan of optical frequencies is made. Adjacent pairs of frequencies produce DGD values. For
each frequency, the input polarizer is set to linear 0 and #/2 SOPs. The phase and power for
the P and S states are measured after the polarization splitter. The results for each frequency
can be represented by the following matrix:

U {Pﬂ exp(—i®yq) Prp eXP(—i@z)]

- 58
|_P21 PXp{—Idjz»}) P22 PXID(—I@22 L ( )
Input SOPs are columns and P/S states are rows.
Index|the frequencies with k£ and for £ = 1 to »n-1.
Calcujate the phase derivatives for the data defined in Equation (56).
For7¥1,2,;=1,2:
’ Dii 41y — Piik
jio = —L O (59)
Then galculate the following:
cos2q, = At~ Far (60)
Piag + Poy
1
6, =Ecos (cosZé’k) (61)
-0
0]’( — k+1 k (62)
Aw
b = (Dhg — Daor — Dpyy + Digy )/ 4 (63)
= (Diy = Doy &+ Diyy = Dl )1 4 (64)
ol 2 2 2 ' /2
Aty —2l/lk + @ +9k +2(//k¢k 00329]{ (65)

Finally, calculate the PMD value using either the linear average or RMS of the AT, values.

5.3.4.2 PPD Theory

The input to output Jones matrix that maps an arbitrary input Jones vector to the output vector
is T. For this measurement method, it is formulated somewhat differently than the formulation
used to see the rotational aspects (as in Clause 4). In particular, the # parameter here is not
the same as the parameter used in defining the rotation vector.
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_[cosoexp[-ily +¢)] —sindexplily - ¢)

cos@exp(-iyy) —sindexpliy,)
r= e ey }_Lineexp[—i(t//—qﬁ)] coseexp[i(y/+¢)]q (66)

| sindexp(-iyy) cos@expliyy)

where all parameters are functions of frequency and:

111 -1
P2 V1 (67)
v 211 1w
Ther Iafinnchip to DGD is fhrnngh the D mah'iv’ the nignn\lalnnc of which aro nqnal to '_"IAT/Z,
as shown in Equation (19).

_ AT 1 _ —i(y'cos20 +¢') — (0" +iy'sin20)exp(- i2¢)

P=a’ {(9' —iy'sin26)exp(i2¢) iy’ cos 20+ ¢) } (68)

The rightmost formulation in Equation (66) enables this clean expression of D. The varjables
with g "prime", e.g., v/, are frequency derivatives.

The ejgenvalues of D are obtained by finding 4 such that

det(D-41)=0 (69)
wherg
det is the determinant operator;
1 is the identity matrix.
Equation (69) evaluates to:
2+ (v’ cos 20 + ¢’)2 GO +y'sin?0=22+y'?+9?+0?+2y'p'cos20=0 (70)
The OGD is therefore givén as:
N I R | L 12
AT =2 +¢* +0'" +2y'¢ cos28 (71)

The first two derivatives in Equation (70) are obtained from the following, which link Equation
(58), {he measurements, to the first formulation of Equation (66).
’ ’ ’ ' Q' _Q’
y1~ @1y~ ~DPp SO Y4 Z% (72)
! ! r I ¢/ _'Q,
W2 = @31~ ~P13 SO Y3 =% (73)

Application of Equation (67) yields:

V'}:l{@h—@éz—@éﬁ@'z} (74)
y'| 4D D+ Dy~ Dy
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Inspection of Equations (58) and (66) shows that P, and P, are proportional to cos20 and
sin2f. As a consequence, we have:

cos20 = 1= o1 (75)
Prq+ Py

This must be calculated for each frequency. The arccos of these values, divided by two, yields
6 values for each frequency, hence the frequency derivatives 6, = (9k+1 —Gk)/Aa).

The grecos—funection—retrrs—vatues—betweenr—0—and—=—The—rea d—function—might—g9 from
value$ in this range to values in excess of z. Since there is no information on sin2¢, this
situatfon cannot be determined from the data, only guessed. There could be a requiremgent to
make|a guess based on continuity, for example, but in 5.3.4.1, there is no such requiremient.

Maintaining an assumption that 26 is between 0 and 7 has no effect on the‘accuracy pf the
cos2¢ term. It could affect the derivative for the frequency that just crosses 0 or 7, but|since
the square of the derivative is used in the calculation, this change in.derivative is expecjted to
have g small effect on the overall PMD.

In [5]] an additional term for group delay is added to the TZ<matrix. It is a multiplicatipn by
exp(-1@). It is stated that the group delay time independént of polarization is obtaingd as

Tg =(p»i1 +@éz)/2

5.4 |Interferometric measurement methods
5.41 General

A gengeric setup for interferometric method.is shown in Figure 12.

Fringe envelope

A Polarjzer detection

/S vy
o o —\HF |
\ / Controllej

Optical Connector or splice  Mirror Beam Moving mirror
sdurce splitter

EC

Figure 12 — Interferometric measurement setup

Figure 12 is most representative of the TINTY method. For GINTY, polarization scramblers
are placed after polarizer A and before polarizer B. In addition, for GINTY, there is a
requirement to make measurements with polarizer B at: a) an arbitrary setting and b) a setting
orthogonal to the first setting. Depending on the equipment, this can be done in various ways.

NOTE 1 For GINTY, the polarization scrambling function could be done with the polarizers, depending on the
polarizer design.

The optical source is an unpolarised broadband light source with constant autocorrelation
function and no deterministic modulation. For TINTY, a spectrum that is approximately
Gaussian with no ripples is needed.

The interferogram will first be explained in terms of the setup with polarizer B removed.
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If the source were monochromatic with angular optical frequency of w, the field at the
detector would be the sum of the fields displaced by ¢4 and ¢, the distances of the two arms
of the interferometer.

Elty—15)= %Eo {expl-ia (t - 11)]+ expl- i (t - 22 )]}

- %EO exple ap (t — 1)+ expl—iwp (1 — 12 )] (76)

The ppwer is given as:

E (- 1)El0y - 12)= 1 B2 {2+ expl-fan s 1))+ explian(ty —12)])
1.2
- EEO {1+ coslag (1 —12)]}

:%Eg(mos(wof)) (77)

For a[polychromatic source with spectrum, Sp(w), the power detected by the interferometer is
given|as Equation (78).

10() == [ Solhter + - [$5{@)coszkter = Py, + Fo(¢) (78)

The decond part of Equation (78) is~closely related to the autocorrelation function of the
source, R(T) as:

k(r)= So(a))exp[ira)]da):<E(t)E*(t—r)> (79)

The gonstant term in_Equation (78) shall be subtracted before further calculations and can
easily| be done because the two terms are equal when 1 = 0. This subtraction will be asqumed
to be done for_the-rest of the interferometric method descriptions.

The reasan;for the 0 subscript in Equations (78) and (79) is that this is the spectrum before
polariger/B. The power after polarizer B (an analyser) is designated as S(w) and is given as
Equal'un (GG)

5(0)= o Sol@)1+5(0)- 5,) = —-Sol@)1+ () = -(s0()+ 5. () (80)

There are some different notations for the different parts of the derivation that are found in
Equation (80). The main part is shown in the first term, where the output Stokes vector, E(a))

appears in a dot product with the Stokes vector, s,, which is the orientation of polarizer B.

This dot product is called x(w) in the second expression of Equation (79). PMD is related to
the variance of the output SOP with angular optical frequency. The characterization of the
variance of the dot product, x(w), through the interferogram, is the basis of the interferometric
method.
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The non-constant part of the interferogram after polarizer B is given as Equation (81).

P(z)= %.[SO (1+ x(w))cos(wr)dw (81)

Figure 13 shows some of the relationships defined above graphically.

Link
Polarizer 'PLlyzer Interferometer
Hroadband 0 Ss(v) S(v) —
source U
*
1 ) ) ~
S(v) =5 {1+ [50) * 531} So(v) P(@)”| Fringes
\ *

\ Auto-correlption

Fourier

Modulus
of stim

Spectrum S(v)

Envelope E(7)

Cross-c?rre ation

Delay (7)
IEC

Figure 13~ Interferogram relationships

The |[nterferogram part of (Figure 13 is actually the absolute value of the resplt of
Equafion (81). It shows a central peak, which is labelled "auto-correlation". This is the |result
of the[“1” part of (1+x(w))-in Equation (81). Its width decreases as the spectrum broadensg. The
other ppart, due to x(w)}is called the "cross correlation”. Its width increases as PMD increjases.

NOTE P Polarizer B'is‘often called an analyzer.

5.4.2 Generalized interferometric method [6]

5.4.2.1 Cosine transform pair characteristics

This subclause shows some relationships of cosine transform pairs. 5.4.1 showed that the
interferogram and spectra are related by way of cosine transforms. Two results from this
clause, Equations (87) and (88), will be used in 5.4.2.2 to follow.

Define F and f as a cosine pair.

f(f)=\/§ [ Flo)oos(wrio (82)
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F(a)):\/g [ /(- )cos(erlir (83)

F2(0)= 2 [ [ (e)f(")cos(or)cos(or Wtz (84)
T
00
r pz(/n\rl/n e Er f f‘(f‘ f‘(ﬁr'\fr"ne(nvr\r“ne(nvr’\r]nv]'rf]'r' (85)
J AN 72"‘ J EARNWLAAN /J \ 7 \ 7
0 00 0

The integral with respect to frequency is a delta function such that:

00 00

IIf(r)f(r’)cos(a)r)cos(a)r’)dwdr’ = 12() (86)

00

Substjtuting into Equation (85):

oo}

[ERQZE 2Tf2(f)df < Ojofz(r)dr (87)

0

The rightmost expression of Equation (87) isallowed because the ideal interferogram ig even
about|zero.

Taking a similar path results in Equation (88) for the derivative of F with respect to frequency.

o0

T{dF(w)wa: jrzfz(ryr (88)

dw

—00

5.4.2.p Separation of autocorrelation from cross correlation functions

Following the~n6tation of IEC 61280-4-4, the two non-constant interferogram terms for the
initial|and-6tthogonal polarizer B settings are designated as Px(r) and Py(z'). Continuing the
notatipai/of IEC 61280-4-4, Equations (89) and (90) yield the autocorrelation and |cross

Istiran—=~Ea-atian ¥ B fivalis b it o Lo foation 1o ol iotion (0NN £
correlatoh TOTToTOTTS ToSP o LtveTy; oot atsST— e Ao oo toTT - EqoatotT (U0 tor the

orthogonal setting is the negative of the initial setting.

~

Eo(e)=Pe)+ P(¢) E.(e)=Pile)-P,(r) (89)

Further consideration of Equation (79) shows that £y and £ are cosine transform pairs with S,
and S, respectively.

Polarization scrambling is recommended. There are various ways to do this, including Mueller
set sampling for both the launch and receive ends. Mueller set sampling includes all
permutations of states A, B, and D from Table 2 for both input and output.
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Polarization scrambling results in the mean square envelopes for both the autocorrelation and
cross correlation functions, which are given in Equation (90).

1 2 =2 1 2
=W;E0i(f) Ex (r)=W§Exi(r) (90)
From the relationships of 5.4.2.1:
OO 2/ 1‘ 2/ OO 22/ \ O‘?rdSn(a))—|2
leokrpr—.'oo\a))aa) Jr EQ (7 )z JL J do (91)
o 0

Tettn (st Jetzzne-J{[500] o

The expected value operators in these equations are with respect to.scrambler states.

Equations (91) and (92) show the calculation of the RMS widths and their relationship to the
spectfa.

0

[72E§ () I[dilo—j)‘”)rdw

of === 2 (93)

JRiE [k

jZE i I<[ds5§”)f>m

JE r)dr T<S§ (a))>da)

O—8

XI\J

(94)

The following(Figure 14 shows mean square envelope examples for Exz and Eoz.
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Figure 14 — Mean square envelopes
5.4.23 Relationship to PMD
This pubclause will connect the results from 5.4.2.1.5and 5.4.2.2 to the RMS PMD]| The
expedted value operator is with respect to scrambler state.
The definition of the cross correlation spectrum, i§;/'leads to Equation (95).
ds (o) dx(w) \°\ .2 dx(o) dSo(®) 1 2, W[ dSo(@))?
S ) 17 58(@)2{ x(0) =)o) =2+ (2 () SO (95)
do dw do dw do
The fpllowing properties assume that the statistics of the input Stokes vector, whigh are
assumed to be random, are the same as the statistics of the output Stokes vector.
e THe probability distribution functions of the individual Stokes vector elements sy, are
urfiformly distributed-as %.
e THey are uneofrelated: <sisj>=0,i¢j
o Expecied-value of the square: <s12> =1/3
° Uncorrelated with pnlnri7nr B /:: \—ﬁ
Implications of these relationships follow:
<x2(w)>=1/3 => <53(w)>=%sg(w) (96)
<dx(“’) x(a))> =0 (97)
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(23 £)-4

2>
Equation (95) can now be written as Equation (99).

([T ) -3ssl )3T

ds

dw

ds (aJ)

dw

From [Equation (18), where everything is a function of frequency:

ds@) _ 5. 7 Ac(px5)=(Arsino)i
do

wherg

0 isfthe random angle between s and p;

u isthe unit vector perpendicular to them.

Equation (98) leads to Equation (101) because of the fandom relationship of the

Stokep vector to the PSP.

&)
dw

|

> = Ar2<sin2(49)> = %Arz

Integriating Equation (99) and dividing by J<Sf(m)>dw:%
0
© 2 0 © 2
J.<{ de(a))} >dco J.ArzSg(a))da) J[M} do
0 _20 40
0 3 [°e] 0
0 0 0

This leads to the PMD formula that is found in IEC 61280-4-4.

[s8(@ke yields Equation (102).
0

(98)

(99)

(100)

butput

(101)

(102)

. 1/2
242

; 1/2 IAT So(a))da)

b(af—aéﬂ = PMDpyss = | 2

TS& (a))da)

The PMDRgrpms value that is reported is a power-squared weighted RMS value.

(103)
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5.4.2.4 Mueller matrix scrambling

When the 9 I1/0 SOPs that represent all permutations of the three Mueller input states with the
three output states are used, it can be confirmed that the relationships leading to the result of
5.4.2.4 are produced.

The output SOPs, Ea, form the columns of the identity matrix. The input SOPs are also the

columns of the identity matrix, but the output states are the columns of a rotation matrix. A
random rotation matrix can be built with a random rotation vector and angle using
Equation (12).

A firsLaspect to be confirmed is <s,-sj>:0,i # j. This is confirmed by forming all such prgducts

for the rotation matrix and summing. The sum is invariably zero. It is clearlytrue for the
identity matrix.

A sedond aspect to be confirmed is (siz)=1/3. This is confirmed for the| rotation matrix by
averaging the squares of all elements. It is also clearly valid for the identity matrix.
Considering that the 9 x values are the 9 elements of the rotation matrix, the property,

<x2> 2 1/3 is also confirmed.

A property that is not confirmed is <§~§a>:0. The sum .©of the rotation matrix elements |is not

zero. | The consequence is that the expected value’ of certain expressions cannpt be
determined independently for the two vectors. One“such expression is Equation (97)| This
evalugates to Equation (104) for the Mueller output set.

drlw) x(w)=ﬂS1S§1 B2 g2 B3 2, (104)
da do dw

When| Equation (104) is averaged over the three Mueller output states, where if one element
of s, Js one, the other two eleménts are zero, one obtains the dot product of the derivalive of
a normalized Stokes vector with itself. This has a value of zero, so Equation (97) is confirmed.

Anothler relationship that*could need independence of the two vectors is Equation (98). This
expar|ds to Equation((105).

2 2 2 2
dx(a)) ds1 2 dsy 2 dsj 2
—| =|— +|—= + 105
|: do :| (de Sa1 do Sa2 do Sa3 ( )

Averaging over the Mueller three output states yields an equation like Equation (103) for one
input vector. Averaging across three input vectors yields the full Equation (98).

As a consequence of the above, all the relationships leading to Equation (102) are satisfied
by using the permutations of the three input and output Mueller states.

5.4.3 Traditional interferometric measurement method
This method suffers from the following deficiencies:
e no separation of the cross correlation function from the auto correlation function;

e it works with the absolute values of the I;(r) functions rather than the squares;

e the spectrum must be close to Gaussian and without ripples;
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e strong mode coupling must be assumed, like in the fixed analyser method.

5.5

5.5.1

Fixed analyser

General

A typical equipment setup is shown in Figure 15.
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frequency increment and.extent, depending on the expected maximum PMD.
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broadband source
tuneable laser

polarizer (1SOP)
analyzer (0° or 90°)
optical spectrum analyzer

optical power meter
Figure 15— Fixed analyser setup
ource may either be a tuneable laser or a broadband source. Depending on

an optical power meter or a spectrum analyser is used to measure output pow
| frequency. As with the DGD-based methods, the standards provide guidance ¢

roadband source is used, it should follow the requirements used for the interfero
d.

being| switched to either of a pair of orthogonal orientations. Although this is not fo

requi

The Ialyser, which is really a polarizer, shown in Figure 15 is indicated with a capab

d. by the International Standards, the findings of the GINTY show that the sun

vhich,
er vs.
n the

metric

lity of
rmally
nh and

difference of these power functions allow separation of the autocorrelation and cross
correlation functions and the separation of Sy and §,.

Addition of polarization scramblers after the polarizer and before the analyser would allow
collection of data across all permutations of the Mueller states for input and output, yielding
an improvement in results consistent with GINTY results.

What is measured is either P (v) and P, (v) or P (v) and Pg(v)
where
P4(v) is the power spectrum measured with the analyser in place

Po(v)

is the power with the analyser taken away
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Py(v) is the power with the analyser set orthogonal to the initial setting

Given the results of GINTY, the difference between P, and Py leads to the cross-correlation
function because the analyser/polarizer for setting B is orthogonal to setting A. In some
International Standards, such as IEC 60793-1-48, it is mentioned that a polarimeter could be
substituted for the analyser/detector combination. In this case, the three Stokes elements are
each the normalized difference in powers between two orthogonal states. Furthermore, the
three elements are a complete Mueller output set. The three should be combined in squared
power for the cosine Fourier transform technique or for the spectral differentiation technique.
Combining three Mueller input SOPs with the paired Stokes output vectors forms a complete
Mueller input/output set.

While|the International Standards allow equal increment in wavelength, this Technical-Report
will define results in terms of optical frequency, either angular, w, or just 1/t units;»v| e.g.,
GHz. [t is better to use equal increments of frequency so the transform methods canbe ysed.

The first three items on the list of analysis methods are in the current standards and applear in
the order that they were discovered. The last is not currently in any International Standard,
but is|derived from the mathematics of GINTY.
e extrema counting;

e Fdqurier transform;

e cosine Fourier transform;

e spectral differentiation.
5.5.2 Extrema counting

The ratio function, R(v), is calculated as either

R(v)= LA o, R(V):#(VP)BM (106)

This groduces a result such as:what is shown in Figure 16.

IEC

Figure 16 = FiXed analyser ratio

This measurement method and analysis technique was the first proposed in standardization
activities. The variation seen in Figure 16 is due to the variance in the output SOP with
frequency. The formula for obtaining the linear average PMD value is Equation (107).

(107)

Where
E is the number of extrema, either maxima or minima;

v and vo  define the range of frequencies that were measured.
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The parameter k is usually given as 1 for the case of negligible mode coupling and 0,824 for
random mode coupling, but it can only be considered as an approximation for the case of
strong mode coupling or intermediate mode coupling.

Figure 16 shows a case of strong random mode coupling. Negligible mode coupling would
show a simple sinusoidal function.

Equation (107) was the result of simulations combined with experimental observations and
comparisons of birefringence measurements and deployed long lengths.

The extrema counting technique was the first proposed in standards at a time when PMD was
not generally very well understood or specified, and the first priority was sorting out yerfy bad
cables from moderate to good cables. It served its purpose but at this time, Equatioh.(1/05) is
best used to illustrate how the variance increases as PMD increases, whigh” prgvides
guidapce on what frequency increment should be used. Also, Gisin [2] used)it-to estiimate
PMD measurement repeatability as a function of frequency extent.

A fredquency extent sufficient to produce 10 extrema is recommended.

5.5.3 Fourier transform

This technique is also based on the ratio functions of Equation{106). The Fourier transf¢rm of
this fynction converts data from the frequency domain to thé.time domain in a manner {hat is
similaf to the interferometer. As we see in the GINTY, the result of doing an FFT on thg ratio
is FFT(1/2(1+x(w)). The % part of this creates a sin(x)/x type of response so the ge¢neral
reconjmendation is to use a windowing function that{goes to zero smoothly at the frequency
extrerpes.

Equall increments of frequency are required.*The International Standards allow fitting and
interpplation to obtain equal incrementssin frequency from data that are based on |equal
wavelength increments. The FFT requires’an input array with the number of elements equal to
a power of 2. When the measurements*do not occupy the whole array, zero-padding or{filling
the p3rt not occupied with zeros should be done.

For a broadband source, a good windowing function would be the spectrum beforne the
analyser, Py, or P, pp Which are Sy from the GINTY discussion. For a tuneable |laser,
something that looks similar to a Gaussian source should be used. When this is dong, the
FFT groduces something close to an interferogram. The FFT is the sum of the autocorrglation
functipn and the cross correlation function — but it is a complex result. While not agtually
stated, the P(z) flinctions (results from the FFT) in the standards are the result of multiplying
the complex pumber Fourier transform value for a given time with its complex conjuggte. In
this wiay the plet of P(z) is similar to the squared interferogram envelope.

In thel ternational Standards, it is stated that care shall be taken to remove, or avoid psing,
the part of the transform near 0. This is the part of the transform that is dominated by the
autocorrelation function. When P, and P are measured, a better way to remove the
autocorrelation function would be to do the FFT on P4 _ Pp. This is prescribed in the cosine
Fourier transform technique.

Figures 17 and 18 show a post analyser spectrum and its Fourier transform power function. It
seems clear that this Fourier transform was done on the spectrum directly.
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Figure 17 — Power spectrum
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Figure 18 — Fourier transform

Figures 17 and 18 are a case of strong mode coupling and high PMD. For this |case,
IEC 6[1282-4-4 calls for calculating a weighted RMS using the P(t) output function, avpiding
the rggion near zero and the region inthe noise, then takes the square root and report$ it as

the linear average — but without the ‘/Si multiplier.
v

For the case of negligible mode coupling, IEC 61282-4-4 treats the power values|as a
histogram of DGD valués and a power weighted average is reported as the linear average.
While|this is not exaCttly correct, it may be adequate for simple birefringent elements.

5.54 Cosine{Fourier transform

This mathematical development is based on the GINTY method that has been proven to
produce.the power-squared weighted PMDRys. It is found in IEC 60793-1-48 but not in any of
the othertrterrational-Standards—Fhese—calewations—are—me appropriate—fe } 1D, in
which the extrema can be quite dense, as in Figure 17. For low to moderate PMD, when the
ratio plot looks similar to Figure 16, the spectral differentiation technique (see 5.5.5) might be
better.

hiah PN

Like the FT technique, the data must be available in equal frequency increments.

The windowing function, W(v), is applied to the ratio of power difference (P4-Pg) to power total
(P4+Pp). It should be clarified that when a broadband source is used, the windowing function
can be set to the power total. In this case, the result will be equivalent to the GINTY.

The calculated interferograms for a given 1/0O-SOP, Eg;(1) and E,;(r), are produced by fast
cosine transforms on W(v) and W(v)R(v), respectively, where R is the ratio of power difference
over power total. Following this, the calculations for GINTY are completed to produce spectral
power-squared weighted PMDRrus-
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Doing the fast cosine Fourier transform includes frequency shifting that is not very well
described in IEC 60793-1-48. The reason for frequency shifting is that the mathematics of
GINTY include frequency integrals from 0.

The array put into the fast cosine transform algorithm must contain n = 2k+1 elements. This
will almost always be larger than the actual number of measurements. Frequency shifting
results in placing the measurements into the input array and making the other elements equal
to zero. The frequency shifting calculations will indicate where, in the array, the data should
be placed.

Define Av as the frequency increment, e.g., in THz. The Nyquist frequency, vyyop, is defined as
Equation (108).

VNYQ =ndv (108)

Find m, an integer, such that:

(m =1V xvo < Vinin < Vmax < mMVayo (109)
wherg vinin and vax define the measured frequency boundaries:

The Igwer boundary for the Nyquist interval defined in Equation (109), the minimum measured
frequgncy, and the frequency increment define the location within the input array for the first
measyred value.

After the fast cosine transform is done, the.first element of the output array corresponds to
time zero and the increasing elements correspond to increasing time, with increment, 4¢,
given|as:

1

2VNYQ

At =

(110)

Becayse the cosine transform is even, the values at negative times are equal to the valyies of
positiye times.

When| IEC 60793-1-48 is revised, it is recommended that the above material replade the
region) around Equations (A.13) and (A.14) of IEC 60793-1-48.

5.5.5 Spectral differentiation

This mathematical development is also based on the mathematics of GINTY. Instead of
simulating interferograms, Equation (102) is used directly. This will be better suited to
situations where there are a moderate number of extrema, but will generally need some fitting
of the data.

In this subclause, optical frequency is expressed as angular optical frequency, w, because the
derivatives and integrals found in Equation (99) are with regard to this parameter.

Again, there is a windowing function W(w) that is applied to the ratio of power differences to
power total. For the broadband source, the windowing function can be the total power. For the
tuneable laser case, a windowing function is still needed or the o, parameter will disappear.
The windowing function reflects the fact that the frequency extent is finite.
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For a given 1/O-SOP, Sp;(w) and S,;(w) are given as W(w) and W(w)R(w). The data should

generally be fitted to avoid noise and to yield the derivative functions, dsfl"(w) and dS;i(w) .
w w

Calculate the power squared averages as:

2

ZSo, SOQ—%Z(CSS—;E”)JZ ZS ) xw:%Z(%ﬁ) (111)

Th bl (s 1 Hry | il FEr D 4
esq aviaytTo UITIT TTTCTU U UT TTicyralcu willit TCcopTul tU TTTUYUCTTIUY.

Calcujate the RMS expressions as Equation (112):

2 jSOww)dw 2 IS a))da)
70" .[SO a))da) x J.S co)da)

(112)

The AMD, ... is now given as Equation (103).

rms
5.6 |Wavelength scanning OTDR and SOP analysis (WSOSA) method [7]
5.6.1 General

This method appears in IEC 61280-4-4. The method uses equations that are similar to [those
in the|other test methods and in the theory; however, the notation of IEC 61280-4-4 and|in [6]
will bg used for this subclause.

Figure 19 shows the setup.
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Figure 19 — WSOSA setup
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