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European foreword

The text of document 86C/1378/CDV, future edition 2 of |JEC 61280-4-4, prepared by SC 86C “Fibre
optic systems and active devices” of IEC/TC 86 “Fibre optics" was submitted to the IEC-CENELEC
parallel vote and approved by CENELEC as EN 61280-4-4:2017.

The following dates are fixed:

¢ latest date by which the document has to be (dop) 2018-02-18

implemented at national level by

publication of an identical national

standard or by endorseme

e |atest date by which the national

nt

standards conflicting with the
document have to be withdrawn

(dow) 2020-08-18

This document supersedes EN 61280-4-4:2004.

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

EN 61280-4-4:2017 includes
EN 61280-4-4:2008:

the

following significant technical changes with

a) theory is removed and replaced with a reference to [EC/TR 61282-9;
b) anew method, wavelength scanning OTDR and SOP analysis (WSOSA), is added as

Annex G;

c) a brief description of each method is added to Clause 5;

d) Methods E and F are converted to informative Annexes E and F;

e) anew Clause (6) on measurement configurations is added;

f) anew Clause (7) on measurement considerations is added;

g) Clause 10 on procedure is expanded;

h) several of the apparatus diagrams are improved;

respect to

i) several clarifications about what is measured and what is calculated have been made in

Annex H.

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. CENELEC shall not be held responsible for identifying any or all such patent rights.

Endorsement notice

The text of the International Standard IEC 61280-4-4:2017 was approved by CENELEC as a
European Standard without any modification.

In the official version, for Bibliography, the following notes have to be added for the standards indicated:

IEC 60793-1-48:2003
JEC 60793-1-48:2007

IEC 61280-4-4:2006

NOTE
NOTE
NOTE
NOTE
NOTE
NOTE
NOTE

Harmonized as EN 60793-1-48:2003 " (not modified).
Harmonized as EN 60793-1-48:2007] (not modified).
Harmonized as .

Harmonized as EN 61280-4-4:2006 (not modified).
Harmonized as .

Harmonized as .

Harmonized as .

" Superseded by EN 60793-1-48:2007 (IEC 60793-1-48:2007).
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Annex ZA
(normative)

Normative references to international publications
with their corresponding European publications

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

NOTE 1 When an International Publication has been modified by common modifications, indicated by (mod), the relevant
EN/HD applies.

NOTE 2 Up-to-date information on the latest versions of the European Standards listed in this annex is available here:
www.cenelec.eu

Publication Year Title EN/HD Year
EC 60793-1-44 - Optical fibres - N 60793-1-44 -

Part 1-44: Measurement methods and test
procedures - Cut-off wavelength

- Fibre optic interconnecting devices and -
passive components - Basic test and
measurement procedures -
Part 3-35: Examinations and
measurements - Visual inspection of fibre
optic connectors and fibre-stub
transceivers
IEC/TR 61282-9 - Fibre optic communication system design - -

guides -
Part 9: Guidance on polarization mode
dispersion measurements and theory

IEC/TR 62627-01

Fibre optic interconnecting devices and - -
passive components -

Part 01: Fibre optic connector cleaning

methods
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

FIBRE OPTIC COMMUNICATION SUBSYSTEM
TEST PROCEDURES -

Part 4-4: Cable plants and links — Polarization mode dispersion
measurement for installed links

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

International Standard |JEC 61280-4-4 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 constitutes a technical revision.

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

a) theory is removed and replaced with a reference to IEC TR 61282-9;
b) a new method, wavelength scanning OTDR and SOP analysis (WSOSA), is added as

Annex G;
c) a brief description of each method is added to Clause 5;
d) Methods E and F are converted to informative Annexes E and F; Documents
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e) anew Clause (6) on measurement configurations is added;

f) anew Clause (7) on measurement considerations is added,;

g) Clause 10 on procedure is expanded;

h) several of the apparatus diagrams are improved;

)] ZeveraIHcIarifications about what is measured and what is calculated have been made in
nnex H.

The text of this International Standard is based on the following documents:

CbhV Report on voting
86C/1378/CDV 86C/1419/RVC

Full information on the voting for the approval of this International Standard can be found in
the report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts in the IEC 61280 series, published under the general title Fibre optic
communication subsystem test procedures, can be found on the IEC website.

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

e reconfirmed,
e withdrawn,
e replaced by a revised edition, or

e amended.

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

IMPORTANT - The 'colour inside' logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.
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INTRODUCTION

Polarization mode dispersion (PMD) is a statistical parameter. The reproducibility of
measurements depends on the particular method, but is limited also by the PMD level of the
link and the accessible wavelength range. Gisin [1]T derived a theoretical limit to this
reproducibility independent of the measurement method by assuming ideal measurement
conditions.

Originally, the principles of JEC 61280-4-4:2006 were closely aligned with those of
IEC 60793-1-48:2003 on optical fibre and optical fibre cable test method, which focuses on
aspects related to the measurement of factory lengths. However, |EC 60793-1-48:2007
removed some of the test methods that are no longer of interest to fibre and cable
manufacturers. These have been retained as informative Annexes D, E, and F in this
document, and a new test method G has been added.

This document also updates test methods A, B and C and adds more information applicable to
testing of installed cabling.

NOTE 1 Test methods for factory lengths of optical fibres and optical fibre cables are given in |JEC 60793-1-4§.

NOTE 2 Test methods for optical amplifiers (OAs) are given in JEC 61290-11-1 and JEC 61290-11-3.
NOTE 3 Test methods for passive optical components are given in |[EC 61300-3-33.

NOTE 4 Guidelines for the calculation of PMD for links that include components such as dispersion compensators
or optical amplifiers are given in IEC TR 61282-3.

NOTE 5 Further general guidance on PMD measurements and background theory is contained in
IEC TR 61282-9.

1 Figures in square brackets refer to the Bibliography.
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FIBRE OPTIC COMMUNICATION SUBSYSTEM
TEST PROCEDURES -

Part 4-4: Cable plants and links — Polarization mode dispersion
measurement for installed links

1 Scope

This part of IEC 61280 provides uniform methods of measuring polarization mode dispersion
(PMD) of single-mode installed links. An installed link is the optical path between transmitter
and receiver, or a portion of that optical path. These measurements can be used to assess
the suitability of a given link for high bit rate applications, or to provide insight on the
relationships of various related transmission attributes. This document focuses on the
measurement methods and requirements for measuring long lengths of installed cabling that
can also include other optical elements, such as splices, connectors, amplifiers, chromatic
dispersion compensating modules, dense wavelength division multiplexing or multiplexer
(DWDM) components, multiplexers, wavelength selective switches, re-configurable optical
add drop multiplexer (ROADMS).

This document focuses on the apparatus, procedures, and calculations needed to complete
measurements. IEC TR 61282-9 explains the theory behind the test methods.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their
content constitutes requirements of this document. For dated references, only the edition
cited applies. For undated references, the latest edition of the referenced document (including
any amendments) applies.

IEC 60793-1-44, Optical fibres — Part 1-44: Measurement methods and test procedures — Cut-
off wavelength

IEC 61300-3-35, Fibre optic interconnecting devices and passive components — Basic test
and measurement procedures — Part 3-35: Examinations and measurements — Visual
inspection of fibre optic connectors and fibre-stub transceivers

IEC TR 61282-9, Fibre optic communication system design guides — Part 9: Guidance on
polarization mode dispersion measurements and theory

IEC TR 62627-01, Fibre optic interconnecting devices and passive components — Part 01:
Fibre optic connector cleaning methods

3 Terms, definitions, symbols and abbreviated terms

3.1 Terms and definitions

No terms and definitions are listed in this document.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/
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e |SO Online browsing platform: available at http://www.iso.org/obp

3.2 Symbols and abbreviated terms

c velocity of light in vacuum (299792458 m/s)

h coupling length (also called #-parameter)

L length of the link

t, optical source coherence time (Method C)

oA wavelength increment (interval, spacing or step size)

ov optical frequency increment (interval, spacing or step size)
AL optical source spectral width or linewidth (FWHM unless noted otherwise)
A0 rotation angle on the Poincaré sphere

or differential arrival times of different polarization components
OTmax maximum measurable o7

OTmin minimum &7 value that can be measured

At differential group delay value

<Ar> average DGD over a wavelength range or PMD ,¢54¢ Value

<A2>112 RMS DGD over a wavelength range or PMDgys Vvalue

ATax maximum Az value that can be measured

Aw angular frequency variation in Method B

A test wavelength used to measure PMD

Ao central wavelength of the light source

v optical light frequency

Op second moment of Fourier transform data

oy RMS width of the squared autocorrelation envelope

RMS width of the squared cross-correlation envelope
RMS width of interferogram

angular optical frequency

ASE amplified spontaneous emission

DCF (chromatic) dispersion compensating fibre

DCM (chromatic) dispersion compensating module

DGD differential group delay

DOP degree of polarization

DUT device under test

DWDM dense wavelength division multiplexing or multiplexer
FA fixed analyzer

FA-FT fixed analyzer-Fourier transform (PMD test method)
FBG fibre Bragg grating

FET field effect transistor

FWHM full-width half-maximum

GINTY general interferometric analysis (PMD test method)
INTY interferometry (PMD test method)

I/O-SOP input-output state of polarization

JME Jones matrix eigenanalysis (PMD test method)

Full document details: BS EN 61280-4-4:2017
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LED light emitting diode

NLE non-linear effect

OA optical amplifier

OSA optical spectrum analyzer
PDL polarization dependent loss

PIN (diode) positive intrinsic negative (diode layers)

PMD polarization mode dispersion
PPS polarization phase shift

PSA Poincaré sphere analysis
PSP principal SOP

RBW resolution bandwidth

RMC random mode coupling

RMS root mean-square

ROADM re-configurable optical add drop multiplexer

RTM reference test method

SMF single-mode fibre

SOP state of polarization

SPE Stokes parameter evaluation (PMD test method)

TINTY traditional interferometric analysis (PMD test method)

WSOSA wavelength scanning OTDR and SOP analysis (PMD test method)
WSS wavelength selective switch

4 Background on PMD properties

PMD causes an optical pulse to spread in the time domain. This dispersion could impair the
performance of a telecommunications system. The effect can be related to differential phase
and group velocities and corresponding arrival times, 8z, of different polarization components
of the signal. For a sufficiently narrow band source, the effect can be related to a differential
group delay (DGD), 4z, between pairs of orthogonally polarized principal states of polarization
(PSP) at a given wavelength. For broadband transmission, the delays bifurcate and result in
an output pulse that is spread out in the time domain. In this case, the spreading can be
related to the root-mean square (RMS) of DGD values.

In long fibre spans, DGD varies randomly both in time and wavelength since it depends on the
details of the birefringence along the entire fibre length. It is also sensitive to time-dependent
temperature and mechanical perturbations on the fibre. For this reason, a useful way to
characterize PMD in long fibres is in terms of an average DGD value over an appropriately
large optical frequency range, either RMS <47>"? the RMS DGD over this frequency range,
or MEAN <4z>, the (linear) mean of the DGD over this same frequency range. In principle, the
average DGD value (RMS <47>" or MEAN <At>) does not undergo large changes for a
given fibre from day to day or from source to source, unlike the parameters 67 or Az. In
addition, the average DGD value is a useful predictor of transmission performance.

The term PMD is used both in the general sense of two polarization modes having different
group velocities (one having the fastest velocity and corresponding earliest arrival time and
the other the slowest velocity and corresponding latest arrival time, the difference between
the two arrival times being the DGD), and in the specific sense of the average DGD value
(RMS <A?>" or MEAN <Ar>). The latter gives us the strict definition of PMD for the
purposes of this document. Although the DGD Ar or pulse broadening 46 is preferably
averaged over frequency, for certain situations it can be averaged over time, or temperature.
There are two metrics of averaged DGD, that is PMD: Documents
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PMD ygan=(47) (1)

9 1/2
PMD pys= <Ar > (2)

The expression in Equation (1) is the PMD definition in term of the linear average of the DGD
values. The expression in Equation (2) is the PMD definition in term of RMS average of the
DGD values.

For many links, the DGD values are randomly distributed closely as a Maxwell distribution.
Under the assumption of a perfect fit with a Maxwell distribution, the linkage between the two
metrics, linear average DGD and RMS DGD is given by Equation (3).

1/2
<Ar>=(—j <Ar? 12 (3)
3n

NOTE Equation (3) applies if the distribution of DGD values is Maxwellian. This assumption may not be valid if
there are highly birefringent elements (relative to the rest of the link) in the optical path. A multiplier of 3 to 3,7
(see IEC TR 61282-3), depending on probability limits accepted by the link owner, is applied to the PMD,, g value
to determine the maximum DGD, which is specified for ITU-T compliant links. This multiplier is based on a Maxwell
assumption and reflects a very long tail of that distribution. If the link includes a highly birefringent element, both
the PMD,yg and PMDgys metrics will increase relative to the actual tail of the DGD distribution (implying that a
reduced multiplier could be used), but Equation (3) will not be maintained because the DGD distribution will begin
to resemble one based on the square root of a non-central chi-square distribution with three degrees of freedom. In
these cases, the PMDgyg value will generally be larger relative to the PMD,yg value indicated by Equation (3).
This condition is indicated by “flat tops” on the fringe envelopes from the time domain measurement methods such
as Method C and by bimodal DGD distributions from the frequency domain measurement methods such as
Method B.

The expected value operator in the above equations refers to the long term expected value
across all wavelengths. In practice, a finite wavelength range at a particular point of time and
condition are sampled and some form of mean of the data is calculated. The expected value
of these calculated means is equal to the long-term expected values, assuming ergodicity
over time, wavelength, and condition. If this assumption is not valid, the result will vary
depending on the particular wavelengths that are sampled. For ergodic conditions, the
reproducibility of the measurement will vary with wavelength range and PMD level [1].

NOTE Ergodic: of or relating to a process in which every sequence or sizable sample is equally representative of
the whole.

5 Measurement methods

5.1 Methods of measuring PMD
5.1.1 General

Seven basic methods of measuring PMD are given. Details specific to Methods A, B, C and G
are given in normative annexes. Details specific to Methods D, E, and F are given in
informative annexes. Methods A, B, C and G are in widespread commercial use and have
been implemented in field test equipment. Methods A, B and C are also applicable to testing
of fibres and cables in a factory environment as detailed in |JEC 60793-1-48:2007. For some
methods, multiple approaches of analyzing the measured results are also provided.

e Method A Fixed analyzer (FA)
— Fourier transform (FT)

e Method B Stokes parameter evaluation (SPE)
— Jones matrix eigenanalysis (JME)

— Poincaré sphere analysis (PSA) Documents
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e Method C Interferometry (INTY)
— Traditional analysis (TINTY)
— General analysis (GINTY)
e Method D Stokes parameter evaluation using back-reflected light
— Jones matrix eigenanalysis (JME)
— Poincaré sphere analysis (PSA)
e Method E Modulated phase-shift
— Full search
— Mueller set analysis
e Method F Polarization phase shift (PPS)
e Method G Wavelength scanning OTDR and SOP analysis (WSOSA)
— DGD analysis
— PMD analysis

Each method has advantages in certain respects and disadvantages in others. These are
discussed in more detail in Clause 7.

5.1.2 Method A: Fixed analyzer with Fourier transformation (FA-FT)

Method A requires only one input SOP from a broadband source or a tuneable laser source,
depending upon the implementation. A fixed analyzer is used to track the relative change in
power of one element of the Stokes vectors as a function of wavelength. When a Fourier
transform is applied to this data, the result is a virtual half-interferogram, which is evaluated in
a manner similar to Method C (TINTY).

5.1.3 Method B: Stokes parameters evaluation (SPE)

Method B measures A7(w) by measuring a polarimetric response to a change of narrowband
light across a wavelength range. For each wavelength, three known and distinct SOPs such
as for example linear SOPs at nominally 0°, 45° and 90° (orthogonal on the Poincaré sphere)
shall be launched and the output Stokes vector that is transmitted through the link is
measured.

The change of these Stokes vectors with angular optical frequency (wavelength), », and, with
change in input SOP, yields the DGD as a function of wavelength through relationships that
are based on the following definitions:

ds(w) _ Ho)xi(o) )
dw
Ar(w) = \g(wj (5)
where
s is the output Stokes vector at angular optical frequency w;
Q is the PSP vector, also called polarization dispersion vector (PDV) at angular optical

frequency o;

Az is the DGD at angular optical frequency .

The JME is completed by transforming the output Stokes vectors to Jones matrices [2],
appropriate combination of the matrices at adjacent wavelengths, and calculabbelﬂ;ﬁents
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eigenvalues of the result followed by the application of an argument formula to obtain the
DGD at the base frequency.

The PSA is completed by doing matrix algebra on the normalized output Stokes vectors to
infer the output Stokes vector associated with circular birefringence at 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 for that range. The JME and PSA are mathematically equivalent. When using a
narrowband source, the usual care should be taken to minimize optical reflections that could
give rise to coherent interference effects.

In addition, in the case of a start-stop-measure system (by opposition to a swept system), the
step size of the narrowband source shall be carefully selected in accordance with the
expected DGD spectrum (DGD variation as a function of wavelength). More detail on step-
size selection is given in Clause B.2. The linewidth of the narrowband source shall then be
adjusted to the selected step size in accordance with the Nyquist criterion.

5.1.4 Method C: Interferometric

Method C is based on a broadband light source that is polarized at one or more known and
distinct SOPs. The cross-correlation of the emerging electromagnetic field is determined by
the interference pattern of the output light. The characterization of this pattern is done by
computing the RMS width of the cross-correlation envelope of the interferogram for TINTY or
the squared RMS widths of both the cross-correlation and autocorrelation envelopes of the
interferogram for GINTY. These RMS widths yield the PMD value for the wavelength range
associated with the source spectrum (the source bandwidth). Method C measures the
PMDg s value only.

5.1.5 Method D: Stokes parameter evaluation using back-reflected light

Method D is in principle the same as Method B, but the output Stokes vectors that are
reflected from the end of the link back to the source are measured to obtain DGD values. A
modified formula that takes the reflection into account is used to calculate the PMD value for
a given band. Since the reflection is required, the method is not suitable for links containing
isolators (often found in optical amplifiers). Care should also be taken as in all other cases
where a narrowband light source is used in order to avoid coherence interference effects and
Fabry-Perot etalon effects that could show as false DGD. These effects produce delays that
will be recorded in any case. Results reported from literature [12] have demonstrated that
Method D is limited to distances of the order of 40 km, except if a reflector is used at the end
of the plant to enhance the reflected light intensity.

5.1.6 Method E: Modulated phase-shift technique

Method E measures the phase difference between two or more input SOPs for a modulated
narrowband light source. The full search technique requires launching an alternating pair of
orthogonal input SOPs to obtain a given phase shift. The axis of this pair is varied across the
entire Poincaré sphere to obtain the maximum phase shift. The maximum phase shift
difference that is found is used to deduce the DGD at the centre wavelength of the source
spectrum. The Mueller set technique [3] requires launching four SOPs per wavelength (source
spectrum), representing a Mueller set. Analysis of the phase shifts associated with these
SOPs yields a DGD value for the wavelength. When the measurement is conducted for a
number of wavelengths in a wavelength range, the average of the DGD values yields the PMD
value for that range.

5.1.7 Method F: Polarization phase shift (PPS)

Method F measures the phase differences between different known and distinct SOPs such as
linear and orthogonal input SOPs — similar to Method E. It is different from MethoﬂE in that
ocuments
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only two orthogonal input SOPs are required. However, because of this, results at two
wavelengths are required to calculate one DGD value.

5.1.8 Method G: Wavelength scanning OTDR and SOP Analysis (WSOSA)

Method G uses an OTDR with a tuneable laser to launch two pulses of light at closely spaced
wavelengths through a polarization scrambler into the link under test. The reflected pulses of
light from the far end of the link under test pass through the polarization scrambler on their
way back into the OTDR and a polarising beam splitter is used to direct the different
polarization components to a pair of detectors. The difference between the signal levels at the
two detectors is measured, and this difference is compared between the two wavelengths.
This process can be repeated for many different input/output SOPs at each wavelength pair
and at many different wavelength pairs to evaluate the PMD over a representative wavelength
range.

5.2 Document structure
Information common to all seven methods is contained in Clauses 1 through 13, and

requirements pertaining to each individual method appear in Annexes A, B, C, D, E, F and G,
respectively.

5.3 Reference test method
There is no reference test method (RTM) because each method has its own particular optimal

applications.

6 Measurement configurations

6.1 Passive cabling link

The link to be tested typically ranges from 10 km to 160 km, with most spans on a long haul
network being typically no more than 80 km long, and with a loss less than 22 dB at 1 550 nm.
These spans will normally be made up of many drums of cable, each 2 km to 10 km in length,
spliced together end-to-end (see Figure 1).
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Figure 1 — Typical passive cabling link configuration

This means that the link can be considered to have "random mode coupling" (RMC). It is also
likely that fibres installed after the year 2000 (and many before that) will be "spun" to
introduce additional mode coupling.

Normally, the fibres would be terminated at patch panels by splicing on pigtails to provide
connector interfaces at optical distribution frames (ODFs) within buildings.

All test methods can be used successfully on this type of measurement configuration,
provided that the implementation has sufficient dynamic range and that the PMD falls within
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the measurement range of the system. Typically, the total PMD of a link would lie between
0,1 ps (e.g., 10 km at 0,03 ps/Vkm) and 12 ps (e.g., 160 km at 1 ps/Vkm).

6.2 Link including amplifiers

A DWDM system can be operational over a link that includes amplifiers (see Figure 2). If the
system is to be upgraded to operate at a higher data rate, for example, then the PMD of the
entire link including the amplifiers might need to be tested.

Such a link will typically range between 100 km and 2 000 km for terrestrial systems and can
extend up to 6 500 km for trans-Atlantic and 13 000 km for trans-Pacific undersea cables.

Tx 1 Rx 1

Tx n Rx n

IEC

Figure 2 — Example configuration of link including amplifiers

With the exception of Methods D and G, all methods in this document can be used to measure
the PMD in the gain band of links that include pumped optical amplifiers. Methods D and G
rely on reflections coming back from the far end of the link under test. Amplifiers usually
incorporate optical isolators that block any light travelling in the reverse direction.

6.3 Link including chromatic dispersion compensating modules
6.3.1 General

As shown in Figure 2, it is likely that a long haul link that contains amplifiers will also contain
(chromatic) dispersion compensating modules.

A fibre based DCM will typically contain a long length (many kilometres) of dispersion
compensating fibre (DCF) that has strongly negative chromatic dispersion to counteract the
positive chromatic dispersion of a span of typical transmission fibre. This DCM can introduce
significant amounts of PMD and therefore should be included in the measurement
configuration.

Any of the test methods that can be used on amplified links can also be used on links that
contain fibre based DCMs.

6.3.2 Grating based DCM

Increasingly, DCMs that use chirped fibre Bragg gratings are being used instead of fibre
based DCMs. The applicability of the test methods to links that contain FBGs is for further
study.

6.4 Link including ROADMs
6.4.1 General

Many networks are now built with re-configurable optical add drop multiplexers (ROADMs).
These are network elements that allow the routing of different wavelengths in a DWDM
system to different destinations whilst remaining in the optical domain. ROADMs are typically
complex devices that include many functional elements, including amplifiers and wavelength
selective switches (WSS), which result in tight optical filtering around the operational
wavelengths. The presence of these elements can restrict the choice of test nbtgog. For
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example, the presence of amplifiers prevents the use of Methods D and G. The TINTY part of
Method C requires a continuous spectrum and so cannot be used due to the filtering.

However, it may be possible to measure PMD and/or DGD in the following measurement
configurations.

6.4.2 Multi-channel point to point configuration

If the ROADMSs are set to carry multiple wavelengths between two locations, then Method A
and the GINTY part of Method C can be used within the passbands of a set of wavelengths,
and Method B can be used by setting a tuneable laser source to the DWDM wavelengths for
which the ROADM is designed.

6.4.3 Single channel configuration

Depending upon the ROADM configuration, it may be possible to measure the DGD within the
passband of a single channel, for example using either Method B or Method E.

7 Measurement considerations

71 General

When conducting PMD measurements on installed cabling, there are a number of
considerations that can affect the choice of measurement technique and the accuracy of the
results obtained. Clause 7 outlines some of these issues and their impact on the
measurement. [IEC TR 61282-9 shall be used to provide complete descriptions of the issues
impacting the choice of measurement methods.

7.2 Wavelength range

In general, the broader the wavelength range of the measurement, the more accurate the
result will be — known as the Gisin uncertainty [1].

Method E can yield DGD results for the narrowest occupied optical bandwidth of all the
methods, but it requires the DGD of the link to be in excess of around 0,5 ps. The bandwidth
requirement of Methods B, D and F is larger than that of Method E because numerical
differentiation of the output data collected at two closely separated wavelengths is required,
but these methods can measure DGD at the lowest of levels. Method A or Method C does not
provide measurements of individual DGD values but does provide the RMS DGD (PMDgys)
over the wavelengths of the source spectrum.

Method F is similar to Method E when Method E is implemented with the Mueller matrix
approach. Method F, however, requires measurements at two adjacent wavelengths to obtain
one DGD value, similar to Methods B and D.

7.3 PMD measurement range

Some of the test methods have limits on the upper or lower bound of the amount of PMD that
they are capable of measuring, depending upon the particular implementation. For example,
consider the following.

e The minimum PMD that can be measured using Method A is determined by the spectral
range of the measurement to typically 0,1 ps, unless a DGD offset is used to remove this
limitation.

e The maximum PMD that can be measured using Method A is determined by the spectral
resolution of the detection system. If a high resolution spectrum analyzer is used, this limit
can be 80 ps or more.
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e The minimum PMD that be measured using Method C (TINTY) is determined by the
spectral width of the source being used. The broader the source, the lower the PMD that
can be measured. Typical limits are around 0,1 ps.

e The maximum PMD that can be measured using Method C is limited by the range of mirror
movement in the interferometer. Typical limits are 100 s of ps.

7.4 Measurement dynamic range

It is necessary to ensure that the measurement system is capable of measuring over the
expected loss of the link configuration. Single ended measurement techniques (D and G) that
rely on a reflected signal from the far end of the link are particularly likely to suffer from a
poor dynamic range. The performance of these systems can be improved by attaching a
reflective termination to the far end of the link under test.

Where a broadband light source is used, it should have sufficient spectral power density for
the measurement to be carried out.

Some measurement techniques (e.g., Method C) can have reduced dynamic range in the
presence of larger amounts of PMD.

7.5 Fibre movement

Methods A, B, D, E, F and G may rely on measurements that can be disrupted if the link is
vibrating, such as in the case of aerial cables, if the optical properties of the fibre change
within the time used to measure the data for calculating individual DGD values. Fast
measurement rates have been implemented in some commercial field test systems to reduce
this effect. Methods A, B and G were demonstrated to give satisfactory performance in a field
trial on a variety of installation environments [4], [5]. The data from this trial on the rate of
change of the SOP showed that even underground cables could be subject to sudden
transients in the SOP, and there were many environmental factors that could cause a change
in the SOP, including vibration induced by the 50Hz of AC current on fibres attached to power
line routes [6].

Method C can be used in the case of fibore movement, because it uses a broadband source
and interferometry to deduce the PMD from the time-domain cross-correlation envelope of the
measured interferogram.

7.6 Input and output SOP scrambling
7.6.1 General

The statistical basis of some of the PMD test methods (Methods A, C and G) can be improved
by carrying out repeated measurements with a change in the input (and/or the output) state of
polarization between measurements. This can help improve measurement certainty,
particularly for low levels of PMD.

7.6.2 Polarizers/scramblers

Physically, SOP-scrambling consists of inserting controllable polarizers, one at the input and
one at the output of the DUT, such that different input-SOPs and analyzer axes are set for a
measurement scan. Multiple input/output SOPs can be selected to obtain a more complete set
of measurements than would be possible for a single I/O-SOP setting. While a measurement
obtained from a single setting is an option that would not require a scrambler, doing multiple
settings will improve the precision of the result to a PMD value equal, for instance to the
result from Method B. Multiple analyzer settings can also be used to obtain multiple settings
(see C.2.1.3). Conceptually, the scrambling process can be viewed as follows:

e the input-polarizer followed by the scrambler acts as a single unit, an equivalent polarizer
whose axis is set at any point on the Poincaré sphere in order to define the input-SOP;
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o the scrambler followed by the analyzer acts as an equivalent analyzer whose axis is set at
any point on the sphere in order to define the output-SOP.

One set of input-SOP/analyzer axis combinations will be labelled as one I/0-SOP. The aim is
to get a set of measurements over uniformly distributed I/0O-SOPs. In practice, there exists a
number of possible ways to achieve this goal, as shown below.

7.6.3 The 9-states Mueller set

The sum of nine squared envelopes observed with nine specific I/O-SOPs is rigorously equal
to the uniformly scrambled mean-squared envelope. These nine [/O-SOPs are three analyzer-
axes forming a right-angled trihedron for each three input-SOPs also forming a right-angled
trihedron.

7.6.4 Random scrambling

Random input/output SOP sampling has been implemented in various ways, including the
following.
e Scan-to-scan scrambling: automatic/manual setting of the scramblers at each scan.

e Continuous scrambling: for some measurement methods including Method C, when
squared envelopes are summed, scrambling can be performed while scanning. Automated
scramblers are set to cover the sphere continuously as a function of time.

e Fast, single-scan scrambling: for some measurement methods including Method C, if
scramblers are sufficiently fast, well-scrambled squared envelopes can be observed in a
single-scan. However, this requires special provisions to avoid crosstalk between the AC
part and the previously DC part of the interferogram.

7.7 Polarization dependent loss

None of the methods is suitable for measuring PMD of links with polarization dependent loss
(PDL) in excess of 10 dB. Links with PDL values less than 1 dB can be measured with
reasonable accuracy. Measurement accuracy can be compromised by the presence of PDL in
excess of 1 dB.

7.8 Amplifier considerations
7.8.1 General

When the link to be tested includes optical amplifiers, there are several considerations; most
of these relate to the presence of conventional Erbium-doped fibre amplifiers (EDFASs).

7.8.2 Optical isolators

Most amplifiers will incorporate optical isolators that block any light travelling in the reverse
direction. This means that single ended test methods cannot be used.

7.8.3 Wavelength range

The amplifiers will only have a limited wavelength range of operation, commonly just the
C-band (or sometimes the L-band). All measurements have to be made within this wavelength
range. This can restrict some implementations of some of the test methods.

7.8.4 Power levels

It is important that the test signals are compatible with the intended operational power levels
of the amplifiers in the link.
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7.8.5 Amplified spontaneous emission (ASE) noise

When testing links including amplifiers, the amplified spontaneous emission (ASE) noise can
generate depolarized spectral energy in the neighbourhood of the measurement wavelength.
This will, in general, reduce the accuracy of the measurement. For Methods A, B, C, E and F,
this effect can be moderated by implementing an optical or electrical filter at the receive end.
However, optical filtering will not remove the ASE right under the signal spectrum. The
accuracy will then be limited by a lower degree of polarization (DOP), if the spectral width of
the filter cannot be sufficiently reduced as with a broadband source. Lower DOP can require
the signal to be integrated longer to be meaningful, or the result will become too noisy, and
interpretation will be erroneous.

7.9 Considerations on location of equipment

Using Method A and C, the source and receive equipment will typically be located at opposite
ends of the link, but there is no need for active coordination of the source and receive
equipment during the course of a measurement.

Methods B, E and F require a communications link and coordination between the source and
receive equipment during a measurement, requiring an additional communication channel.
The link itself can also be used for this channel.

Using Methods D and G, all measurement equipment is co-located at one end of the link
under test, but special care is needed at the remote end to ensure that a suitable reflection
can be obtained; this can require a reflective termination to be attached to the remote end.

8 Apparatus

8.1 General

The following apparatus is common to all measurement methods. Annexes A, B, C, D, E, F
and G include layout drawings and other equipment requirements for each of the seven
methods, respectively.

All methods require light sources that are controlled at one or more known and distinct states
of polarization (SOP). All methods require injecting light across a spectral region to obtain a
PMD value that is characteristic of that region (for example, C-band, C+L bands, S+C+L
bands).

The methods differ in

e spectral characteristics of the source,
e bandwidth characteristics of the detection system,
e physical characteristics that are actually measured, and

e analysis methods.

All the transmission elements of the apparatus can contribute to the measured PMD. It is
essential that these elements be selected for their lowest maximum DGD and PDL in the
same spectral range of the PMD measurement. It may be necessary to assess the overall
contribution of these elements by performing a measurement on a short length (2 m) of low
PMD fibre. When the PMD contribution of these elements is significant, one option is to
subtract, in quadrature, the measurement system PMD value from the measured link PMD
value before reporting a final value.

8.2 Light source and polarizers

See Annexes A, B, C, D, E, F and G for detailed options of the spectral characteris{ics of the
light source. The source shall produce sufficient radiation at the intended wavele ents
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be stable in intensity over a time period sufficient to perform the measurement and should
cover the required range of wavelengths for PMD determination for the band of interest.

For all methods, the light source is required to be polarized at one or more known and distinct
SOPs before it is injected into the link under test. Polarizers, polarization adjusters using
waveplates, liquid crystal retardation plates, loops of birefringent fibre that are mechanically
moved, or electro-optic crystal devices can be used to set the source SOP at the input of the
link under test as well as the analyzer polarization axis at the output of the link under test.
The performance of the polarization adjuster setup can be verified by measuring the output
power at three linear known and distinct SOPs. If the output powers are within 3 dB of one
another, the adjuster setup is suitable.

For Methods A, B, D (when implemented using a narrowband tuneable light source — TLS), E,
F and G, the effective spectral width (Gaussian spectrum, full-width half-maximum — FWHM)
of the source, 44, shall be narrow enough so that light emerging from the link remains
polarized under all conditions of measurement and for all DGD values being measured. A
DOP of 90 % or greater is preferred, although measurements can be performed with values as
low as 25 % with increased uncertainty. The relationship between DOP, the spectral width,
A2, centre wavelength, 4y, and DGD, 47, is given by:

2
DOP(%) = 100exp| - — | FeAmAL
4n@2)( 22

8.3 Input optics

A connectorized test cord can be employed to launch the light into the link. The rest of the
input optics precedes this test cord. The connection shall be stable over the course of the
measurement. If the measurement technique can be affected by a change in the SOP during
the measurement, then the test cord may need to be secured so as to prevent movement.

For Methods D and G, there are special requirements on interface of measurement system
test cord and the link to control reflections (see Annexes D and G).

8.4 Cladding mode stripper

Use a device that extracts cladding modes from the link fibre. Under most circumstances, the
fibre coating will perform this function.

8.5 High-order mode filter

Use a means to remove high-order propagating modes in the desired wavelength range that is
greater than or equal to the cut-off wavelength of the link. |JEC 60793-1-44 defines the cut-off
wavelength measurement of single-mode fibre. For example, a one-turn bend of radius of
30 mm on the fibre is generally sufficient.

8.6 Output connection

A connectorized test cord can be employed to connect the link to the output optics. This
connection shall be stable over the course of the measurement. If the measurement technique
can be affected by a change in the SOP during the measurement, then the test cord may need
to be secured so as to prevent movement.

For Methods D and G, the light reflected from the far end of the link (relative to the light
source) may require a special end preparation to maximize the reflection. For this method, the
output of the connection is the same as the input connection.
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8.7 Output optics
See the appropriate annex (A, B, C, D, E, F or G).

Some link measurements can require the use of the combination of an optical amplifier and
variable attenuator in the test set-up to maintain power at a level that is suitable for the
analyzer detector. In this case, such power adjustment apparatus is generally placed
immediately before the detector.

For Methods D and G, the output optics are co-located with the input optics.

8.8 Detector

For signal detection, an optical detector is used which is linear and stable over the range of
intensities, wavelengths and measurement times that are encountered in performing the
measurement. A typical system can include synchronous detection by a chopper/lock-in
amplifier, optical power meter, optical spectrum analyzer, interferometer, or polarimeter. To
use the entire spectral range of the source, the detection system shall have a wavelength
range, which includes the wavelengths produced by the light source. See the appropriate
annex (A, B, C, D, E, F or G) for additional details.

8.9 Computer or test platform

Use a computer or appropriate test platform to perform operations such as controlling the
apparatus, taking intensity measurements, and processing the data to obtain the final results.

8.10 Means to reduce the effects of amplified spontaneous emission

ASE results in the depolarization of the received light. Depending on the implementation and
method, the following alternatives can be used:

e modulation of the signal light in combination with an electrical filter within the detection
electronics;

e a tuneable optical filter locked to the wavelength of the signal, placed at the output of the
fibre link.

9 Sampling and specimens

A specimen is one of the link configurations listed in Clause 6. Except for Method C, the link
should be measured at a time when vibrations or temperature variations are minimized over
the time period of the measurement. It may be necessary for the extent of any change in the
SOP to be monitored to verify that conditions are sufficiently stable for the test system.

If the link includes optical amplifiers, ROADMs, or other active devices, they should be turned
on.

10 Procedure

a) Prepare the ends of the link by inspecting the connector end faces in accordance with
IEC 61300-3-35 and by cleaning, if required, following the recommendation of
IEC TR 62627-01. For Methods D and G, ensure that there is a strong enough reflection
from the far end of the cabling under test and, if required, attach a reflective termination.
For Method D, an angled fibre end is required at the input to minimize reflections from the
input end.

b) Attach the ends to the input and output optics.

NOTE For Methods D and G, the input and output optics are the same; the end of the link to which they are
attached will be called the input end. Documents
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