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INTERNATIONAL ELECTROTECHNICAL COMMISSION

FIBRE OPTIC COMMUNICATION SYSTEM DESIGN GUIDES -

Part 3: Calculation of polarization mode dispersion

FOREWORD

1) Thg TEC (International Electrotechnical Commission) is a worldwide organization for standardization conjprising
all [national electrotechnical committees (IEC National Committees). The object of/the Y C is 0 |gromote

intdgrnational co-operation on all questions concerning standardization in the electricz iglds. To
thi§ end and in addition to other activities, the IEC publishes International Sta tion is
entfusted to technical committees; any IEC National Committee interested 4 ith may
parficipate in this preparatory work. International, governmental and non-go s [liaising
with the IEC also participate in this preparation. The IEC collaborates closely wit ization
for | Standardization (ISO) in accordance with conditions determine e two
orgpnizations.

2) Thg formal decisions or agreements of the IEC on technical m& arly as possiple, an
intdrnational consensus of opinion on the relevant subjects sings P i mittee has represgntation
from all interested National Committees.

3) Thg documents produced have the form of recommendations for |ntrnat| nal use.apd are published in tihe form
of ptandards, technical specifications, technical repo ational
Cornmittees in that sense.

4) In ¢rder to promote international unificati € i |ttees uhdertake to apply IEC International
Stapdards transparently to the maximum & t 8 Si i lonal and regional standards. Any
divérgence between the IEC Standard and the sspoapnding\ national or regional standard shall be|clearly

indicated in the latter.

5) The
eqyipment declared to be i

6) Attention is drawn to the
patent rights. The IEC shaN not be

The main task z@
techn|cal commit 7
data of a different Ki

exam

Techni
consiglered

IEC 6
systems and actl e deyices, of IEC technlcal committee 86: Fibre optics.

The tT,xt of this technical report is based on the following documents:

for any

ject of

ver, a
ected
rd, for

ide are

optic

Enquiry draft Report on voting
86C/296/DTR 86C/346/RVC

Full information on the voting for the approval of this technical report can be found in the report

on voting indicated in the above table.
Annexes A, B, C, D and E are for information only.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 3.

This document, which is purely informative, is not to be regarded as an International Standard.
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The committee has decided that the contents of this publication will remain unchanged until
2006 At this date, the publication will be

reconfirmed;

withdrawn;

replaced by a revised edition, or
amended.

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

@%
S
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INTRODUCTION

Polarization mode dispersion (PMD) is usually described in terms of a differential group delay
(DGD), which is the time difference between the principal states of polarization of an optical
signal at a particular wavelength and time. PMD in cabled fibres and optical components
causes an optical pulse to spread in the time domain, which may impair the performance of
a fibre optic telecommunication system, as defined in IEC 61281-1.

@%
S
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FIBRE OPTIC COMMUNICATION SYSTEM DESIGN GUIDES -

Part 3: Calculation of polarization mode dispersion

1 Scope

The purpose of this technical report is to provide guidelines for the calculation of polarization

mode[dispersion (PMD) in fibre opiic systems {0 accommodate the stafistical variation-ol PMD

and d|fferential group delay (DGD) in optical fibre cables and components.

This guideline describes methods for calculating PMD due to optica ptical

comppnents in an optical link. Example calculations are given to s for

calculating total optical link PMD from typical cable and The

calculations include the statistics of concatenating individual optica from

a spegified distribution. The calculations assume that all to the

maximum specified value.

NOTE item to

amend ed with

the mefhods given in this technical report

The c volve,

therefore the material in this technical owing

subje dy:

— cdlculation of second apd

— adcommodation of co gumed
that PDL is negligiblen

— system impairments

— inferaction w@ )

Meas Guidelines on the

meas and cable are given in IEC 61941. The measuremjent of

opticg umented in IEC 61290-11-12. The measurement of comgonent

PMD Wi 1300-3-323

2 Basi ~ Is for total system PMD performance

21 Notation

For cabfed fibre and components with randomly varying DGD, the PMD frequency domain

measurement is based on averaging the individual DGD values for a range of wavelengths.
The probability density function of DGD values is known to be Maxwell for fibre, and is
assumed to be Maxwell for random components. The single parameter for the Maxwell
distribution scales with the PMD value.

1 Figures in brackets refer to the bibliography.

2 To be published

3 To be published
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For long fibre and cable (typically longer than 500 m to 1000 m), the PMD value is divided by
the square root of the length to obtain the PMD coefficient. For components, the PMD value is
reported without normalization. The following terms and meanings will be used to distinguish
the various expressions:

— DGD value The differential group delay at a time and wavelength (ps)

— PMD value The wavelength average of DGD values (ps)

— PMD coefficient The length normalized PMD (ps/sqrt(km))

— DGD coefficient The length normalized DGD (ps/sqrt(km))

NOTE The term “DGD coefficient” is used only in some of the calculations. The physical square root length

dependence of the PMD value does not apply to DGD
Determmstlc components are those for which the DGD may vary with wavele gth,) but not
appre imber
and ¢ er the
maxin

2.2

PMD s the
basis ate to
descr of the
additi arying
comppnents, assumed to be randg e and
wavelength.

For d¢ nplex,
but fo sis of
the re of the
syste ticular
wavel bnent.
The v DGD
values.

For r3 there
is little PMD
meas thods
(IT) w : | there
canb both the DGD and PMD on the wavelength range. Therefare for
these ength range must be specified. When doing calculations |which
comb varying and deterministic elements, the combined values are¢ only
repregentative_of\the wavelength overlap.

The nelationships of annex A also show an analysis for a more realistic assumptiop: the
deterministic—eomponents—are—embedded—within—the—system—and—randemly—alignred—Fer this

assumption, the DGD values are time randomized across the wavelengths by the downstream
fibre. Furthermore, the random alignment of these components with respect to the other
elements leads to the following conclusions for embedded deterministic components.

— The quadrature addition of PMD values can be used to calculate the contribution to system
PMD.

— The Maxwell distribution can conservatively be used to describe the variation in DGD
across time and wavelength.
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The following two subclauses provide equations to calculate: a) the maximum PMD value for
the system, b) the maximum DGD value for the system. In both cases, the maximum is defined
in terms of a probability level that takes into account the statistics of the concatenation of
individual cables drawn from a specified distribution of optical fibre cable. For maximum DGD,
these statistics are combined with the Maxwell statistics of DGD variation. Clause 3 provides
methods of calculating the relevant statistics for the contribution of optical fibre cable, which
are used in combination with the component values below.

221 System maximum PMD

The total maximum PMD value of a fibre optic system including optical fibre cable and other
optic i i i i nt of

deterministic components:
PMDyoy = | Ly PMDG + Y PMDE; (1a)
i
PMDyoy =| Link PMDG + > PMDE; + (1b)
i

where
PMDqf; is the total system PMD value Yps);
PMDy is the link design value of the ;
Liink is the link length (km);
PMDd4 is the PMD valu
PMDp; is the PMD va
PMDpjast is the P@
The link design vattg 0, for
links With at least JAIR
NOTE | The PMDpparame
The wvalidj sed of
concdtedatethoptical fibre\cables [2]. Equation (1a) is relevant assuming that all determlfinistic
compgnen most
deterministic components are embedded.
222 Calculation of system maximum DGD

The total maximum DGD value of a fibre optic system including optical fibre cable and other
optical components is given by one of the following, depending on the placement of
deterministic components:

1/2
DGDmMaxy; = [DGD max2 + SzzPMDg[} + DGDmax p; (2a)
i j

1/2
DGDmaxy =|DGD max% + 52 {Z PMDé + Z PMDIZDJ-J + DGD max past (2b)
i J
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where

DGDmaXxiet is the maximum system DGD (ps);

DGDmax is the maximum concatenated optical fibre cable DGD (ps) (see below);

S is the Maxwell adjustment factor (see below);

PMDg; is the PMD value of the i" random component (ps);

DGDmaxp; is the maximum DGD of thejth deterministic component (ps);

PMDp; is the PMD value of thejth embedded deterministic component (ps);
DGDmaxpast  is the maximum DGD of the last non-embedded deterministic component (ps).
The rlnaximum DGD for optical fibre cable (see 3.2) is defined by a/pr ili - and
refergnce length. It is computed from the convolution of the distributio nated

link PMD distribution and the Maxwell distribution of DGD values.

DGD
s the

For components, the S parameter relates to the probability, P,
value| exceeds S/PMD., assuming the Maxwell distribution.
relatignship of S to probability when the PMD value is defingd

Table 1 — Probability based on xfvavele

3w 6,5E-08
N_A4s 5,1E-08
> 39 2,0E-08
4,0 7,4E-09

41 2,7E-09

4,2 9,6E-10

43 3,3E-10

4.4 1,1E-10

45 3,7E-11

Annex B shows that the probability that a system DGD value, DGD,,,, exceeds DGDmax,,, is
bounded by the sum of the two probabilities as:

P(DGDy; > DGDMax ot ) < P + Pe (3)
NOTE The notation P() indicates a probability statement relative to the inequality within the parenthesis.

The above equations are applicable to all links with length less than the reference length. An
adjustment for longer lengths is included in 3.2. Equation (2a) is relevant for the assumption
that all deterministic components are aligned and at the end of the system. Equation (2b) is
relevant for the assumption that almost all deterministic components are randomly aligned and
embedded in the system. The multiplication of the deterministic PMD values with the
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S parameter treats these elements as though their DGD values are distributed as Maxwell —
a conservative assumption that allows the quadrature addition. Because the Maxwell
approximation for deterministic elements is conservative, if equation (2a) yields a DGDmaxot
value less than equation (2b), then equation (2a) value should be used (see annex E and [10]).

NOTE 1 The assumption of quadrature addition of DGD values of cabled fibre and randomly varying optical
components is subject to experimental verification.

NOTE 2 While it is possible to combine the statistical distributions of random components with cabled fibre, it
would require access to information that may not be generally available to any single vendor or customer.

NOTE 3 The DGD specified for deterministic components is assumed to be the maximum across the relevant
wavelength range and environmental conditions

- and
lowed
both
ons (2a) and (2b).

3 Calculation of cabled fibre PMD
PMD [s a stochastic attribute that varies in magnitude rand and wavelength. The
variatlon in the DGD value is described by a Maxwe 3jlj function that gan be
charafterized by a single parameter, the PMD e (15) in 3.2.1)] This
parameter may be the average of the DGD valu ; acrass a wavelength band, or it

may be the rms value of these DGD vValyes, ds ing e _definition chosen. For [mode
coupléd fibre, the PMD coefficient is the \ ivided by the square root of length.

In al cordance with ballot 86A/ O‘I/C of cabled fibre should be
specifi nipdividual fibre basis. Two methods for
this specification are progose sed to obtain PMD,, used in 2.2.1, and
methqd 2 can be used to obtai 3 bged in 2.2.2. The method and specification
value$ chosen shall |be the buyer and the cable manufagturer.

Paradgraph 3.3 sh s for each method can be selected so the two
methqds are ne@] [

Methg ' s an PMD coefficient of an optical link is the root|{mean
squarg can PMD coefficients of the cabled fibres comprising the
link. N

Let x; As S oefficient (ps/vkm) and length, respectively, of a fibre in the i" cable
inac itk of )y cables. The PMD coefficient, xy (ps/vkm), of this link is:

N
{ZL""'Z 1 [ oN T
.XN = l_llv :[LL ; Llel J (4)
L Ik =1

If one assumes that all cable section lengths are less than some common value, L¢,,, and
simultaneously reducing the number of assumed cable sections to M = Liin/Lcap, then, for a link
comprised of equal-length cables, L; = L.ape, €quation (4) becomes
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LCab M , 1/2 1 M , 1/2
xy Sxp = —in = ﬁzxi (5)
i=1

Liink

The variation in the concatenated link PMD coefficient, x,, will be less than the variation in the
individual cable sections, x;, because of the averaging of the concatenated fibres.

Method 1 should be used with equation (1) of 2.2.1. In method 1, the manufacturer supplies a
maximum PMD link design value, PMDq, that serves as a statistical upper bound for the PMD
coefficient of the concatenated fibres comprising an optical cable link. For this case, the upper
boundor the PMD value of the concatenation or optical 1ibre cables, PMDy, In equatpn (1)
becomes:

PMDprot = PMDg+/ Liink (6)
Unlesp otherwise specified in the detail specification, the PMD\ink desi b |ess
than 0,5 ps/vkm, and the probability that a PMD coefficignt™af\a | least
20 caples will exceed the link design value shall be les S i shall
be computed using a method agreed upon between th€ buyera be 3.1
for examples).
Becayse method 1 provides a stati links,
approved PMD measurement method rmine
whether their PMD complies with the bturer.
Furthérmore, the upper bound can D on
the pgrformance of any type of trans pf the

maximum PMD likely to be & 4 i ted link than the value that wolld be
obtained using a worst-case PM{)
Methqd 2 should ke used™wi and (3) of 2.2.2. Method 2 combines thel PMD
densify function a ith the Maxwell probability density functljon of
DGD e 3

values to comp ink at
a givsg
The s value,
DGDn sts of
a con k, the
buyer ps for
Pr< P greed

NOTE | Sdbctause 3.3 shows conditions under which the specifications of the two methods are nearly equivalent.

3.1  Method 1: Calculating PMD,, the PMD link design value
311 Determining the probability distribution of the link PMD coefficients

Equation (5) shows that the PMD coefficient, x,, of a particular concatenated link can be
derived from the PMD coefficients of the individual cable sections, x;, comprising that link. The
probability distribution of the link PMD coefficients depends on the distribution of the cable
PMD coefficients and the number of cable sections comprising the link.
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The following paragraphs describe three methods that can be used to estimate the distribution
of the link PMD coefficients. One method is numerical [1] and two are analytic [4]. Of the two
analytic methods, the first assumes a specific analytic function for the distribution of the cable
PMD coefficients, while the second method makes no such assumptions but invokes an
extension of the central limit theorem.

3.1.11 Monte Carlo numeric method [1]

The Monte Carlo method can be used to determine the probability density, fi«, of the
concatenated link PMD coefficients without making any assumption about its functional form.
This method simulates the process of building links by sampling the measured cable population

Computation of the link PMD coefficient is made by randomly s inNg m the
measyred cabled PMD coefficients, and adding them on ap ature)
accorfling to equation (5). or a
histogram of values derlved from other random sampling 8S ated until a

suffic ensity

(0,001 ) irectly,
withodit any additional characterization, the number of'res 5 ‘ DO.
Becal nd to
conve e, the
histod levels
that & s will
invari about
the ce hpe of
the Histogram. Typical (the log of the link| PMD
coefficients is Gaussia e Gamma distribution.

3.1.1.p Gam@w

The Gamma family of distributiolrs: gan often be used to represent the distributions of bgth the
meas \ i 3 . If one assumes that the
squarg ‘ efficients, x;, is distributed as a Gamma random vatiable,
the pr ility yfetth led PMD coefficients is given by

218ax2a—1

Joavle (x:, ) = —r(c—rreXp(‘ ,3’52) (7)

wherg x ig"a‘possiblg value of the cable PMD coefficient, /() is the Gamma function, apd the
two parameters a and £ control the shape of the density. Standard fitting techniques, sych as
the cthud Uf IIIGI\;IIIUIII =|Ir\c=|huud, wvdartl bU UOUd tU flt Uquat;un (7) tU IIIUGOUICd uab: PMD

data to find values for a and .

The probability density of the link PMD coefficients, x,, of M concatenated equal cable lengths
has the same form as equation (7), but with a and S replaced by Ma and Mg:
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2(Mﬁ)Ma x2Ma—1
I'(Ma)

fuink (xa, B,M) = exp(— Mﬁxz) (8)

Consequently, the a and B parameters found by fitting equation (7) to the measured cable
PMD coefficients can be used in equation (8) to describe the probability density of the link PMD
coefficients.

3.1.1.3 Model-independent analytic method [4]

A more general alternative to the one described in 3.1.1.2 can be used that does not make any

assumptions—regarding—the—form—ei—the—density—function—that—desecribes—the—measured; PMD
coefficients of the cabled fibre.
After measuring the PMD coefficients, x;, on N cabled fibres, compute e and
third moment of their squares
1Y,
i WZ’“!‘ (9)
i=1
Let x < from
the cgncatenation of M equal-length cahles, and ible value of x,. Invoking the
extenfled central limit theorem [5], i i PMD
coefficients is approximated by:
(10)
where
(10a)
ar
(10b)
Differentiating equation (10) with respect to u provides an approximation to the link| PMD
coeffigient probability density function.

3.1.2 Determining the value of PMD,

The density functions found for the link PMD coefficients using one of the three methods
described in 3.1.1 are now be used to compute the PMD link design value. For a concatenated
link comprised of M cables, the PMD link design value, PMD,, is defined as the value that the
link PMD coefficient, x,, exceeds with probability QO:

Ply > PMDy)=0 (11a)

It follows, that for N > M, the probability that xy exceeds PMD,, is less than QO:

Plxy >PMDy)< 0 (11b)
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For discussion purposes, an assumption is made that N > 20 (the link contains at least
20 cables) and that Q = 107 (the probability that the link PMD exceeds the PMD design value
is less than 0,0001). However, the actual values for M and Q shall be agreed upon between the
buyer and seller. The following subclauses discuss how PMD, can be found using the cable
PMD density functions obtained in 3.1.1.

3.1.21 Determining the PMD link design value from
the Monte Carlo density of 3.1.1.1

To obtain probability levels of Q = 107 using a pure numeric approach requires Monte Carlo
simulations of at least 10° samples. Once this is complete, PMD, can be interpolated from the
assodiated cumulative probability density function.

Alternatively, the histogram of the link PMD coefficients can be fit with & ic\distripution
to enpble extrapolation to lower probability levels than the measy would
otherwise allow. A choice of probability distributions can be made on the basis xf the shape of
the Histogram. Typical distributions could include lognormal T ¢ PMD
coeffigients is Gaussian) or one that is derived from the Gamm . AR nction

is fit, the value for PMD,, at the Q quantile can be computed.

3.1.2.p 2
An excellent approximation for the link PMD coefficy - tile is
given|by:

(12)
wherd the a and [ para
For the 288 rando 6, and
PMDg= 0,20 ps/
3.1.28
The rIoment compUge in 3 23 can be used to compute the link PMD coeff|0|ent xg.|For a
link compfised\of AL cables,

# 12 B , 172

where zQ is the 0" quantile of the standard normal distribution. For N > M = 20 cables and
0= 107, z, = 3,72, the PMD design value becomes:

1/2
%
PMD,, = {y1+0832 Uy +0,107 uﬂ (14)
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e 288 randomly selected scaled cabled fibres reported in [6],

Wy = 2201072 U = 7430074 g =826007°

and equation (14) produces PMD, = 0,23 ps/vkm.

3.2

Method 2: Calculating the probability of exceeding DGD .,

PMD induced impairment of an optical signal occurs when the DGD at the signal’s wavelength
is too high. Since DGD varies randomly with time and wavelength, some means of imposing an

Uppe I;III;L UUI;IIUU ;II CTTITo UI [=] IUVV pIUUdU;I;Ly VGIUU ;0 IIUUGODGIy I\JI OyDLGIII uca;yll ThIS
upper| limit is usually associated with a receiver sensitivity penalty. The” probability can be
assodiated with a potential PMD-induced impairment time (min/year/circyit). See agnex’D

One n value
by a | bedone’with the
upperfli ulk of
the di sually
well g b take
this in ptical
fibre ¢ n, the
values “Worst-
case”

The f .| Each
distri

NOTE

The

Concatenated link PMD coefficient
IEC 1896/02

The above distributions are representative of the Gamma type distribution defined in 3.1.1.2.

Figure 1 — Various passing distributions

leftmost distributions should provide better DGD performance than the rightmost

distribution. Method 2 assigns value to producing a distribution that is more to the left.
3.3 provides a means to link method 1 and method 2 so that, for most practical situations,
passing the default method 1 criterion will imply passing a default method 2 criterion.
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3.21 Combining link and Maxwell variations

DGD coefficient (ps/Ykm) values, X,,, vary randomly with time and wavelength according to the
Maxwell probability density function:

A 3/2 X2 4( x. 2
. s M__aypl = F | AM 15
Tax (X ar3xr) [mﬁ] r(z/2) P ”(XM ] "

where x,, is the PMD coefficient of a concatenated link comprised of M cables as given by
equatjens—{4 istributi DGD 05—{C gth)-isobtained - Hiiplying

To co riation
n the
refer ith two
umed
Let £ bf the
conc on of

the m
deter

4)] Any>of the/methods of 3.1|1 for
e a@lin

¢ used in system design. The

Let X}.a.x be some DGD coefficient value
probapility, P, of exceeding Xy is:

(16)
uct of
DGD max g = XMax WILREF (17)

For method' 1, the probability is pre-set and the associated PMD, value is calculated and
requined.Mo be less than a specified value. For method 2, DGDmaxr is pre-set and the
probability value, P is calculated and required to be less than a specified value.

For link lengths less than the reference length, the DGD and probability relationship will be
conservative as long as either the installed lengths are less than L¢,, or the cable lengths
measured to obtain the distribution are less than Lc,, The reduction in averaging because of
the reduced number of cable lengths is offset by the decrease in overall length.
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For link lengths greater than the reference length, the maximum DGD to optical fibre cable
should be adjusted as:

L .
DGDadjr = DGDmax p _|—-nk_ (18)

3.2.2 Convolution: Theory of method 2

The calculation principle is derived from extending the worst case approach. With this
approach, the link PMD distribution is assumed to be a dirac function and the DGD distribution
is rep, esented—as—ataxwet—distribution—Fhe plubab;:;ty Hrat-the—taxwet—distribution—exceeds

DGDmax; yields Pr. These distributions are represented in figure 2.

0,07

0,06 ink
0,05 m >

0,04 g /\\ j/l\

A\ N

Relative frequency

0.

with a

sef value. The DGD probability density function of the combined
distrigution wo the weighted total of the two individual Maxwell distributions. Figure 3
illustrates this*case:
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NOTE
relativg

In this
factor

Full cpnvolution extends this nogj

Monte

collection of dirac_ functions§\ F
reduced to a his{d

histogram bin. The
histodram bins (using

3.3 |Equivalence of\m

Methqd 1 wight be € most practical for commercial specification because it G
interpfe i e defined measurements. Method 2 provides the most
information iblé signal impairments. This subclause shows how the two mg

can bg compdred, and

The
is bagl‘ed oh the following.

0,07
0,06 . ]
“ |\ | ink PMD A

> 0,05 ——Link DGD A —
e .
% 0.04 | ink PMD B |
9] —o—Link DGD B
o 0,03 S e | ink DGD tot [
:.g 4
o 0,02
o

establishes near equivalence of the default specifications.

ethoed for determining equivalence of statistical criteria relies on a parametric mod

end to

or the
as a

single
bf the

an be
direct
thods

el and

distribution type.

A process can be characterized by parameters relevant to an assumed parametric

— Given these parameters, any statistical criterion can be evaluated to determine whether the
process distribution is conforming or not.

— For each criterion, the mathematical space of all possible parameters can be segmented
into two regions: conforming and not.

— The boundary between the two regions will form a curve, or envelope, in at least two
dimensions. Parameter values falling on one side of the envelope are conforming. Those on
the other side are not.

— Processes that are on the conforming side of the envelopes of two criteria pass both
criteria. Processes that are on the non-conforming side of the envelopes of two criteria fail
both criteria.
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3.3.1

Criteria that pass and/or fail the same process distributions are considered equivalent.
In this case, the two envelopes will overlay one another.

Equivalence of the default specifications

Figure 4 shows the envelopes for the default specifications for the two methods, based on the
Gamma distribution as defined in 3.1.1.2 and illustrated in figure 1. The x-axis represents

the quadrature average of the process (=,a/fB ). The y-axis represents a sort of standard
deviation metric for the Gamma distribution.

The default criteria are:

MLthod 1 Method 2

M 20 LRrer 400 km

0 10 Lcaw 10 km

PMD, < 0,5 ps/vkm DGDmaxg 25 ps

Pl<6,5007°
Each fenvelope of figure 4 is built by looping through the possible™vglues cf the overall process
quadr ’ is.varied tofind the value that
just [ the overall process
quadr es™or which the parametgrs fall
below parameters fall aboye the
envel
For th overall process quadrature average is
less t ethod 1 specification, it is passing
the default method 2 critgrioq. parameters can safely be used |n the
formulas of 2.2.

0 0,1 0,2 0,3 0,4
Quadrature average (ps/sqrt (km))

—e— M2: 25 ps, Pr: 6,5e-8, 400 km, 10km cable

m—— \11: 0,5 ps/sqrt (km), Pr: 1e-4, 20 cables

IEC 1899/02

Figure 4 — Equivalence envelopes for method 1/2 defaults
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3.3.2 Discussion regarding the basis of the default specifications for method 2

Equation 3 of 2.2 shows that the overall probability that the combined DGD of optical fibre
cable and components exceeds DGDmaxto is contained by the sum of the probabilities: Pr
and P.. If these probabilities are both set to 6,5 I:I1O_8, their sum is 1,3 IZI1O_7, a value that
should provide an appropriately low potential PMD induced impairment time (see annex D).

The default specification for method 1 was agreed on the basis of a combination of factors
including an analysis of the draft ITU-T Recommendation G.6914.

The default specification for method 2 was derived so that:

¢« THe above probability objective was met,
¢ Negar equivalence with the default method 1 specification was achiev
e D@Dmaxy is low enough to allow practical system designs. (Sgé\ s a worked
example.)

3.3.3 Calculation of the parameters of figure 4
This ¢ called
the m use it
in cor
Defing x; to be one of N computed conCate ables
per lir

(19)
The p

(20)
Multip y-axis
of figu les of
equat (a>5
can a

4 Calcutatiomofopticatcomponent PMb

Optical components such as dispersion accommodation devices or optical fibre amplifiers also
have small PMD. These devices are characterized as random or deterministic. The distinction
is primarily based on the behavior of the curve of DGD versus wavelength and how this curve
varies with time.

For random components, small changes in temperature will produce random variations in the
DGD curve versus time. When the collection of DGD values are plotted with a histogram,
the histogram will follow the Maxwell distribution. Some dispersion accommodation devices
have been characterized as random [7].

4 |ITU-T Recommendation G.691 (10/2000), Optical interfaces for single-channel STM-64, STM-256 and other SDH
systems with optical amplifiers
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For deterministic components, small changes in temperature will not produce random
variations in the relationship of DGD versus wavelength. Some optical fibre amplifier devices
have been characterized as deterministic [8].

Some deterministic components are simple in that they typically include a few individual optical
elements and the DGD versus wavelength curve is either flat or has a simple sinusoidal shape.
Some deterministic components are complex in that they might be comprised of several
individual optical elements and the DGD curve versus wavelength is irregular. For these
components, a histogram of the DGD values will begin to approach a Maxwell distribution.

For both types of component, there are at least two metrics of particular interest:

- PMD value: the average of DGD values across a specified wavelength range;
- D{Dmax: the maximum DGD across a specified wavelength rg
The usual form of specification is just a maximum value, although g such
as thqse defined for optical fibre cable, could be defined for compone er and
types|of components would make standardization difficult.
The ¢oncatenation formulas are given in 2.2.1, equation 2 apeated hefe for
completeness.
4.1 Calculation for random components
The RMD values for » random compdnents a < ¢alculated PMD value pf the
concdtenation, ¢t is:

(21)
The doncatenated™RM components can be added to the overall| PMD
value |of optical fik s gtal.
Annex B shows tf q aximum DGD (defined in terms of probability) of the concatgnated
random compgnents d’to the maximum DGD of the optical fibre cablg¢ with
quadrpture tetal. e cm'ne probability that the total DGD exceeds the computed vglue is
less than.the, sum & wo~ probabilities. The maximum DGD for components can be
determirged b Yplying &0t by an S value from table 1 of 2.2 using a specified probabilify.
For the purpo esign calculation, the specified maxima of several types of rgndom
comppnent€an alsobe combined using equation (21).
4.2 Lealculation for det inisti I

4.2.1 Worse case calculation
Annex A includes one formula as appropriate for worst case assumptions, which are as follows:

- the polarization dispersion vectors are aligned;
- the deterministic components are combined at the end of the link.
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For these assumptions, values of the maximum DGD of » components are defined as D;,. The
total of the deterministic components, D+ is calculated as:

n
Dot = Y. D; (22)
-

This value can be combined with the overall maximum DGD of optical fibre cable and random
components by linear addition. Since the values are given as fixed maximums, there is no
impact to probability.

Specified maximum DGD values can be substituted into equation (22).

4.2.2 Calculation for embedded deterministic components

This qase is particularly suitable for complex components such as optica which
might| consist of several internal optical elements. Annex A shdws\that t of the
DGD [values with wavelength approaches a Maxwell distributioR. g » len an
opticgl element such as an optical fibre cable follows the de Wi zation
dispefsion vector, hence the DGD added by the componen

The PMD values of embedded deterministic compongnfs ca ) se of
random components according to the formulag( of\4A4" bf the
combination by the Maxwell adjust i non-
embefded deterministic values or axwell

variatljon of DGD with wavelength is noi\ 2 inés used

Annex E shows an experi cat 2 deterministic components (optical fibre
amplifiers) with rando : i e total
of thel PMD values of the\indiWdual§ nated

PMD yalue. :

5 Summary of

Table|2 contaifis.a Vst Of.the actonyms and definitions used in the body of this technical feport.
Table|3 contajns a™i :

Table 2 — Acronyms and definitions

\Qgr%nym Definition
PMD Polarization mode dispersion
B6b Bifferenttat-groupdetay
pdv Polarization dispersion vector
PMDy Link design value
DGDmaxp Maximum DGD induced by optical fibre cable
DGDmaxrot Maximum DGD of the link
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Table 3 — Symbols and clause of definition

Symbol D;‘::;'lg
PMDot 221
PMDy 221
0 221
Liink 2.2.1
PMDc; 221
PMDy,; 221
PMDpiast 221
M 2.2.1
DGDmaxXiot 2.2.2
DGDmaxp 2.2.2
DGDmaxp; 2.2.2
DGDmaxplast 2.2}_\

" 757

" ENT AN

VANDA YA
/A

FM t Y 3
\fc\able\ \ 3.1.1.2
Q SLink 3.1.1.2
a\ﬁ/T\\/ 3.1.1.2
2B, 0, ¢, = 3.1.1.3
Nwax 3.2.1
DGDadjr 3.2.1
LRer 3.2.1
v 3.3.3
CTot 4.1

Dot 4.21
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Annex A
(informative)

PMD concatenation fundamentals

This annex will describe the mathematics for concatenating fibre optic elements (fibre or
components) in terms of the polarization dispersion vector, as described by Foschini and Poole
[9]. The fundamental relationships are defined, followed by developments related to
concatenation of first random then deterministic elements.

A.1 | Definitions
The ppolarization dispersion vector, Q, and birefringence vector, W, ' evalution
of thg output stokes vector, s, as a function of position withir eMme x, and optical
angul { %, R, also a
functi
(A.1)
Using 2 iyatives of s with resgect to
positi Lre
(A.2)
(A.3)
Thesg
4Q = aw +WxQ (A.4)
dz dw
At =0 (A.5)
Equatjon (A.4)Ca erived from equations (A.2) and (A.3). Equation (A.5) gives the DGD as
the lehgth{of‘the polarization dispersion vector.

For W fixed over position, the rotation matrix is defined in terms of a unit rotation vector, y, and
angular displacement, vy, as:

w
y=— y=z w (ASa)
Wl 7]

R =" (1=cos(y))+ 1cos(y) +[y {sin(y) (A.6b)

where [ is the identity matrix and [y ><] is the matrix that completes the cross product operation.
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Furthermore, for this case, the pdv can be written in terms of W and various cross products. Let

fP=ww  P=wO— (A.6C)
dw
0= pw+ (1= cos( ) x 4 SinlE) (fz aw —PW) (A.6d)
72 dw f dw
A.2 Concatenation — General
The concatenation of two elements, 4 through B, can be given in terms.g vtialhand final
stokes vectors as:
S48 = RpR 450 (A7)
The dgrivative of (A.7) is
A.8a)
A.8b)
A.8c)
A.8d)
Since
(A.9)
Equafion fA. e e ursive
appligati Y
A.3 | Application to random elements
FoscHini;and Poole [9] concluded that for long enough lengths of optical fibre over whichjmode

coupling is occurring, the contents of the polarization dispersion vector can be described as
Gaussian identically distributed independent random variables. Extension of equation A.9 leads
to the conclusion that the pdv of the concatenation will also have the same distribution, but with
increased variance due to the addition of several random vectors. (The random rotation of a
Gaussian random vector is a Gaussian random vector with the same variance.) In particular,
define the variance of the vector element values of the ith pdv as ¢?/3. The variance of the

vector element values of the concatenated pdv are given as:

o, = 0713 (A.10)
i
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This is related to the PMD (rms) value as:

PMDtot:<A’2>1/2:<Q'Q>1/2 ( tot)1/2 (ZU J”z (A1)

The same relationship occurs on the individual sections with PMD; = og; so the quadrature
addition of the PMD values of individual random elements is justified for the concatenated PMD
value. If one assumes that the PMD of the several elements are equal and that their lengths
are also equal, (A11) yields the square root dependence of PMD on overall length — hence the

squarg Toot et gt' normatizatiom used for the PWtDToefficient:

The DGD values are the length of the pdv. If the vector elemeny valus Galissian
indepgendent identically distributed random values, the DGD is the 3 g e sum of
squares of three Gaussians. This is the definition of the Maxwell di$ i also the
squarg root of a chi-square random variable with three degrees ¢

A.4 | Application to deterministic elements

If the|values of the birefringence vector, W, of sevral determini ponents are aligned
just right, the sum of the pdv of the concatenah i S o linear sum of the individual
pdvs.|In this case, the components are $a S

Analysis of equation (9) for the case © » \ #s following a series of rgndom
elemgnts leads to adding the PMD ements to the linear addition of the
deterministic components. Similarly, the DGD is added to the sum of|worst
case feterministic DGD va

When| the pdvs of the [d& inisti 3 andomly aligned, the rotations will bgcome

random and the leng g dv will form a distribution. This distribution ill be
representative o@ glues G avelengths and concatenations, but for a|given
concgtenation of e st e particular values are not expected to change with
time. [To evaluate this b O 1 sexi€s Monte Carlos were completed. The different Monte

Carlog each repré * jon of a different number of randomly oriented vectors of
a common lengt ength, L,, is given in terms of the number of vgctors
concqgtenated

L, = A.12)

The quadrature sum of the individual pdv values is therefore one and the worst case orientation
value Tsequat—to v, This—attows overtaying—thedistributions—formred—by adding—different
numbers of components and a comparison with a Maxwell distribution from a random
component with a PMD value of one. Figure A.1 shows the result laid out as a series of
histograms. Figure A.2 shows the cumulative probability in the tail of the distributions.

For all but the Maxwell distribution, the cumulative probabilities are bounded by vx,, as
expected. In addition, for all cases, the Maxwell distribution extends to larger values than the
rotated vector result. This is the sense in which the Maxwell distribution is conservative with
regard to estimating the distribution of randomly oriented but fixed length vectors.
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e A.2 — Sum of randomly rotated elements

So thp application~af“the Maxwell distribution in connection with the PMD value will yield a
maximum\estimated DGD that is larger than actual for a concatenation of randomly or|ented
deterministic elements of equal PMD. Since, for most link designs, the value qf the
deterministic components is assumed to be the maximum specified value, this equal size
assumption is also conservative.

For a particular orientation on a particular link, the concatenation of deterministic components
will be the same over time and this might be a concern. Examination of equation (9) yields a
surprising result in this regard. If a deterministic element is followed by a fibre or other random
component, the rotation (R;) of that element is applied to the pdv of the deterministic
component. Since this rotation is random, the effect is to randomize the effect of the
deterministic element over both time and wavelength. The overall contribution is then not fixed
and it can be considered as just another random optical element — with the exception that the
probability estimates will be higher than actual.

For embedded deterministic components, the probability treatment that is applicable for
random components is therefore appropriate for deterministic components.
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Annex B
(informative)

Combining Maxwell extrema from two populations

The purpose of this annex is to demonstrate the validity of equations (2a) and (3) of clause 2.
Equation (2a) combines the DGD extrema of two populations, optical fibre cable and random
components, to obtain a combined extreme value. The two populations are each characterized
by probability levels associated with the separate extrema. Inequality 3 asserts that the

This d

. ddg
. df
. ddg

<
Q)

B.1

The p
the P

To sin

mponent parameters.
emonstration is done in four steps:

fine the Maxwell distribution;
fine a convolution;

fine a double convolution;

luate the characteristics of a doub

bined

U

e and

ds on

B.1a)

B.1b)

Then

NOTE

P(AT > D;d) = Byay (%j

Pwmax(S) is monotonically decreasing in S.

(B.1c)
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B.2 Convolution definition

This describes the convolution of the Maxwell distribution with a distribution of PMD values.
The resultant distribution is not Maxwell, but does have the characteristic of describing the
distribution of DGD values across all possible PMD values. The definition is done in terms of a
discretized distribution, or histogram, of PMD values for simplicity. Since the granularity of
the histogram is arbitrary and in practice, defined by the measurement resolution, the
simplification, relative to using integral expressions, is warranted.

The dlscretlzed distribution of PMD values is descrlbed in terms of a hlstogram with the “bin”

PMD VI bined
probapility that a given maX|mum DGD value, D, is exceeded is:
P(ar > D)= Zp, max( ] (B.2)
B.3
This ¢ nents.
For o ink, as
derivsg d for
gener ined in
quadr y one
non-zg
Let f; esent
the Hi o be
indepgendent. Given a f of the
concqtenation, d, if as
(B.3)
Further assuprie_tha e ility limi i ly for
opticg
B.4a)
()
Ar > C chj maXL J < P~ for components B.4b)
€j

The problem is to determine the probability limit, Pp, for the concatenation of cable and
components relative to a maximum, D, given as:

D:(F2 +C2)1/2 (B.5)
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If there were access to the full distributions of both cable and components, this probability
could be calculated as:

2, c2)2
PD:P(AT>D)=ZZPﬁpchmax 1/2 (86)
-2 (-]
Equation (B.6) is the double convolution of cable and components.
B.4 | Evaluation of the double convolution
This qubclause will demonstrate the following relationship for the probl
Py <Pp +Pp (B.7)
The fprmulas and values for cables and components arg giv ptions
(B.4a) and (B.4b). These are combined and rewritten as:
PF"'PCZZPﬁPmax( ] (B.8)
i 1
The |ast expression in (B.8) ilities:

1=3]pp =2 pq-
7

iﬂ < Py + P| (B.9)
C

J

Inequplit

1/2
‘Fz +C2)

F C
Pmax 1/2 SPmax(_J"'Pmax(_j B-10)
(f,-2 “12') / “

Inequality (B.10) will be true if the left side is smaller than either of the terms on the right side.
Since Pnax(S) is decreasing in S, this will be true if either of the following two inequalities is true:

2 2 2
Frrc  F (B.11a)

2., 2 2
Ji& e fi

2 2 2
<+
or St ey 6 (B.11b)
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(B.11a) is true when:

—-31 -

2, 2 2 2 2
F2+C2 :(i] 1+(C/F)2 2F2 (B.12)
which occurs when
2
1%(C/—F)Wz1 = S0 (B.13a)
= 777) A
Similgrly, inequality (B.11b) is true when:
L _F (B.13b)
Cj f'l
Since|either (B.13a) is true or (B.13b) is true, then eithe B.11b) is trug. This

impligs that (B.10) is true for each instance of i a

verifidd.

In the|context of equation (2a) from cla
probapility value, ¢, given as:

This i

for opti
the sg

o <) = P )

e above notation, to DGDmax that is used in clause 2
clause 2.

of (B.7) is therefore

n-zero

B.14)

B.15)

Pris
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