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INTERNATIONAL ELECTROTECHNICAL COMMISSION

FIBRE OPTIC COMMUNICATION SYSTEM DESIGN GUIDELINES -
Part 5: Accommodation and compensation of chromatic dispersion

FOREWORD

1) The Internatlonal EIectrotechnlcaI Commlssmn (IEC) is a worIdW|de organlzat|on for standardlzat|on comprising
all i
co-)peratlon on all questlons concerning standardization in the electrical and electronic fields. To thisygnd and
in addition to other activities, IEC publishes International Standards, Technical Specifications, Technical-Reports,
Puljlicly Available Specifications (PAS) and Guides (hereafter referred to as "IEC Publication(s)")l] Their
preparation is entrusted to technical committees; any IEC National Committee interested in the,subject deplt with
may participate in this preparatory work. International, governmental and non-governmental organizations fiaising
with) the IEC also participate in this preparation. IEC collaborates closely with the International Organizafion for
Stapdardization (ISO) in accordance with conditions determined by agreement between.th€)two organizations.

2) Thqg formal decisions or agreements of IEC on technical matters express, as nearly as'possible, an interrational
conlsensus of opinion on the relevant subjects since each technical committee has representation ffom all
intgrested IEC National Committees.

3) IEQ 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
Puljlications is accurate, IEC cannot be held responsible for the way.ih which they are used or for any
misjnterpretation by any end user.

4) In ¢rder to promote international uniformity, IEC National Comfmittees undertake to apply IEC Publications
trarjsparently to the maximum extent possible in their national and'yegional publications. Any divergence between
any| IEC Publication and the corresponding national or regional/publication shall be clearly indicated in th¢ latter.

5) IEQ itself does not provide any attestation of conformity.Nhdependent certification bodies provide corfformity
assessment services and, in some areas, access to IEC“marks of conformity. IEC is not responsible for any
seryices carried out by independent certification bodi€s;

6) Al

7) No [liability shall attach to IEC or its directors;>émployees, servants or agents including individual expefts and
memmbers of its technical committees and IEC\National Committees for any personal injury, property danpage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feqs) and
expenses arising out of the publication;”use of, or reliance upon, this IEC Publication or any other IEC
PuRlications.

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

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

9) Attgntion is drawn to the pessibility 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.

The npain task of IEC technical committees is to prepare International Standards. Howeler, a
technjcal committeeé may propose the publication of a Technical Report when it has collected
data ¢f a different kind from that which is normally published as an International Standargd, for
example "state of the art".

IEC TR€1282-5_which is a Technical Report has been prepared by subcommittee 86C: Fibre
optic systems and active devices, of IEC technical committee 86: Fibre optics.

This second edition cancels and replaces the first edition, published in 2002, and constitutes a
technical revision.

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

a) extends the application space for dispersion compensation and accommodation to
communication systems that employ non-zero dispersion-shifted fibres;

b) adds a discussion on the suitability of fibre types for long-haul transmission of wavelength-
multiplexed signals;

c) updates the dispersion coefficient limits for dispersion-unshifted fibres;
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d) adds information on the dispersion coefficients of dispersion-shifted fibres;

e) updates the naming of the fibre types to the revised naming conventions defined in

IEC 60793-2-50:2018;

f) updates Table 2 to include the dispersion tolerance of phase-shift-keyed modulation formats
used for the transmission of 40 Gbit/s and 100 Gbit/s signals;

g) adds information on dispersion management in terrestrial and submarine communication

systems;

h) extends the description of passive dispersion compensators based on fibre Bragg gratings

and etalons;

i) adds_information on electronic rIinm:\rQinn accommaodation in coherent communi

cation

systems (including transmitters and receivers);

j) updates the description of optical accommodation techniques to include soliton transm

and mid-span spectral inversion;

ission

k) extends the list of system parameters for passive dispersion compensators to include
wavelength-dependent loss, phase ripple, and latency;

I) updates the description of dispersion compensator applications in lofng-haul communi

syptems.

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

Draft TR

Report on“voting

86C/1573/DTR

86C/[1581/RVDTR

Full information on the voting for the approval 6f-this Technical Report can be found

reporf on voting indicated in the above table.

This qublication has been drafted in accardance with the ISO/IEC Directives, Part 2.

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

cation

n the

optic

Futurg¢ standards in this series will carry the new general title as cited above. Titles of existing

standards in this series will'be updated at the time of the next edition.

The cpmmittee hasidécided that the contents of this document will remain unchanged until the
stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data related to
the sgecific document. At this date, the document will be

e retonfirmed,

° Wi hdra\nln’

o replaced by a revised edition, or

e amended.

A bilingual version of this publication may be issued at a later date.
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FIBRE OPTIC COMMUNICATION SYSTEM DESIGN GUIDELINES -

Part 5: Accommodation and compensation of chromatic dispersion

1 Scope

This part of IEC 61282, which is a Technical Report, describes various techniques for
i i i i i i i fcation
s. These techniques include dispersion compensation with passive optical compohents,
advarjced dispersion management, and electronic accommodation of dispersion” in the
transmitters and receivers.

2 Normative references

Therel are no normative references in this document.

3 Terms, definitions and abbreviated terms

3.1 Terms and definitions

No tefms and definitions are listed in this document.

ISO apd IEC maintain terminological databas@s for use in standardization at the follpwing
addrepses:

o |ELC Electropedia: available at http://[wwWww.electropedia.org/

e ISP Online browsing platform: available at http://www.iso.org/obp

3.2 Abbreviated terms

ADC analogue-to-digital converter

BER bit-errortratio

CD chromatic dispersion

Cw continuous wave

DAC digital-to-analogue converter

DCF dispersion-compensating fibre

DCM dispersion compensation module

DGD differential group delay

DPSK differential phase-shift keying

DQPSK differential quaternary phase-shift keying
DSF dispersion-shifted fibre

DWDM dense wavelength-division multiplexing
FBG fibre Bragg grating

FWM four-wave mixing

1 in-phase component

IL insertion loss

ITU International Telecommunication Union
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LO local oscillator

MLSE maximum-likelihood sequence estimation
NRZ non-return-to-zero

NZDSF non-zero dispersion-shifted fibre

OA optical amplifier

OOK on-off keying

OSNR optical signal-to-noise ratio

PAM pulse-amplitude modulation

PBS potarizatiomsptitter

PCD pre-compensated dispersion

PD photo-detector

PDC| passive dispersion compensator

PDL polarization-dependent loss

PMD polarization-mode dispersion

PSK phase-shift keying

0 quadrature-phase component

QAM quadrature amplitude modulation

QPSK quaternary phase-shift keying

RD residual dispersion

RDP[S residual dispersion per span

RMS root-mean-square

Rx optical receiver

RZ return-to-zero

SPM self-phase modulation

TIA transimpedance amplifier

Tx optical transmitter

wDLU wavelength-dependent loss

WDM waveléngth-division multiplexing

XPM crass-phase modulation

XPolM cross-polarization modulation

X1 in-phase component of X-polarized signal
X0 quadrature-phase component of X-polarized signal
YI ir-phase-componentof-Y-potarized-sighrat
YO quadrature-phase component of Y-polarized signal

4 Background

Optical communication fibres often exhibit a considerable amount of chromatic dispersion (CD).
This means that optical signals at different wavelengths propagate at different speeds through
the fibre and, hence, arrive at different times at the receiver. In some communication links, the
fibre dispersion can be large enough to also introduce significant differential time delays
between the various frequency components forming a single modulated optical signal. These
time delays may cause severe waveform distortions in the transmitted optical signal. Chromatic
dispersion accumulates linearly with fibre length and, hence, can severely limit the maximal
distance over which an optical signal may be transmitted without intermediate electrical
regeneration.
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To overcome these distance limitations, special fibres have been developed that exhibit
relatively small or even negligible dispersion in the wavelength range of interest. It was found,
however, that fibres with vanishing dispersion are not well suited for long-haul communication
systems employing dense wavelength-division multiplexing (DWDM) because of signal
distortions due to nonlinear optical interactions between the various multiplexed signals, such
as cross-phase modulation (XPM) and four-wave mixing (FWM). In fibres with relatively large
CD, the nonlinear signal distortions accumulate much more slowly than in fibres with only small
or even vanishing CD. The reason is that dispersion introduces differential time delays between
the various multiplexed signals as they travel through the fibre, which have the effect that they
de-phase the nonlinear interactions between the signals. For this reason, DWDM
communication systems usually employ fibres that have non-vanishing dispersion in the
wavelength range of interest.

If not|properly compensated or otherwise accommodated, the accumulated dispersion pt the
end of the fibre link may cause severe signal distortions in the transmitted signals, espgcially
in long-haul communication systems and for signals that are modulated at_symbol rates of
10 GBd or higher. Without dispersion compensation, the maximal transmission distances
decrepse rapidly with increasing modulation rate of the transmitted signals.

Techrliques for reducing the waveform distortions caused by accumulated CD include the
insertjon of passive optical elements with opposite dispersion._along the fibre link (qptical
dispefsion compensation), dispersion-assisted transmission of.optical signals (soliton pylses),
and ejectrical accommodation of CD-induced waveform distoriions in the optical transmitters
and receivers (pre- and post-compensation). Optical compensation techniques are primarily
appligd in medium- to long-haul DWDM transmission syStems using direct-detection (i.e| non-
cohergnt) receivers, whereas electrical accommodatien techniques are widely employed in
transmission systems using coherent receivers and.complex vector modulation.

Depending on the fibre type, short-reach communication systems, in particular those opefrating
in the[1 300-nm wavelength range, may not require dispersion mitigation, because of theiq short
length (typically less than 10 km) and smallt:dispersion coefficient.

5

—

npact of chromatic dispersion

5.1 Dependence on fibre(type

Chromatic dispersion inw@ptical communication fibres is usually characterized by a lgngth-
independent dispersion_coefficient D(1), expressed in units of ps/(nm-km) or ps/nm-km. The
total gmount of dispersion in a fibre of length L is given by D(1)xL and, hence, increases linearly
with fipre length,-Fhe magnitude and sign of the dispersion coefficient generally vary with gptical
wavelength 1and can differ substantially from fibre type to fibre type.

The Various fibre types used in single-mode optical communication links are categorized in
IEC 6D793-2-50 according to their design and dispersion characteristics. They include
dispersion-unshifted fibres as well as various types of dispersion-shifted fibres.
IEC 60793-2-50 also specifies acceptable ranges for the dispersion coefficients D(1) of these
fibres, which mirror those specified in ITU-T Recommendations G.652 through G.657 for single-
mode fibres and cables [1] to [6].

The amount of distortion caused by chromatic dispersion in a transmitted optical signal thus
depends on the fibre type, the length of the fibre, and the wavelength of the signal. The
magnitude and wavelength dependence of D(1) for the various fibre types and their impact on
signal transmission is discussed in 5.2 and 5.3.

5.2 Dispersion-unshifted fibres

The first generation of single-mode fibres used in optical communication systems were
dispersion-unshifted fibres, which are defined in IEC 60793-2-50 as category B-652 fibres
(formerly known as category B1 fibres). Although originally intended for signal transmission
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around 1 310 nm wavelength, B-652 fibres are also frequently used in the 1 550-nm range,
where the optical attenuation coefficient is significantly smaller than at 1310 nm. The
dispersion coefficient of these fibres vanishes at some wavelength around 1 310 nm, called the
zero-dispersion wavelength 4,, but becomes fairly large at wavelengths around 1 550 nm. As
for most fibre types, the zero-dispersion wavelength and the wavelength dependence of the
dispersion coefficient D(A) may differ from fibre to fibre because of variations in the fibre design
and the manufacturing process.

IEC 60793-2-50 specifies the acceptable variations in the zero-dispersion wavelength i, and
the slope of the dispersion coefficient, thus setting boundaries for the dispersion coefficient

D(A) as_a function of wavelength [7] [8]. This is shown in Figure 1 for the example of sub-
categpry B-652.D fibres. The solid curve displays the maximal values allowed for D(#),|while
the dashed curve shows the corresponding minimal values. At 1 310 nm wavelength, the
dispegsion coefficient is bound between -1,3 ps/nm-km and +0,9 ps/nm-km{)wher¢as it
incregses to at least 13,3 ps/nm-km but no more than 18,6 ps/nm-km at 1 550 nim,.-Other|types
of dispersion-unshifted fibres may have slightly different limits for D(4).
§
g 2° ; ;
3 ] :
g‘_ ] Makinium
§ 20 1 :
d . H ]
i . ' H
[ i H
E - ~ - - -
.E 15 N : : ” - ]
. - i 5 g
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< :
] e
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—10‘----; ------------ IE""I""I ---------
1250 1300 1350 1400 1450 1500 1550 1600 1650
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1EC
Figure T — Range of the dispersion coefficient for B-652.D fibres

Short-reach communication systems (with less than 40 km transmission distance) using
category B-652 fibres and signal sources around 1 300 nm wavelength may not be impacted by
CD, whereas medium- and long-haul communication systems operating in the C-band
(1 530 nm to 1 565 nm) or in the L-band (1 565 nm to 1 625 nm) can be severely affected by
CD because of the higher dispersion coefficient and longer length.

At 1 550 nm wavelength, a dispersion coefficient of around 17 ps/nm-km may be considered
typical for dispersion-unshifted fibres. Thus, in a 100-km long fibre link, the accumulated
dispersion is about 1 700 ps/nm. Insertion of a properly selected optical dispersion
compensator can decrease this value to about 100 ps/nm or less. However, in DWDM
applications, the slope of the dispersion coefficient also becomes important. Around 1 550 nm,
the dispersion-slope coefficient is about 0,057 ps/nm2-km, which means that the accumulated
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dispersion in a 100-km long link typically increases by about 200 ps/nm between 1 530 nm and
1 565 nm wavelength.

5.3 Dispersion-shifted fibres

Fibre dispersion is the sum of material and waveguide dispersion. It is therefore possible to
move the zero-dispersion wavelength 1, of a fibre to a different value by changing the

waveguide dispersion in the light-guiding fibre core. Shifting 4, to longer wavelengths typically

reduces the dispersion coefficient in the 1 550-nm range. These types of fibres are known as
dispersion-shifted fibres (DSFs). In category B-653 fibres (formerly category B2 fibres), the
zero-dispersion wavelength is shifted to around 1 550 nm, as specified in IEC 60793-2-50.
Consg¢quently, the magnitude of the dispersion coefficient in B-653 fibres is very small dcross
the Ciband.

Transmission of DWDM signals over zero- or low-dispersion fibres can be severety:-impaifed by
nonlinear optical interactions between the various optical channels which occur along thg fibre
link, gs described in IEC TR 61282-4 [9]. These non-linear interactions manifest themseljes in
cross{phase modulation (XPM), cross-polarization modulation (XPolM)and four-wave rixing
(FWM). It was found that signal distortions caused by XPM, XPolM and FWM accumulate[much
more [slowly in fibres with large dispersion coefficients than in those with small or nearly
vanishing dispersion coefficients [10]. Therefore, B-653 fibres a@re not suitable for long-haul
transmission of DWDM signals in the C-band, although they may be used for OQWDM
transmission in the L-band, where the dispersion coefficient“is significantly larger. Fqr this
reasoh, B-653 fibres are no longer deployed in long-haul,optical communication systems

Newe[ generations of dispersion-shifted fibres are designed to have relatively small buf non-
vanishing dispersion coefficients within the C-band,*so as to allow DWDM transmission over
long libre links. In these non-zero dispersion-shifted fibres (NZDSF), defined as caﬂegory
B-659 fibres in IEC 60793-2-50 (formerly category B4), A, is shifted either to a wavelength
below] 1 530 nm, so that D(A1) is greatersthan zero in the entire C-band, or to one above
1 565(nm, so that D(A) is lower than zerg4n the C-band. Since fibres with 15 > 1 565 nm do not
suppdrt DWDM transmission in the~L-band (1 565 nm to 1 625 nm), newer generatigns of
NZDSFs, like sub-category B-655.D-fibres, specify iy to be below 1 530 nm, so that I}(1) is
greater than zero in the C- and.L-bands. In category B-656 fibres (formerly category BS5), which
were flesigned for wideband eptical transport networks, A, is shifted to below 1 460 nm, o that
D(A) s greater than zerovover the extended wavelength range from 1 460 nm to 1 625 nm,

covering the S-, C- andsbands. Consequently, category B-656 fibres exhibit significantly Jarger
dispefsion at 1 550 nmthan some of the earlier generations of NZDSF.
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Table 1 — Single-mode fibre types and range of dispersion coefficients at 1 550 nm

IEC category D(2) a} 1 ifo nm
Fibre type ps/nm-km
old? NewP Example Min. Max.
Dispersion-unshifted B1.1 B-652.B B-652.B - 18¢
Cut-off shifted B1.2 B-654 B-654.E 17 23
Dispersion-unshifted (reduced water peak) | B1.3 B-652.D B-652.D 13,3 18,6
Bending-loss insensitive B6 B-657 B-657.A 13,3 18,6
Dispefsion-shifted B2 B.553 B.653 B 2.3 £2 2
Non-Zero dispersion-shifted B4 B-655 B-655.E 6,1 9,3
Widelband non-zero dispersion-shifted B5 B-656 B-656 3,6 9,3
NOTH The minimal and maximal dispersion coefficients are listed for illustrative purposes and apply only o the
specified sub-categories. The dispersion ranges for other fibre sub-categories ,and/or at |other
wavelengths can be found in IEC 60793-2-50.
a IEC 60793-2-50:2015 and older [7].
b IEC 60793-2-50:2018 and newer [8].
¢ Calculated from the minimal zero-dispersion wavelength and the ymaximal zero-dispersion |slope
according to [1].
Table|1 lists examples of the various types of dispersion-unshifted and dispersion-shifted|fibres
and their specifications for minimal and maximal dispersion coefficients at 1 550 nm. [Thus,
even With non-zero dispersion-shifted fibres, the total accumulated chromatic dispersion jat the
end of a long fibre link may become too large to allow error-free transmission in long-digtance

communication links. In this case, it is necessary’to either compensate the fibre CD by insferting

opticg

5.4

Fibre

| dispersion compensators or otherwisevaccommodate its effects.

Pulse broadening

dispersion generally leads fe-waveform distortions in the transmitted optical signal,
pulse broadening as well-as signal peaking, as discussed in 5.5. The reason for

inclut
waveform distortions is that the various frequency components of a modulated signal trg

differg
link. T
to the
by the

nt speeds through the’ fibre and, hence, arrive at different times at the end of thg
he differential tinte delay Ar between two signals at different wavelengths is propo
r wavelength difference A1 and the total dispersion in the fibre link, which is deter
dispersion.coefficient D(4) and fibre length L [11]:

At(/l)zD(/l)xLxA/l

which
these
vel at

fibre
tional
mined

(1)

A pos

tive dispersion coefficient means that longer wavelengths experience longer transit

times

than shorter wavelengths. For negative dispersion coefficients, the order is reversed, so that
longer wavelengths experience shorter transit times than shorter wavelengths.

The optical spectrum of a modulated signal always has a finite spectral width A4, and, hence,

contains a multitude of wavelengths, which all experience different time delays when traveling
through a dispersive fibre. If these time delays become too large, they can severely distort the
waveform of the transmitted signal. The differential phase shifts Agintroduced by the CD-
induced time delays can be described in the wavelength domain by a simple multiplication of
the complex spectral components with the complex transfer function:
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2
H(M)=exp {jAd)(M)}:exp{j EXAt(QXCXM}:exp{j ”XD(A)}LXCXM } (2)

where
¢ is the speed of light in vacuum;

Al is the wavelength difference between each spectral component and the centre frequency of
the spectrum [11].

Thus, the wider the modulated optical spectrum is, the larger A¢ can be. It is important to note

that 4 _arows nronortionally with A 22 which means that the dispnersion-induced waveform
v 9 L J y g

distorfions increase steeply with the width of the modulated optical spectrum A4, and thus with

the mpdulation rate of the optical signal.

For example, a binary non-return-to-zero on-off-keyed signal (NRZ-OOK) atbit-rate B carries
significant spectral content in a frequency interval of 2B. For B = 10 Gbit/snand 1 = 1 550 nm,
this ipterval corresponds to a spectral width of A4, = 0,16 nm, whereas’for B = 40 Gbit/s,
AA,, i$ four times larger, i.e. 0,64 nm. However, the CD-induced mraximal differential phase
shifts|in the optical spectrum increase with the square of B, as described by Equation (4). For
this rgason, a binary 40 Gbit/s NRZ-OOK signal is 16 times more.sensitive to CD than a binary
10 GHit/s NRZ-OOK signal, and 256 times more sensitive thanva binary 2,5 Gbit/s NRZ-OOK
signall.

In most instances, the CD-induced differential phase shifts Ag lead to pulse broadening in digital
comn'rl:nication systems and to modulation-frequency roll-off in analogue communigation

systems. This can be better seen in the time“demain, where the transfer function (A1)

corregponds to a convolution of the time-varying’ optical signal amplitude A(¢z) with the complex
transfer function:

1 1
h(l‘):ﬁexp{—jz} (3)

where
a =P)x Lx122xmxc)

When| applied to atsingle chirp-free optical pulse, this convolution simply spreads the qgptical
energly of the pulse in time and thus lengthens the pulse duration. However, the wavieform
distorfions of('modulated optical signals tend to be more complicated, because the |pulse
distorfion of-each individual symbol depends on the amplitudes and phases of the prededing
and spiceeeding symbols. As a result, the waveform distortions become pattern-dependepnt (as
in Figurev2) and may exhibit pulse broadening and pulse narrowing as well as signal peaking.
The larger the accumulated dispersion, the more symbols are involved in the convolution.

The dispersion-induced waveform distortions depend on the overall width of the optical
spectrum, which is determined by the information content of the digital or analogue information
to be transmitted as well as by the particular modulation format used to encode the optical
signal. For a given modulation format, the spectral width increases linearly with the modulation
frequency (in analogue systems) or the symbol rate (in digital systems). In general, binary
encoded signals have broader optical spectra than those using modulation formats of higher
cardinality, such as quaternary pulse-amplitude-modulated (PAM-4) or quaternary phase-shift
keyed (QPSK) signals. However, polarization-multiplexed signals have the same spectral width
than single-polarized signals of the same modulation format and symbol rate.

The optical spectrum may be further broadened by frequency chirping and nonlinear modulation
in the transmitter, as discussed in 5.5, or by the finite spectral width of the unmodulated light
source in the transmitter. However, the latter is usually negligible, because long-haul
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communication systems operating at bit rates of 10 Gbit/s or above generally employ single-
longitudinal-mode lasers with linewidths below 100 MHz.

5.5 Pulse narrowing and signal peaking

The dispersion-induced waveform distortions are affected by frequency chirping and nonlinear
modulator response in the optical transmitter. Chirping can occur, particularly in directly
modulated lasers, where the digital or analogue modulation signal is directly applied to the laser
drive current. This type of modulation may cause the laser wavelength to vary with time. In
digital transmission systems, for example, the laser wavelength may move towards shorter
wavelengths during the ramp-up of the pulse and back towards longer wavelengths during ramp-
down (Iani’ri\/p Phirp) This frpqnpnr‘y chirping causes Qignifir‘nn’r broadening aof the madulated
spectfum as well as further broadening of the transmitted pulses at the end of a fibr¢ with
positiye dispersion, because the leading edges of the pulses have shorter wavelengthis and
hencq arrive sooner than the trailing edges, which have longer wavelengths.

Convgrsely, in the negative dispersion region (at wavelengths below 1) pgsitive chirping can

result|in pulse narrowing. Therefore, significant pulse compression can o¢cuf after certain fibre
lengths, but then the pulses broaden again. Therefore, proper frequen€y chirping can {xtend
the digpersion-limited transmission distance [12]. A similar effect canbeachieved with negative
freque¢ncy chirp when the fibre dispersion is positive. This technique is an example of
dispefsion accommodation discussed in 6.4.

Chirp|ng can be alleviated or completely avoided whenJusing an external modulator in
conjupction with an unmodulated (continuous-waye). laser. A semiconductor elgctro-
absorption modulator normally exhibits significantly Yess chirp than a directly modylated
laser [but introduces considerable insertion lossxHigh-speed transmission systems |at bit
rates |of 10 Gbit/s and beyond frequently use<electro-optic modulators based on Mach-
Zehnder interferometers, which can be desijgfied to introduce negligible frequency chirp or,
if so desired, a fixed amount of positive or'negative chirp.

In genmeral, the optical output amplitude“of interferometric Mach-Zehnder modulators is|not a
linear|function of the modulating drive)signal, particularly when the modulator is swept frdgm the
completely-on state to the completely-off state. Such nonlinear modulation generates harmonic
frequgncy components in the modulated spectrum, which can cause significant signal pgaking
and epen pulse narrowing after experiencing fibre dispersion. Figure 2 displays simulatipns of
CD-induced waveform distortions in a 10 Gbit/s NRZ-OOK signal generated with a chirp-free
interferometric Mach-Zehnder modulator. Pulse narrowing can be observed in the isolated “1”
symbols when the sigmal has experienced moderate amounts of CD, i.e. 670 ps/nm and
1 340|ps/nm, corresponding to about 40 km and 80 km of dispersion-unshifted fibre, which is
causdd by clock) frequency components in the optical amplitude spectrum [13]. After Jarger
amoupts of accumulated CD (i.e. above 2 000 ps/nm), the initial pulse narrowing of the isplated
“1” symbols:—has turned into pulse broadening, but the signal peaking in the broader pulses
(formed by.several consecutive “1” symbols) has grown even larger.
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Figure 2 — Distortions in a 10 Gbit/s NRZ:signal at various amounts of CD

Fsion-induced signal peaking tends to be-larger in on-off keyed signals than in phas
5, such as self-phase modulation, (SPM), cross-phase modulation (XPM), and four

ized through careful managemeént of the accumulated dispersion along the fibre li
sed in 6.2.

Dispersion-limited transmission distance

ut proper compensation or accommodation, dispersion can severely limit the dig
which an optical” signal may be transmitted without intermediate opto-eleg
ration. Subclause 5.6 describes how the maximal transmission distance depends
mount of accumulated dispersion in the fibre link as well as on the symbol rat
ation format of the transmitted optical signals.

inary”"NRZ on-off-keyed signals, ITU-T Recommendation G.957 specifies that
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signals. In either case, it can cause, additional waveform distortions through nonlinear
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'1ing due to chromatic dicpnrcinn should not exceed a fraction ¢ of the Q\J/mhnl Ir_‘mrir

d 1/B

of the digital modulation [14], where B denotes the modulation rate, so as to not exceed the
maximal allowable dispersion power penalty at a particular bit-error ratio (BER). For a 1 dB
power penalty at a BER of 10~10, the value of ¢ is about 0,3. It should be noted that £ depends
upon certain component parameters of the transmission equipment and, therefore, should be
individually determined for each system design.

With At = ¢/ B, one can then calculate the dispersion-limited maximal transmission distance Ly

for binary NRZ signals from Equation (1). Neglecting the spectral width of the unmodulated light
source, Lp is approximately given by:

&

)
D BxDx2A4,,

(4)
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where
V3B . .
Al, = ———— is the root-mean-square spectral width of the modulated optical spectrum;
c
D is the dispersion coefficient of the fibre;
A is the centre wavelength of the spectrum.
NOTE It is assumed that the transmission distance is not limited by fibre attenuation, optical amplifier noise, or

non-linear effects in the fibre link. The maximal transmission lengths are not specified in any ITU recommendation.

Table

2 Inmvidpt pxamplpc of the maximal accumulated chromatic diqlnprqinn D x [ that can be

tolerated in modulated optical signals of various bit-rates and modulation formats, asOwell as
the cdrresponding dispersion-limited transmission lengths over uncompensated category B-652
fibre, pssuming D(4) = 17 ps/nm-km at 1 550 nm. These data assume chirp-free médulatign and
an idgal light source having negligible spectral width when unmodulated [15].

Table 2 — Dispersion-limited transmission distances over B-652 fibre at 1 550 nm

Bit rate and modulation format
Maximal dispersion 2,5Gbitls | 10 Gbit/s | (10 GPIUS | 40 ggl',t/SSK 40 Ghitls | 100 Gbitls
anfl transmission NRZ-OOK NRZ-00K ) N\ y y
. (D)QPSK (D)QPSK
distance (0TU1/ (0TU2/ (OTU3/ (OTU3/
STM-16) STM-64) STM-256/ STM-256/ (OTU3/ (OoTU4/
40GbE) 40GbE) STM-256) 100GbE)
Maximal chromatic
dispefsion for 2 dB 13 500 ps/nm | 850 ps/nm | 80 ps/nm 170 ps/nm 700 ps/nm? | 100 pg/nm?@
OSNR penalty
Dispefrsion-limited
distarlce over B-652 800 km 50 km 5 km 10 km 40 km? 6 km?
fibre
NOTH The dispersion-limited transmission distatiee strongly depends on the details of the transmission equipment
and, hence, can significantly vary from system to system. The numbers listed in this table arg only
approximate values intended to illustrate the general dependence on modulation rate and format.
a Without dispersion accommodation in the receiver or transmitter.

The d|spersion-limited transmission distance is determined by the total accumulated dispgrsion
which|the signal hasiexperienced when it arrives at the receiver. This distance decreasep with
incregdsing symbol rate of the modulated signal, but not necessarily with increasing bit rat¢. The
dispefrsion-limited distance of 40 Gbit/s polarization-multiplexed QPSK signals, for example, is
comparable tg that of 10 Gbit/s NRZ-OOK signals, because both signals are modulated gt the
same|symbeolirate and, hence, exhibit similar spectral widths. In general, QPSK signa|s are
somewhat_more sensitive to CD than binary coded OOK signals. Communication sygtems
transnitting complex, vector-modulated signals (e.g. 40 Gbit/s QPSK or 100 Gbit/s QPSK) often
employ coherent opfical receivers, which can accommodate Targe amounis of accumulated
dispersion, as described in 6.5, in some cases up to 50 000 ps/nm or even more [16]. Hence,
the dispersion-limited transmission lengths of these systems are substantially larger than the
ones listed in Table 2. Long-haul communication systems operating at 100 Gbit/s or higher
therefore often employ coherent receivers.

If the total accumulated dispersion in a fibre link is reduced by means of optical dispersion
compensation, the maximal transmission lengths will increase substantially. As can be seen
from Table 2, dispersion compensation is essential for long-haul transmission of 10 Gbit/s NRZ-
OOK signals and even more so for 40 Gbit/s NRZ-DPSK and 40 Gbit/s RZ-DQPSK signals. For
the latter, optical dispersion compensation is needed even if the signals are transmitted over
relatively short distances or over non-zero dispersion-shifted fibres. However, optical dispersion
compensators generally exhibit considerable optical insertion loss, which may have to be
compensated for by optical amplification. Hence, optical dispersion compensators and optical
amplifiers are complementary, because they both increase the maximal transmission lengths.
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When large fibre dispersion is optically compensated (e.g. by passive dispersion
compensators), the maximal transmission length may be limited not only by first-order chromatic
dispersion but also by second-order dispersion. The more general form of Equation (1) is:

daD(Z
1V is the dispersion-slope coefficient.

The importance of the second-order term depends upon the combined dispersion slope |of the
transmission fibre and the dispersion compensators. Second-order dispersion is also an
important factor for broad-band dispersion compensation, for example across the entire C{band,
whichl|is essential for DWDM transmission according to ITU-T Recommendation G.692, befause
it detgrmines the variations of the compensated dispersion over the desired wavelength range
[17].

6 Clompensation and accommodation of dispersion

6.1 |Passive dispersion compensation along the optical path
6.1.1 General

Passiye optical dispersion compensation referst6 techniques that reduce the total accumulated
dispefsion or dispersion slope of a fibre optic link by insertion of dispersion-compengating
opticdl components at various locations~along the fibre link. These components may be
dispefsion-compensating fibre (DCF), specially designed fibre Bragg gratings, or etalon-pased
filters|[11] [18].

Passiye dispersion compensators (PDCs) generally reduce or even reverse the accumtlated
differgntial delays between the’/faster shorter wavelengths and the slower longer wavelengths.
Fixed|PDCs are available\to'compensate the dispersion of various lengths and types of|fibre,
whergas variable PDCs\hare less frequently needed to fine-tune the compensation at the
receier. PDCs may(be inserted at the transmitter or receiver, or at various places along the
opticdl path. Non-linear effects in the fibre may determine their optimal placement, as discussed
in mofe detail inJ6.2.

Properly packaged PDCs are often referred to as dispersion compensation modules (DCMs).
DCM9 may contain either FBG-based PDCs or spools of dispersion compensating fibre.

6.1.2 Dispersion compensating fibre

Dispersion-compensating fibre (DCF) is the most-widely used PDC, since it has the advantage
of polarization insensitivity, low dispersion ripple, and wide optical bandwidth. DCFs for B-652
fibre typically have negative dispersion as well as negative dispersion slope, both tailored by
the material and design of the fibre core. The dispersion coefficient of DCFs typically is multiple
times larger than that of the transmission fibre (although of opposite sign), and the attenuation
coefficient is slightly larger. Hence, the length of DCF needed to compensate the CD of a certain
span of transmission fibre is only a small fraction of the length of the transmission span.
However, DCFs usually feature significantly smaller mode sizes than ordinary transmission
fibres. As a result, the power threshold for nonlinear signal interactions is usually considerably
lower in DCFs than in regular transmission fibres.
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Figure 3 shows an example of how the dispersion of a DCF-based PDC and a length of
dispersion-unshifted fibre add across the C-band. In the example shown, the compensator has
a negative dispersion slope to counteract the positive dispersion slope of the transmission fibre.
This flattens the total dispersion, which is essential for DWDM applications.
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NOTE | The dispersion is calculated from the slope of the time delay\in the centre of the transmission band.

Figure 4 — Reflectivity and time delay of an FBG-based PDC

Most FBG-based PDCs have multiple passbands, across the C- or L-band, which are separated
by opaque guard bands. The various passbands are generated by superimposing several Bragg
gratings with different pitch and chirp in assingle device. Note that these "channelized" PDCs
are |not compatible with flexible DWDM channel grids, as defined in
ITU-T|IRecommendation G.674.1 [19]..[t'is possible, however, to manufacture FBG-based |PDCs
with sjubstantially wider passbands.

Slow-|and fast-varying "ripplésj*may occur on the reflectivity and time delay characteristics of
FBG-bhased PDCs. Both types of ripple may cause significant signal distortion, especially fast-
varyinlg time delay ripples, which are usually specified in terms of phase ripple [20]. However,
FBG-based PDCs typically have substantially lower insertion loss than DCFs, because of their
shortgr lengths.

6.1.4 Etalonfilter

PDCs| based on etalon filters also have substantially lower insertion loss than DCFs buf have
similafoptical bandwidth limitations as "channelized" FBG-based PDCs [21]. Etalon-pased
PDCS;H_[_W_WFG usually not compatible wi exible channel grids.

6.2 Dispersion management

Dispersion management refers to techniques that optimize the placement of PDCs along the
fibre link to minimize signal distortion due to non-linear effects in the fibre. In relatively short
fibre links of 100 km or less, the accumulated CD may simply be compensated at the end of the
link by inserting a PDC just before the receiver. Alternatively, one may pre-compensate the
fibre CD at the input of the fibre optic link by inserting a PDC after the transmitter. In long-haul
communication systems using one or more in-line optical amplifiers, it may be necessary to also
insert PDCs at various locations along the fibre link [11], [18], so as to minimize nonlinear signal
distortion due to dispersion-induced signal peaking, as discussed in 5.5. These in-line PDCs
are often co-located with the in-line optical amplifiers and typically placed either directly before
the amplifier or, if possible, between the pre-amplifier and the booster stage of a multi-stage
amplifier, as discussed in 8.2.
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The transmission quality of a fibre link can often be optimized by careful adjustment of the
amounts of dispersion pre-compensated at the transmitter, compensated in-line along the fibre
link, and post-compensated at the receiver. This optimization is known as "dispersion
management". The resulting variation of the accumulated dispersion along the fibre link is
referred to as a "dispersion map". The optimal dispersion map for a communication link
generally depends on the fibre type, the modulation rate and format of the transmitted signal(s)
as well as the number of transmitted DWDM signals, and the type of dispersion compensators.
The optimal map may be found with the help of numerical simulations or by experiment.

Figure 5 shows an example of a typical dispersion map for terrestrial communication systems,
in which the d|sper3|on is penodlcally compensated after each amplifier span TyplcaIIy, a small

amplifier span is elther sllghtly under- compensated (as in Flgure 5) or over-compéhsated,
yieldipg a finite amount of residual uncompensated dispersion per span (RDPS). The“latter is
imporfant for DWDM systems, so as to avoid a complete reset of the dispersion-induced
differ¢gntial time delays between the various multiplexed signals. Letting the dispérsion-ingduced
differgntial time delays gradually grow, as in the example of Figure 5, reduceslaccumulafion of
repeafed cross-phase modulation between the same transmitted symbols. Ih|relatively long fibre
links, the accumulated RDPS may become so large that it has to be compensated after a certain
number of spans, which leads to double-periodic dispersion maps [22]. Furthermore, befause
of norjlinear waveform distortions, it is often better to not completely' remove all uncompensated
dispefsion at the receiver, but to leave some residual dispersion,(RD) in the transmitted signals.
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Figure 5 — Periodic dispersion map with span-by-span compensation

Submarine communication systems usually employ specially designed transmission fibres for
in-line dispersion compensation, to avoid the additional optical loss of PDCs [23]. For example,
the fibre spans between amplifiers may be composed of two different fibre types, with the fibre
in the first part of the span having a positive dispersion coefficient and that in the second part
a negative one, so that all or most of the dispersion in the first part of the span is compensated
by the dispersion in the second half of the span. Because the dispersion slopes of the two fibre
types often are not perfectly matched (analogous to the situation shown in Figure 3), it may not
be possible to simultaneously optimize the dispersion map for all DWDM channels in an ultra-
long submarine cable. In this case, each wavelength channel may need a different PDC at the
receiver for proper post-compensation of the residual dispersion. These individual PDCs are
not needed when coherent optical receivers are employed, because these receivers can
adaptively accommodate relatively large amounts of residual dispersion, as described in 6.5.


https://iecnorm.com/api/?name=5a827d3ef47c8913afbb5f282aa1fc7f

- 20 - IEC TR 61282-5:2019 © IEC 2019

It should be noted that the recent introduction of coherent optical receivers in combination with
advanced optical modulation formats has greatly reduced the need for in-line optical dispersion
compensation in terrestrial and submarine communication systems, thus causing a paradigm
shift in dispersion management. As described in 6.5, specially designed coherent receivers can
accommodate the accumulated dispersion of several thousand kilometres of dispersion-
unshifted fibre. Consequently, submarine communication links may be composed of just a single
fibre type, which may be chosen to have a low attenuation coefficient (to improve the signal-to-
noise ratio) and a large mode field diameter (to reduce nonlinear optical effects) as well as a
large dispersion coefficient.

6.3 Accommodation of dispersion

The term "accommodation" in this document refers to electrical and optical techniquep that
enable high-speed signal transmission over dispersive fibres with either no or substantially less
opticdl dispersion compensation than otherwise needed. Examples of such adaptiye dispersion
accommodation include electrical pre-distortion of the optical signal in the transmitter,| post-
compensation via digital signal processing in the receiver, dispersion+assisted pgignal
transrpission (soliton pulses), and mid-span spectral inversion.

The most widely deployed accommodation technique is electrical dispeksion post-compengation
in the| receiver. It is used in transmission systems operating at symbol rates of 10 GBd and
abovg to accommodate residual dispersion that is not compensated by in-line PDCs| This
technjque is especially effective when employed in coherent optical receivers, which detgct the
amplijude and phase variations in the transmitted optical signal. In such receivers, it is pofsible
to adpptively accommodate the accumulated dispersioan of several thousand kilomettes of
dispefsion-unshifted fibre, without incurring significant_signal degradations. As a resulf, this
technl|que reduces, and in some cases even eliminates, the need for in-line optical dispérsion
compensation via PDCs. With increasing symbol rates, adaptive dispersion accommodaltion in
the receiver will become even more important for future medium- and long-haul communigation
systems. This technique may be complemented.by dispersion accommodation in the transmitter
to prefcompensate part of the accumulated\dispersion in the transmission fibre.

NOTE | Unless otherwise stated, it is assumed-that the transmitters of the communication system employ|single-
frequerjcy lasers with narrow linewidth as welloptical modulators with low frequency chirp.

6.4 |Pre-distortion of the transmitted signal

Chromatic dispersion in a‘fibre link may be accommodated directly in the transmitler by
modulating the amplitudeand phase of the optical signal in such a way that it resembles a
passiyely pre-compensated optical signal (i.e. the output signal of a PDC placed in front of a
convgntional transmitter). Such pre-distorted signals can be generated in the transmittgr with
the hglp of an opfical vector modulator (also known as /-Q modulator) [24]. The desired aount
of preg-compepsated dispersion is obtained by pre-distorting the electrical drive signals ¢f this
modulator aceording to Equation (3). The higher the amount of pre-compensated CD, thel more
pre-distortion is required. This electronic pre-distortion technique enables adgaptive

accommaodation of large amounts of accumulated CD without encountering the optical lposses
that akmmmmmmm' i i i up to

85 000 ps/nm can be accommodated in the transmitter [25].

The pre-distorted drive signals for the I-Q modulator are often generated digitally by high-speed
digital signal processors (DSPs) and then converted into analogue drive signals for the optical
modulator, using high-speed digital-to-analogue converters (DACs), as shown schematically in
Figure 6. This pre-distortion technique can be readily implemented in transmitters that generate
complex, vector-modulated signals, such as QPSK or M-QAM signals. However, proper pre-
distortion of the optical signal requires an optical modulator that has a sufficiently linear
amplitude and phase response.
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Figure 6 — Transmitter for generating pre-compensated optical signals

If relatively large amounts of CD are to be accommodated, the DSP usually first transforms the
undis{orted M-QAM signals from the time into the frequency domain, using a discrete Fpurier
transfprmation, then multiplies the resulting frequencyispectrum with the CD transfer fupction
Equatjion (2), and finally transforms the spectrum back into the time domain. This procgss is
more gfficient than a convolution with Equation (3) in‘the time domain. The signal pre-disfortion
is pefformed in a continuous fashion, using parallel processing with sufficiently largg time
overlgps, so that no information is lost in thectransformations. For relatively small amoulnts of
CD, al time-domain-based convolution technique may be used instead, which pre-distorts the
signals according to Equation (3), using digital finite-impulse-response filters [16].

Since|the CD in the fibre link may not always be known accurately enough, the pre-disfortion
technijque is often used in conjunction with dispersion accommodation in the receiver, as
described in 6.5.

If only small amounts of*€D need to be accommodated, one may approximate Equation (3) by
a simlple frequency ,chirp, which has to be added to the intensity-modulated signal.|Such
frequency chirping.is-eften used to pre-compensate NRZ on-off-keyed signals, as described in
5.5. A properly applied chirp has a similar effect as optical pre-compensation with a PDC. The
frequency chirpimay be generated by an external modulator or directly in the modulated
laser [12].

6.5 Electrical accommodation in the receiver

Similar to pre-distortion in the transmitter, fibre dispersion may also be accommodated in the
receiver at the end of the fibre link, in particular in coherent optical receivers, which are often
employed in long-haul communication systems that operate at bit rates of 40 Gbit/s per channel
and above.

Modern intradyne coherent receivers convert the amplitude and phase variations in the received
optical signal into corresponding electrical signals, which can then be processed to remove the
CD-induced waveform distortions. This is usually accomplished with the help of high-speed
DSPs, after the received analogue electrical signals are converted into digital signals by high-
speed analogue-to-digital converters (ADCs). To recover the transmitted information, the DSP
also needs to remove waveform distortions caused by polarization mode dispersion (PMD) and
polarization rotations, as well as distortions caused by frequency and phase offsets between
the local oscillator and the optical signal [26], as shown schematically in Figure 7.
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Figure 7 — Coherent optical receiver with electrical CD_post-compensation

Electrical dispersion compensation in coherent receivets is equivalent to optical | post-
compensation with a PDC, but does not incur the optieal losses associated with a PDC|. This
accommodation technique allows accommodation ofdarge amounts of CD. Specially degigned
coherent receivers, for example, can compensateschromatic dispersion of 100 000 ps/nm or
more,|which corresponds to the accumulated CD«of*several thousand kilometres of dispefrsion-
unshifted B-652 fibre. Typically, the bulk of the;dispersion is compensated in the frequency-
domaljn, as described in 6.4, while any residuahCD is subsequently removed in the time-dgmain,
together with other impairments. Moreoverf;:it is possible to estimate the amount of dispgrsion
which| the received signal has experienc¢éd and, thus, adapt the dispersion accommogation
autonjatically to the accumulated CD-in"the fibre link.

Hencg, electrical dispersion accommodation in coherent receivers may eliminate the nepd for
in-lingd optical CD compensation in the fibre link, even in very long submarine cables. In fact,
some|long-distance fibre Jinks exhibit significantly better performance when operated wlithout
in-lind PDCs than thoseemploying them, because large uncompensated fibre dispersion|tends
to migjimize nonlinear waveform distortions due to cross-phase modulation [27]. HoweVer, to
compensate such large amounts of CD requires local oscillator lasers with relatively narrow
opticdl linewidth; so that the optical phase noise of the LO laser does not interfere with the
phasdg-sensitiye re-construction of the transmitted signals. In general, the larger the amolunt of
accumulated-CD, the narrower the LO linewidth has to be [28] [29].

Dispefsion may also be accommodated in direct-detection receivers, which are commonly used
in communication systems transmitting on-off-keyed signals, although to a lesser degree.
Because direct-detection receivers sense only to the intensity of the received optical signal but
not to its phase, they cannot completely remove the CD-induced waveform distortions from the
signal [30]. Instead, these receivers use special algorithms, like maximum-likelihood sequence
estimation (MLSE), to recover the transmitted information from the distorted electrical signal
[31]. This accommodation technique is mostly employed in communication systems operating
at 10 Gbit/s per channel. Implementation at higher bit rates becomes increasingly complex and
power consuming.

6.6 Dispersion-assisted transmission

Dispersion-assisted transmission refers to communication systems in which chromatic
dispersion is needed to successfully transmit an optical signal through a fibre span or link. A
well-known example of this accommodation technique is optical soliton transmission. Optical
solitons are return-to-zero signals with a certain pulse shape (and power) that can traverse a
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dispersive optical fibre without experiencing significant distortion. This is achieved by
counterbalancing the dispersion-induced pulse-broadening with an equal amount of pulse-
narrowing caused by self-phase modulation (SPM), which arises from nonlinear interactions of
the optical signal with itself. In the absence of chromatic dispersion, the optical soliton pulses
would collapse, and without SPM, they would become excessively broad.

In order to balance the pulse-broadening and pulse narrowing effects, each soliton pulse shall
carry a well-defined amount of optical power, which depends on the fibre design (which
determines the magnitude of the non-linear interactions) and the dispersion coefficient D. The
larger D is, the higher the optical power has to be. For practical applications, D should be
between 0,3 ps/nm-km and 1 ps/nm-km [32]. Soliton pulses have been generated in non-zero

transmission over dispersion-unshifted fibres is not practical in the 1 550-nm wateglength
range} because of the large pulse powers required to generate sufficient SPM. Furthermore,
soliton pulses are not well suited for DWDM transmission, because they introduce,sign|ficant
crossiphase modulation (XPM) between the multiplexed signals. Soliton transmjssion systems
have hot been widely deployed, because they cannot provide the same overall data capacity
as copventional, quasi-linear communication systems.

6.7 |Mid-span spectral inversion

Another technique for optical accommodation of dispersion is\mid-span spectral inversion,
which|is also referred to as optical phase conjugation. Unlike dispersion-assisted transmigsion,
this tgchnique is agnostic to the bit rate and modulation format of the transmitted optical sjgnals
as well as to the fibre type. It does require, however, theladdition of optical components|in the
middle of the fibre span (or link), to invert the optical spectrum of the transmitted signal in such
a way|that the red-shifted wavelengths of the input signal (i.e. the originally transmitted dignal)
become the blue-shifted wavelengths of the output-signal (i.e. the spectrally inverted signal)
and, fonversely, the blue-shifted wavelengths, of the input signal become the red-shifted
wavelengths of the output signal (see Figure:8).
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Figure 8 — Spectral inversion of a modulated signal via four-wave mixing

The result of this spectral inversion is that the dispersion-induced differential delays introduced
in the red-shifted wavelengths during transmission through the first half of the fibre span are
offset by opposite delays (i.e. advances) in the second half of the span, where they are
transmitted as blue-shifted wavelengths. This effect is equivalent to a reversal of the sign of the
dispersion coefficient in the second half of the span. Thus, if the dispersion coefficient is uniform
along the fibre span, and the spectral inversion occurs exactly at mid-span, then there are no
dispersion-induced waveform distortions in the received optical signal [33].
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Spectral inversion of a modulated optical signal can be accomplished via four-wave mixing
(FWM) or parametric optical amplification [34] in a nonlinear optical medium. In the case of
FWM, the modulated optical signal is mixed with an unmodulated optical pump signal at a
wavelength that is sufficiently offset from the centre wavelength of the modulated signal. This
mixing creates a mirror image of the modulated optical spectrum on the other side of the pump
wavelength, as shown schematically in Figure 8. In the most basic configuration, only a high-
power pump laser and a nonlinear optical medium are needed, where the latter may be a
compact semiconductor optical amplifier, a periodically poled lithium niobate waveguide, or a
highly nonlinear fibre. An additional optical band-pass filter may be employed to block the pump
signal and the original signal from entering the second half of the fibre span. It is usually not
necessary to undo the spectral inversion at the receiver.

In pr3ctical applications, a more complex polarization-diversity arrangement is reduited to
accompmodate the polarization dependence of FWM and to allow spectral inversipn of
polarigation-multiplexed signals [35]. Although it is possible to simultaneously invert/the spectra
of seyeral closely-spaced DWDM signals in the same nonlinear medium [34]_]35], spectral
invergion in a fully loaded DWDM communication link requires de-multiplexing of the s|gnals
into spveral wavelength bands and parallel processing of these bands in separate inverters,
becayse the spectrally inverted signals appear at different wavelengths.“After inversioh, the
signals may be shifted back to their original wavelengths [36].

Thus,|dispersion accommodation via mid-span spectral inversion.is significantly more complex
than Qroadband dispersion compensation via in-line PDCs. Fonthis reason, it is not widely used
in commercial communication systems. However, mid-span-spectral inversion may be used in
future| systems to reduce the signal distortions caused by,self-phase modulation [34] [35].

7 Ppssive dispersion compensator parameters

7.1 |Compensated fibre length

Dispefsion compensation modules based,on PDCs are usually categorized by the amopnt of
dispefsion they can compensate. Since*PDCs are designed to match the dispersion coefficient
of a cprtain fibre type, their dispersion is often expressed in terms of the length of fibre Wwhose
dispefsion they can compensate This length is called "compensated fibre length" and spgcified
in uni{s of km.

7.2 |Operating wavelength range

The ¢@perating wavelength range of a PDC is usually specified by minimal and maximal
wavelengths (in nm);'or sometimes by an optical wavelength band (e.g. C- or L-band). For|PDCs
with a|single, continuous optical transmission band, such as DCF-based PDCs and certain[FBG-
basedq PDCsslall optical parameters (in terms of allowable minimum or maximum values) jare to
be satisfied within this wavelength range.

FBG-based—PDbCs—withmmuitischarmmetpassbanmds—satisfy theseparameters—omnty—within  the
specified passbands. The nominal centre frequencies of these passbands (or channels) are
often characterized by the frequency spacing of the channels (e.g. 50 GHz or 100 GHz), which
refers to the channel spacing and corresponding centre frequencies specified in
ITU-T Recommendation G.694.1 for fixed DWDM channel grids [19]. The usable spectral width
of the passbands is usually specified in GHz.

7.3 Chromatic dispersion

An important parameter of the PDC is the value of the total accumulated dispersion, which is
specified either directly in units of ps/nm or indirectly by a nominal length of transmission fibre
compensated for (i.e. the compensated fibre length). In the first case, the dispersion is specified
by a nominal value at a given wavelength (e.g. 1 550 nm) and a range of maximal deviation
from its nominal value (in %). In addition, the wavelength dependence of the dispersion may be
characterized by nominal dispersion values at the two extremes of the operating wavelength
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range (e.g. in the first and last transmission bands). In case the dispersion is characterized by
a compensated fibre length, the fibre type needs to be specified.

PDCs are usually available in discrete values, which may not exactly match the dispersion of a
particular fibre span. Hence, if a PDC is designed for a specified length L. and installed in a

fibre link of length L with nominal dispersion coefficient D, the total uncompensated dispersion
is D x (L—Lg). If L =L, the dispersion of the transmission fibre is nominally balanced by the

dispersion of the PDC, otherwise it may be either under- or overcompensated.

Note that actual dispersion values of the PDC and the transmission fibre may deviate
signifi ' ' i i = sated
L = L. This is particularly important for optically amplified long-haul communication links
empldgying multiple in-line PDCs and for communication systems operating at high sympbolrates,
wherg the tolerance to uncompensated dispersion decreases rapidly with increasing symbol
rate ($ee Table 2). In these cases, the use of nominal dispersion values may not be acg¢urate
enougdh to limit the uncompensated dispersion to sufficiently low values, so thatit may bgcome
necegsary to measure the accumulated dispersion of the entire fibre' |link, including the
transrission fibre and PDCs. Such a measurement may also determing\the actual dispgrsion
slopesg of the transmission fibre and the PDCs.

7.4 |Dispersion slope

In DWDM systems with multi-channel operation, it is desirable to simultaneously compgnsate
the dispersion in all wavelength channels, which requites that not only the dispersion at a
particular wavelength but also the dispersion slope) of the PDC are matched tp the
corregponding values of the transmission fibre. The dispersion slope of the PDC (in pg/nm?2)
may be determined from the nominal dispersionyvalues specified at the extremes o¢f the
wavelength range of operation.

Broadband dispersion compensation is achieved when the dispersion slope of the PDC is|equal
to —S|x L, where S is the dispersion-siope coefficient of the transmission fibre, so that the
dispefsion of the PDC is equal to —byx L at all wavelengths. Note that the ratio of D/S yaries
substantially between the various, fibre types. Hence, slope compensating PDCs need|to be
desighed for a specific fibre typg and should be used only with this fibre type.

7.5 Insertion loss

conngctors, which is usually specified at a fixed wavelength (e.g. at 1 550 nm) and exprgssed
in units of dB. Fhe*wavelength dependence of the IL is usually characterized by a separate
paranjeter, the~wavelength-dependent loss (see 7.6).

Anot:[er important parameter is the optical insertion loss (IL) of the PDC, including external

One danrdefine a figure-of-merit in ps/nm-dB as the ratio of the magnitude of the disperdion in
the PDC.X(in ps/nm) to its insertion loss (in dB). This ratio characterizes the efficacy of a|PDC,
since it calculates the amount of dispersion (or equivalently the length of transmission fibre)
that can be compensated for each dB of additional insertion.

7.6 Wavelength-dependent loss

The wavelength dependence of the IL is characterized by the wavelength-dependent loss
(WDL), which specifies the maximal variation of the insertion loss across the wavelength range
of operation (in dB). This parameter is mostly used for PDCs with a single continuous passband
(e.g. for DCFs).

For PDCs with multi-channel passbands, the wavelength dependence of the insertion loss is
often specified by two different parameters, the passband flatness (in dB), which characterizes
the maximal insertion loss ripple in all passbands, and the IL uniformity (also in dB), which
characterizes the maximal insertion loss variations between the various passbands.
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7.7 Phase ripple

Phase ripple is an important parameter for FBG-based PDCs, but usually negligible for DCF-
based PDCs. It characterizes the magnitude of random or periodic group delay ripple introduced
by the PDC (see Figure 4), which are caused by wavelength-dependent deviations from the
desired dispersion —D(4) x L. Depending on their magnitude and wavelength dependence, these
deviations can cause significant transmission penalties in a communication system. It has been
found that the magnitude of the optical phase ripple resulting from the group delay ripple is a
better measure of these penalties than the magnitude of the group delay ripple [20]. The phase
ripple d¢(4) is the difference between the optical phase variations A¢-p(1) associated with the
desired dispersion -D(1) x L
(see 2t , e _actual phase variations Ade~ (1) introduced in the PDC,

i.e. 0d(4) = Adcp(l) — Apppc(4). Phase ripple is usually specified by the standard deviation of

Jd¢(1),[in units of radians.

7.8 Reflectance

In opt|cal components, discrete and continuous reflections, both single and.multiple, may pccur.
The r¢flected signals can interfere with the transmitted signals (e.g. via ‘double reflectiong) and
lead tp significant waveform distortions at the receiver. In a PDC, there are two potential|types
of reflections. Discrete reflections, for example, may occur at splices between the DCF (or|FBG)
and the fibre connectors leading to the input and output ports,avhich may employ fused fapers
to maftch the mode field diameters of different fibres. In addition, continuous reflection$ may
result/from Rayleigh scattering in the dispersion-compensating element. Rayleigh scattefing in
DCFs|is generally larger than in transmission fibres duglto the smaller mode field diameter.
FBGs|are usually operated in a reflective mode, but may’also introduce continuous reflegtions.

7.9 |Polarization-mode dispersion

Polarization-mode dispersion (PMD) arises_from the combined effects of optical birefringence
and pgolarization mode coupling in transmission fibres, PDCs, optical amplifiers, and|other
opticql components. To first order, PMD<introduces a differential group delay (DGD) befween
two onthogonally polarized signal components, called the principal states of polarization (HSPs),
which|may cause significant pulse ,broadening or frequency roll-off. In long fibre links, thg DGD
and the orientation of the PSPs usually vary with wavelength and may even fluctuate randomly
with fime. Hence PMD is more statistical in nature than CD. However, it is possible to
charafterize the magnitude of the DGD variations by a statistical average (i.e. by an expeqtation
value). This average DGD;"in units of picoseconds (ps), is determined from a sufficiently| large
ensemble of DGD values that are measured either simultaneously at different wavelengﬂlhs or,
alternptively, at different times at a fixed wavelength. Two different definitions are in {se to
charafterize the.average DGD:

1) mpan DGDywhich is the linear average of the measured DGD values;

2) RMS DGD, which is the root-mean-square average of the DGD values.

Usually; the RMS DGD 15 signiffcantty farger than the mean DGD (about 8,5 7 for Maxwellian
distributed DGDs).

Note that the term PMD frequently is used as a parameter to specify the average DGD of a
component, instead of mean or RMS DGD. Since the parameter PMD is interchangeably used
for mean and RMS DGD, it often remains unclear whether the specified value (in ps) represents
the mean DGD or the RMS DGD.

In a long fibre optic link with multiple in-line PDCs, each having a mean DGD of z;, the overall
total mean DGD may be estimated as:

Tiot :\/T12+T22+T32+...+Tf2 (6)
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where
Ty is the mean DGD of the transmission fibre.

In general, the mean DGD of the individual PDCs should be much smaller than the mean DGD
of the transmission fibre.

System design methodologies taking into account the stochastic nature of fiore PMD and the
PMD of other components, including PDCs, are described in IEC TR 61282-3.

7.10 Polarization-dependent loss

The insertion loss of optical components often varies with the state of polarization of the input
signal. These variations are characterized by the polarization-dependent loss (PDL); Usually
specified in dB, which is the difference between the highest and lowest IL (im)dB) that is
measlred when the input polarization to the component is varied over all possible ‘states

In a dimple optical component, the PDL and the polarization states yieldihg the highegt and
lowes} insertion loss are usually fixed and stable in time, although the;RDL may changge with
wavelength. In more complex components, especially those comprisifig multiple elemenf{s that
are connected by optical fibres or other birefringent waveguides, the' amount of PDL angd the
polarigation states with highest and lowest IL may change with(wavelength and time. In long
fibre links containing a large number of in-line components with»PDL (like PDCs), the qverall
PDL dysually fluctuates randomly between the largest possible value (given by the sum|of all
PDLs|in dB) and the smallest possible value. Therefore,Ahe"PDL of the individual compgnents
shoul@l be as small as possible to maintain stability of gptical power and OSNR at the regeiver,
therehpy minimizing the transmission penalty.

7.11 | Optical nonlinearity

As digcussed in IEC TR 61282-4, the optical power levels in a fibre link can be large enotigh to
causd significant distortion of the transmitted signals through nonlinear interactions, such as
SPM,|XPM or FWM. These nonlinear interactions can occur in the transmission fibre as well as
inin-line PDCs, especially in DCF-based PDCs. DCFs tend to have fibre cores with substaptially
smaller effective areas and corréspondingly higher optical power densities than convertional
transmission fibres. To avoid.excessive signal distortion in in-line DCFs, they should typically
be plgced before optical amplifiers (where the power levels are lowest) or, if possible, after the
first sfage of a multi-stage_amplifier (where the power levels are still relatively low) to|avoid
excespive degradations~of the optical signal-to-noise ratio (OSNR).

DCF-based PDCs-may specify the effective area of the DCF (in pm2) as well as its norjlinear
coeffigient (in M<tkm-1). Because of their much shorter length, optical nonlinearities usually are
not a problemfor FBG-based PDCs.

7.12 |batency

With increasing bit rates and transmission distances, latency is becoming an important
parameter for high-speed optical communication systems. Latency is the amount of time it takes
for a bit or symbol to traverse an optical communication system from one end to the other. It
includes the transit time through the fibre as well as the time needed for electronic signal
processing at the transmitter and receiver. Thus, latency may be affected by the type of PDCs
used in the fibre link. DCF-based PDCs significantly extend the optical path length of a fibre
link and thereby increase the transit time for the optical signals. For example, one needs about
100 km of DCF to compensate for the chromatic dispersion of a 1 000-km long span of B-652
fibre, thus adding about 500 us to the latency of the link. In a 100 Gbit/s communication system,
this time corresponds to a delay by 50 million bits. FBG-based PDCs, on the other hand, have
much shorter optical path lengths than DCF-based PDCs and, hence, add negligible additional
latency to the link. Similarly, there is negligible increase in latency when the entire link
dispersion is accommodated electronically in the transmitter or receiver.
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8 Passive dispersion compensator applications

8.1 Unamplified fibre spans

Depending on fibre type and length, unamplified fibre spans may need PDCs when operating
at bit rates of 10 Gbit/s and above. When no optical amplifiers are used, the PDC may be placed
anywhere along the link; however, they are often placed at the receiver (Rx) to reduce non-
linear effects, as shown in Figure 9. Generally, DCF-based PDCs are directionally invariant and
can be used in bidirectional systems. In contrast, FBG-based PDCs are usually unidirectional
devices, which cannot be employed in bidirectional systems.

Terminal A Terminal B

Tx O PDC = Rx
Rx Tx

= PDC

Transmission fibres

IEC

Figure 9 — Passive dispersion compensators placed at'the receiver

For long fibre spans it may be necessary to increase the\launched signal power at the
transritter (Tx) with the help of an optical booster amplifieryas shown in Figure 10. In addition,
an opfical pre-amplifier may be used at the other end of _the fibre span to increase the power of
the received signal, as shown in Figure 11.
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Figure 10— PDCs placed before optical booster amplifiers at the transmitter
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Figure 11 — PDCs placed after pre-amplifiers at the receiver

LEC

PDCs should generally not be placed immediately after a booster-amplifier, but rather before it,
to avoid non-linear effects that can occur at high power levels. However, PDCs may be placed
directly after an optical pre-amplifier at the receiver because its output power level is usually
low enough to avoid non-linear effects.

8.2 Fibre links with in-line optical amplifiers

In long-haul communication links with in-line optical amplification, PDCs are often co-located
with the optical amplifiers (OAs) to limit the accumulation of dispersion along the fibre link, as
discussed in 6.2. If the OAs are single-stage amplifiers, the PDCs should be inserted just before
the OAs, as shown in the upper diagram of Figure 12, to avoid non-linear effects in the PDCs.
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