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INTERNATIONAL ELECTROTECHNICAL COMMISSION

FIBRE OPTIC COMMUNICATION SYSTEM DESIGN GUIDES -

Part 4: Accommodation and utilization of non-linear effects

FOREWORD
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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.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.
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The committee has decided that the contents of this publication will remain unchanged until
2010. At this date, the publication will be

¢ reconfirmed;
e withdrawn;
* replaced by a revised edition, or

¢ amended.
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FIBRE OPTIC COMMUNICATION SYSTEM DESIGN GUIDES -

Part 4: Accommodation and utilization of non-linear effects

1 General

1.1  Scope

This part of IEC 61282, which is a technical report, is intended to desfribe™physically and

analytcally non-linear effects in fibre optic systems, their impact on systém p ways
of minimizing the effects or using them to advantage, and me ' y and
quant|fying them. It contains some of ITU-T Recommendation jtional
materjal. More details on applications are considered in [2] and ne

1.2 [System trends leading to non-linear effects

The market demand for new advanced telecommupications s has” driven the| rapid
incregse of system bandwidth, and, for some applicafions : S

Greatp i 4 & s by increasing the channel bit-

rate, i i ime \ multiplexing {TDM) and various types of
signa € channels, accomplished with
chann liplexing or (more commonly) by dense
wavel : bations of the optical fibre cable can
be ove ~ ques.

Longgr di , 3 path/lengths between 3R regenerators, can be
achie S hog! is\Qy increasing the span length, where a span is
define betweeh opticat amplifiers (OAs). A longer span length n{ay be
attaing 3 attenlation coefficient and with fibre optic passive
comp [ ~NTke\span length may also be increased with incrpased
launc g e output of the OA at the beginning of the span or with lower
allowe the \ f ing the
opticq i @ the number of spans. Th|s increases the number of OAs, but
impro . i

There are a - injeractive trade-offs in system design. For example, increasing the bit-
rate neduces (IR length by requiring higher received power or by requiring lower link
dispersion-<The Ia may be addressed by dispersion compensation, but this introduces

losse$. Ihcreasing the number of channels in DWDM systems also reduces span length gue to
opticql mudltiplexing and demultiplexing losses. The loss limitations of a span can be ovefcome
with OAs, but these introduce noise.

1.3  Optical amplifiers and non-linearities

An OA accepts a modulated signal at its input and emits an essentially identically shaped
signal at its output. However, the optical power is higher (desired), and there is some additional
noise (not desired). This technical report is concerned with the effects of higher power on the
fibre and the implications for system design. These non-linear effects are so-called because
they are not linearly proportional to launched power into the fibre or to the fibre length in either
absolute units or in dB units. They are affected primarily by characteristics of the optical signal
(power, optical spectrum, modulation, state of polarization), of the optical fibre (effective area,
effective length, gain coefficients, non-linear index, dispersion, dispersion slope, polarization

1 Figures in square brackets refer to the bibliography.
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mode dispersion), and of system aspects such as distance between regenerators and the
number and spacing of channels in DWDM systems. Power levels as low as several mW can
induce non-linear effects.

One class of non-linear effects is stimulated scattering of the signal. Stimulated Brillouin
scattering limits the power transmitted through the fibre by scattering some light backwards in
the fibre. Stimulated Raman scattering mainly causes forward crosstalk in a DWDM system.

Another class of non-linear effects is phase-shifting of the signal. This leads to self-phase
modulation and modulation instability that produce distortion even on a single channel, or to
cross-phase modulation and four-wave mixing that introduce interference between channels.
ThesgT i emey i —Soliton
formattion is another related effect.

1.4 |Background and notation

1.41 Wavelength and frequency

Thesg simple concepts are essential in discussing adva tems.
One dan interchangeably talk about the vacuum wavelengt y vin
THz signal
modu -, one
canc

(1)
The fundamental mode of a single- 2 ich is
dimerfsionless, with a val f light
incregses, and details d the
charagteristic of the fu —- and

U

the speed of the@ '

Exam
left c

ACy correspondence from Equation (1) are shown in the two
everal significant wavelengths of interest. Note that gs the

(vacu ; the frequency decreases.
For i mportant to be able to relate wavelength and frequency in teqms of
differ se differences describe channel widths and separations. From Equatign (1),

two whavelengths separated by AA may be related to the frequency separation Av by

AA At
=- 2
y V (2)

The fractional changes in wavelength and frequency are the same, though of opposite sign
(important in later discussions of chirp). This can also be written as

-2 =S 3)

and examples of the correspondence in wavelength and frequency spreads are shown in the
two right columns of Table 1. For a communications engineer, dealing in frequency, which is
related to information content, is more natural than dealing with wavelength. Note that a
constant frequency spread has a larger wavelength spread at longer wavelengths.


https://iecnorm.com/api/?name=378f084ac584b2323c7892a436dfd40a

TR 61282-4 O IEC:2003(E) -7-

It is sometimes convenient to use the notation ,B(w)=%n(w) for the propagation wave

number in the material. It depends upon the circular frequency w = 2y, so Equation (1) is

wn(w) = cf(w) (4)

1.4.2 Various velocities

It is important to distinguish between two types of velocities in optical fibre. The phase of an

optical wave, as written in %, is
o= ﬁz—wfzzn(%—wj (5)

where
z is the distance along the fibre; and

t is fjme.

For a|point of constant phase along theqptical w _ p i phase

velocity (actually “speed”) given by

(6)

avelength and frequency

avelen \/Erequency 1 nm spread 100 GHz spfead
THz GHz nm

1 260,900 Y%
(nominpl lower limit q{\e 237,931 188,8 0,530

1310,90
(nomin al zero M&%o\% fibre) 228,849 174,7 0,572

1395,40
(nominal ter p \ 214,905 1541 0,649
N

1 550,00
(nominpl zero_dispersion fop category B2 fibre) 193,414 124,8 0,801
1 552,424
(ITU gnd.reference) 193,100 124,4 0,804
1 625,000
(nominal upper limit due to attenuation) 184,448 113,5 0,881

Although the optical subcarrier travels at the phase velocity, this is not the primary interest of
a communications engineer. The subcarrier is modulated to produce an analogue or digital
signal. The more slowly varying signal envelope and its associated energy travel at the group

velocity.
dg e
I (da)j N (7)

is the group velocity. Here
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N:n—/\d—=n+U— (8)

is the group index. (For silica fibre in the wavelength regions of interest, this is slightly larger
than the phase index because the wavelength derivative is positive.) These “group” quantities
describe the speed at which energy and information (such as pulses) travel down the fibre.
Also, this index is the appropriate one for the pulses generated by an optical time-domain
reflectometer (OTDR). The group index can easily be measured as the time delay of a pulse or
the phase shift of an RF modulation, both for a known physical length of fibre.

1.4.3 Chromatic dispersion

The chromatic dispersion coefficient is defined as the wavelength variatio e group|delay
per unpit fibre length:
dvy’ 2
D(/‘)Z g :ldN:_ﬂd n_2mcd 9)
dA c dA cdA? A2 d%?
The d
(10)

1.4.4
The V| 793-2
have Brsion
coeffi [s). In
the 1 ; ~ Brsion
coefficient that average has a
zero (lispersion “pojnt i i i 3 has a
small é ' 1 thi ay be
impor, larger
than f
1.5
Thess ratory
by inj tance
to co OAs,
both gpticalffibre amplifiers (OFAs) and semiconductor optical amplifiers (SOAs).

Consider two lightwaves of the same polarization co-propagating along the fibre. The electric

field £, of one wave is affected by the “pump” optical power |E2|2 of the other wave. After an
incremental length dL of propagation, the first wave grows approximately as

Eq(z +dz,d/) = E (z,t)exp{i(ﬁdz - wdi) +%{—a+ Ay |E, (L)|2}dz} (11)
eff

Compared to the phase of Equation (5), attenuation and gain are included. The second signal
E, loses power by being converted to another wavelength and by attenuation. Here

e ¢ is the attenuation coefficient in Np/km appropriate to the exponential notation. Relating
this to log,y notation, 1 Np is about 4 343 dB.
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* A is the effective area of the fibre cross-section over which the integrated non-linear
interaction takes place. It can be slightly different (usually larger) than the area calculated
using the mode-field diameter (MFD) [4] because the field intensities are weighted
differently in the two calculations. The effective area ranges from above 85 pm?2 for IEC
category B1 fibre, to about 60 pm? for category B2 fibre, to below 25 pm?2 for dispersion
compensating fibre (DCF). Smaller effective areas generally lead to larger non-linear
effects.

* L =— is the effective length of fibre over which the integrated non-linear
a

mteractlon takes place It equals the flbre Iength only for short f|bre lengths over which no

e-of the
which
n (for
bccur;
. A loss
ibns in
the ndex,
the Kerr effect. Both are discussed in some detail belo
2 Normative references
The following referenced documents a t. For

dated| references, only the edltlon cited appli réferences, the latest edifion of

IEC 6P793-1 (all parts), Qptical fif f S
IEC 6D793-2 (all parts

IEC §1292-3, O
applidations of optic4

ids and

3 0

3.1

In mgdern low<joss silica fibre, the spectral attenuation coefficient is “linear” in the senpse of
dB/km. Intrinsic aksagrption occurs mainly in the ultraviolet region below 500 nm, and jn the
infrar¢d region above 1 650 nm. The only significant “impurity” absorption that may exist in
some|fibtes is due to some “water” content that results in an absorption band beginning at a
wavelengih as Tow as 1 360 nm, peaking at about 1 385 nm, and exiending as high as
1 430 nm, depending upon the level of OH~ ion in the fibre.

Otherwise, the dominant attenuation mechanism is Rayleigh scattering in which photons
change direction due to interacting with molecular density fluctuations in the silica. (Those that
scatter in other than the forward direction are “lost”. However, captured backward scattering is
the useful principle behind OTDRs.) In this elastic scattering, there is a change in the photon
momentum direction, but no energy transfer to other photon or to phonons, so the frequencies
(and wavelengths) of the input and output light are not changed.

1 To be published.
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By contrast, there is inelastic scattering in which a “pump” light photon of the incident signal
interacts with a vibrational phonon in the fibre, with an energy transfer. One result is a new
phonon to preserve the overall energy and momentum. Another result is a new signal photon,
either a Stokes photon downshifted in energy (and frequency) by the Stokes frequency, or a
new anti-Stokes photon upshifted in frequency for photons in some directions. This additional
photon may be an undesired second “signal”. Thermal equilibrium and momentum conservation
dictate that Stokes (rather than anti-Stokes) photons predominate, bound in either the forward
or backward directions of the fibre.

Below a low-input pump power threshold, the output optical power is proportional to the input,
and the process is “linear”. At higher |nC|dent powers above threshold however the Stokes

and a tering
is nor-linear
To understand the physical process involved, it is useful to write dow ; S tions.
Use the notation / for I|ght |ntenS|ty (power divided by effective areay, g for the gain cient,
and et 8 . The
numbegr of photons in the beam is proport|onal to the intensity divi < hoton
or proportional to % In the equations, subscripts P, pump
(signgl) and Stokes waves, respectively.
Along Hue to
gain f Stokes
light p

(12)
In the Lation
and de rease
per le

(13)
The f [. The
term 1ep
The spectral_Shape 0 the gain is characteristic of the fibre materials and the type of phpnons
involved, and»it varieg with the pump wavelength. It can be roughly described in term$ of a
peak trength value g, a peak Stokes frequency by which the Stokes photon is downghifted
from thevsignal pump frequency, and a full width at half-maximum (FWHM) Av in frequency

related to the phonon attenuation and lifetime. The efficiency of the gain process depends on
the overlap of the transmitter source pump spectrum with the gain spectrum.

The solution of these coupled equations needs to be integrated over the gain frequency
spectrum, and the result is not simple, especially when time-dependent pulses are included. It
shows that the “stimulated” aspect occurs when the incident pump light intensity exceeds a
threshold high enough to increase the phonon population and the probability of scattering into
the “non-linear” regime. This leads to exponential growth of the Stokes light along the fibre
length, and is a form of optical amplification. The source-fibre gain is defined as ratio

ZS(%(O) of output over input Stokes intensities. At very high pump intensities more pump

depletion occurs, and this gain saturates to a near-constant value.
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Now consider the two types of phonons involved in photon interactions that lead to non-linear
effects. These result in two basic types of non-linear stimulated scattering.

3.2 Stimulated Brillouin scattering (SBS)
3.2.1 Phenomenon

Here a signal pump photon interacts with a longitudinal (acoustic) phonon. This interaction of
light and sound waves produces density variations in the refractive index and hence causes
light scattering. The gain FWHM Avg ranges from 20 MHz to 50 MHz (only about 3 x 10~ nm)
depending upon the fibre details. The strength gg of the gain peak is about 4,5 x 10=17 km/mW,

and it.occurs at a frnqnnnr‘y offset

(14)
wherg Vg is the speed of sound in the fibre. This correspd tokes
downshifting of about 11 GHz (0,088 nm upshifting) at 1 2 m) at
1 310[nm. (This means that the attenuation coefficients and freqlen DNS in
Equafions (12) and (13) are nearly equal to each other.) re for
crossialk of current DWDM systems, so the effect is/ind ength
chanrlels. Compared with the incident photons, .t SCZ n the
backward direction.

3.2.2 Effects

The practical effects of SBS are as foll

e Li ering,
by lies in
th K light
bg

e Li does
Nng y built
in{

e Th ection
ar ances
al

e In 2 th the
“forward’ of*the other channel. Again, OA isolators help here, or two-wave|ength
trgnsmissionsan be used.

* Agsociated with the scattered power is intensity noise. This is particularly serious with AM-
V$B:

< Finally, the backscattered light depletes the signal power and limits the amount transmitted
in the forward direction.

Some primary effects of SBS are shown in Figure 3 for a particular fibre; other fibre types will
have qualitatively similar behaviour, but with quantitatively different power levels. Very low
levels of Stokes backscatter power occur at even very low levels of input signal pump power.
Above about 8 dBm (5 mW) of input power for this fibre, the scattered power is about —20 dBm,
and the forward transmitted power is noticeably no longer proportional to the input. The forward
and backward power cross over at the input threshold pump power of about 10 dBm, and at a
high input power of about 20 dBm the transmitter power saturates at about 10 dBm. The rest of
the power is backscattered, wasted and sometimes troublesome as discussed above.
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The threshold signal pump power depends upon source and fibre parameters as

A A
PB:21K eff (1+ USJ (15)
8B Leff Auvg

where Avg is the frequency bandwidth of the modulated source spectrum. The polarization
factor K has a value between 1 and 2. The threshold has its minimum value when the source
spectral width is much less than that of the narrow-width SBS gain. This threshold ranges from
about 7 dBm for an externally modulated laser, to about 15 dBm for a directly modulated laser,
though these values depend on fibre type.

25

| ==

Scattered power dB

-35 N\ Q A,

Fi

©

fce

3.23 Mitigation

The threshold ca

o TH taken
th Brsion
of ly also
he hinder
dig bf the
gr . The
th . The
sgurce spectral width could also be increased to enable higher input powers (see Figufre 1).

« THhe pelarization factor in Equation (15) can be increased up to a value of 2 by aspuring
pdlarization scrambling. Modulation formats can also give the threshold a boost ffom a
factor 210 5. These techniques correspond to allowing the input power 10 increase by 2 dB
to 7 dB.

¢ Modifications in fibre design have been appearing, such as to raise the effective area.
Others include tailoring the silica doping profile, but this is not commonly done since
current fibre designs are already optimized with respect to a number of other parameters.

A beneficial aspect of SBS is that it is broadened by fibre strain. This has allowed development
of instrumentation to probe fibre strain as a function of length, and this can identify points of
high stress along a cable that can potentially lower fibre reliability.

3.24 Measurement

Under consideration.
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3.3 Stimulated Raman scattering (SRS)
3.31 Phenomenon

Here a signal pump photon interacts with a transverse (optical) phonon. This interaction of light
and molecular vibrations produces light scattering. The gain FWHM is about 15 THz (120 nm)
at 1 550 nm, quite broad because of the interaction with this phonon type in amorphous silica
material. The gain coefficient peak gr is only about 1 x 10-19 km/mW, and it occurs at a
frequency offset vg, which corresponds to a considerable Stokes downshifting of about 13 THz
(105 nm upshifting at 1 550 nm, 75 nm at 1 310 nm). Compared with the incident photons, the
scattered photons are guided mainly in the forward direction. This large shift and forward
directivity is of consequence for crosstalk in DWDM systems, though fortunately the gain is
small

The threshold power depends upon source and fibre parameters as

- (16 or 20) A (16)
8R Leff

wherg the coefficients 16 or 20 apply to forward and Satteri i . The
frequency bandwidths of the Raman gain and the modula G ear in
Equatfion (16) because the gain is much broader th » of the
sourcg spectrum is utilized. Compared SRS
threshold for forward scattering is a ¢ from
about| 30 dBm to 35dBm (1 W and kward

scattdri

3.3.2 Effects
The practical effects of SRS
signal

* There is little gffect orvsing .
pgwer is de, g ¢ gepératiorn of other wavelengths is of little consequencge and
they can be filtered i g 3

s. This is because a signal at a particular channgl can

ag ignals at longer wavelength channels. Hence, |lower
fre hs grow at the expense of higher frequency channel strepgths.
Thi iNcredseE oximately linearly with wavelength separation up uniil the
Witho ¢ penalty exceeds 1 dB due to crosstalk if the total power P,|in all

DWD e total DWDM spectral bandwidth A/, satisfies
P> 40 (17)

T DA(nm)Leg (km)

For example, for a DWDM system extending over a 20 nm spectral width at the EDFA
wavelengths, the crosstalk threshold is only about 100 mW. In amplified systems the SRS is
somewhat filtered by the OAs, so the threshold decreases only slightly with the number of
amplifiers.
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3.3.3 Mitigation

These high threshold values are currently not a practical limitation in DWDM systems, and they
do not need to be raised as in SBS. In fact, there are beneficial aspects to SRS so that one
may wish to lower the threshold. As before, this can be done with modifications of the fibre
design, so as to decrease the effective area. The pumped fibre may be used as an optical
amplifier or as a laser/amplifier combination.

Figure 2 shows the latter as a Fabry-Perot cavity of 35 km of category B1 fibre between mirrors
M and lenses L. In this example a 1 535 nm pump at 24 dBm produced an 8 dB gain for a
signal above 1 600 nm. The power of Raman pumps has increased to the 1-W region so that
Rama and amptifiers are now be practcar wi andard-aoped sitica fibre.

IEC 1751/03

Figure 2 — Sc m%f a fib aman laser

3.3.4 Measurement

considere@

Unde

4 O index effects
4.1 3 iptior duced non-linear phase
Through/1 erreffect, the light wave interacts with bound electrons of the atoms constjtuting
the gili S anharmonic motion of these electrons responding tp the
electrbmagnetigfield\leads to an increase in the silica refractive index. As a result, thefe are
chandes i yase Jndex of the fibre propagation mode with the time-varying intensity gs

IL(L) =710 +715 P(t) (18)

Aeff

(The intensity is the optical power divided by the fibre effective area.) Here ng is the usual
phase/refractive index previously discussed, and »n, is the non-linear index term that equals
about 28 x107% km? /mW . Using Equation (11) and integrating over the effective length of
the fibre leads to a build-up of non-linear phase shift equal to

L
ot) =27l P(1), where r:”z—eﬁff (19)
(<)


https://iecnorm.com/api/?name=378f084ac584b2323c7892a436dfd40a

TR 61282-4 O IEC:2003(E) -15 -

is a non-linear coefficient containing the relevant fibre properties. (A more commonly defined

non-linear coefficient is "% .) This means that the optical intensity of the signal modulates its

own phase. Here I =450r6,3 w= for category B2 fibre or category B1 fibre, respectively,
depending upon detailed fibre design.

The non-linear phase effect, often combined with chromatic dispersion, leads to several effects

impor

tant in amplified systems.

4.2 Self-phase modulation (SPM)
421 Effect
If the| signal power is changing with time, for example, due to mod s (19)
and (%) lead to an optical phase shift
do
Av = = 20
SPM ords (20)
This is negative chirp in which the rising leading edg x tofower frequelncies,
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dispersion coefficient is desirable.

SPM can be used to reduce the effects of chromatic dispersion, along with passive dispersion
compensators. Then the design considerations are quite complex.
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Change in

Time

Effect

Measurement

consideration.
Cross-phase modulation (XPM or CPM)
an occur in DWDM systems where each signal/chs

both SPM and the presence of the other
to Equiation (18) for signal 1 is

optical frequency

Time

IEC 1752/03

g an index mod
r phase change

hat this term is twice as large

on weaker ones. However, chromatic dlsperS|on lesse
an interfering channel will separate with distance

Ly =(BDAA)™

003(E)

tion

glation
gimilar

(21)

as the

two nearby frequencies are gmall.)

(22)

’Lgnals
s the

along
signal
from

(23)

which decreases with increasing bit-rate, chromatic dispersion coefficient, and wavelength
channel spacing (and increasing attenuation when that is taken into account).
calculations have shown that with 7 dBm (5 mW) input power per channel, a channel
separation of 100 GHz is sufficient to effectively eliminate the effects of XPM. This may not be
sufficient, however, for some DWDM systems with closer spacings.

4.3.2

Under consideration.

Measurement

Some
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4.4 Modulation instability (MI)
4.4.1 Effect

MI can occur with both modulated and unmodulated CW signals This manifests itself as a
series of side-lobes, resulting in an increase in the spectral width of the signal. Physically, two
signal pump photons of frequency vg are converted into a “probe” photon at v, and an “idler”
photon at 2vg — 1. Energy (and frequency) is conserved, and no phonon is required. This is a
four-wave mixing process with phase matching by SPM. MI requires positive dispersion
(wavelengths above Ag) where it can be shown that the steady-state condition is unstable to
small perturbations in the intensity. This generates two primary side-lobes in frequency as
schematically shown in Figure 4, corresponding to the probe and idler. Pulses were used to

avoid|SBS, so the modulation is quasi-CW with respect to the MI period. (\
N s
2 >
Lo
£ 4
s
| |
1321 1323 1325
IEC 1753/03
Figure 4 — MI: Spec wide, 7 W peak pulse in 1 km fibre
In the|time dom@w equencycontent due to MI increases pulse broadening. As
with sfome other n owever, operation at positive dispersion can bg used
to reduce the systen
The peak gai ote the definition of Equation (19)) given by
4
- ﬂp _ A2 5 (24)
Legt /\Aeff
For category B1 fibre, this is only about 0,3 /km for an input power of 10 dBm, increasing to
about|{2,6-7/km for 1 W (30 dBm). The frequency shift at these peaks is SI

1(2 %
iAV:_[Mj (25)
A D

For the above powers, this shift can be typically 20 GHz to 60 GHz. The signal degradation due
to Ml occurs at high gain (input power) and for a frequency shift close to the signal bandwidth.

4.4.2 Measurement

Under consideration.
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