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INTERNATIONAL ELECTROTECHNICAL COMMISSION

CABLE NETWORKS FOR TELEVISION SIGNALS,
SOUND SIGNALS AND INTERACTIVE SERVICES -

Part 6-1: System guidelines for analogue optical transmission systems
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dgreement between the two organizations.

e International Electrotechnical Commission (IEC) is a worldwide organization for standardizatiop~caemp
national electrotechnical committees (IEC National Committees). The object of IEC is)te pr
ernational co-operation on all questions concerning standardization in the electrical and elegtronic fielq

chnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter refefred to as
blication(s)”). Their preparation is entrusted to technical committees; any IEC National{Committee inter
the subject dealt with may participate in this preparatory work. Internationalyi governmental and
vernmental organizations liaising with the IEC also participate in this preparationy IEC collaborates ¢
th the International Organization for Standardization (ISO) in accordance with conditions determin

nsensus of opinion on the relevant subjects since each technical coammittee has representation frq
erested IEC National Committees.

mmittees in that sense. While all reasonable efforts are made to ensure that the technical content g
blications is accurate, IEC cannot be held responsible for‘the way in which they are used or fol
sinterpretation by any end user.

order to promote international uniformity, IEC National Committees undertake to apply IEC Public
nsparently to the maximum extent possible in theit'national and regional publications. Any diver
tween any |IEC Publication and the correspondingmational or regional publication shall be clearly indica
e latter.

C provides no marking procedure to indicate its approval and cannot be rendered responsible fol
uipment declared to be in conformity with_an IEC Publication.

users should ensure that they have the Tatest edition of this publication.

embers of its technical committeesvand IEC National Committees for any personal injury, property dam3
her damage of any nature whatsSoever, whether direct or indirect, or for costs (including legal fees|
penses arising out of the ‘publication, use of, or reliance upon, this IEC Publication or any othe
blications.

tention is drawn to theNormative references cited in this publication. Use of the referenced publicati
Hispensable for the~correct application of this publication.

tention is drawn\te the possibility that some of the elements of this IEC Publication may be the subj
tent rights. JEC.shall not be held responsible for identifying any or all such patent rights.

main task’ of IEC technical committees is to prepare International Standards. Howey
nical committee may propose the publication of a technical report when it has collg
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s. To

s end and in addition to other activities, IEC publishes International Standards, Technical Specificgtions,
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m all

C Publications have the form of recommendations for international use and are accepted by IEC Ndtional
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liability shall attach to IEC or its, directors, employees, servants or agents including individual expertis and
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of<ardifferent kind from that which is normally published as an International Standarg

, for

Tptestateof the—art™;

IEC 60728-6-1, which is a technical report, has been prepared by technical area 5: Cable
networks for television signals, sound signals and interactive services, of IEC technical
committee 100: Audio, video and multimedia systems and equipment.
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The text of this technical report is based on the following documents:

Enquiry draft Report on voting
100/1078/DTR 100/1142A/RVC

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

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

A Ith of all the parts of the IEC 60728 series, under the general title Cable networks for
televiision signals, sound signals and interactive services, can be found on the IEC website.

U

The [committee has decided that the contents of this publication will remain Urgchanged |until
the maintenance result date indicated on the IEC web site under "http://webstore.iec.ch" in
the data related to the specific publication. At this date, the publication will be

* reconfirmed,

* withdrawn,

* replaced by a revised edition, or
*+ gmended.

A biljngual version of this publication may be issued at@-later date.



https://iecnorm.com/api/?name=af758daf8dc9521f6f2ec63780688e75

~6- TR 60728-6-1 © IEC:2006(E)

INTRODUCTION

Standards of the IEC 60728 series deal with cable networks for television signals, sound
signals and interactive services including equipment, systems and installations for

e head-end reception, processing and distribution of sound and television signals and their
associated data signals;

e processing, interfacing and transmitting all kinds of signals for interactive services using
all applicable transmission media.

All kipds—ofnetworkstike

e (ATV-networks
e MATV-networks and SMATV-networks

mndividual receiving networks

and jall kinds of equipment, systems and installations installed in such/networks, are within
this scope.

The [extent of this standardization work is from the antennas, special signal source inputs to
the Read-end or other interface points to the network up to the terminal input.

The | standardization of any user terminals (i.e. tuners))‘receivers, decoders, multimedia
termjnals etc.) as well as of any coaxial and optical cables and accessories therepf is
excliyded.
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CABLE NETWORKS FOR TELEVISION SIGNALS,
SOUND SIGNALS AND INTERACTIVE SERVICES -

Part 6-1: System guidelines for analogue optical transmission systems

1 Scope

This
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For ¢ated references, only the edition cited applies. For undated references, the latest eq
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IEC
Part

IEC
Part

IEC
Part

IEC

IEC

3

For {he purposes of this document, the terms, definitions, symbols and abbreviations giv

IEC

Terms, deéfinitions, symbols and abbreviations

part of IEC 60728 provides guidelines and procedures for determining the (oy
rmance of optical transmissions systems used in cable networks for television\sig
d signals and interactive services. It is based on the requirements for optical equip
ed in IEC 60728-6 and should be used together with this standard. The. inform
ded is meant to help field engineers and network planners (system designérs) in plarn
designing optical systems. Though this content is less dense than in*a@ standard, §
ledge about system parameters of cable networks is needed.

Normative references

following referenced documents are indispensable forthe application of this docun

e referenced document (including any amendments), applies.

50728-1, Cable networks for television signals,\sound signals and interactive servig
1: Methods of measurement and system performance

50728-3, Cable networks for television signals, sound signals and interactive servig
3: Active wideband equipment for coaxial cable networks

50728-6, Cable networks for television signals, sound signals and interactive servig
6: Optical equipment

50793-2, Optical fibres'=/Part 2: Product specifications — General

51931, Fibre optics = Terminology

50:728-1, IEC 60728-6 and IEC/TR 61931 apply.

erall
hals,
ment
ation
ning
asic

hent.
ition

es —

es —

es —

BN in

3.1

Symbols

In addition to the symbols given in the above-mentioned references, the following graphical
symbol is used in the figures of this technical report.

WDM wavelength division multiplexer

3.2

Abbreviations

In addition to the abbreviations given in the above-mentioned references, the following

abbr

2HD

eviations are used in this technical report.

second harmonic distortion
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third harmonic distortion
distributed feedback

DWDM dense wavelength division multiplex

IIN

induced intensity noise

IMD2 second-order intermodulation

IMD3 third-order intermodulation

IM-DD  intensity modulation — direct detection

/r
oMl
MPI
PMO
PMP
PTP
RMS
SBS

H 1 - 4 H 4+ ol HY £ F'H 1 H
CcyuIrvarcIit mrpyut 1ivio T CUTT oIt UUIIOILy vl dimt upltedal TCUTTVTT

optical modulation index
multi-path interference
polarization mode dispersion
point-to-multi-point
point-to-point
root-mean-square

stimulated Brillouin scattering

WDM wavelength division multiplexer

4

The
cond
anal
disti
arch
topo

4.1

Topologies used for optical transmission-systems in cable networks

overall performance of optical transmission~systems depends on many parameters
itions. Separating the applications into.different categories simplifies the step-by
ysis and leads to a better overview, "A logical way to build up these categories
nguish different network topologies™ because it can be assumed that the net
tecture is always known in advance. Starting from this point of view the following
ogies can be identified as releyvant for the user.

Point-to-point system

Poinf-to-point (PTP) systems consist of a single optical transmitter and a single of

rece

ver connected by-atsingle line of fibre (Figure 1).
E ) @)
O < E

IEC 2154/06

Figure 1 — Point-to-point system

and
step
s to
work
five

tical

This configuration can typically be found in trunk-line feeding areas cabled with coax (HFC
networks). Both wavelengths, 1 310 nm and 1 550 nm, are used for these systems. Most of
the optical budget is consumed by the fibre attenuation (long-distance system). At 1 550 nm,
optical amplifiers can be used to extend the range of this kind of system.

4.2

Point-to-multi-point system

In point-to-multi-point (PMP) systems, a single optical transmitter feeds more than one optical
receiver. The receivers are connected to a main fibre via optical couplers and tap fibres as
shown in Figure 2.
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IEC 2155/06

Figure 2 — Point-to-multi-point system

An T nfor 1iNg more than one r Fffom a singie transmitter]is to
use an optical splitter at the transmitter node and individual fibres from the transmitter-tioge to
eacH receiver. This leads to a star topology, which should be treated as multiple PTRsystiems

with

PMP
with

@ single transmitter.

Depé¢nding on the fibre lengths, both wavelengths are used. At 1 550.nm, optical ampl

can

4.3

Mult
send
optig

Sinc

be used to compensate for the fibre and splitting losses.

Multi-point-to-point system

Figure 3 — Multipoint-to-point system

a)

-

wavelengths of thé transmitters may be extremely different (for example, 1 310 nm

155

trang
If on
for

system/output, different frequency ranges have to be used for modulating the transmitters|.

y signals in the 1 550 nm wavelength range are used, optical amplifiers can be empl

systems are typically used when different coaxial parts of a networkOshall be supplied
the same signal saving as much fibre as possible (optical distribution systgms).

fiers

-point-to-point systems consist of at least two transmitters with different wavelengths

ing their signals to a common receiver. The transmitter signals may be combined Hy an
al coupler or, if the link loss is critical, by a wavelength multiplexer (Figure 3).
E L~
O
mE——%
E 1,
O IEC 2156/06

optical receivers- usually have a very broad input wavelength range, the cegntral

and

D nm). In order to avoid signal mixing in the receiver, the optical spectrums of the
mitters shall*differ at least by the upper limit of the receiver’s electrical frequency rgnge.

byed

xtending the fibre length. Since all input signals of the system are provided at the game

This kind of topology is typically chosen if part of a network shall be provided with signals

from

different locations.
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Real wavelength division multiplex system

Real wavelength division multiplex systems consist of at least two PTP systems operating on
the same fibre. The transmitter signals are combined at the transmitter node with a
wavelength multiplexer or, if the link loss is not critical, by an optical coupler. At the receiver
node, the different signals are separated by another wavelength multiplexer and led to

indiv

For
131
toler
wav
wav
Carsg
spag

waveglength division multiplexers.

The
trang

4.5

The
The
whic|

5

The

equi
para
syst
the

idual receivers (Figure 4).
E
o™ - OE
E 1. . O
O E

IEC 2157/06

Figure 4 — Real wavelength division multiplex system

pnly two different wavelengths, this configuration can be built Up easily combini
D nm system and a 1 550 nm system. If wavelength dependent fibre losses canng
hted, or more than two PTP systems have to be combined, closer spacing of
lengths shall be chosen (DWDM = dense WDM). Thisdis-usually done in the 1 55
length range. Optical amplifiers can be used to achieve’longer link lengths in this ¢
has to be taken to avoid overlapping of the transmitters spectrums. Narrow wavele
ing means high efforts to control the transmitter*wavelengths and high costs fo

main reason for using this configuration-is*to save fibres. This approach allows fof

mission of digital and analogue modulated signals over the same fibre.

Combinations

basic configurations describéd“above can be combined to more complex architect
best way of dealing with such complex structures is to split them up into their basic
h could be treated separately.

nfluences of equipment and fibre parameters on the system performance

performancelof analogue optical transmission systems depends not only on va
bment parameters but also on the properties of the fibre installation. Some of t
eterssand properties interact in a way making it necessary to look at the transmig
m at a whole. The interdependencies between the equipment and system properties
petformance parameters are shown in Table 1. The numbers in the table refer tg

g a
t be
the
D nm
ase.
ngth
the

the

ires.
barts

Ffious
nhese
sion
and
the

clau

os of this technical ranart containina the relevant information
s+ AHHGaHB8 PO+ RaHHRgHRe+-e+e8VahR+—HHoHRaHOR-
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Table 1 — Interdependencies between equipment and system properties
and performance parameters

System performance parameters
Equipment properties C/N CcSso CTB Flatness Output
and effects level
TX OoMI Clauses Clause 6, Clause 6, | (Clause 9) | Clauses 6
6 and 7 8.2 8.1 and 10
CSsoO 8.1
CTB 8.2
Line width B.1.2
Chirping 7.2 C.3.71, C.4.1
C.3.7.2
RIN Clause 7
Power Clause 7 Clause 10
A (7.3)
Flatness Clause 9
RX I Clause 7
CsoO 8.1
CTB 8.2
Flatness Clause 9
AGC range Clause 9 | Clause 10
OFA F 7.4
Power 7.4 Clause 10
Gain 7.4 (8.1.2) (8.2)
A 7.4
Fibre Dispersion C.3.7.1, (8.2)
C.3.7.2
SBS (7.2) (8.1.2) (C.4.3)
SPM C.3.10
PMD (8.1.1)
Loss Clause 7 Clause 10
Passive Return loss (B.1.3)
PDL (C.3.7.2)
Loss Clause 7 Clause 10
X: relevant (X): can be relevant

This table can be used as an entry point and quick reference to the contents of this technical
report.

6 Optical modulation index

The optical modulation index (OMI) is one of the most important parameters of analogue
optical links. It shall be chosen very carefully in order to obtain the best carrier-to-noise ratio
without getting too much distortion due to clipping effects (see C.3.3).
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Working with OMIs two cases shall be considered: single wavelength systems and wavelength
division multiplex (WDM) systems.

6.1 Single wavelength system

The definition of the OMI is very similar to the definition of the modulation index in ordinary
AM modulation. An illustrative explanation of this definition is shown in Figure 5.

PImW

Pmax

Payg

Prin p===-

Bmax — Pmin

2Payg

Ty S e

IImA
Itn Tbias
IEC 2158/06

Figure 5 — Definition of OMI for an optical transmitter

The PMI is defined as

Pmax _Pmin _ Pmax _Pmin

m= ) (1)
Pmax +Pmin 'Pavg
where
m is the optical modulation index;
Pna| As-the peak optical output power;
Pmin is the minimum npfir\ol nllfpllf pf\\l\lﬂl";
Pavg is the mean optical output power.

Laser currents below [, lead to clipping, and the waveform of the optical output power
becomes distorted. The OMI is more than 1 then.

This definition relates to a single channel and a sinusoidal signal. The same definition can
also be used with QAM signals if the equivalent power is used to calculate a new peak value
of the modulating current. However, the signals transmitted in cable networks are a mixture of
a whole bunch of channels containing carriers with various modulation schemes. For each
channel an individual OMI can be determined.


https://iecnorm.com/api/?name=af758daf8dc9521f6f2ec63780688e75

TR 60728-6-1 © IEC:2006(E) -13 -

Since the peak-to-average ratio of combined signals decreases with the number of channels,
the individual OMIs do not add up linearly to the total OMI. The total OMI for several channels

is, in

Prov

stead, calculated by summing the powers of individual carriers

my =\/m12 +m§ +...+m]2V

ided that all channels have equal OMI the formula simplifies to

mT =mW

(2)

(3)

The
for G
relat
sma
mT =]

total OMI is a practical value for making estimations of the maximum channelceounits or

IN calculations with a certain number of channels [6]1, but the peak-to-average rati
vely small numbers of channels can be surprisingly high, and clipping may occ
ler total OMI values than in the case of more than 10 channels. For analogue car
0,3 is a typical value for 1 310 nm directly modulated transmitter and @ = 0,25 to

for externally modulated 1 550 nm transmitter.

6.2

In W
mult
in a
trang

whel

For
the
carri
OMI
with
this
netw

WDM systems
DM systems outputs of optical transmitters are combined using wavelength div

reduced OMI for the individual channels. For the-combination of signals from
mitters the resulting OMI of a channel can be calcdlated by

_ my
P1 +P2
is the OMI of the channel to be cansidered, transmitted by the first transmitter;
coupler or WDM);

(optical coupler or WDM).

utput of the conbining device. If the combined signal is fed to an optical receiver|
er-to-noise ratio at its output is lower than with a single optical signal due to the red
5. Therefare,s multi-point-to-point systems are not very popular and true WDM sys

configuration can be useful for adding narrowcast signals to broadcast signals in exi

the i

hput'signals.

o for
ur at
iers,
0,28

sion

plexers or optical couplers. Thereby the average optical‘eutput powers add up resylting

two

(4)

is the optical power of the first,transmitter at the output of the combining device (optical

is the optical power of\the second transmitter at the output of the combining device

ore than two transmitters, the denominator shall be replaced by the sum of all powdrs at

the
uced
tems

separate receivers for each wavelength are preferred in cable networks. Nevertheless,

sting

orks..As equation (4) shows, great care has to be taken by adjusting the power levgls of

6.3

Choosing the right input level at the transmitter

The OMI is directly related to the driving current of the laser hence to the input level of the
transmitter. Therefore, choosing the right transmitter input level is crucial for any optical
transmission link. Some manufacturers solved this problem by developing special driving
amplifier with an automatic gain control (AGC) for their transmitters. This results in a broader
input level range for achieving the optimum OMI. Nevertheless, even with this kind of solution,
the input level should be chosen carefully in order to save the AGC range for unwanted
changes in the level or the channel load.

1 Figures in square brackets refer to the Bibliography.
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IEC 60728-6 requires manufacturers to publish the required input level at which the required
performance can be met (see 6.1.1 of IEC 60728-6). Starting from this level the optimum input
level for a given channel load can be calculated, using the following procedure.

1) Check the count of channels related to the given reference input level stated in the data
sheet of the optical transmitter. Since according to IEC 60728-6, all transmitters shall be
designed for the frequency range 47 MHz to 862 MHz and all measurements shall be
carried through using the channel allocation specified in IEC 60728-3, this count will
usually be ng = 42.

2) Determine the effective channel load for the considered system. For the effective channel
load the different levels of the channels to be transmitted shall be taken into account:

AU,

ng =y 10 10 (5)

whefe AU, is the deviation from the level of an analogue channel in dB.

With| this effective channel load the target deviation AU from the reference input level cgn be
calclilated easily with

AU=10'Ig(n—e]in dB (6)
no

3) |f the OMI is given for the reference input level (m ) the OMI for the new channelfload
can be calculated with

n
Me = Myef -0 ()

e

This|procedure should be used only when the number of channels (n, and ng) is higher|than
10 (pee 6.1). For lesser channel loads; significant deviations from the optimum OMI| can
occur.

7 Carrier-to-noise ratio

Noisg in optical links can be divided into three different components: intensity noise, |shot
nois¢ and thermal naise: (Annex B). Intensity noise is noise associated with the generatipn of
light|in transmitters and optical amplifiers, shot noise appears in the receiver and thgrmal
nois¢ is a noise . mechanism of the electrical amplifiers. The parameters needed for calculating
the ¢arrier-to-noise ratio of an optical link are either well known or shall be given in the|data
shedts of the_equipment as required by IEC 60728-6.

71 Short-haul links with a single transmitter

The carrier-to-noise ratio for a single channel of an optical point-to-point link up to lengths of
about L = 30 km can be calculated using equation (25) in 4.19 of IEC 60728-6:

1 2
C/N = 20Igm —101g(2B) - 101g| 10719 */N + 2, 5 [2r (8)
FPopt,RX r Popt,RX
where
RIN is the relative intensity noise in dB/(Hz)~1. This value shall be published in the
data sheet of the optical transmitter;
m is the OMI of the channel to be considered. For the choice of the right OMI, see

Clause 6;
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Popt, RX is the optical power incident on the photodiode in W;

r
B
e

I

r

is the responsivity of the photodiode in A/W;
is the bandwidth in Hz;
is 1,6 x 10~19 C (charge of an electron);

is the effective spectral noise current density in A/NHz.

In point-to-multi-point systems this equation has to be used for each receiver, as different
optical input powers shall be taken into account.

7.2

Long
mod
addi

signal degradation due to stimulated Brillouin scattering (SBS).

7.2.1
At fi

calclilating the carrier-to-noise ratio. With equation (B.9) (see B.1.3), the carrier-to-noise

equd

The
acco

o

s

TTEm

tormg=haulpoimt=to=poimttnk
fibores can degrade the carrier-to-noise ratio of an analogue optical link. Using ¢

ilation, for example, with DFB lasers, multi-path interference is the majn sourcq
ional link noise. With externally modulated transmitters, care has to be.taken to 3

Long-haul links with DFB lasers

bre lengths above L =20 km, multi-path interference should<be taken into accour

tion from equation (8) extends to

1 2
C/N = 201lgm —101g(2B) - 101g 10 7o RN +RAIN) 4 2, S Izr
rPoptRX r Popt,RX

main difficulty in applying this equation is>to find the values needed for calculating R
rding to equation (B.9). The following hints may help to get reasonable results.

The fibre’'s attenuation-per-unity length is usually known in dB/km (for exan
0,38 dB/km at A =1 310 nm_or 0,18 dB/km at A=1 550 nm). For « the acco
(linear) attenuation coefficient shall be used (for example, o = In(10-0.38/10
=0,0875/km at A =1 310 hm).

The proportion of signal scattered per unit length is a parameter of the fibre and
be found in thetfibre’s data sheet. For standard single-mode fibre ag = o ca
assumed.

The fraction.of scattering that is captured by the fibre is also a parameter of the
which can\be found in data sheets. For standard single-mode fibre S = 0,001 5
comman value.

The-light source’s chirping efficiency is usually not specified by the manufactur
lasérs and transmitters because it varies in a very large range from sample to san

irect
e for
void

t for
ratio

(9)

IN\IN

hple,
ding
) km

can
n be

fibre
is a

pr of
hple.

The measurement of this parameter is costly and the benefit is low. As a ru

e of

thumb, 7gpy = 250 MHz/mA to 500 MHz/mA can be used for standard DFB lasers at

1310 nm.

Iy, Iy, The bias current and the threshold current of the laser are set by the manufactur

the transmitter and are usually not published in the data sheet. Common values a

er of
rein

the range I, — I, =40 mA to 60 mA for high-power DFB lasers used in long-haul

systems.
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7.2.2 Long-haul links with externally modulated transmitters

For long distances high optical power is needed in order to achieve sufficient input power at
the receivers. With modern high-power DFB lasers up to L = 40 km can be achieved. For even
longer distances the wavelength range at 1 550 nm shall be used where the fibre attenuation
is significantly lower. Unless dispersion-shifted fibres or dispersion-flattened fibres are
employed, directly modulated DFB lasers cannot be used anymore at these wavelengths
because the laser’s chirping and the dispersion of the fibre would cause too much distortion.
Externally modulated transmitters are used instead.

Ano s are
available. Using optical amplifiers as booster amplifiers, very high output powers up to Seyeral
100 mW could be achieved. Unfortunately, the small cross-section of single-mode fibre qores
is ngt able to handle such powers. Non-linear effects of the fibre lead to distofted signals
(Annex A). Several techniques have been developed for broadening the optical~spectrum of
extefnally modulated transmitters in order to increase the maximum power level. As a
drawback, a certain loss in carrier-to-noise ratio at long fibre lengths due-~to)increased multi-
path|interference shall be accepted. Unfortunately, without detailed knowledge about these
techpiques, there is no reliable method for predicting the C/N degradation to be expegted.
Therefore, IEC 60728-6 requires that the degradation shall not exceed 2,5 dB at a fibre lgngth
of L|= 65 km. For different fibre lengths, the manufacturer shalh be consulted or measgure-
ments shall be made.

7.3 | Multiple transmitter systems (WDM)

If signals from optical transmitters working at different wavelengths are combined and fed to a
single receiver, the optical modulation index decréeases according to equation (4). WitH this
resu|ting modulation index, equation (8) can be used for calculating the carrier-to-noise fatio.
This|works satisfactorily as long as the wavelengths of the transmitters are close togethier in
the $ame range (1 310 nm or 1 550 nm). lfcdifferent wavelength ranges are used (1 31D nm
and |1 550 nm), the wavelength dependency of the responsivity of the photodiode shall be
takep into account. This can easily be;;done by using an adapted equation for the optical
modulation index of the combined signal:

my- B -n
= 10)
F-n+bn
whefe
my is the opticalLmodulation index (OMI) of the channel to be considered, transmittgd by
the first transmitter;
Py is the optical power at 4,4 of the first transmitter at the output of the combining d¢vice
(optieal coupler or WDM);
Py is, the optical power at 1, of the second transmitter at the output of the combjning
daovica (ontical caotnlar Ar \A/NAN-
device—{eptical-couplerorWBM):
ry is the responsivity of the receiving photodiode at 4.
ro is the responsivity of the receiving photodiode at A,

7.4 Transmission systems with optical fibre amplifier

With optical fibre amplifiers the range of optical transmission systems can be increased
significantly. The major drawback of optical amplifiers is that they add noise to the amplified
signal. Therefore, only a very limited number of optical amplifiers can be cascaded in optical
cable networks.
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The amount of added optical noise is expressed as a noise figure, which has a similar
definition to the noise figure of electrical amplifiers. With a known noise figure, the carrier-to-
noise ratio of an optical transmission system including an optical amplifier can be calculated
according to equation (11).

F
C/N =201gm —10Ig(2B)-10lg 10—%(R1N)+2h—v 1010 -1 +[ 2 . 17 J (11)
Bin G rPoptRX 12 ngt,RX

where

RIN is the relative intensity noise of the optical transmitter in dB(Hz)~!. Fhis value
shall be published in the data sheet of the optical transmitter;

m is the OMI of the channel to be considered. For choice of the-right OMI| see
Clause 6;

Popt,Rx is the optical power incident on the photodiode in W;

r is the responsivity of the photodiode;

B is the bandwidth of the considered transmission channél in Hz;

e is 1,6-10=19 C (charge of an electron);

1, is the effective spectral noise current density. in ANHz;

F is the noise figure of the optical amplifier-in dB. This value depends on the

optical input power. Therefore, manufacturers shall publish the noise figue as
a function of the optical input power;

G = Pout/Pin s the power gain of the optical amplifier;
h is 6,62-10=34 Js (Planck's Constant);

is the frequency of the lighfisignal in Hz. Because of the high frequency of|light
signals, the wavelength.invthe vacuum is commonly used instead: v = cy/A.

If opfical amplifiers are cascaded,*equation (11) is not useful. A better approach is to congider
the gdded noise as an increase-gf-the RIN.

1 -
RINyt =101g 10_E(RINin)+2h_V 1010 _ 1 12)
in G
whefe
RING,; is the'relative intensity noise of the output signal in dB(Hz)™";
RIN;, is'the relative intensity noise of the input signal in dB(Hz)=".

With this equation the increase of the RIN can be calculated step by step for each optical
amplifier passed. For the last part of the system the resulting R/IN,, can be inserted in
equation (8) for determining the carrier-to-noise ratio from end to end.

8 Linearity

Non-linear distortion in cable networks leads to intermodulation of the transferred signals.
Due to the regular spacing of channels, intermodulation products add up at certain
frequencies (Annex C). The ratio of the carriers to the cumulated distortion products is called
CSO for second-order distortion and CTB for third-order distortion. Both parameters are
expressed in dB. In some documents negative values and the unit dBc are used in order to
point out that the cumulated distortion products are below the carrier. Throughout this report
and in IEC 60728-6, only positive values are used.
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Unlike C/N the calculation of CSO and CTB values is difficult because several aspects shall
be considered.

For

The amount of non-linear distortion depends on the channel allocation used.
The linearity of active devices depends on the frequency.

Laser clipping is a very strong source of distortion. Precise calculations can only be made
if all signals are well known as a function of time or if statistical methods can be applied.

CSO and CTB depend on the load of the active devices (hnumber and level of channels).

Strictly speaking CSO and CTB are defined for un-modulated carriers only.

I{ is hardly possible to predict how intermodulation products from different sources add up
n a certain frequency. Sometimes even compensation can be observed. Théresults
epend on the phase of the different intermodulation products, which in turncdepend on

the phase of the input signals and the phase behaviour of the active device’s intgrnal
istortion sources which both are usually unknown.

most relations only assumptions can be made. Their accuracy largely depends on the

appllcability of statistical methods. Therefore, calculated CSO and CTB‘values can depiate

significantly from measured results.

8.1

Composite second order (CSO)

The [symmetrical characteristic line of externally modulated transmitters leads to very| low
secgnd-order distortion. So, CSO is mainly a problemof transmitters containing directly
modylated lasers. Deviations between samples of thé same laser charge are significant.
Thernefore, additional pre-distortion circuits are often)employed to achieve CSOs good enpugh
for ¢able networks. As stated above, the CSO.of an optical system cannot reliably be
calclilated from the CSOs of the TX and the ‘RX due to the fact that the laws of statistics
canrot be applied. Therefore, the following procedures may only be understood as guidhnce

for rpugh estimations.

8.1.1 CSO of 1 310 nm systems

In tHe 1 310 nm wavelength range; fibre dispersion can be neglected on short hauls yp to
apprpximately L = 25 km. For:this kind of system, only the distortion of the transmitter angl the

rece|ver and the influence of the channel allocation shall be considered.

a)

b)

NMake sure that the.CSO values of both the transmitter (CSO¢g ¢ 1x) and the recgiver
(FSO¢Lc rx) are-given for the IEC frequency map as required in 4.12 of IEC 60728-6.

Tihe CSO for_the whole link can be estimated out of the single CSO values with

1 1
SOcLc,TX ;CSOCLC,RX
+10

—C.
CSOCLC=k'|g 10% 13)

where k£ = 15 for unlocked carriers and & = 20 for locked carriers.
NOTE Sometimes the CSO value is already given in the data sheets of the manufacturers for the whole link.

Calculate the maximum number of beats n,; for the actual frequency map. The maximum
number of second order beats for the full IEC frequency map according to IEC 60728-3 is
noLc = 22 at f= 48 MHz. With these beat counts the resulting CSO,.4 can be calculated
with

CSOes = CSOcLc +10|g’foa—f; (14)

This procedure can also be applied to externally modulated transmitters. Since the CSO of
this kind of transmitter is usually high, calculated results are even less reliable.
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At fibre lengths L > 25 km CSO can be deteriorated due to interaction of chromatic dispersion
and laser chirping. The CSO contribution of this effect can be calculated by applying equation
(50) of C.3.7.1. The main difficulty with this procedure is that in most cases neither the
precise wavelength of the laser nor the true dispersion of the fibre at this wavelength is known
because both vary in certain ranges. With a transmitter wavelength of 4= (1 310 £ 10) nm as
required in 6.1.3 of IEC 60728-6 and the standard fibre specified in IEC 60793-2, the resulting
dispersion range is D = 0 ps/(nm km) to 2 ps/(nm km).

Other sources of second-order distortion can be neglected for 1 310 nm systems. CSO
caused by laser chirping and polarization-mode dispersion (PMD) and polarization-dependent
loss shall be kept low as described in C.3.7.2. Laser clipping shall be avoided by choosing the
rightloptical modulation index (6) and the power available by directly modulated lasers-af this
wavglength range is not high enough to reach the threshold for non-linearities of the fibrg like
Brillguin scattering or self-phase modulation.

Both| the inherent CSO of the devices and the CSO caused by the interaction ‘af)laser chifping
and |chromatic dispersion are frequency dependent. That means equation (14) has tp be
applied to all frequencies within the band where second order beats ocCcuf, if the comhined
CSQ shall be calculated. For the superposition of both CSOs the folowing equation can be
used:

A esOes(r)  Xeson(r) 15)
CSOsys(f)=k|g 10 % +10%

CSO|s(f) is the CSO of combined transmitter and'receiver at the frequency f;
CSOp(f) is the CSO caused at the frequency /' by laser chirping and dispersion;
CSOgvys(f) is the resulting CSO of the system at the frequency f;

k is 15 for unlocked carriersiand &k = 20 for locked carriers.

8.1.2 CSO of 1 550 nm systems

The wavelength range at 1 §50 nm differs from 1 310 nm in the following three ways.

Qptical amplifiers with*high output powers are available.
e The standard filore has high chromatic dispersion at this wavelength.
C

ue to the Jow:fibre attenuation, higher distances can be achieved.

ort distances and with dispersion-shifted fibre, directly modulated lasers can be usgd as
trangmitters. These systems can be treated the same way as 1 310 nm systems (8.1.1), but
with [thie’ chromatic dispersion valid for this wavelength range. For distances exceeding g few

e S5 - efrety ROoauratet :““ EfS wih EOonH o116 “G‘; afre torS€6 a thIS
wavelength in order to avoid second-order distortion due to the interaction of chirping and
fibre dispersion. Other advantages of this kind of transmitter are their inherent good second-
order linearity and the missing of a hard clipping limit. Nevertheless, the optical modulation
index shall also be chosen very carefully in order to avoid excessive distortion.

Due to the controlled chirping, the methods of C.3.7.1 cannot be applied for externally
modulated transmitters. The CSO degradation of the signal due to fibre dispersion is instead
required to be less than 2 dB at a fibre length of L =65 km. As a rule of thumb, linear
interpolation can be used for other fibre lengths. For more precise values measurements shall
be made. The CSO of the combination of the transmitter and the receiver can be calculated in
the same way as for 1 310 nm systems using equations (13) and (14).
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With the use of optical amplifiers, the power limit for the non-linear behaviour of the fibre can
be exceeded easily at the 1 550 nm wavelength range. The controlled chirping of externally
modulated transmitters is used to push this limit as high as possible. In practice Brillouin
scattering and self-phase modulation shall be avoided. That means the power calculated with
equation (A.4) shall not be exceeded.

Appropriate optical amplifiers do not add up to the system’s CSO significantly. The main
cause of non-linear distortion from optical amplifiers is their optical gain slope, which is kept
low by the manufacturers. Therefore, the method of calculation described in C.3.6 is not
needed in practice and no publication of the necessary parameter is required in IEC 60728-6.

8.2

Composite triple beat (CTB)

As far as clipping effects can be neglected directly modulated lasers show very. good third-

orde
kind
mod
need
optia
fact

be u

I linearity. Therefore, CTB is usually not a problem for optical transmitters based orj
of light source. Externally modulated transmitters are based on,AMach-Zeh
ilators, which exhibit a very poor third-order linearity. Additional pre-distartion circuit
ed to achieve CTBs good enough for cable networks. As stated above, the CTB ¢
al system cannot reliably be calculated from the CTB of the TXand the RX due tq
hat the laws of statistics cannot be applied. Therefore, the folowing procedure may
hderstood as guidance for rough estimations.

a) Nake sure that the CTB values of both the transmitter (CTBg c,7x) and the rec

(
b) T

O S 0 0O
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CTBcLc rx) are given for the CENELEC frequency mapias required in IEC 60728-6.
he CTB for the whole link can be estimated out of.the single CTB values with

1 1
—CTBcLeTx —CTBcLc RX
CTBCLC:k'Ig 10k +10k

where k& = 15 for unlocked carriers and £ = 20 for locked carriers.

NOTE Sometimes the CTB-value is already given in the data sheets of the manufacturers for the whole
alculate the maximum number-of beats n, for the actual frequency map. The maxi
umber of third-order beatsfor the CENELEC frequency map according to IEC 60728

cLc =283 at f=599,25 MHz. With these beat counts the resulting CTBgyg ca
alculated with

CTBsys = CTBoLc + 10|gn";‘—L°;

procedure can also be applied to directly modulated transmitters. Since the CTB of
of transmitter is usually high, calculated results are even less reliable.
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weak impact on the system’s CTB and can therefore be neglected in most cases:

e interaction of laser chirping and dispersion (C.4.1);

e third order distortion of optical amplifiers (C.3.6).

The second category must be avoided in practical systems:

e laser clipping (C.4.2);

e Brillouin scattering (C.4.3);

e S

elf-phase modulation (C.3.5).

hly a
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9 Flatness

Unlike coaxial cables, optical fibres do not have any impact on the flatness and the slope of
the system amplitude frequency response. Therefore, only the flathess of the transmitter and
the receiver shall be taken into account.

Lasers exhibit constant efficiencies over a very broad frequency range. This leads to very flat
frequency responses of optical transmitters, which are deteriorated by internal transformers
and pre-distortion circuits only.

OptigatTeceiversfravea muchtigher ripptedue—to—imtermat—amptifrers,gaimcontrot=amng  the
impgdance matching circuits at the photodiode. The gain control normally has a widefange in
ordef to achieve a certain electrical output level at different optical input levels_and QMls.
Influgncing the internal return losses the position of the gain control could have, some injpact
on a|receiver’s flatness. Therefore, manufacturers shall investigate the whole.gain rangg and
spedify the worst-case flatness.

Becquse only two devices contribute to the total flatness of an optical fransmission system, no
statigtical methods can be used for summing up the single flatnesses as it is often dong for
coaxlial networks. On the other hand, the specified flatness valugs<of the transmitter and the
rece|ver do not add up linearly in most cases because they have their minimum and maximum
gain|of the amplitude frequency response at different frequencies. Dealing with single deyices
only] the standard IEC 60728-6 does not help with this prablem. A good practice is to hgve a
clos¢r look at the amplitude-versus-frequency response diagrams, if available. Many
manpfacturers also specify the total flatness for combinhations of their own transmitters| and
rece|vers.

10 DOutput level

The fvailable electrical output level of optical transmission systems depends on the OMI and
the tptal optical attenuation. The manufacturers of optical receivers are required to publish the
refenence output (see 6.3.1 of IEC-60728-6) which allows calculation of the available optput
level under real conditions. The, reference output level is obtained at maximum gain of the
rece|ver with an optical input.power of Popt Rx = 0 dB(mW) and m = 0,05. Any AGC has fo be
turned off. Starting from this value the electrical output level of the receiver can be calculated
for apy other optical input power and OMI.

Uout = Uret + 2P, +201g——
out ref opt,RX g 0,05 18)
whefe
Uout isythe available electrical output level in dB(pV);
Uset is the reference output level in dB(uV);

Popt,RX is the actual optical input power in dB(mW);
m is the actual optical modulation index.

It has to be taken into account that the result is valid for turned-off AGC only. AGCs are often
designed in such a way that a mean gain is obtained in the turned-off state. In such cases the
maximum available electrical output level is higher with the AGC turned on, by the amount of
remaining gain of the AGC range.

In WDM systems where multiple optical transmitters work on the same optical receiver,
equation (10) shall be used to get the right OMI.
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Annex A
(informative)

Brillouin scattering in optical fibres

Stimulated Brillouin scattering is typically the first optical non-linearity encountered in
lightwave systems using external modulators and single-mode optical fibres. SBS, related to
vibrational excitation modes of silica, partly converts the transmitted signal in the fibre to a

backiward scattered one and thus sets a limit to the total fibre injected power. A photon.of the
incident field (often called the pump) is annihilated to create a photon (a Stokes photon) 4t the
downshifted Stokes frequency and an acoustic phonon with the right energy anddmemeptum
to cqnserve the energy and the momentum. The frequency shift vz in the backward direftion
is giyen by
2nv
vg = —A (A1)
4p
whefe
n i$ the refractive index of the fibre core;
v i$ the acoustic velocity (5 960 m/s in silica);
Ap i$ the pump wavelength (wavelength of the incidentfield).
For |standard single-mode fibres and waveléngths in the 1550 nm range the resdlt is
vg =|11,5 GHz.
The [growth of the Stokes wave is characterized by the Brillouin-gain coefficient gg(v) whose
peal value occurs at v = vg. The Brilleuin-gain spectrum is given by
(Avg 12)?
V)= v
2g(v) v —vg P+ (Bvg 1 2F gg(ve) (n.2)
whefe
Avg is the spectral width of the Brillouin-gain spectrum,;
gg(vg) is thejmaximum Brillouin-gain coefficient (typically 4,6 x 10-1"m/W) given by
27rn7p2
g8 (vg) = — 12 (A.3)
L/Lp /}O I/AI_\VB
where
P12 is the longitudinal elasto-optic coefficient;
£o is the material density.
The threshold power Py, where the Brillouin appears is given by
214, K Av| ® Ay,
Pp = ———=2 TN (A.4)

~ gs(ve) Le Avg
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where
K is a parameter depending on the polarization (1< K < 2), generally K =2

for random polarization state;
Ag is the effective core area;
Av. is the laser line width;
Lg represents the effective interaction length, given by

1—e % . . . - .
Lo =—— where o is the fibre attenuation coefficient and L the fibre length;
o

® denotes convolution of the laser linewidth Ay, and the Brillouin bandwidth |Avg:

for Gaussian profiles, Ay ®Avg = (Av 2 + Avg?)1/2,

for Lorentzian profiles, Ay ®Avg = Ay + Avg.
Generally, when the laser is not modulated, Ay < Avg, assuming a Lorentzian(profile,

A K
Py =21—°% (.5)
gs(vB)Le

In pn
AVB,

actice, the laser is modulated in intensity and (for Gaussiah or Lorentzian profiles) A}
Py, is given by

' 21Ae K AVL

L=
g(ve)Lle Avp

>>

—

= =% )P th > Py (A.6)
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Annex B
(informative)

Noise sources of optical transmission systems

For special calculations it is helpful to have a better understanding of the influences from
different noise sources. In this annex, these noise sources are considered separately and the

equ

B.1

Inte
C/N

stimfyilated laser signal and spontaneous emissions generated within“the laser cavity
Intenjsity noise is usually specified as relative intensity noise (RIN) value and is expre

ind
opti
squ

For

ations used in Clause 7 are derived.

Intensity noise

nsity noise is a parameter of the transmitter and it determines the maximmum achie
in the link. Intensity noise is originated from the optical interference between

B(Hz)~! then. RIN is the ratio of the optical noise power density,to-the mean power o
dal carrier. In the electrical domain, this is expressed as the‘ratio between the n
gre of the noise current density i and the square of the average current /p.

.2
RIN:1OI9{<12 >J (
Ipg

the bandwidth of interest B the relative intensity noise current is then given by

Ipiy =1 V108N 10 g (

able
the

[1].
ssed
f the
hean

B.1)

B.2)

Threle other noises like mechanisms exist that are usually treated the same way as intepsity

nois¢: amplifier spontaneous_emission (ASE) in optical amplifiers, PM/AM noise and n
path|interference (MPI).

B.1.
ASE| noise originates from spontaneous emission of exited rare earth ions in the of

amplifier. Noisesmechanisms in optical amplifiers are quite complicated and this topic is
given further treatment in this document.

The ralculation of optical amplifier noise is derived from the definition of the noise figure

pos
not

Amplified spontaneous emission (ASE)

hulti-

tical
5 not

It is
are

s!ible to make calculations with assumptions closer to physics but these calculationg

give results that are more accurate.

ures

The noise figure of optical amplifiers can be measured in the electrical domain and is
calculated using equation (B.3). A reference to a suitable method of measurement is given in
4.20 of IEC 60728-6.

m2 m2 Bn Bn

ClNout CINn |2hv Py
2B-10 10 2B-10 10

F=10Ig (

B.3)
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where

m is the optical modulation index;

B is the noise bandwidth;

h is Planck’s constant;

v is the frequency of light;

P, is the optical powers measured at the input;

Pout is the optical powers measured at the output;

C/Ny isthecarrfer-tornotseratiomeasured-imtheetectricatdomeaimat-the—mput;
C/Ny,t is the carrier-to-noise ratio measured in the electrical domain at the output.

Becd
infin

With

This
to ar

.2 PM/AM-conversion

use the interest is on the noise added by the optical amplifier, C/N;, is assumed fo be
te. With this simplification, the equation becomes

2
m P P
F =10l —n_ 4 1 .
9 C/Nout 2hv Pout (B 4)

2B-10 10

m = 1 the ratio between noise and the maximum signakoutput power can be solvefd for
Hz noise bandwidth as

F
1 10 N\A 4hy
— 10 nein | 777
CIN — 10 Pout P (
10T ou n

B.5)

is equivalent to 2:RINg,. Dividing by two and using equation (B.2) this can be converted
equivalent noise current in the receiver, which can be given by

Toa =Ipc -.|| 1010 — in | <% p (B.6)

prsion inda-fibre results in a phase modulation to amplitude modulation convefsion
AM). Phase modulation spreads the optical spectrum and the dispersion causes gome

of the signal to propagate with higher velocity than the others. This early or late afrival
pelseen as a variation in the amplitude at reception. When the phase modulation is due to
ot ROISE O : o . ation itude-is_noise—Therafore,

the narrower the laser linewidth the smaller the amount of resulting noise. PM/AM conversion

can
prob

The

be neglected in the 1 310 nm window close to zero dispersion wavelength but is a
lem in the 1 550 nm transmission window where the dispersion is high in standard fibres.

intensity noise induced by the PM/AM-conversion can be estimated from

DAL
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where
Aw is the linewidth of the laser;
is the dispersion coefficient of the fibre;
A is the wavelength of the light;
L is the length of the fibre;
o is the speed of light in the vacuum;
f is the frequency of interest.
The pquivalent noise current in the receiver is then
p-A2.1Y
Ny 2
Temiam = Ipc - 2'A(0'[2—] 27 f)° B (
T C
B.1.3 Multi-path interference (MPI, fibre noise)
MPI |occurs in the case of double reflection. Twice-reflected lighttarrives later to the rec
than|the main signal. This causes interference between the signals. If the double refle

distgnce is greater than the coherence length of the laser, the interference occurs as n

B.8)

Biver
ction
Dise.

Discfete reflections in cable networks are typically very small so that double Rayleigh Qack-
scatlering with a return loss of a, = 30 dB in long fibres, is"the dominating effect. In this case
the reflections are not discrete but the resulting noise phenomenon has the same nature.|This
nois¢ caused by double Rayleigh back-scattering is called induced intensity noise (lIN). As
Rayleigh scattering is greater in the 1 310 nm tansmission window, the IIN is more |of a
problem in 1 310 nm systems than in 1 550 nm ‘systems.
An approximation to calculate the effect of\IIN is given in equation (B.9). This approximatipn is
basdgd on an infinite number of discreteeflections and is valid for light with Gaussian spgctral
distr|bution. Therefore, this equation ‘should not be used for externally modulated transmitters
using SBS suppression techniques,
§2 .42
RIN”N »’510191 S (2'0('L_1+€_2.C(IL) ; (Bg)
T | 4.42 nem(Zy = In )
whefe
o is the fibre’s attenuation per unit length;
og | is the proportion of signal scattered per unit length;
S is the fraction of Qr‘aﬁpring that is captured hy the fibre:
nem  is the light source chirping efficiency;
Iy is the bias current of the laser;
Ly, is the threshold current of the laser;
U is the total RMS modulation index according to equation (B.10).
u="L (B.10)
V2 '

where m1 = is the total OMI as described in Clause 6.
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The according equivalent noise current in the receiver can be written as

2 2
S -a
Iin = Ipc - 4 S(z.a.L_']Jre—Zﬂ'L).;.B
T | 4.4 nem(Zp — I

(B.11)

B.2 Shot noise of the receiver

Shot noise is a noise component originating from the statistical variation in the arrival of the
photpns at the receiver. The magnitude of the shot noise Is given by

[Sh0t=2'[DC'e'B B12)

whele

Ipc | is the mean current of the photodiode;
e is 1,6 x 10~19 C (charge of an electron);
B is the considered bandwidth.

B.3| Thermal noise

Thermal noise originates from thermal movement in the,'structure of the matter. Thermal noise
poer is constant over any given bandwidth, and it only varies with temperature. The noise
power delivered by any resistor can be calculated:by:

Nype& k-T-B B.13)

The pquivalent noise current is

Ity =,/—4'k;'3 B.14)

The equivalent noise eurrents of optical receivers are much higher due to the noise addgd by
interpal amplifier stages. The real values are commonly published as equivalent input noise
currént density expressed in pA/(Hz)1/2.

B.4| Carrier-to-noise ratio

With| the“definition of OMI (6) and the noise currents from above it is possible to calculat¢ the
carrier-to-noise ratio (C/N) of the whole link. C/N is usually expressed in decibels. It can be
determined for the detected signal in the electrical domain without taking into account the
responsivity of the receiver. The C/N can be defined through the currents as

I.
C/N=20.|9[L”3'J (B.15)

total noise
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where

1
Isignal :IDC'm'f (B.16)

2 2 2 2 2 2
Totalnoise = \/[RIN Flshot T17h + Iop + Daypm * LN (B.17)
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Annex C
(informative)

Non-linear distortion in optical transmission systems

Non-linear product definition

The
band
frequ

theofetical calculation of the evolution y(t) of a signal x(t) passing throughpa.'non-I|
component. The Volterra series expression is:

whel
non-
the

follo

¥(1)

4

association of all un-modulated carrier frequencies, regularly spaced by 7 MHz_(VHF

) or 8 MHz (UHF band), and passing through non-linear components, creates addit
encies. This behaviour is best explained by Volterra series expansion, which\alloy

»(t) =1i/ j:oh1(f1 )x(t = 7q) dry +2i/”h2(f1,12 Jx(e = z4)x(t = 72) deyde

—oco

1
+..t —III By (14,79, )Xt = 70)x(t = 72)... x(t 71, ) drq dry...d1,

same amplitude and applying multidimensional)Fourier transform to y(¢), we obtair
ving expression:

a‘£1 (1 )(-COS(CW + 1+ B1(wq)) +a‘£1 (wg )1-003(60? + ¢y + f1(wz)) 1 ord
- .order

+ a‘§1 (3 )(.COS(wst +¢3 + f1(03))+ G

(1,004 )|‘ cos(2wqt + 21 + 2 wq.w1))

a?
Pl

a?

7 22 (602,6()2 )|.COS(2602t +2¢2 + ﬁz (a)z,a)z )) + ...
a?

FlE

(w1, — w4 )| cos(B (w1, — wq)) + ... 2.order

al

H (01,07 )|-COS((601 + )t + @1+ @y + Polwr,07)) (

al

H , (gL )|~COS((601 — )t + 91— @y + oo, — )+ ...

ai

+

'Hq(w1,w1,co1 )|.COS(3CO1I + 3¢1 + ﬂ3 (a)1,w1,w1 ))+

4

+

+

%a’ﬁ:s (CO1,602,C()2 )|.COS((CO1 + 2wy )t + @1+ 20y + f3 (a)1,a)2,a)2 ))+ 3.order

23(w1’w2’w3 )|-C°3((w1 +wy + w3 )t + @1+ @y + 93 + f3l0,00.03))+ ...

3,
2

+...etc +all combinations of indexes and sign.

onal
the
near

e h,(t1,72,... ,T,) is the nth order Volterra kernel (thé>nth order impulse response of the
inear system under study). Taking as a hypothesis(that x(z) is a sum of pure sinusoif@ls of

the

C.2)

Cable network distortion characterization is generally described in terms of second and third
orders (higher distortion products are generally negligible) related to that theory. Figure C.1
shows basic IMD2 (second-order intermodulation), 2HD (second harmonic distortion), IMD3
and 3HD definitions.
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Figure C.1 —Distortion of Volterra series expansion

Non-linear products weighting

e Volterra relation, IMD2 components have a unitary coefficient(of* multiplication
have a % coefficient. To characterize distortions of commercial systems, a speg
yser is used. It measures the RMS power in the resolution bandwidth. To take this
unt, the Volterra equation has to be re-written in power terms, taking as unitary refer
MD2 component for second-order weighting calculation;-and the IMD3 for third-q
hting calculation. This leads to the following weightings.

Table C.1 — Weightings of HD2, HD3, IMD2 and IMD3

vhile
trum
into
ence
brder

Frequency combination Weighting Frequency combination Weightiing

Seco
order

d 2f; 1/4 Third 3f; 1/36
order

VEY/ 1 2  f; 174

VRV 1

Due
seve
be h
are

to the regular spacing of, carriers in cable network frequency plans (IEC or oth
ral weighted distortions superpose at the same frequency. Their resulting influence
gh as shown in Figure(C;2, which also emphasises the fact that second-order distor
vorst at band edges while third-order distortions are worst in the middle of the frequ

ers),
can
lions
ency

range. The evolution ‘of*the global weight versus frequency gives an idea about which

distaq

rtion frequencigs.affect a cable network channel, thus degrading picture quality.
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ure C.2 — Weighted second- and third-order distortion repartition for the 42 carr
uency allocation map defined in Table C.1 of IEC 60728<3, (software window capt

Distortion generators in direct modulation cable network transmission

e are several sources of non-linearities in an intensity modulation — direct detection)
analogue transmission system. Some depend on the laser (chirping induced, clip

tes. On a general basis, receivers are.considered to be linear as long as their elec
ifiers are well designed and used.

Laser chirping and chromatic dispersion

dispersion is a phenomenon.in which the velocity of propagation of an electromag

is wavelength-dependent. Chromatic dispersion means that light of diffg
lengths have different ‘indices of refraction. As a result, the light of different wavelen
Is at different speeds, and so takes different lengths of time to travel the same distan

fibre is a dispersive medium characterized by its chromatic dispersion coefficient
m-km) which\varies with wavelength. A good system design is to use a laser sourc
sion wayelength A, of which is close to the fibre zero dispersion wavelength in ord

ibuted feedback (DFB) lasers are usually intensity-modulated by varying the

ers
ure)

'Y

(IM-
hing)
ation
rical

netic
erent
gths
ce.

D in
e the
er to

drive

current,—which—Tesuttsm—acorresponding——change T opticatoutput—power—Ymnfortumately,
because the changing current causes changes in the semiconductor refractive index, the laser
mode frequency varies as well. The intensity modulation is mostly accompanied by frequency
modulation in semiconductor laser (chirping effect). Due to AM-FM conversion effects, the
linewidth of the source increases (chirping of the emitted central wavelength) and associated
to dispersion, non-linearity distortions may occur at the fibre output. Under a multichannel
modulation, the laser output intensity P(?) is represented as

N
P(t) = n(Iy, — Iy ){1 +m _ sin(2af;t + ¢, )] (C.3)

i=1

where
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n is the slope efficiency of the laser;

Iy is the bias current of the laser;

Ly, is the threshold current of the laser;

m is the optical modulation index;

fi are the carrier frequencies of the N channels;

o} are the phase offsets of the N channels.

The chirping of a DFB laser is represented by

12 N
At) = —C—CnFMub —Iy)m Y sin(2af;t + ¢;) (C.4)
0 i=1

whele

¢ | is the centre wavelength;
o is the light velocity in vacuum;

NMem | is the FM response of the laser diode.

The [chromatic dispersion D of fibre causes the difference in delay time which depends on
AL(t). The difference Afy(t) is expressed by using fibre length L as follows:

Aty(t) = -DLAA(1) (£.5)
The received waveform P (t’) at time ¢’= ¢ + At4(t)-at the end of the fibre is given by
P (t’) = P(t"— Aty(t)) = P(t) (.6)
neglecting the attenuation of the fibre:

Assuming that distortions are small, P.(¢’) is obtained as:

P(1) = P(P—Arg(s »{1 - M}

dt

Devgloping theylast equation into Bessel functions, it is easy to find harmonic and inter-
modulation distortions.

C.3.2 Laser chirping and PMD

Polarization-mode dispersion (PMD) arises in single-mode fibre when the combined effects of
non-circular symmetric internal stresses and irregular waveguide geometry created during
manufacture cause the two polarization modes of the waveguide to propagate with different
group velocities (Figure C.3).
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Figure C.3 — Polarization-mode dispersion in single-mode [fibre

fibre PMD fluctuates with time because it is dependent on the polarization mode cou
b fibre, which is sensitive to ambient temperature and mechanical perturbations.

different PMD-related mechanisms generate second-orderdistortion [4].

olarization modes, which scales with the squarg) of the distortion frequency fy.

hteraction of PMD, laser chirp, and polarization-dependent loss (PDL) generates
ndependently of the distortion frequency&’The PMD of the fibre converts the frequ
nodulation of the signal into polarization modulation. The change in polarization is

Dss element, giving rise to non-linear components in the detected signal.

distortions (CSO) from these-two polarization-dependent effects interacting with the
ing can be minimized by choosing fibres and components with low PDL and PMD.

B Laser clipping

law between injected current and optical output power under static conditions (F
shows a threshold. In order to work with the laser in stimulated emission, modul

currg¢nt shall be*higher than the threshold.

The
by a

rlar AL k. Bk f oabhanaoal aa k. OMNU
VITCTC IV 1S UTC 1TUTIToOCT UT CTTalmi TeTS arta 77 are OIviT.

pling

hteraction of PMD and laser chirp generates CSQ in fibres with coupling between the

CSO
ency
then

onverted to amplitude modulationswhen the signal traverses a polarization-deperjdent

aser

gure
ating

amplitude distribution of the driving multi-channel current or voltage can be approximated
Gaussian distribution if the number of channels N >> 1. Clipping starts to occur wher N-m

>1,
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I(t)

| IEC 2163/06
Figure C.4 — Static curve of a laser showing the clipping ‘effect

clipping distortion is largely a function of the standard deyiation of the ampl

pr order (fourth, fifth) intermodulations shall be“taken into account.

L Brillouin scattering

uin scattering (Annex A) is an inelastic process in which part of the power is lost fro
al wave and absorbed by the transmission medium while the remaining energy i
ed as a wave of lower frequency. SBS sets a limit to the total fibre injected power.

ered photon plus an ,acoustical phonon. Since the frequency of an optical wa

prtional to its energy, .the’' photon produced by the scattering event has a lower frequ
the incident photontand propagates in the opposite direction of the input wave.

sity in thesecore and the long interaction lengths afforded by these waveguides.

tude

bution of the driving signal:
o N mT
Iy 2 2
a very strong distortion generator. Under high clipping driving current situation, pven

M an
5 re-
The

bss can be thought of asthe conversion of an incident photon into a lower energy

e is
gncy

Brillouin scattering process can become non-linear in optical fibres due to high optical

SBS

occurs when-the optical power launched into the fibre exceeds a threshold level (Figurg C.5

(13}
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Figure C.5 — Transmitted and back-scattered power in therange
of the Brillouin threshold

As ghown in Annex A, the Brillouin threshold depends on the‘dine width of the optical
trangmitter. For un-modulated DFB lasers, Brillouin scattering,occurs in the 1 550 nm range
already at several milliwatts. Therefore, the spectrum of optical-transmitters with an external
modulator is broadened, for example, through additional phase modulation. The modulation
freqyency for the phase modulation shall be at least twicecthe maximum modulation frequency
of tHe Mach-Zehnder modulator in order to avoid intermodulation products falling intq the
freqyency band of the cable network.

C.3.5 Self-phase modulation

The |self-phase modulation (SPM) is a fibré.nhon-linearity caused by the intensity-dependent
non-linear change in refraction index of the fibre. In general, the refractive index of a mefium
is intensity-dependent. Under most conditions this can be neglected except when the pulse
inter|sity becomes large.

Through the non-linear refractive index, n,, the modulated intensity of the beam induces a
modplation of the refractivé_index of the fibre material. This leads to phase modulation| and
subgequent frequency modulation of the optical field. With chromatic dispersion, the higher
optiqal frequencies travel faster than the lower optical frequencies, thereby distorting the
optidal power wave envelope and generating non-linear distortions.

IS dn dN Selfphase
dt dt dt modulation

Legend:

I Light intensity

n Refraction index

¢ Phase of the optical carrier

IEC 2165/06

Figure C.6 — Cause of self-phase modulation

The typical manifestation of the self-phase modulation is CSO distortion at the upper
frequency band.
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C.3.6 Optical amplifiers

The distortion introduced by an optical amplifier employing a transmitter with chirp such as a
directly modulated laser rises from the non-flatness of the optical gain spectrum. A change in
the signal level, resulting in a change in the drive current applied to the laser, causes a slight
change in the laser operating wavelength (chirping). Due to the non-flatness of the gain (gain
tilt), this causes a change in optical power. Thus different signal levels will undergo different
gains and the original waveform will be distorted. It is mainly a second-order distortion
generating process.

C.3.71 __Second-order modelling

C.3.

Aftel

with

whet

TTEm

.1 Laser chirping and chromatic dispersion
calculations for multi-channel distortion, the CSO analytic expression is [5],]4]"
CSO =20Ig(a-m - wq)+101g(1y, — Ity) (
12
a=DL——nem(Ip —Itn)
€0
e

is the FM response of the laser diode [MHz/mA] (which also depends on f);
is the chromatic dispersion coefficient [psi{rm*km)];

is the distortion frequency;

is the bias current of the laser [A];

is the threshold current of the laser [A];

is the optical modulation index’(OMI);

is the fibre length.

As an immediate analysis’of the formulae, it appears that second-order distortions are v

for |
CSO

155
+830

bng links and for_high frequencies. As an example, Figure C.7 shows the result o
computation versus the length of the link with the following realistic parameters

D nm, ¢ =.3.108 m/s, Iy — Ity = 20 mA, ng,,= 300 MHz/mA, L = 25 km, og I
5 MHz, N¢go = 11, m = 0,05). One can observe the benefit of using a laser wavele

close¢ to the.zero of dispersion of the fibre.

£.9)

10)

vorst
f the
e =

2°1
ngth
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