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FOREWORD
The International Electrotechnical Commission (IEC) is a worldwide organization for standardization com
all| national electrotechnical committees (IEC National Committees). The object of IEC is_to\ pn

end and in addition to other activities, IEC publishes International Standards, Technical*Specific

rising
lomote
is. To
htions,

Telchnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC

Publication(s)”). Their preparation is entrusted to technical committees; any IEC National .Committee inte
in [the subject dealt with may participate in this preparatory work. International, gevernmental and
goljernmental organizations liaising with the IEC also participate in this preparationf |E€ collaborates d
with the International Organization for Standardization (ISO) in accordance with'‘eonditions determin
agfeement between the two organizations.

Thle formal decisions or agreements of IEC on technical matters express, as nearly as possible, an intern
cohsensus of opinion on the relevant subjects since each technical committee has representation fr
interested IEC National Committees.

IEC Publications have the form of recommendations for international 'use and are accepted by IEC N
Cdmmittees in that sense. While all reasonable efforts are made toyensure that the technical content
Publications is accurate, IEC cannot be held responsible for{the way in which they are used or f
mipinterpretation by any end user.

In lorder to promote international uniformity, IEC National*Committees undertake to apply IEC Publig

befween any IEC Publication and the corresponding national or regional publication shall be clearly indic3
th¢ latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conf
aspessment services and, in some areas, accé€ss to IEC marks of conformity. IEC is not responsible f
sefvices carried out by independent certification bodies.

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

Nd liability shall attach to IEC or its (directors, employees, servants or agents including individual exper
mgmbers of its technical committe€s,;and IEC National Committees for any personal injury, property dam
othher damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fee
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any othe
Publications.

Atlention is drawn to theyNormative references cited in this publication. Use of the referenced publicati
indispensable for the"correct application of this publication.

Atfention is drawn\to the possibility that some of the elements of this IEC Publication may be the sub
pal:nt rights. [EC shall not be held responsible for identifying any or all such patent rights.

ain task of IEC technical committees is to prepare International Standards. Howey

technicall.committee may propose the publication of a technical report when it has coll
data jof.@~different kind from that which is normally published as an International Standar
example "state of the art'.
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IEC 61282-12, which is a technical report, has been prepared by subcommittee 86C: Fibre
optic systems and active devices, of IEC technical committee 86: Fibre optics.

The text of this technical report is based on the following documents:

Enquiry draft Report on voting
86C/1341/DTR 86C/1364/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.
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This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

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

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

e reconfirmed,

° widkb-deaaas =
vvporaTravvrr,

e r¢placed by a revised edition, or

e amended.

A bilingual version of this publication may be issued at a later date.
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The purpose of this part of IEC 61282, which is a Technical Report, is to provide a definition

for ip-band optical signal-to-noise ratio (OSNR) that is applicable to situations wher¢

spec
OSN

the dignal. Considering the development of multiple measurement methods fordifferen

case
indef
IEC ¢

2 Normative references

The following documents, in whole or in part, are normatively referenced in this documen

ral noise power density is not independent of the optical frequency, as assumed+i
R definition of IEC 61280-2-9, but is significantly shaped across the optical handwig

5, as detailed below, it is desirable to establish a definition of in-band“OSNR tH
endent of the method used and, furthermore, is consistent with the OSNR definiti
1280-2-9 in the case of frequency-independent noise power density(

b the
n the
th of
[ use
at is
bon of

it and

are indispensable for its application. For dated references,‘only the edition cited applied. For
undated references, the latest edition of the referenced document (including| any
amendments) applies.

IEC 61280-2-9:2009, Fibre optic communication, subsystem test procedures — Part 2-9: Digital
systdms — Optical signal-to-noise ratio measurement for dense wavelength-division
multiplexed systems

3 Terms and definitions

31

optigal signal-to-noise ratio

OSNR

ratio |of total signal power of an optical signal to the amplified spontaneous emission (ASE)
noisq power spectral( density within the optical spectrum of the signal, wherein the gower
specftral density is normalized to a chosen reference bandwidth

Note 1 to entry: ~Jhis definition is consistent with the one in subclause 3.1 of IEC 61280-2-9:2009, when the| noise
power| spectral \density is constant across the spectral range of the signal, but is used in this documenf as a
generglized-caolfective term for the following set of in-band OSNR definitions that have differing values when the
noise power_spectral density is not constant across the spectral range of the signal.

3.2

OSNR; ¢

spectrally-integrated in-band optical signal-to-noise ratiospectrally integrated ratio of time-
averaged power spectral density of a signal to the power spectral density of the amplified
spontaneous emission (ASE) noise, normalized to a chosen reference bandwidth

Note 1

where
s(2)
p(%)

to entry: The spectrally-integrated in-band OSNR, Rim’ is calculated as
1 42 sl
R = [0
By Ik ,0(/1)

is the time-averaged signal power spectral density, not including ASE, expressed in W/nm;

is the ASE power spectral density, independent of polarization, expressed in W/nm;
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B, is the reference bandwidth expressed in nm (usually 0,1 nm if not otherwise stated);

and the integration range in nm from 4, to 1, is chosen to include the total signal spectrum.

Note 2 to entry: OSNR,, is usually expressed in dB as 10 log(R;,).

3.3

OSNRZ,“,g

weighted-average in-band optical signal-to-noise ratio

ratio of time-averaged optical signal power to the spectrally weighted average power spectral
density of the amplified spontaneous emission (ASE) noise, where the weighting is
proportional to the normalized signal power spectral density, and the weighted average power

spec ral doancitvs o narmaaliond 08 & Al oA rafaranan oA aidih
p by-is-Rormatized-to-achesenreference-bandwidth

Note {to entry: The weighted-average in-band OSNR, R is calculated as

avg’

-1 s _ 1 s2 _ 1 Azs®)
Br [Zpoysar  Br[(ZpysydA Brh p(M)

S

where

s(2) is the time-averaged signal power spectral density, not including ASE, expressed in W/nm;

s is the total signal power, i.e. the wavelength integral of s(1), expressed in W;

p(4) is the ASE power spectral density, independent of polarization, expressed in W/nm;

Pavg is the spectrally weighted average noise power densjty, expressed in W/nm, where the weighfting is
proportional to the normalized signal power spectraldensity;

B is the reference bandwidth expressed in nm (usually 0,1 nm if not otherwise stated);

r
and thie integration range in nm from 2, to 4, is chosen to incldde the total signal spectrum.

Note 3 to entry: OSNRan is usually expressed in dBtas 10 Iog(Ravg).

3.4
OSNRax

maximal-noise in-band optical signal-to-noise ratio
ratio|of time-averaged optical ;signal power to the maximal power spectral density of the
ampl|fied spontaneous emission (ASE) noise within the wavelength range of the total gignal
specfrum, normalized to a chosen reference bandwidth

Note { to entry: The maximal-noise in-band OSNR, R is calculated as

max’

j 2 §(1)dx
Rmax = “ = = (3)
By Pmax Br Pmax
where
s(2) is the time-averaged signal power spectral density, not including ASE, expressed in W/nm;
s is the total signal power, i.e. the wavelength integral of s(1), expressed in W;
P max is the maximal ASE power spectral density within the spectral range of the signal, independent of
polarization, expressed in W/nm;

B, is the reference bandwidth expressed in nm (usually 0,1 nm if not otherwise stated);

and the integration range in nm from 4, to 4, is chosen to include the total signal spectrum.

Note 2 to entry: OSNR__ is usually expressed in dB as 10 log(R

max)'
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subcarrier OSNR
OSNRg,,

in-band OSNR determined for a single modulated subcarrier of a signal consisting of multiple
modulated subcarriers at different wavelengths, calculated with only the signal power density
of the selected subcarrier

3.6

OSNRg,p,
superchannel OSNR
in-band OSNR determined by including the signal power density of all modulated subcarriers

2016

ina

Note 1
a frac

the cgse of equal power in the two polarization tributaries, the OSNR of a polarization-multiplexed’ signal i
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the to
has b
functidg
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powg
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of th

the im-band noise power speetral density is based on out-of-band ASE noise measurem

as d
optic
chan
sideg
flat, {
two n
from
meth

parar!lneter to assess system performance. As described in IEC 61280-2-9, OSNR is de

nultiple-carrier optical signal

to entry: If the signal is polarization-multiplexed, then each polarization tributary of the signalcarri¢g
ion of the signal power and thus, by itself, has a lower OSNR than the combined signal. This*méans t

than that of the two components taken separately. Thus, polarization-multiplexedsignals are ty
ed an OSNR value that is 3 dB higher than that for single-polarization signals of the same SNR quality
al power were in a single polarization mode and only interfering with the ASE in that mode. This conV|
een widely adopted by the industry, especially because it is supported by. the” existing measun
nality of optical spectrum analyzer instruments.

Background

General

bre optic communication systems with in-line{optical amplification, OSNR is 34

e ratio of total signal power to the amplified\spontaneous emission (ASE) noise ¢
ral density within the optical spectrum of\the signal. In other words, the OSNR
ure of the signal strength relative to the.strength of the underlying ASE noise. How
widely-used and well-established definition of OSNR assumes that the ASE
rum is essentially flat across the spectrum of the transmitted signals, so that the
r level can be characterized by a’single parameter, i.e. the noise power spectral den

nportant task of measuring~OSNR, therefore, is to determine the power spectral de
b ASE noise within the-spectrum of the signal. The standard procedure for determ

pscribed in [EC 61280-2-9 and illustrated in Figure 1. This procedure requires tha
bl spectrum of the signal be confined to a relatively small wavelength range of the D
hel allocated t¢ the signal, so that the ASE noise power level can be measured on
of the signalispectrum. Under the assumption that the ASE noise spectrum is esser
he in-band-~ASE noise power spectral density can be determined by interpolation g
oise power measurements on either side of the signal spectrum. The definition of G
IEC-61280-2-9 is given in terms of this out-of-band noise measurement method.
pd’is-especially convenient for DWDM systems because the OSNR of multiple si

can |

s only
hat for
5 3 dB
bically
, as if
lention
lement

key
fined
ower

is a
ever,
hoise
hoise
sity.

nsity
ining
ents,
t the
NDM
both
tially
f the
SNR
This
jnals

evmeasured simultaneously in a relatively short time. Furthermore, these measuren

nents

can be performed while the system is in service (in-service OSNR measurement).
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~ | 10 Gbit/s NRZ-OOK
_@ Signal
‘; and
= -20 A noise
5 E
o Offset Offset
g frequency frequency
2 for ASE for ASE
% 30 rotse-toot rotse-ftoot
g interpolation interpolation
o
o

1 Noise % _Signal

-50 -25 0 25 50

Relative optical frequency (GHz) Ec

sured with an optical spectrum analyzer, the resolution bandwidth is often chosen wider than the co
1| so that the peak of the measurement trace represents this integral.

ctrum
nplete

gure 1 — Optical power spectrum composed of a modulated signal and ASE noise

However, three recent developments in optical transmission technology have now added

complications to the OSNR measurement defined* in |IEC 61280-2-9, two of which
already been noted in Annex B of IEC 61280-2-9:2009.

4.2

To ifcrease the overall transmission capacity of fibre optic links, the transmitted signal
spaced closer together in wavelength-and/or are modulated at higher symbol rates, wher
latten results in broader signal spéctra [3-4]1. Faster modulation rates and closer ch
spac|ng often cause significant ‘@verlap of adjacent signal spectra, as illustrated in Figu
so tHat it becomes very difficult — if not impossible — to determine the ASE level bet
adjagent signals from a simple spectral analysis. Transmission of densely spaced D
signdls, therefore, greatly reduces the usefulness of the interpolation method describ
IEC 61280-2-9. Hencenthere is a rising need for alternative methods to measure the in-
noisg power spectral density (in-band OSNR measurements).

Higher spectral density of signals

have

5 are
e the
hnnel
re 2,
ween
VDM
ed in
band

Numbers in square brackets refer to the Bibliography
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40 Gbit/s RZ-DQPSK

Signal
and
noise

Power spegtral density (dB)

Noise

-50 -25 0 25 50
Relative optical frequency (GHz)

IEC

Figure 2 — Optical power spectrum of 50-GHz spaced 40 Gbit/s RZ-DQPSK
signals with significant spectralioverlap

4.3 | Spectral filtering in wavelength-routing elements

The introduction of reconfigurable optical add-drop-'multiplexers (ROADM) in optical netyorks
giveq rise to spectral filtering of the transmitied signals and noise along the fibre opti¢ link
[5-6]] This filtering generally attenuates the~optical power level between adjacent dignal
chanpels, as shown in Figure 3. As a result; power level measurements on either side gf the
signdl spectrum may not be indicative_of‘the ASE noise power spectral density at the gignal
wavelength. A further consequence ofthis filtering is that the transmitted ASE noise spe¢trum
is nollonger flat, as assumed in IEC61280-2-9, but spectrally shaped by the transfer function
of th¢ ROADMs. Furthermore, the-spectral shaping of ASE noise is usually different from the
corrgsponding spectral shaping-of the signal because noise is added at intermediate slages
along the transmission link.\Thus, spectral filtering in ROADMs not only greatly reducef the
usefylness of the interpolation method described in IEC 61280-2-9 but also introdquces
substantial ambiguity in;the OSNR measurement, because IEC 61280-2-9 does not definge the
OSNR of signals with spectrally shaped noise.
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Figure 3 — Optical power spectrum of 50-GHz spaced. 10 Gbit/s NRZ-OOK
signals after spectral filtering in ROADMs

Transmission of signals with multiple subcarriers

as shown in Figure 4. Since all subcarriets of any given signal are sent to the
hation (and hence do not require intermediate guard bands for wavelength routing)

hel, the question arises whether..the OSNR should be determined separately for
dual subcarrier or jointly for the_entire multi-subcarrier signal, which is also referred

an optical "superchannel" [7].

rther increase the overall transmission capacity without increasing the modulation|rate,
Is at 100 Gbit/s and above are often composed of multiple modulated optical subcafriers

same
| they

be spaced very tightly in wavelength." Since the entire spectrum of such multiple-
prrier signals often extends over mare than one 50-GHz-wide or 100-GHz-wide DWDM

each
to as

—_ 0_
g _
>
@ 1 Signal
3 '1Oj and
© i noise
3 ] /
=Y .
2 =20
g ] X
Noise
-100 -50 0 50 100

Relative optical frequency (GHz)

IEC

Figure 4 — Optical power spectrum of a 400 Gbit/s optical "superchannel”
comprised of four very densely spaced 100 Gbit/s PM-QPSK signals
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This Technical Report is intended to provide technical guidance on in-band OSNR
measurements on signals that exhibit spectrally shaped noise or are composed of multiple,
densely-spaced modulated sub-carriers.

5 In-band OSNR measurement with spectrally shaped noise

5.1 Measurement of in-band ASE noise

To address the technical developments described in 4.2 and 4.3, several measurement
methods have been developed to directly measure the in-band ASE noise power spectrum

over tho ontira vynavunlanath vranan ~Ff tha cinnAl onacte pnan Thocao meothode ara nnmr'lonl
the—entire—wavelenrgth—range—of—the—signal—spestrum—These—methods—are—eor y

referfed to as in-band OSNR measurements. Just like the interpolation method described in
IEC 61280-2-9, these methods are based on a spectral analysis, using a conventional or
slighfly modified optical spectrum analyzer (OSA). However, the spectral resolution gf the
OSA|has to be fine enough to properly resolve the spectral shape of the ASE noise as well as
that ¢f the signal.

Two |typical applications where in-band OSNR is measured are perfermance evaluatiohs of
ampl|fied fibre-optic links and sensitivity tests of optical receivers, where OSNR is used|as a
test [condition. The first application usually involves systems ayhere multiple signal§ are
presgnt via dense wavelength-division multiplexing (DWDM), whereas the second applidation
may |often involve only a single WDM signal. While the measurement issues for thes¢ two
casep are somewhat different, both are influenced by technological developments in optical
netwprks, as described below.

With |conventional single-polarized signal, it is possible to distinguish the spectral compopents
of thp signal from those of the in-band ASE noise because ASE is generally depolatized,
wherpas the modulated signal is usually strongly” polarized. Therefore, a properly orienftated
opticpl polarization filter in the input of the /OSA may be used to block the highly polarized
signdl and to pass only the ASE noise that“is polarized orthogonally to the signal. It is|thus
poss|ble to measure the power spectrum of the in-band ASE noise while the system|is in
service and use this information to-calculate the in-band OSNR [9]. This in-band QSNR
meagurement technique is commonly referred to as the "polarization-extinction" or
"polarization-nulling" method.

The pbove-described polarization analysis becomes more complicated when the signal] has
expefienced significant_polarization mode dispersion (PMD) in the fibre link. Because [PMD
introguces wavelength-dependent variations in the state of polarization of the signal, it may
not be possible to simultaneously block all spectral components of the signal. In this case, the
orienfation of the _polarization filter may have to be readjusted for each analyzed wavelength.
Morepver, largé’differential group delay (DGD) can partially depolarize the signal even within
the nesolution Jbandwidth of the OSA. This depolarization leads to decreased polarization
extingtion-of 'the signal and, hence, overestimation of the in-band ASE noise. For example,
40 pg DGD’ could reduce the polarization extinction to only 99 % over a resolution bandidth
of 4 GHZ, which is significant for measuring OSNR in the 20 dB range.

Methods for measuring in-band OSNR via spectral polarization analysis become ineffective
(or at least substantially more complicated) when the signal is polarization-multiplexed, i.e.
when it is composed of two independently modulated components at the same optical carrier
frequency that are multiplexed in mutually orthogonal polarization states. Although
polarization-multiplexed signals are highly polarized when measured on a time scale shorter
than the symbol period, they appear to be nearly completely depolarized when measured on
the much longer time scale of a typical spectral analysis. Therefore, in-band ASE noise of
polarization-multiplexed signals cannot be measured with the polarization-extinction method.

Alternatively, the in-band noise spectrum of polarization-multiplexed signals can be measured
when the optical signal is turned off (or blocked) at the transmitter. Obviously, this
measurement cannot be performed while the system is in service. Hence, it is only an out-of-
service measurement. Another disadvantage of this measurement is that the noise power
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level may increase significantly when the signal is absent, thus leading to an underestimation
of the OSNR. In addition, this method may not work in certain ROADM networks, where the
optical power and sometimes even the optical spectrum of the transmitted signals are
continuously analyzed by optical channel monitors (OCMs). If an OCM does not detect a valid
signal in a DWDM channel, it instructs the associated ROADM to block any light transmission
through this channel so as to avoid unnecessary propagation of ASE noise through the
network. In this case, one cannot measure the accumulated ASE noise in the absence of the
signal.

5.2 In-band OSNR definitions

5.2.1 Background

Traditionally, OSNR has been defined as the ratio of the total signal power to a single, value of
the ASE noise power spectral density rather than a noise power spectrum. This. definition is
appropriate for white ASE noise, i.e. for noise that does not exhibit significant wavel¢ngth
depehdence within the bandwidth of the signal. However, if the ASE noise spectrum is shlaped
through tight optical filtering (e.g. in ROADM networks), it cannot be fully“Characterized|by a
single power spectral density value. Thus, it remains unclear in the conventional definitipn of
OSNR which value one should use for the power spectral density ofthe ASE noise. Al new
definjtion of in-band OSNR, therefore, should specifically address™all cases where the| ASE
specfral power density varies significantly with wavelength ever the width of the dignal
specfrum or DWDM channel.

FurtHermore, OSNR should be a reliable measure of the waveform degradation introduced in
the received electrical signal by in-band ASE noise~Hence, it should reflect the fac{ that
specfirally filtered ASE noise generally causes less” waveform distortion than spedtrally
unfiltered ASE noise.

Nois¢-induced waveform degradation is predeminantly caused by signal-ASE beat noise|and,
hencg, depends on the amplitudes of the signal and the ASE [1]. In the frequency domain, the
signdl-ASE beat noise may be viewed;*as resulting from the beating of each freqyency
comgonent in the signal spectrum with*certain frequency components in the ASE specfrum.
More| precisely, in a broadband optical receiver with electrical bandwidth B, each gignal
compgonent at frequency v interfefes with all ASE components in the frequency range betjveen
v — R, and v + Bg. The totaksignal-ASE beat noise thus depends on the shape of the| ASE
noisg spectrum as well as on’ the shape of the signal spectrum. A given level of ASE poise
near[the edges of the signal spectrum usually causes less waveform degradation thgn an
equal level near thesceentre of the spectrum. Consequently, spectrally filtered ASE poise
genefally causes less,waveform degradation than unfiltered ASE noise.

The in-band OSNRs defined in 3.2 and 3.3 both reflect the spectral dependence of the signal-
ASE |beat noise, whereas the OSNR defined in 3.4, which currently is the most widely |used
definjtion;~is independent of the spectral shapes of signal and ASE noise. However, in the

case|of_flat ASE noise, all three definitions yield the same OSNR value as the conventional
OSNR _definition

5.2.2 Spectrally integrated in-band OSNR

The definition of in-band OSNR in 3.2, OSNR,;, is based on the assumption that the noise-
induced waveform distortion is approximately proportional to the ratio of the time-averaged
ASE power spectral density, p(1), to the time-averaged signal power spectral density, s(1), at
each optical frequency v, i.e. by p(4)/s(1). Consequently, the OSNR;; value, R,,, is defined as
the integral of the inverse ratio s(1)/p(1) over the entire wavelength range of the DWDM
channel, i.e. as

—
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where the result is essentially independent of whether the integration is performed with
respect to wavelength 4 or optical frequency v. An important feature of this definition is that
the value of R;,; does not change, at least in theory, when signal and noise spectra are
reshaped simultaneously by a single optical filter, as can be seen from the equality

1 J‘iz s(4) dﬂ:ifz s(4)-F4) . (5)

Kt =3 o) T B dn p(0)F(2)

wherein F(1) denotes the transfer function of the optical filter. In practice, the values of R;;
measured-before and after simultaneous filfnring of cignnl and noise may- dnpnnd on the
dynamic range of the OSA, the wavelength range of integration, and the spectral resolutjon of
the QSA, as explained in Clause 6.

5.2.3 In-band OSNR from averaged noise power spectral density

The in-band OSNR defined in 3.3, OSNR,, 4, is similar to the conventional definition of OBNR,
except that it uses a spectrally averaged value for the noise power_density. The OSNR

valug, R4, is defined as

[ 2 (1)da

M

Royyg=—"
9 By pavg

whergin Pavg is obtained by averaging the ASE:\power spectrum, p(4), weighted with the
normialized signal power spectrum, s(A1)/s:

This |definition parallels a_theoretical model for in-band signal-signal crosstalk in ROADM
netwprks, which is based.on the observation that the crosstalk penalty depends on the gower
specfral densities of~the interferer and the signal, similarly to the above-desdribed
depenpdence of the signal-ASE beat noise [10-11]. This definition also has the advantage that
the vplue of Ravg does not critically depend on the wavelength range used for noise averaging,
so Igng as it €overs the entire signal spectrum. However, this definition yields a different
OSN ?avg value "after signal and noise are spectrally reshaped simultaneously by the same
filter.

5.2.

The most-widely used definition for in-band OSNR thus far is OSNR, ,, as defined in 3.4. It is
almost identical to the conventional OSNR definition in IEC 61280-2-9, except that it explicitly
specifies to use the maximal value of ASE power spectral density, py . for the OSNR .,
calculation (which is usually found near the centre of the signal spectrum). The OSNR

value, R, is defined as

jjz s(A)dA
Rmax = 1 (8)
Br Prmax

In contrast to OSNR;,; and OSNR,, 4, the OSNR,,,, values calculated from Equation (8) are
agnostic to the spectral shape of the ASE noise. Thus, a signal with spectrally filtered ASE
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noise exhibits the same OSNR,,, value as an identical signal with spectrally flat ASE noise.
It is therefore not surprising that OSNR_,,, is less sensitive to the spectral resolution of the
OSA than OSNR;,; and OSNR;,,. It should also be noted that the OSNR,, value always
decreases after spectral filtering because of spectral clipping of s(1), independently of how
much ASE noise has been removed from the signal.

5.2.5 In-band OSNR for individual optical subcarriers

When a multitude of modulated optical subcarriers is transmitted in an optical “superchannel”,
it may be useful to determine the in-band OSNR individually for each modulated subcarrier.
The subcarrier OSNR defined in 3.5, OSNRg,;,, is of particular interest when the transmission

performmmm—mmmional
single-carrier optical signal at the same data rate, which is often the case when the Various

subcarriers of given a superchannel are encoded with independent data.

The DSNRy,,, value may be determined by using one of the three in-band OSNR defin|tions
descfibed above, i.e. OSNR;,;, OSNR,,4 or OSNR,,,, where the same definition shgll be

applipd to all subcarriers. The wavelength integration ranges in Rj,;, Rayg OF Rpay, i-€. 43 and
Ao, dhall be adjusted so that they include only the spectral width f) the subcarrier {o be
meagured. Particular care shall be taken when measuring the signal-power of the moddlated
subcarrier, so as not to include signal power of neighbouring.subcarriers. In case of|very
densgly spaced subcarriers, as illustrated in the example of Figure 4 above, the accurgcy of
the qubcarrier power measurement may be limited by the“spectral resolution of the [DSA,

which should be high enough to avoid undesired crosstalk from neighbouring subcarriers.

Howgver, OSNRg,,, is of considerably less interest’when the various subcarriers transmit a
single contiguous data stream, for example whef. two modulated subcarriers each trapsmit
50 Gpit/s of a contiguous 100 Gbit/s signal. In this'case, one may want to compare the QSNR
of the entire two-carrier signal to that of another single-carrier or multiple-carrier 100 Gbit/s
signgl, using the channel or superchannélin-band OSNR, OSNRSUP, defined in 3.6 The
OSN ?Sup value shall be determined by adjusting the wavelength integration ranges for Ry,
Rayg|0r Rpax SO that they encompass-the signal spectra of both modulated subcarriefs. In
case|of a flat ASE noise spectrum @nd equal signal powers in all modulated subcarrierg, the
valug of OSNRg,, is equal to N times the value of OSNR where N is the total number of
subcarriers in the superchannel

sub’

5.3 | Spectral shaping«f-ASE noise
5.3.1 General

The necessity ofS\measuring in-band OSNR with a wavelength resolution finer than the dignal
width raises jssues for the definition of OSNR, since the measured result may depend oph the
chosen resolution. This complication is considered here within the framework of some |case
exanples explained in 5.3.2 to 5.3.4.

5.3.2 Case (a): ASE noise shaped outside of the signal spectrum

The simplest example of a signal with shaped ASE noise is often encountered in optical
receiver testing, where white noise from a broadband ASE source is mixed with the
transmitted signal immediately before the receiver to emulate various OSNR levels during
receiver sensitivity tests. These tests generally require spectral filtering of the ASE noise
before the receiver to avoid excessively large background noise due to ASE-ASE beat noise.
The width of this filter is usually chosen so as to not affect the shape of the signal spectrum.
Hence, the ASE noise spectrum remains flat within the signal spectral width but is shaped
outside of the signal spectrum, as illustrated in Figure 5 for the example of a
10 Gbit/s NRZ-OOK signal.
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Figure 5 — Power spectral density of a 10 Gbit/s'signal with ASE
noise that has been shaped by a relatively broad optical filter

Howgver, since the in-band noise spectrum is essentially flat, the three in-band QSNR
definftions OSNR;,;, OSNR, 4 and OSNR,,, yield the same value, i.e. Rj;; = Ryyq = Rpfay. It
shou|ld be noted that this value is identical to the OSNR value measured before filfering
(whigh may be measured, for example, with the interpolation method described in IEC 61280-

2-9).

To d{termine the OSNR after filtering, it may be necessaryto measure the in-band noise|floor.

5.3.3 Case (b): ASE noise shaped.within the signal spectrum

The situation becomes more complex when the bandwidth of the optical filter in case (a)[is so
narrgw that both the signal and-ASE spectra are reshaped, which is often the case whep the
performance of a receiver forsbroadband 40 Gbit/s or 100 Gbit/s signals is tested with a
50-GHz (or narrower) wavelength demultiplexer before the receiver. As illustrated in Figyre 6,
for the example of a 48 Gbit/s RZ-DQPSK signal, such narrow-band wavelength filfering
significantly attenuates the edges of the signal spectrum, thus reducing the total signal power.
It al§Jo reshapes thé ASE noise spectrum in such a way that it is no longer flat withip the
bandwidth of the filtered signal.

In this casej'the in-band OSNR definitions in 3.2 to 3.4 generally yield different results| The
lowest (i@. most conservative) OSNR value is obtained from OSNR,,,, which accounts for
the decrease in signal power but completely ignores the spectral clipping of the ASE poise
becabse—it usesthe noise—powerspectral density at the centreof thesignal(which—is not
affected by filtering). In contrast, OSNR,,; always yields the highest OSNR value because it
offsets the wavelength-dependent attenuation of the signal by a corresponding wavelength-
dependent attenuation of the ASE noise, which are identical in this case. In fact, OSNR;
defined in 3.2 is independent of the filter bandwidth and, therefore, gives the same OSNR
value before and after filtering, just like in case (a). This is illustrated in Figure 7, which
displays the OSNR values R, R,,4 and R, calculated for a 43 Gbit/s RZ-DQPSK signal as
a function of filter bandwidth. Whereas R;,,; stays constant at the original value of 20 dB, R,
and R, ,x decrease monotonically with decreasing filter bandwidth, with R, , being always
larger than R, ,,. Thus, it is this case that gives the clearest support for the in-band OSNR
definition OSNR;,; in 3.2. However, for filters with moderate bandwidth, the difference
between the three OSNR values may be small compared to other sources of measurement
uncertainty and to the practical requirements of the measurement.
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Figure 6 — Power spectral densities of a broadband 40 Gbit/s signal
and ASE noise which have been shaped by the same filter
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NOTE In this simulation, the effective filter bandwidth is varied by cascading several identical filters, each having
a third-order super-Gaussian transmission function with a 3-dB bandwidth of 43 GHz (same as the ROADM filters

in Figure 9).

Figure 7 — Variation of the in-band OSNR values R;,, R, 4 and R,
versus filter bandwidth for the signal shown in Figure 6

5.34 Case (c): ASE noise shaping in a ROADM network

A signal that passes through multiple spectral filters with intermediate amplification, like in a
network with ROADMSs, results in different spectral shaping for the signal, which passes all
filters, and the ASE, which is generated between the filter stages and hence, in part, passes
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through fewer filter stages. Generally, this distributed filtering of the noise produces a broader
ASE spectrum than if all filters were placed directly before the receiver, as illustrated in
Figure 8. In this sense, it is an intermediate case between (a) and (b), which were both well
described by OSNR;,; defined in 3.2.

The graph in Figure 9 displays the OSNR values R, R and R, calculated for a
43 Gb/s RZ-DQPSK signal as a function of the number of 50- Glﬂz fllters/ROADMs where it is
assumed that ASE noise is added in equal portions between filters and that it always adds up
to the same total amount. In this case, all three OSNR values decrease with increasing
number of filters (i.e. with decreasing overall filter bandwidth). While R, is always larger than
Ravg: @nd R, 4 larger than Ry, just like in case (b), the difference between the three curves
is sl nmcantly Smaller than In case (D). For comparable filtering of the signal, the spedtrally
integrated ratio R;,; and the OSNR calculated from the average noise power spectrahdensity,
Rayg;| Produce Iower OSNR values than in case (b), whereas the OSNR calculated from the
maximal noise power spectral density at the centre, R, is identical to that in case/(b), which
is expected, because there is more ASE noise in the wings of the signal spectrum byt the
samg ASE noise density in the centre. In the extreme of this case, wherg the in-band[ASE
noisq is effectively flat while the signal is shaped, all three OSNR values-will be lower thjan in
case|(a) because the signal has shed optical power due to spectral clipping in the filters| The
actugl spectral shape of the filtered signal does not impact the OSNR value, only the|total
signgl power, when the ASE noise is flat.
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Figure 8 — Optical power density spectra of signal and ASE noise
after filtering in a ROADM network with intermediate amplification
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NOTE]| In this simulation, each ROADM filter exhibits a third-order super=Gaussian transmission function with a
3-dB Randwidth of 43 GHz, and the ASE noise is added in equal portions*between the ROADMs.

Figure 9 — Variation of the in-band OSNRvalues R;., R, 4 and R, ,,
versus number of filters for the signal shown in Figure 8

Consglidering these cases, it is seen that the-three in-band OSNR definitions OSNR;,
OSN ?avg and OSNR,,,« Yield identical or at\least very similar results in cases (a) and (c),
wherpas they may produce substantially different results in case (b), with OSNR,,, proyiding
the most conservative and OSNR;,; the highest value. However, in most practical applications,
the filter bandwidth in case (b) is similar to the spectral width of the signal, so the differgnces
between OSNR;.;, OSNR;,4, and OSNR,, are relatively small and even comparable to pther
meagurement uncertainties.

max

It should be pointed out that-the results presented in Figures 7 and 9 were calculated :llnnder
the gssumption that the\'signal and noise spectra are measured with an ideal instrument,
having unlimited dynamic range and infinitely small spectral resolution. It turns out, however,
that the values of OSNR;,; and OSNR, 4 depend substantially on the spectral resolutipn of
the measurement equipment as discussed in Clause 6, and, furthermore, that the value of
OSNR),; depends on the dynamic range of the instrument, especially in case (b). In pragtical
meagurements) therefore, where dynamic range and spectral resolution are limited, the three

in-band OSNR values R, R,,4 @and R,,,5« can differ from those shown in Figures 7 and 9,

int> “*avg

6 Guidelines for using the definitions

6.1 General

It is the intention of this part of IEC 61282 to provide a mathematical definition of OSNR and
not to prescribe a measurement method. It is recognized that practical methods will likely
provide approximations of this parameter based on assumptions appropriate to the use case,
such as the shape of the ASE, the degree of polarization and the width of the signal. The
impact of these assumptions should be estimated as contributions to the uncertainty, just like
that due to uncertainty in noise equivalent bandwidth and dynamic range in the method of
IEC 61280-2-9.

An important point for realizing accurate OSNR measurements is that the raw measurement of
signal power is likely to include a contribution of ASE. Especially for lower OSNR values, it is
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important to correct the signal power for this contribution, which is usually estimated from the
ASE measurement part of the procedure. The accuracy of this estimate is also often based on

the validity of the assumption that the ASE is depolarized.

The reference bandwidth for the noise power is most commonly chosen as B, = 0,1 nm. If, for
example, a wider bandwidth like B, = 1 nm is chosen, then the OSNR value is 10 dB lower.

The reference bandwidth can also be expressed in frequency instead of wavelength.

6.2 Wavelength integration range

The choice of integration range for determining the signal power

A
5= Lf s(2) dA

in Ryl,g and R,y (3.3 and 3.4) is subject to the same considerations discyssed in IEC 67
2-9: ¢are shall be taken to integrate the complete spectral width of the_sigial, which incrg
with the modulation rate of the signal. For example, a wavelength range of at least 0,2 n
about 25 GHz) should be used for 10 Gbit/s NRZ-OOK signals in<order to measure S
powdr within 0,1 dB uncertainty. This range scales with the medulation rate and varies
the modulation format. For spectrally broadband signals likecthe’43 Gbit/s RZ-DQPSK 1
shown in Figure 6, the integration range should be around 0,4 nm, i.e. the entire width
50-GHz wide DWDM channel. Using a wider integration,range than necessary is not an
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for the calculation of the signal power, but care is needed to assure that only the intgnded

signgl is included in the calculation. For DWDM sigrals, this generally limits the ma
integration range to the bandwidth of the DWDM channel.

The integration range for the spectrally weightéd noise density s(1) - p(4) in R
identjcal to the one used for the integration of the signal power.

avg (3:2) sh

For the signal-to-noise ratio s(1)/p(1)7in R, (3.2), the integration range should ideally e
over |the entire spectral width of the’ unfiltered signal, which may be significantly wider
that pf the filtered signal. This-is- especially important for receiver testing with narrow
opticpl filters/demultiplexers;"as described in case (b) of 5.3. For signals that have

spectrally filtered in ROADM"networks, as in case (c) of 5.3, it is usually sufficient to inte
s(1)/ (1) over the spectrahwidth of the filtered signal, as is evident from the curves disp
in Figure 10.
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Figure 10 — Impact of integration range on R;,; for 43 Gbit/s RZ-DPSK
signals in a ROADM network

However, integration should be avoided at wavelengths where both signal and ASE afe so
strongly filtered that they are below the sensitivity-limited detection threshold of the
meagurement equipment, because this may cause significant overestimation of the signpl-to-
noisq ratio, especially at low OSNR values. The impact of measurement-induced noide on
s(1)/ p(1) is illustrated in Figure 11 for the example ‘of a strongly filtered 10 Gbit/s NRZ{OOK
signgdl with 15 dB OSNR.
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The Idft\diagram displays the noise and signal spectra after filtering as measured with a high-resolution OSA, and
the right diagram compares the resulting signal-to-noise ratio s( V)/p( V) of the fitered (grey curve) and unilltered
signal (black curve). To avoid overestimation of R;,;, the integration range for the signal-to-noise ratio s(v)/p(v) of
the filtered signal should be limited to the frequency interval between -10 and +10 GHz because outside of this
range, the mean value of the filtered s(v)/p(v) becomes significantly larger than that of the unfiltered s(v)/p(v).

Figure 11 — Impact of instrument noise on s(v)/p(v)
for strongly filtered 10 Gbit/s NRZ-OOK signals

In practice, therefore, the integration range of s(1)/p(4) should be limited to wavelengths
where the filtered signal exhibits significant optical power. This can be accomplished, for
example, by terminating the integration at wavelengths where the signal power spectral
density drops below a certain threshold, for example 0,1 % to 1 % of the peak power density
(note that while this threshold is usually appropriate for signals that do not exhibit narrow
peaks in their spectrum, it may be too high for signals with large discrete frequency
components, such as the residual optical carrier in the 10 Gbit/s NRZ-OOK spectrum of
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Figure 10). For spectrally broadband signals with symbol rates above 20 GBd, the DWDM
channel bandwidth can often serve as a proper and easy-to-implement bound for the
integration range, as long as the noise is not too strongly filtered. Strong shaping from
ROADM filtering, however, can reduce the power densities to sensitivity limits within the
nominal bandwidth, as illustrated in Figure 8.

Such issues do not exist for the calculation of the average noise spectral density in Ravg (3.3),
where the integration range of s(1) - p(1) is inherently limited by the width of the signal
spectrum.

6.3 J‘_s_p_gr.{.m_uaolution
When both signal and ASE noise are spectrally shaped, it is important that their spectra are

meagured with sufficient accuracy, which usually requires an instrument whose resolution is
much finer than the width of the noise and signal spectra. This is an important)difference to
OSNR measurements based on out-of-band ASE noise (IEC 61280-2-9), where it is [often
poss|ble to choose the resolution bandwidth of the OSA wider than the signal spectrum, so
that the peak of the measured spectrum represents the integrated signalpower (Figuie 1).
Signals that are depolarized by high PMD may also require high (spectral resolution, as
expldined in 5.1.

It turps out that OSNR;,; in 3.2 is more sensitive to the spectral resolution of the measurgment
than |OSNR,,, and OSNR,,«. Since the measured spectrasare generally broader than the
actugl spectra due to the instrument’s finite spectral resofution, the shapes of the measured
signgl and noise spectra may be significantly differeént from those of the actual spegctra,
espetgially near the edges of the spectra. This capybe shown by expressing the measured
powdr spectral densities as speas(4)=5(2)®T(1) and‘pmeas ()= p(1)® T(2), respectively, where

T(4) fgenotes the transfer function of the OSA and ® the convolution of the spectrum with 7(1).
Thus| the measured signal-to-noise ratio Smeas(/l)//?meas(ﬂ) may be different from the gctual

ratio [s(1)/p(1), especially after strong filtering, so that in general

gt

and Equation (5) is noglonger valid. Since the difference between s.035(4) Pmeas(4) and
s(A)/ (1) is largest nedr:the edges of the signal spectrum, the difference between the¢ two
termg in Equation (9)-ean be reduced by limiting the integration of s.,0.5(4)/Pmeas(4) tp the
wavelength rangewheére significant signal power is detected (as described in 6.2). Similarly, it
can 1e shown.hat the average noise power density p,,q in R, is sensitive to the spectral
resolution of the' OSA because, in general

[
Ja

o) sl 2 oo T )@ ()4l (10)
LN AN Jﬂ’lu‘/\/ AN/ Bl SANAY) /]

In contrast, the maximal noise power density p,.x iN Rax (3.4) is much less sensitive to the
spectral resolution of the instrument, even if the filtering is fairly strong. The dependence of
Rint, Rayg @and Rpay on the spectral resolution of the measurement is illustrated in Figure 12
for the case of strongly filtered 43 Gbit/s RZ-DQPSK signals and in Figure 13 for the case of
strongly filtered 10 Gbit/s NRZ-OOK signals.
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NOTE| The upper diagram (&), displays simulated in-band OSNR values for the same case shown in Figure 7,
when pignal and noise speetra~are measured with spectral resolutions of 500 MHz (light grey curves), 4 GHZ (dark
grey curve), and 8 GHz (black curves); while the lower diagram (b) displays simulated in-band OSNR values for the
case phown in Figure 9,/ when measured with spectral resolutions of 500 MHz and 8 GHz. The wave]ength
integration range forR,» | and R, = extends over the entire width of the 50-GHz DWDM channel, whereas for (R, ., it
is limifed to the rafige*where the signal power density is larger than 1 % of the peak power density.

int’

Figure 12 — Dependence of in-band OSNR on spectral
resolution for 43 Gbit/s RZ-DQPSK signals

For the spectrally broadband 43 Gbit/s RZ-DQPSK signal, a moderate spectral resolution of
8 GHz (or equivalently 0,064 nm), which is not uncommon for field-deployable instruments,
can cause overestimation of R;,; (up to 0,25dB in Figure 12 (a)), which may be small
compared to other sources of measurement uncertainty. By contrast, R, ,, is essentially
insensitive to the spectral resolution of the instrument up to about 8 GHz resolution. Note that
in Figure 12, the integration range for s(1)/p(A) is limited to those wavelengths where the
signal power spectral density is larger than 1 % of the peak power density. As a result, the
value of R;,; — as measured with a high-resolution instrument — does not remain constant
when signal and noise experience the same spectral attenuation (Figure 7), but rather
decreases with decreasing filter bandwidth, as shown in Figure 12 (a). Limiting the
wavelength integration range for s(4)/p(1) thus offsets the overestimation of in R;,; caused by
insufficient spectral resolution.
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Stronger dependence on spectral resolution is observed for the 10 Gbit/s NRZ-OOK signals in
Figure 13, which have a narrower spectrum than the 40 Gbit/s signals in Figure 12 and which
pass through significantly narrower filters. In Figure 13, the integration range for s(1)/p(4) is
limited to those wavelengths where the signal power density is larger than 0,1 % of the peak
power density.

21
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NOTE| The two diagrams display the in-band OSNR values calculated for a 10 Gb/s NRZ-OOK signal| when
measyred with spectral resolutions of 500 MHz (light grey curves), 4 GHz (dark grey curve), and 8 GHz |(black
curveg).\I'he upper diagram (a) represents the case where signal and white ASE noise pass through the|same
cascade of identical filters, whereas the lower diagram (b) represents the case of distributed filtering in a ROADM

network. In either case, each filter/ROADM has a second-order super-Gaussian transfer function with a 3-dB
bandwidth of 30 GHz. The wavelength integration for R, , is limited to the range where the signal power density is
larger than 0,1 % of the peak power density.

Figure 13 — Dependence of in-band OSNR on spectral resolution
for 10 Gbit/s NRZ-OOK signals

Simulations in Clause 7 compare OSNR penalties calculated from the three in-band OSNR
definitions.
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7 In-band OSNR penalties of filtered signals

7.1 Scope of simulations

Strong optical filtering can give rise to significant signal distortions and, therefore, impair the
end-to-end transmission quality. These impairments are often characterized by an OSNR
penalty, which is the ratio of the OSNR required to receive the unfiltered signal at a given bit-
error rate (BER) to the OSNR required to receive the filtered signal at the same BER. In the
case of spectrally shaped ASE noise, the OSNR values before and after filtering should be
determined using either OSNR;,, OSNR,,, or OSNR . Since these three definitions
generally yield different OSNR values, depending on the amount of filtering and use case, it

can e expected thatthe resufting OSNR penafties also vary significantty. |

The |humerical simulations presented below compare OSNR penalties for strongly filtered
signgls, which are calculated using the three in-band OSNR definitions in 32.f0 3.4. As
reprgsentative examples, simulations have been performed for following™ widely |used
modylation formats:

i) Clonventional 10 Gbits NRZ-OOK with intensity-envelope detection;
ii) Non-coherently, differentially detected 43 Gbit/s RZ-DQPSK, and
iii) Cloherently detected 128 Gbit/s polarization multiplexed (PM)"NRZ-QPSK.

All signals are launched into a 50-GHz wide DWDM channel and subsequently pass throligh a
varying number of 50-GHz ROADM filters. Since ROADM fnodes may be distributed diffetently
and Winevenly along different transmission links, the shape of ASE noise spectrum may| vary
widely from link to link, even if the number of ROADMSs‘is the same. Since it would be difficult
to inyestigate all possible scenarios, the simulations were limited to three special casefs, as
depigted in Figure 14:

a) Ytrongly filtered signal with spectrally flat ASE noise

This extreme case is simulated by first passing the signal through N ROADMs and|then
afding flat ASE noise before analyzing the OSNR of the signal. This arrangement is| very
similar to the one considered in. Case (a) of 5.3.

b) Strongly filtered signal with gqually filtered ASE noise

S

This extreme case is simulated by first adding flat ASE noise to the signal and|then
passing signal and neise through N cascaded ROADMs before analyzing the OSNR of the
signal. This arrangement is very similar to the one considered in case (b) of 5.3.
S
T
s

trongly filtered(signal with uniformly added and filtered ASE noise

his intermediate case is simulated by adding the same amount of flat ASE noise tp the
gnal after‘each pass through one of the N cascaded ROADMs. This arrangement is
dentical-io"the one considered in case (c) of 5.3.

In all \three cases, the signal passes through the same number of ROADMs, and Hhence
exhibits—the—same—spectrat—strape,whereas the ASE noise s filtereddifferentty =and- thus
exhibits different spectral shapes. The total amount of added ASE noise is adjusted so that it
would be the same in all three cases if the filters were absent. Three identical signals are
multiplexed into adjacent DWDM channels at the launch site, using a ROADM-like wavelength
multiplexer, and demultiplexed at the receiver site using an identical device in reverse. The
OSNR is always analyzed before the wavelength demultiplexer, which is needed for proper
reception and BER counting. Therefore, the wavelength multiplexer is not included in the
number of ROADM filters.
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Figure 14 — ROADM-filter arrangements for OSNR penalty simulations

For the spectrally breadband 43 Gbit/s RZ-DQPSK and 128 PM NRZ-QPSK signals} the
transmission window ‘ef each ROADM is a third-order super-Gaussian function with a|3-dB
bandwidth of 43 GHZz[6]; whereas for the spectrally narrower 10 Gbit/s NRZ-OOK signal, it is
a nafrower, second-order super-Gaussian function with a 3-dB bandwidth of 30 GHz| The
minimal OSNRfor signal reception with 10-3 BER is determined by interpolation of the|BER
meagured atvvarious OSNR levels, where the in-band OSNR is determined for each df the
threg definitions OSNR;,;, OSNR and OSNR

nt avg’ max-

7.2 Results for 43 Gbit/s RZ-DQPSK

Figure 15 summarizes the results for 43 Gbit/s RZ-DQPSK signals. The three graphs display
the in-band OSNR values Ry,;y, Ra,g @nd R, required for 10-3 BER as a function of the
number of ROADM filters for the three arrangements described above. Results are shown for
spectral resolutions of 500 MHz, 8 GHz and 16 GHz. The wavelength integration range for
Rpax @and Ry 4 is 50 GHz (i.e. the entire width of the DWDM channel), whereas the integration
for R, is limited to the range where the signal power density is larger than 1 % of the peak
power density at the centre of the spectrum.

When OSNR,,. is used to characterize the signal’'s in-band OSNR, the three curves
corresponding to the different filter arrangements diverge quite rapidly as the number of filters
increases. As one would expect, the required OSNR,,, is lowest in case (b), where signal
and noise pass through the same number of filters, so that the noise spectrum is narrowest.
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On the other hand, the required OSNR_,,, is highest in case (a), when flat noise added to the
filtered signal, so that the noise spectrum is widest. Not surprisingly, when noise is added
uniformly between the filters, as in case (c), the required OSNR is intermediate between
those of cases (a) and (b).

max

NOTE 1 The decrease of the required OSNR__ value in case (b) with increasing number of filters (i.e. the
negative filtering penalty) can be explained by the fact that RZ- DQPSK signals (just like other RZ-formatted signals)
are fairly tolerant to spectral filtering. Although there is always signal distortion due to spectral filtering, however
small, the resulting OSNR penalty in case (b) is significantly lower than the decrease in OSNR due to total signal
power loss caused by spectral clipping, which is about 1,1 dB after 24 ROADM filters.

Since OSNR

max

is agnostic to the shape of the n0|se spectrum, the difference between the
thre f the
specfrum. After 24 ROADMs, the OSNR, ,, difference between the extreme cases (a)'ard (b)
reaches 1,3 dB. Consequently, when the OSNR penalties resulting from spectral filtering are
invegtigated using arrangement (a) of Figure 14, the results can be significantly higher than in
the more realistic case (c). It would thus be desirable to use an in-band OSNR definitign for
whiclh the penalty results are fairly independent of the filter arrangement.

Inde¢d, the difference between the three curves is significantly smaller when the signals in-
bandl OSNR is characterized by OSNR,,, or OSNR;,, as can be seen in the two lower gfaphs
of Figure 15. With OSNRaV , the required OSNR again is lowest\in case (b) and highegst in
case|(a), whereas in case (c) it is somewhere between those,of cases (a) and (b).[With
OSNR;,t» on the other hand, the required OSNR is lowest inease (c) followed by (b) and (a).
This |partial reversal of the OSNR penalty ranking arises ffom the fact that the value of R;
tendg to be larger in case (b) than in case (c), as is clearlyillustrated in Figure 12.

int

Sincg the values of R,,, and R;,; depend on the ‘spectral resolution of the measurement,
espetgially in cases (b) and (c), the differencepetween the three curves varies with the
specfral resolution. The difference is largest for the finest resolution of 500 MHz| and
decepses for coarser resolutions up to 8 GHz'and 16 GHz, respectively. At 16 GHz resolution,
the tihree curves for R, g trace one anothet very closely with a maximal difference of less| than
0,25 dB. At even coarser resolutions, therdifferences between the three curves increase again.

NOTE| 2 The close proximity of the three-curves at 16 GHz resolution is in good agreement with the spectral
signaltASE interference model described=in 5.2, which stipulates that in a receiver with electrical bandwidth B,
each gignal component at frequengy\jxinterferes with all ASE components in the frequency range between y - B,
and + B,. Since B, = 16 GHz/in the 21,5 GBd RZ-DQPSK receiver, the total power of the signgl-ASE
interfgrence is approximately given by the spectrally weighted average noise power density when signal and noise
spectrp are broadened by a_162GHz wide transfer function of the instrument.

Similprly, the threewcurves for R;,; trace one another closely at 8 GHz resolution, wlith a
maximal difference’ of about 0,3 dB. When measured with coarser spectral resolution, for
example with-16 GHz, the OSNRs required for signals with strongly filtered ASE noise (case
(b)) and with~uniformly added ASE noise (case (c)) become substantially larger than the one
required for signals with flat ASE noise (case (a)), yielding a complete reversal of the QSNR
penalty\ranking.
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