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INTERNATIONAL ELECTROTECHNICAL COMMISSION

FIBRE OPTIC COMMUNICATION SYSTEM DESIGN GUIDES -
Part 12: In-band optical signal-to-noise ratio (OSNR)

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical 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 interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

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

No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

The main task of IEC technical committees is to prepare International Standards. However, a
technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

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,
e withdrawn,
e replaced by a revised edition, or

e amended.

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

Part 12: In-band optical signal-to-noise ratio (OSNR)

1 Scope

The purpose of this part of IEC 61282, which is a Technical Report, is to provide a definition
for in-band optical signal-to-noise ratio (OSNR) that is applicable to situations where the
spectral noise power density is not independent of the optical frequency, as assumed in the
OSNR definition of IEC 61280-2-9, but is significantly shaped across the optical bandwidth of
the signal. Considering the development of multiple measurement methods for different use
cases, as detailed below, it is desirable to establish a definition of in-band OSNR that is
independent of the method used and, furthermore, is consistent with the OSNR definition of
IEC 61280-2-9 in the case of frequency-independent noise power density.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable for its application. For dated references, only the edition cited applies. For
undated references, the Ilatest edition of the referenced document (including any
amendments) applies.

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

3 Terms and definitions

3.1

optical signal-to-noise ratio

OSNR

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

Note 1 to entry: This 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 document as a
generalized collective 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 to entry: The spectrally-integrated in-band OSNR, Rint’ is calculated as

1 42 sl
Rint =—f ﬁdﬂ (1)
By Ih P(l)
where:
s(2) is the time-averaged signal power spectral density, not including ASE, expressed in W/nm;
p(2) 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

OSNR, 4

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
spectral density is normalized to a chosen reference bandwidth

Note 1 to entry: The weighted-average in-band OSNR, R is calculated as

avg’

1 s _ 1 s? _ 1 s
Br pZpsydr  Br fZp@ysydd Br M p()

S

where:

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

K 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 density, expressed in W/nm, where the weighting is
proportional to the normalized signal power spectral density;

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

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

Note 2 to entry: OSNRan is usually expressed in dB as 10 Iog(Ravg).

3.4

OSNR,.x

maximal-noise in-band optical signal-to-noise ratio

ratio of time-averaged optical signal power to the maximal power spectral density of the
amplified spontaneous emission (ASE) noise within the wavelength range of the total signal
spectrum, normalized to a chosen reference bandwidth

Note 1 to entry: The maximal-noise in-band OSNR, R is calculated as

max’

jﬂz s(1)dA
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;
Pmax 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 7, 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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3.5

subcarrier OSNR

OSNRg,p

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,,

superchannel OSNR

in-band OSNR determined by including the signal power density of all modulated subcarriers
in a multiple-carrier optical signal

Note 1 to entry: If the signal is polarization-multiplexed, then each polarization tributary of the signal carries only
a fraction of the signal power and thus, by itself, has a lower OSNR than the combined signal. This means that for
the case of equal power in the two polarization tributaries, the OSNR of a polarization-multiplexed signal is 3 dB
higher than that of the two components taken separately. Thus, polarization-multiplexed signals are typically
assigned an OSNR value that is 3 dB higher than that for single-polarization signals of the same SNR quality, as if
the total power were in a single polarization mode and only interfering with the ASE in that mode. This convention
has been widely adopted by the industry, especially because it is supported by the existing measurement
functionality of optical spectrum analyzer instruments.

4 Background

4.1 General

In fibre optic communication systems with in-line optical amplification, OSNR is a key
parameter to assess system performance. As described in IEC 61280-2-9, OSNR is defined
as the ratio of total signal power to the amplified spontaneous emission (ASE) noise power
spectral density within the optical spectrum of the signal. In other words, the OSNR is a
measure of the signal strength relative to the strength of the underlying ASE noise. However,
this widely-used and well-established definition of OSNR assumes that the ASE noise
spectrum is essentially flat across the spectrum of the transmitted signals, so that the noise
power level can be characterized by a single parameter, i.e. the noise power spectral density.

An important task of measuring OSNR, therefore, is to determine the power spectral density
of the ASE noise within the spectrum of the signal. The standard procedure for determining
the in-band noise power spectral density is based on out-of-band ASE noise measurements,
as described in IEC 61280-2-9 and illustrated in Figure 1. This procedure requires that the
optical spectrum of the signal be confined to a relatively small wavelength range of the DWDM
channel allocated to the signal, so that the ASE noise power level can be measured on both
sides of the signal spectrum. Under the assumption that the ASE noise spectrum is essentially
flat, the in-band ASE noise power spectral density can be determined by interpolation of the
two noise power measurements on either side of the signal spectrum. The definition of OSNR
from IEC 61280-2-9 is given in terms of this out-of-band noise measurement method. This
method is especially convenient for DWDM systems because the OSNR of multiple signals
can be measured simultaneously in a relatively short time. Furthermore, these measurements
can be performed while the system is in service (in-service OSNR measurement).
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NOTE The signal power is the integral of the power density after subtracting the ASE density. When the spectrum
is measured with an optical spectrum analyzer, the resolution bandwidth is often chosen wider than the complete
signal, so that the peak of the measurement trace represents this integral.

Figure 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 have
already been noted in Annex B of IEC 61280-2-9:2009.

4.2 Higher spectral density of signals

To increase the overall transmission capacity of fibre optic links, the transmitted signals are
spaced closer together in wavelength and/or are modulated at higher symbol rates, where the
latter results in broader signal spectra [3-4]1. Faster modulation rates and closer channel
spacing often cause significant overlap of adjacent signal spectra, as illustrated in Figure 2,
so that it becomes very difficult — if not impossible — to determine the ASE level between
adjacent signals from a simple spectral analysis. Transmission of densely spaced DWDM
signals, therefore, greatly reduces the usefulness of the interpolation method described in
IEC 61280-2-9. Hence, there is a rising need for alternative methods to measure the in-band
noise power spectral density (in-band OSNR measurements).

1 Numbers in square brackets refer to the Bibliography
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Figure 2 — Optical power spectrum of 50-GHz spaced 40 Gbit/s RZ-DQPSK
signals with significant spectral overlap

4.3 Spectral filtering in wavelength-routing elements

The introduction of reconfigurable optical add-drop multiplexers (ROADM) in optical networks
gives rise to spectral filtering of the transmitted signals and noise along the fibre optic link
[5-6]. This filtering generally attenuates the optical power level between adjacent signal
channels, as shown in Figure 3. As a result, power level measurements on either side of the
signal spectrum may not be indicative of the ASE noise power spectral density at the signal
wavelength. A further consequence of this filtering is that the transmitted ASE noise spectrum
is no longer flat, as assumed in IEC 61280-2-9, but spectrally shaped by the transfer function
of the ROADMSs. Furthermore, the spectral shaping of ASE noise is usually different from the
corresponding spectral shaping of the signal because noise is added at intermediate stages
along the transmission link. Thus, spectral filtering in ROADMSs not only greatly reduces the
usefulness of the interpolation method described in IEC 61280-2-9 but also introduces
substantial ambiguity in the OSNR measurement, because IEC 61280-2-9 does not define 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

4.4 Transmission of signals with multiple subcarriers

To further increase the overall transmission capacity without increasing the modulation rate,
signals at 100 Gbit/s and above are often composed of multiple modulated optical subcarriers
[7-8], as shown in Figure 4. Since all subcarriers of any given signal are sent to the same
destination (and hence do not require intermediate guard bands for wavelength routing), they
can be spaced very tightly in wavelength. Since the entire spectrum of such multiple-
subcarrier signals often extends over more than one 50-GHz-wide or 100-GHz-wide DWDM
channel, the question arises whether the OSNR should be determined separately for each
individual subcarrier or jointly for the entire multi-subcarrier signal, which is also referred to as
an optical "superchannel" [7].

0 -
7 Signal
-10 i and
i noise

Power spectral density (dB)

X
o
/I

i 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 the entire wavelength range of the signal spectrum. These methods are commonly
referred 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
slightly modified optical spectrum analyzer (OSA). However, the spectral resolution of the
OSA has to be fine enough to properly resolve the spectral shape of the ASE noise as well as
that of the signal.

Two typical applications where in-band OSNR is measured are performance evaluations of
amplified fibre-optic links and sensitivity tests of optical receivers, where OSNR is used as a
test condition. The first application usually involves systems where multiple signals are
present via dense wavelength-division multiplexing (DWDM), whereas the second application
may often involve only a single WDM signal. While the measurement issues for these two
cases are somewhat different, both are influenced by technological developments in optical
networks, as described below.

With conventional single-polarized signal, it is possible to distinguish the spectral components
of the signal from those of the in-band ASE noise because ASE is generally depolarized,
whereas the modulated signal is usually strongly polarized. Therefore, a properly orientated
optical polarization filter in the input of the OSA may be used to block the highly polarized
signal and to pass only the ASE noise that is polarized orthogonally to the signal. It is thus
possible 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 OSNR
measurement technique is commonly referred to as the "polarization-extinction" or
"polarization-nulling" method.

The above-described polarization analysis becomes more complicated when the signal has
experienced significant polarization mode dispersion (PMD) in the fibre link. Because PMD
introduces 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
orientation of the polarization filter may have to be readjusted for each analyzed wavelength.
Moreover, large differential group delay (DGD) can partially depolarize the signal even within
the resolution bandwidth of the OSA. This depolarization leads to decreased polarization
extinction of the signal and, hence, overestimation of the in-band ASE noise. For example,
40 ps DGD could reduce the polarization extinction to only 99 % over a resolution bandwidth
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 wavelength
dependence within the bandwidth of the signal. However, if the ASE noise spectrum is shaped
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 definition of
OSNR which value one should use for the power spectral density of the ASE noise. A new
definition of in-band OSNR, therefore, should specifically address all cases where the ASE
spectral power density varies significantly with wavelength over the width of the signal
spectrum 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 fact that
spectrally filtered ASE noise generally causes less waveform distortion than spectrally
unfiltered ASE noise.

Noise-induced waveform degradation is predominantly caused by signal-ASE beat noise and,
hence, depends on the amplitudes of the signal and the ASE [1]. In the frequency domain, the
signal-ASE beat noise may be viewed as resulting from the beating of each frequency
component in the signal spectrum with certain frequency components in the ASE spectrum.
More precisely, in a broadband optical receiver with electrical bandwidth B, each signal
component at frequency v interferes with all ASE components in the frequency range between
v — By and v + Bg. The total signal-ASE beat noise thus depends on the shape of the ASE
noise spectrum as well as on the shape of the signal spectrum. A given level of ASE noise
near the edges of the signal spectrum usually causes less waveform degradation than an
equal level near the centre of the spectrum. Consequently, spectrally filtered ASE noise
generally 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
definition, 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(4). 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

- _ 1R s(2) 2 1 s(v)
i = I = B, -[w plv) v “)
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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 es(d) 1 2 s(4)F(A)
e A R M Az )

wherein F(1) denotes the transfer function of the optical filter. In practice, the values of R,
measured before and after simultaneous filtering of signal and noise may depend on the
dynamic range of the OSA, the wavelength range of integration, and the spectral resolution of
the OSA, 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,,,, is similar to the conventional definition of OSNR,
except that it uses a spectrally averaged value for the noise power density. The OSNRan

value, R, is defined as

Liz s(1)dA

Ryyg=— 6
e By pavg ©)

wherein Pavg is obtained by averaging the ASE power spectrum, p(1), weighted with the
normalized signal power spectrum, s(1)/s:

j 2 (1) s(2)dA

A
Pavg == T (7)

L1 s(4)da

This definition parallels a theoretical model for in-band signal-signal crosstalk in ROADM
networks, which is based on the observation that the crosstalk penalty depends on the power
spectral densities of the interferer and the signal, similarly to the above-described
dependence of the signal-ASE beat noise [10-11]. This definition also has the advantage that
the value of Ra\,g does not critically depend on the wavelength range used for noise averaging,
so long as it covers the entire signal spectrum. However, this definition yields a different
OSNRan value after signal and noise are spectrally reshaped simultaneously by the same
filter.

5.24 In-band OSNR from maximal noise power spectral density

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, p,y, for the OSNR .,
calculation (which is usually found near the centre of the signal spectrum). The OSNR
value, R is defined as

max
max:

y;
Lzs(l)dﬂ

R = (8)
me Bt Pmax

In contrast to OSNR;; and OSNR,,, 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
performance of a single modulated subcarrier is to be compared to that of a conventional
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 OSNRy,,, value may be determined by using one of the three in-band OSNR definitions
described above, i.e. OSNR;,;, OSNR,,, or OSNR, .., where the same definition shall be

i avg
applied to all subcarriers. The wavelength integration ranges in Ry, Rayq OF Rpgy, i-€. 44 and

Ao, shall be adjusted so that they include only the spectral width of the subcarrier to be
measured. Particular care shall be taken when measuring the signal power of the modulated
subcarrier, so as not to include signal power of neighbouring subcarriers. In case of very
densely spaced subcarriers, as illustrated in the example of Figure 4 above, the accuracy of
the subcarrier power measurement may be limited by the spectral resolution of the OSA,
which should be high enough to avoid undesired crosstalk from neighbouring subcarriers.

However, OSNRg,,, is of considerably less interest when the various subcarriers transmit a
single contiguous data stream, for example when two modulated subcarriers each transmit
50 Gbit/s of a contiguous 100 Gbit/s signal. In this case, one may want to compare the OSNR
of the entire two-carrier signal to that of another single-carrier or multiple-carrier 100 Gbit/s
signal, using the channel or superchannel in-band OSNR, OSNRSUP, defined in 3.6. The
OSNRSup value shall be determined by adjusting the wavelength integration ranges for R;;,
Rayg OF Rpyax SO that they encompass the signal spectra of both modulated subcarriers. In
case of a flat ASE noise spectrum and equal signal powers in all modulated subcarriers, the
value of OSNRg,, is equal to N times the value of OSNRy,, where N is the total number of
subcarriers in the superchannel.

5.3 Spectral shaping of ASE noise
5.3.1 General

The necessity of measuring in-band OSNR with a wavelength resolution finer than the signal
width raises issues for the definition of OSNR, since the measured result may depend on the
chosen resolution. This complication is considered here within the framework of some case
examples 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.

Copyright International Electrotechnical Commission



- 16 - IEC TR 61282-12:2016 © IEC 2016

-10
@ 1 10 Gbit/'s NRZ-OOK
2
7]
@ ]
S -20 {
® 1 Filtered
g signal
& and
g 30 T noise
g j Filtered Unfiltered
m i noise hoise
= 3
a2  f----= R
o / '-.,./Sigrm\\
'40 o T T I.. T T T

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

IEC

Figure 5 — Power spectral density of a 10 Gbit/s signal with ASE
noise that has been shaped by a relatively broad optical filter

To determine the OSNR after filtering, it may be necessary to measure the in-band noise floor.
However, since the in-band noise spectrum is essentially flat, the three in-band OSNR
definitions OSNR;,;, OSNR, 4 and OSNR,,, vield the same value, i.e. Rj;; = Ryyq = Rmax- It
should be noted that this value is identical to the OSNR value measured before filtering
(which may be measured, for example, with the interpolation method described in IEC 61280-
2-9).

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
narrow that both the signal and ASE spectra are reshaped, which is often the case when the
performance of a receiver for broadband 40 Gbit/s or 100 Gbit/s signals is tested with a
50-GHz (or narrower) wavelength demultiplexer before the receiver. As illustrated in Figure 6,
for the example of a 43 Gbit/s RZ-DQPSK signal, such narrow-band wavelength filtering
significantly attenuates the edges of the signal spectrum, thus reducing the total signal power.
It also reshapes the ASE noise spectrum in such a way that it is no longer flat within the
bandwidth of the filtered signal.

In this case, the in-band OSNR definitions in 3.2 to 3.4 generally yield different results. The
lowest (i.e. 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 noise
because it uses the noise power spectral density at the centre of the signal (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 Ry, Ry, @nd Ry, 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, 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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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

max
versus filter bandwidth for the signal shown in Figure 6

5.3.4 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 fiterssROADMSs, 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,,q larger than Ry, just like in case (b), the difference between the three curves
is significantly smaller than in case (b). For comparable filtering of the signal, the spectrally
integrated ratio R;,; and the OSNR calculated from the average noise power spectral density,
Rayg, Produce lower 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 but the
same ASE noise density in the centre. In the extreme of this case, where the in-band ASE
noise is effectively flat while the signal is shaped, all three OSNR values will be lower than in
case (a) because the signal has shed optical power due to spectral clipping in the filters. The
actual spectral shape of the filtered signal does not impact the OSNR value, only the total
signal 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 bandwidth of 43 GHz, and the ASE noise is added in equal portions between the ROADMs.

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

max

Considering these cases, it is seen that the three in-band OSNR definitions OSNR;;,
OSNR,,, and OSNR,,,, vield identical or at least very similar results in cases (a) and (c),
whereas they may produce substantially different results in case (b), with OSNR,,, providing
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 differences
between OSNR;.;, OSNR;,4, and OSNR,, are relatively small and even comparable to other
measurement uncertainties.

It should be pointed out that the results presented in Figures 7 and 9 were calculated under
the assumption 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,,, depend substantially on the spectral resolution 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 practical
measurements, therefore, where dynamic range and spectral resolution are limited, the three

in-band OSNR values Rj,;, R,,q and Ry, can differ from those shown in Figures 7 and 9.

int’ max

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

A2
5= L1 s(1) dA (9)

in R,,q and R, (3.3 and 3.4) is subject to the same considerations discussed in IEC 61280-
2-9: care shall be taken to integrate the complete spectral width of the signal, which increases
with the modulation rate of the signal. For example, a wavelength range of at least 0,2 nm (or
about 25 GHz) should be used for 10 Gbit/s NRZ-OOK signals in order to measure signal
power within 0,1 dB uncertainty. This range scales with the modulation rate and varies with
the modulation format. For spectrally broadband signals like the 43 Gbit/s RZ-DQPSK signal
shown in Figure 6, the integration range should be around 0,4 nm, i.e. the entire width of a
50-GHz wide DWDM channel. Using a wider integration range than necessary is not an issue
for the calculation of the signal power, but care is needed to assure that only the intended
signal is included in the calculation. For DWDM signals, this generally limits the maximal
integration range to the bandwidth of the DWDM channel.

The integration range for the spectrally weighted noise density s(1) - p(4) in R,,q (3.2) shall be
identical to the one used for the integration of the signal power.

For the signal-to-noise ratio s(4)/p(4) in R;,; (3.2), the integration range should ideally extend
over the entire spectral width of the unfiltered signal, which may be significantly wider than
that of the filtered signal. This is especially important for receiver testing with narrowband
optical filters/demultiplexers, as described in case (b) of 5.3. For signals that have been
spectrally filtered in ROADM networks, as in case (c) of 5.3, it is usually sufficient to integrate
s(A)p(1) over the spectral width of the filtered signal, as is evident from the curves displayed
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 are so
strongly filtered that they are below the sensitivity-limited detection threshold of the
measurement equipment, because this may cause significant overestimation of the signal-to-
noise ratio, especially at low OSNR values. The impact of measurement-induced noise on

s(A)p() is illustrated in Figure 11 for the example of a strongly filtered 10 Gbit/s NRZ-OOK
signal with 15 dB OSNR.
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The left 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 filtered (grey curve) and unfiltered
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(Vv).

Figure 11 — Impact of instrument noise on s(v)/po(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

Copyright International Electrotechnical Commission



- 22 - IEC TR 61282-12:2016 © IEC 2016

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 Spectral resolution

When both signal and ASE noise are spectrally shaped, it is important that their spectra are
measured 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
possible to choose the resolution bandwidth of the OSA wider than the signal spectrum, so
that the peak of the measured spectrum represents the integrated signal power (Figure 1).
Signals that are depolarized by high PMD may also require high spectral resolution, as
explained in 5.1.

It turns out that OSNR;; in 3.2 is more sensitive to the spectral resolution of the measurement
than OSNR,,, and OSNR,,«. Since the measured spectra are generally broader than the
actual spectra due to the instrument’s finite spectral resolution, the shapes of the measured
signal and noise spectra may be significantly different from those of the actual spectra,
especially near the edges of the spectra. This can be shown by expressing the measured
power spectral densities as speas(4)=5(2)®T(1) and pmeas ()= p(1)®T(2), respectively, where

T(A) denotes the transfer function of the OSA and ® the convolution of the spectrum with 7(1).
Thus, the measured signal-to-noise ratio smeas (4)/Pmeas(4) may be different from the actual

ratio s(4)/p(1), especially after strong filtering, so that in general

di (9)

and Equation (5) is no longer valid. Since the difference between s.,.55(4)/Pmeas(4) and
s(1)p(1) is largest near the edges of the signal spectrum, the difference between the two
terms in Equation (9) can be reduced by limiting the integration of s.,0,5(4)/Pmeas(4) to the
wavelength range where significant signal power is detected (as described in 6.2). Similarly, it
can be shown that the average noise power density p,,4 in R, .4 is sensitive to the spectral
resolution of the OSA because, in general

[ ey sta)az = [ oo TR ) e (2o (10)

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
Rints 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.

Copyright International Electrotechnical Commission



IEC TR 61282-12:2016 © IEC 2016 - 23 -

20,5
|43 Gbit/s RZ-DQPSK |
8 GHz —— py,
EE 20 ] .\\\
= BT 4 GHz —_ R
e 3 \\\‘ int =
Z 1 ... \~\~~
g wos] BGheo
o -.,.... avg
]
_9 .
max °9
185
0 10 20 30
(a) Number of filters
IEC
20
43 Gbit/s RZ-DQPSK
R
T 195 A -~ 8G
z ] ~~_ Hz\Rim_
& . . 8 GHZ~~~
o . 'Ravg.
-8 1 .."Up
S 19 | fog |
< G,
£ e.....
Rmax .
18,5 — 7T
0 10 20 30
Number of filters / ROADMs
(b) IEC

NOTE The upper diagram (a) displays simulated in-band OSNR values for the same case shown in Figure 7,
when signal and noise spectra 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 shown in Figure 9, when measured with spectral resolutions of 500 MHz and 8 GHz. The wavelength
integration range for Rmax and Rav extends over the entire width of the 50-GHz DWDM channel, whereas for Rim, it
is limited to the range where the signal power density is larger than 1 % of the peak power density.

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 0,25 dB 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(1) 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(1)/p(4) 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.
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NOTE The two diagrams display the in-band OSNR values calculated for a 10 Gb/s NRZ-OOK signal when
measured with spectral resolutions of 500 MHz (light grey curves), 4 GHz (dark grey curve), and 8 GHz (black
curves). The 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,,4, or OSNR . Since these three definitions
generally yield different OSNR values, depending on the amount of filtering and use case, it
can be expected that the resulting OSNR penalties also vary significantly.

The numerical simulations presented below compare OSNR penalties for strongly filtered
signals, which are calculated using the three in-band OSNR definitions in 3.2 to 3.4. As
representative examples, simulations have been performed for following widely used
modulation formats:

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

All signals are launched into a 50-GHz wide DWDM channel and subsequently pass through a
varying number of 50-GHz ROADM filters. Since ROADM nodes may be distributed differently
and unevenly 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 investigate all possible scenarios, the simulations were limited to three special cases, as
depicted in Figure 14:

a) Strongly filtered signal with spectrally flat ASE noise

This extreme case is simulated by first passing the signal through N ROADMs and then
adding 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 equally filtered ASE noise

This extreme case is simulated by first adding flat ASE noise to the signal and then
passing signal and noise 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.

c) Strongly filtered signal with uniformly added and filtered ASE noise

This intermediate case is simulated by adding the same amount of flat ASE noise to the
signal after each pass through one of the N cascaded ROADMs. This arrangement is
identical to the one considered in case (c) of 5.3.

In all three cases, the signal passes through the same number of ROADMs, and hence
exhibits the same spectral shape, whereas the ASE noise is filtered differently 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 broadband 43 Gbit/s RZ-DQPSK and 128 PM NRZ-QPSK signals, the
transmission window of each ROADM is a third-order super-Gaussian function with a 3-dB
bandwidth of 43 GHz [6]; whereas for the spectrally narrower 10 Gbit/s NRZ-OOK signal, it is
a narrower, second-order super-Gaussian function with a 3-dB bandwidth of 30 GHz. The
minimal OSNR for signal reception with 10-3 BER is determined by interpolation of the BER
measured at various OSNR levels, where the in-band OSNR is determined for each of the
three definitions OSNR;;, OSNR,,4, and OSNR .

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
R ax @and Ravg 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|,,,, is agnostic to the shape of the noise spectrum, the difference between the
three curves directly reveals the adverse effect of in-band ASE noise near the edges of the
spectrum. After 24 ROADMs, the OSNR, ,, difference between the extreme cases (a) and (b)
reaches 1,3 dB. Consequently, when the OSNR penalties resulting from spectral filtering are
investigated 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 definition for
which the penalty results are fairly independent of the filter arrangement.

Indeed, the difference between the three curves is significantly smaller when the signal’s in-
band OSNR is characterized by OSNR,,, or OSNR;,, as can be seen in the two lower graphs
of Figure 15. With OSNRaV , the required OSNR again is lowest in case (b) and highest in
case (a), whereas in case (c) it is somewhere between those of cases (a) and (b). With
OSNR;,i, on the other hand, the required OSNR is lowest in case (c) followed by (b) and (a).
This partial reversal of the OSNR penalty ranking arises from the fact that the value of R;,;
tends to be larger in case (b) than in case (c), as is clearly illustrated in Figure 12.

Since the values of R, ,, and R;,, depend on the spectral resolution of the measurement,
especially in cases (b) and (c), the difference between the three curves varies with the
spectral resolution. The difference is largest for the finest resolution of 500 MHz and
deceases for coarser resolutions up to 8 GHz and 16 GHz, respectively. At 16 GHz resolution,

the three curves for R, g trace one another very closely with a maximal difference of less than
0,25 dB. At even coarser resolutions, the differences 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
signal-ASE interference model described in 5.2, which stipulates that in a receiver with electrical bandwidth B,
each signal component at frequency v interferes with all ASE components in the frequency range between v — B
and v + B,. Since B, = 16 GHz in the 21,5 GBd RZ-DQPSK receiver, the total power of the signal-ASE
interference is approximately given by the spectrally weighted average noise power density when signal and noise
spectra are broadened by a 16-GHz wide transfer function of the instrument.

Similarly, the three curves for R;,; trace one another closely at 8 GHz resolution, with 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 OSNR
penalty ranking.
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Figure 15 — In-band OSNR penalties for filtered 43 Gbit/s RZ-DQPSK signals
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Figure 16 — In-band OSNR penalties for filtered 128 Gbit/s PM NRZ-QPSK signals
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7.3 Results for 128 Gbit/s PM NRZ-QPSK

Figure 16 summarizes the results for coherently detected 128 Gbit/s polarization-multiplexed
NRZ-QPSK signals. Again, the three graphs display the in-band OSNR values R,,,, R,,4 and
R;¢ required for 10~3 BER as a function of the number of ROADM filters for the three different
filter arrangements. Results are shown for spectral resolutions of 500 MHz, 8 GHz and
16 GHz, and the wavelength integration range for R, and R, is 50 GHz, whereas for R;,; it
is limited to the range where the signal power density is larger than 1 % of the peak power
density.

Aside from the fact that the OSNR penalties rise much more rapidly with increasing number of
ROADM filters, the results are otherwise very similar to those obtained for the
43 Gbit/sRZ-DQPSK signal: when using R, O R4, the required OSNR is lowest in case (b),
followed by case (c), and it is highest in case (a), whereas with R, the required OSNR is
lowest in case (c), followed by (b) and (a).

NOTE The relatively steep increase of the required OSNR with increasing number of filters is typical for NRZ-
formatted signals, which are less tolerant to spectral filtering than RZ-formatted signals. Another contributing factor
is the higher symbol rate of the signal, which is 32 GBd for the 128 Gbit/s signal versus 21,5 GBd for the 43 Gbit/s
signal.

Despite the steeper OSNR penalties, the differences between the three curves are about the
same as for the 43 Gbit/s signal in Figure 15. The differences are largest for R ., and
significantly smaller for R,,4 and R;,;. When measured with 16 GHz resolution, the three
curves for R, 4 trace one another very closely, with a maximal difference of less than 0,25 dB.
Likewise, the three curves for R;,; trace one another closely at a spectral resolution of 8 GHz

resolution, with a maximal difference of about 0,4 dB.

7.4 Results for 10 Gbit/s NRZ-OOK

Figure 17 summarizes the results for conventional 10 Gbit/s NRZ-OOK signals. Again, the
three graphs display the in-band OSNR values R,y Ra,g and R;,; required for 103 BER as a
function of the number of ROADM filters for the three different filter arrangements. Results are
shown for spectral resolutions of 500 MHz and 8 GHz only. The wavelength integration for R;;
it is limited here to the range where the signal power density is larger than 0,1 % of the peak
power density.

The filtering penalties for the 10 Gbit/s signal are much smaller than for the other two signals
because of the substantially narrower signal spectrum. Otherwise, the results are
quantitatively similar to those obtained for the 43 Gbit/s RZ-DQPSK and 128 Gbit/s PM NRZ-
QPSK signals: when using Ry, or R4, the required OSNR is lowest in case (b), followed by
case (c), and it is highest in case (a). For R, the required OSNR is lowest in case (c) when
measured with a coarse resolution of 8 GHz, whereas the lowest OSNR is required in case (b),
followed by (b) and (a).

When measured with 8 GHz resolution, the three curves for R,  trace one another more
closely with a maximal difference of less than 0,5 dB, and likewise, the three curves for R;,;
are found to be very closely spaced, with a maximal difference of about 0,4 dB.

7.5 Observations

Considering the simulation results presented above, it is seen that the in-band definitions
OSNR;,; and OSNR,,, consistently produce OSNR values (and OSNR penalties) for the three
filter arrangements (a) through (c) that differ significantly less than those obtained from the
presently used OSNR,,. In the practical case of distributed filtering (case (c)) and for
spectral resolutions up to about 8 GHz, OSNR;,; and OSNR,,4 produce very similar results
(less than 0,25 dB difference).
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However, the measured OSNR values for signals with spectrally shaped in-band ASE noise
(cases (b) and (c)) depend on the spectral resolution of the OSA and, thus, may vary in
practical applications when different measurement equipment is used. Furthermore for the
special case (b), OSNR;,; is more sensitive to spectral resolution than OSNR,,, and the
integration range for OSNR,,; needs to be limited to wavelengths where the signafJ power is
significant, whereas the integration range for OSNRan may extend over the entire DWDM
channel.

Copyright International Electrotechnical Commission



IEC TR 61282-12:2016 © IEC 2016 -33 -

(1]

(2]

(3]

[4]

(5]

[6]

(7]

(8]

(9]

[10]

[11]

Bibliography

OLSSON, N. A., Lightwave systems with optical amplifiers, J. Lightwave Technol. 7, p.
1071-1082 (1989).

BANEY, D., Characterization of Erbium-doped fiber amplifiers, in Fiberoptic Test and
Measurement, D. Derickson, Ed., Upper Saddle River, NJ: Prentice Hall PTR, p. 519-
595 (1998).

ESSIAMBRE, R.-J., KRAMER, G., FOSCHINI, G. J., and GOEBEL, B., Capacity limits
of optical fiber networks, J. Lightwave Technol. 28, p. 662-701 (2010).

P. J. WINZER, P. J., and ESSIAMBRE, R.-J., Advanced optical modulation formats,
Proc. IEEE 94, p. 952-985 (2006).

FEUER, M.D., KILPER, D.C., and WOODWARD, S.L., ROADMs and their system
applications, in Optical Fiber Telecommunications VB, |. Kaminow, T. Li, A.E. Willner,
Eds., San Diego, CA: Academic Press, p. 293-343 (2008).

HEISMANN, F., ROORDA, P. R., COLLINGS, B. C., Wavelength switching
technologies and requirements for agile optical networks at line rates of 100 Gb/s and
beyond, Opt. Fiber Technol. 17, p. 503-511 (2011).

CHANDRASEKHAR, S., and LIU, X., Terabit superchannels for high spectral efficiency
transmission, European Conference on Optical Communication (ECOC 2010), Torino,
Italy, Tech. Proc., paper Tu.3.C.5 (2010).

BOSCO, G., CARENA, A., CURRI, V., POGGIOLINI, P., and FORGHIERI, F.,
Performance Limits of Nyquist-WDM and CO-OFDM in High-Speed PM-QPSK Systems,
Photon. Technol. Lett. 22, p. 1129-1131 (2010).

RASZTOVITS-WIECH, M. et al., Optical signal-to-noise ratio measurement in WDM
networks using polarization extinction, European Conference on Optical
Communication (ECOC 1998), Madrid, Spain, Tech. Proc., p. 549-550 (1998).

FILER, M., and TIBULEAC, S., Impact of ROADM in-band crosstalk on 40G DPSK
signals, OFC/NFOEC 2010, Tech. Proc., Paper NTHF5 (2010).

FILER, M., and TIBULEAC, S., Transmission impairments in DWDM networks with
reconfigurable optical add-drop multiplexers, J. Lightwave Technol. 28, p. 557-568
(2010).

Copyright International Electrotechnical Commission



Copyright International Electrotechnical Commission



Copyright International Electrotechnical Commission



INTERNATIONAL
ELECTROTECHNICAL
COMMISSION

3, rue de Varembé
PO Box 131
CH-1211 Geneva 20
Switzerland

Tel: +4122919 02 11
Fax: + 41 22 919 03 00
info@iec.ch
www.iec.ch

Copyright International Electrotechnical Commission



