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There Is provided a method for determining an in-band noise parameter, such as the Optical Signal-to-Noise

Ratio (OSNR), on an

optical sighal-under-test (SUT) propagating along an optical communication link and comprising a data-carrying signal contribution
of any arbitrary degree of polarization and a noise contribution. A spectral shape trace of signal contribution in the SUT Is estimated
using a reference optical spectrum trace of a reference signal which comprises a signal contribution that is spectrally representative
ch Is at least approximately known. The signhal contribution Is
mathematically discriminated from said noise contribution in the SUT using the spectral shape trace and the test optical spectrum

of the signal contribution of the SUT and a noise contribution whi

trace. The in-band noise parameter Is then determined at least from

the mathematically discriminated noise contribution.
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(57) Abstract: There 1s provided a method for determining an mm-band noise parameter, such as the Optical Signal-to-Noise Ratio
(OSNR), on an optical signal-under-test (SUT) propagating along an optical communication link and comprising a data-carrying

signal contribution of any arbitrary deg

ree of polarization and a noise contribution. A spectral shape trace of signal contribution in

the SUT 1s estimated using a reference optical spectrum trace of a reference signal which comprises a signal contribution that 1s
spectrally representative of the signal contribution of the SUT and a noise contribution which is at least approximately known.
The signal contribution 1s mathematically discriminated from said noise contribution in the SUT using the spectral shape trace and
the test optical spectrum trace. The mn-band noise parameter 1s then determined at least from the mathematically discriminated
noise contribution.
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REFERENCE-BASED IN-BAND OSNR MEASUREMENT
ON POLARIZATION-MULTIPLEXED SIGNALS
001}

TECHNICAL FIELD

[0002]  The invention refates to the defermination of the in-band noise in opticai
telecommunication applications. More specifically, the invention relates to the

Jetermination of the in-bangd hoise on polarization-multiplexed optical signals.

BACKGROUND OF THE ART

{00031  In onder to maximize the information content transmitted over a given speciral

bandwidth (often measured in bits per Hz of spectral Bandwidih), polarization

muttiplexing (referred to as “Pol-Mux”) is being increasingly used with new transmission

formats. The underlying idea is that the spectral density {conveniently measured in units
of bits/Hz) can be effectively doubled by employing two orthogonally polarized data-
carrying sighals sharing the same optical signal bandwidth. Nowmaily, these two
srthogonally polarized signals aré transmitted with approximately the same intensity,
rendering the total resultant light effectively unpolarized as seen from a test and
measurement instriment baving low electronic detection bandwidii, such as Optical
Spectium Analyzers {OBA)L

{0004]  The Opiical Signal-to-Noise Ratio (OSNR) is ‘& direct indicator of the quality of
signat carded by an optical felecommiunication link. Under normal and proper operating
conditions, the OSNR «of an optical communication fink is typically high, often in excess
of 15 dB or 20 dB, or even greater. The dominant component of the noise in an optical
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general, the ASE may be considered to be spectrally uniform across the small

wavelength range spanning the signal spectral width.

[0005] = The IEC 61280-2-9 Fiber-optic communication subsystem test procedures —
Part 2-9 standards (ed. 1.0 b:2002) provides a standard method for determining OSNR
iIn Dense Wavelength Division Multiplexing (DWDM) networks. This method is based on
the assumption that the interchannel noise level is representative of the noise level at
the signal peak position. The method interpolates the power level of the noise outside
the signal bandwidth to evaluate the in-band noise in the signal bandwidth. Increased
modulation rates, which enlarge the signal bandwidth, and increased channel density,
reduce the interchannel width; therefore resulting in severe spectral characteristics
requirements for the optical spectrum analyzers used to perform the measurement. The
procedures described in the standards are able to cope with these difficulties when the
noise level of adjacent peaks is mostly continuous. For example, the standards propose
a two-scan procedure to first measure a broad modulated peak with a larger resolution
bandwidth to capture the entire signal peak and then determine the noise using a
narrow resolution bandwidth to minimize the contributions of the main and adjacent
peaks on the interchannel noise level. Alternatively, commercial Optical Spectrum
Analyzers (OSA) (such as EXFO’s FTB-5240, in versions available before 2007)

implement a related procedure by performing an integrated peak calculation and fine

noise determination in a single scan.

[0006] However, to strictly comply with the standards recommendation, the noise
level should be determined at the mid-channel spacing between peaks. In the case
where noise is spectrally filtered outside the optical signal bandwidth, for instance. after
passing through multiplexers or demultiplexers -- such as Reconfigurable Optical Add
Drop Multiplexers (ROADM) -- the mid-spacing noise level is no longer representative of
the In-band noise level, which is the relevant parameter for the OSNR determination.
The interpolation of the interchannel noise level then becomes unreliable. This can be
mitigated by relying on a very sharp spectral response of the OSA filter and adaptive

processing to determine the noise level at the shoulders where the noise meets the
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base of a signal profile within the channel bandwidth. However, increased modulation
rates combined with narrow filtering of multiplexers and demultiplexers is making it

increasingly difficult to achieve a reliable measurement of the noise level within the

channel bandwidth.

[0007] Alternative in-band OSNR measurement methods have been developed for
DWDM network applications. Such methods include the active polarization-nulling
method (see J. H. Lee et al., “OSNR Monitoring Technique Using Polarization-Nulling
Method”, IEEE Photonics Technology Letters, Vol. 13, No. 1, January 2001) and the
Passive Polarization-Induced Discrimination (PPID) approach (see International Patent
Application Publication WO 2008/122123 A1 to Gariépy et al., commonly owned by The
Applicant). However, such methods are based on the assumption that the signal is

generally highly polarized, an assumption that is not valid in the case of polarization-
multiplexed signals.

[0008] For the case of most polarization-multiplexed signals, the “signal”, as detected
on a photodiode having low bandwidth electronics for instance, appears unpolarized,

and hence, these above-mentioned in-band OSNR measurement methods cannot be

used to reliably provide the OSNR measurement.

[0009] In order to measure the noise level or the OSNR on polarization-multiplexed

signals, system manufacturers and operators currently have to resort to turning off the

signal at the transmitter in order to measure the noise level and thereby determine the
OSNR. A first limitation of this method is that it requires making certain assumptions
about the noise variations that occur upon turning off the signal for which the OSNR
needs to be measured. The OSNR measurement uncertainty depends, for example, on
the number of channels on the link sharing the same amplified paths. In cases where
the measurement is to be carried out on a system that is in operation, such a method
Involving turning off the signal has the important practical limitation that it implies a

service interruption for the channel of interest and possible disruption of the other

channels on the system.

SUBSTITUTE SHEET (RULE 26)
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[0010] There is therefore a need for a method to measure in-band noise parameters
such as the OSNR on polarization-multiplexed signals or any other unpolarized signals,

without service interruption.

SUMMARY

[0011] It is an object of the present invention to provide a method for measuring in-

band OSNR which addresses at least one of the above concerns.

[0012] There is provided a method for determining an in-band noise parameter, such
as the OSNR, on an optical Signal-Under-Test (SUT) propagating along an optical
communication link and comprising a data-carrying signal contribution of any arbitrary
degree of polarization (polarization multiplexed signals for example) and a noise
contribution within an optical signal bandwidth. The provided method is based on the
knowledge of the spectral shape of the signal contribution. Based on this knowledge,
the signal and the noise contributions may be mathematically discriminated from one

another on an optical spectrum trace of the SUT.

[0013] Knowledge of the spectral shape of the signal contribution may come from the
acquisition of an optical spectrum trace of a reference signal taken at a different point,
generally upstream, along the same optical communication link (i.e. the reference signal
originates from the same optical transmitter), where the OSNR is known or where the
signal can be considered free of ASE noise. Considering that, within the optical signal
bandwidth, the spectral shape of the signal does not significantly change along the
communication link, the signal contribution of such a reference signal is spectrally
representative of the signal contribution of the signal-under-test. Of the embodiments
described herein, this one which uses a reference signal taken at a different point along

the same optical communication link generally minimizes the measurement
uncertainties.

[0014] Knowledge of the spectral shape of the signal contribution may also come

from the acquisition of an optical spectrum trace of a reference signal taken on a

SUBSTITUTE SHEET (RULE 26)
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different optical communication link on the network originating from an optical
transmitter that is distinct but is optically equivalent to the optical transmitter at the
source of the SUT. Such a reference signal has a signal contribution that is spectrally
representative of the signal contribution of the signal-under-test. For example, the point
where the reference signal is taken may be at the physical location where the SUT is
characterized, thereby obtaining both the SUT and reference optical spectrum traces at
the same location. If the reference signal is taken immediately at the output of the
optical transmitter, i.e. before the signal is optically amplified, its noise contribution may

be considered negligible.

[0016] Knowledge of the spectral shape of the signal contribution may also come
from the prior acquisition of an optical spectrum trace of a reference signal originating

from an optically equivalent optical transmitter from any network.

[0016] Finally, knowledge of the spectral shape of the signal contribution may also
come from the generation of a simulated or theoretical spectrally-resolved trace of a

reference signal representative of the signal contribution of the SUT.

[0017] It is noted that the provided method only requires knowledge of the relative
distribution of the optical power over the optical signal bandwidth, for both the SUT and
the reference signal. No absolute power level value is required. Hence, the optical
spectrum trace acquisitions can be made via tap monitoring ports on the optical

communication link for example, thus allowing non-intrusive measurement and no

service interruption.

[0018] There Is provided a method for determining an in-band noise parameter, such
as the Optical Signal-to-Noise Ratio (OSNR), on an optical signal-under-test (SUT)
propagating along an optical communication link and comprising a data-carrying signal
contribution of any arbitrary degree of polarization and a noise contribution. A spectral
shape trace of signal contribution in the SUT is estimated using a reference optical
spectrum trace of a reference signal which comprises a signal contribution that is

spectrally representative of the signal contribution of the SUT and a noise contribution
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which Is at least approximately known. The signal contribution is mathematically

discriminated from said noise contribution in the SUT using the spectral shape trace and

the test optical spectrum trace. The in-band noise parameter is then determined at least

from the mathematically discriminated noise contribution.

[0019] In accordance with one embodiment, there is provided a method for
determining an in-band noise parameter on an optical signal-under-test (SUT)
propagating along an optical communication link and comprising a data-carrying signal
contribution of any arbitrary degree of polarization and a noise contribution within an
optical signal bandwidth, the method comprising: obtaining a test optical spectrum trace
of said optical signal-under-test at a test point along said optical communication link,
said test optical spectrum trace corresponding to a spectral range encompassing at
least a portion of said optical signal bandwidth; obtaining a reference optical spectrum
trace of a reference signal comprising a signal contribution spectrally representative of
the signal contribution of said signal-under-test, and a noise contribution which is at
least approximately known over said optical signal bandwidth; estimating a spectral
shape trace of said signal contribution in said signal-under-test using said reference
optical spectrum trace; mathematically discriminating said signal contribution from said
noise contribution in said signal-under-test, within said optical signal bandwidth, using
said spectral shape trace and said test optical spectrum trace; and determining said in-

band noise parameter on said optical signal-under-test at least from the mathematically

discriminated noise contribution.

[0020] In accordance with another embodiment, there is provided an apparatus for
determining an in-band noise parameter on an optical signal-under-test (SUT)
propagating along an optical communication link and comprising a data-carrying signal
contribution of any arbitrary degree of polarization and a noise contribution within an
optical signal bandwidth, the apparatus comprising: measurement means for obtaining a
test optical spectrum trace of said optical signal-under-test at a test point along said
optical communication link, said test optical spectrum trace corresponding to a spectral

range encompassing at least a portion of said optical signal bandwidth; an input for
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receiving a reference optical spectrum trace of a reference signal comprising a signat
contribution spectrally representative of the signal contribution of said signal-under-test,
and a noise contribution which is at least approximately known over said optical signal
bandwidth; processing unit for mathematically discriminating said signal contribution
from said noise contribution in said signal-under-test, within said optical signal
bandwidth, using said test optical spectrum trace and a spectral shape trace of said
signal contribution in said signal-under-test estimated using said reference optical
spectrum trace; and an inband noise determiner for determining said in-band noise
parameter on said optical signal-under-test at least from the mathematically

discriminated noise contribution.

[0021] In accordance with another embodiment, there is provided a method for
determining the optical signal-to-noise ratio of an optical signal-under-test (SUT)
propagating along an optical path. The SUT comprises at least one data-carrying signal
contribution of any arbitrary degree of polarization and a noise contribution within an
optical signal bandwidth. Spectral resolution means are employed to measure the
spectrally-resolved optical SUT. The method comprises: obtaining a spectrally-resolved
optical spectrum of the optical signal data from the optical signal-under-test, the data
corresponding to wavelengths within a spectral range encompassing a significant
portion of the optical signal bandwidth; obtaining, at a different point along the optical
path, a different spectrally-resolved optical signal as a reference signal, the reference
signal comprising the same data-carrying signal contribution, and the reference signal
being characterized by a known optical signal-to-noise ratio: mathematically
discriminating the at least one data-carrying signal contribution from the noise
contribution within the optical signal bandwidth based on a mathematical comparison of
the optical spectrum data with the reference optical spectrum data: determining an in-
band noise level on the optical SUT from the discriminated noise contribution; and
determining the optical signal-to-noise ratio from the determined in-band noise level, the

optical signal-to-noise ratio being indicative of the noise contribution within the optical
sighal bandwidth.

SUBSTITUTE SHEET (RULE 26)
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[0022] In one embodiment, the in-band noise parameter that is being determined is
the Optical Signal-to-Noise Ratio (OSNR), but other noise parameters that can also be
determined include the in-band noise level, the Bit Error Rate (BER), the electrical

signal-to-noise ratio, etc.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] Fig. 1 is a graph illustrating the optical spectrum of an exemplary optical
signal-under-test along with the optical spectrum of its noise contribution and of its

signal contribution;

[0024] Fig. 2 is a schematic illustrating an example generic network scheme wherein
an optical signal-under-test may be characterized using the methods described herein:

[0025] Fig. 3 comprises Fig. 3A, Fig. 3B, Fig. 3C and Fig. 3D which are graphs
respectively showing the optical spectrum traces of SUTs at Tap 1, Tap 3, Tap 4 and
Tap 5 of the network of Fig. 2;

[0026] Fig. 4 is a flowchart illustrating a method for determining an in-band noise

parameter on a SUT in accordance with one embodiment:

[0027]  Fig. 5 is a graph illustrating the result of example 1 of a processing algorithm
used to estimate the noise contribution on the SUT obtained at Tap 3 of Fig. 2, using a
reference trace obtained at Tap 1 of Fig. 2;

[0028] Fig. 6 is a graph illustrating the result of example 3 of a processing algorithm
used to estimate the noise contribution on the SUT obtained at Tap 3 of Fig. 2, using a

reference trace obtained at Tap 1 of Fig. 2;

[0029] Fig. 7 is a graph illustrating the result of example 5 of a processing algorithm
used to estimate the noise contribution on the SUT obtained at Tap 3 of Fig. 2, using a

reference trace obtained at Tap 1 of Fig. 2;

SUBSTITUTE SHEET (RULE 26)
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[0030] Fig. 8 comprises Fig. 8A, Fig. 8B and Fig. 8C which are graphs respectively
showing the results of example 1, 3 and 5 of a processing algorithm used to estimate
the noise contribution on the SUT obtained at Tap 4 of Fig. 2, using a reference trace
obtained at Tap 1 of Fig. 2;

[0031] Fig. 9 comprises Fig. 9A, Fig. 9B and Fig. 9C which are graphs respectively
showing the results of example 1, 3 and 5 of a processing algorithm used to estimate
the noise contribution on the SUT obtained at Tap 5 of Fig. 2, using a reference trace

obtained at Tap 1 of Fig. 2; and

[0032] Fig. 10 comprises Fig. 10A, Fig. 10B and Fig. 10C which are graphs
respectively showing the results of example 1, 3 and 5 of a processing algorithm used
to estimate the noise contribution on the SUT obtained at Tap 5 of Fig. 2, using a
reference trace obtained at Tap 3 of Fig. 2 wherein the OSNR is known.

[0033] it will be noted that throughout the appended drawings, like features are
identified by like reference numerals.

DETAILED DESCRIPTION

[0034] Now referring to Fig. 1, the methods and systems described herein relate to
the characterization of an optical Signal-Under-Test (SUT) p which is used in optical
telecommunications to transmit data over a Dense Wavelength Division Multiplexing
(DWDM) optical channel. Throughout the present description, the optical signal p
corresponds to one of the DWDM optical channels. In the optical channel bandwidth of
interest, the optical signal p includes two components, i.e. a signal contribution s arising
from the data-carrying signal, and a noise contribution n which includes all other
sources of optical power within the optical channel. In the case of polarization-
multiplexed communication, the signal contribution includes two distinct components of
orthogonal polarizations. The noise contribution n arises mostly from the Amplified
Spontaneous Emission (ASE) noise of the optical amplifiers in the optical transmission

system. Fig. 1 shows the optical spectrum p(A) of an exemplary optical signal p, along
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with the optical spectrum of its signal contribution s(A) and the optical spectrum of its

noise contribution n(A), such that :
P(A) = s(A) + n(A)

[0035] An optical spectrum trace of the optical signal p can be acquired by an
Optical Spectrum Analyzer (OSA) and represents the input optical signal p convolved
with the filter spectral response of the OSA hosa(A) combined with any desired
convolution window hw(A). The optical spectrum trace P(A) is thus the spectrally-
resolved optical power of the optical signal p. The optical spectrum trace P(A) also
includes a signal contribution S(A) and a noise contribution N(A) which are merged

together and appear as the optical spectrum trace P(A).

[0036] The methods and systems described herein are used to discriminate the
signal contribution S(A) from the noise contribution N(A) in the optical spectrum trace
P(A) of the SUT in order to determine the in-band noise on the SUT to be characterized.
The instrument noise associated with the detection system itself, namely the OSA, on
the acquired optical spectrum trace P(A) is considered to have a negligible effect

compared to the optical noise contribution to be characterized.

[0037] Fig. 1 shows a single DWDM channel but it should be noted that according to
wavelength division multiplexing a plurality of DWDM channels (not shown) appears on
the optical communication spectrum. It should thus be kept in mind that other optical
signals are typically present, spectrally on both sides of the optical signal p. Also, in the
case of polarization-multiplexed networks, each DWDM channel includes two
orthogonal polarization signals which, on an optical spectrum trace P(A\) acquired by an

OSA, will appear combined and undistinguishable as a single unpolarized signal.

[0038] The methods described herein rely on the fact that by knowing the shape

Sh(A) of the signal contribution S(A) and assuming that the noise contribution N(A) Is

substantially uniform over the useful signal bandwidth, it is possible to mathematically

discriminate the noise contribution from the signal contribution in that region. The shape

-10 -
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of the signal contribution is obtained using a reference signal which has a known noise
contribution over the signal bandwidth. These methods allow for the measurement of

the OSNR of a SUT having any arbitrary degree of polarization (DOP).

[0039] Fig. 2 shows an example of a generic network scheme wherein an optical
signal-under-test may be characterized using the methods described herein. The
network uses a 40G Polarization-Multiplexed Quadrature Phase-Shift Keying (PM-
QPSK) modulation scheme and comprises a plurality of PM-QPSK transmitters 10, 12
and PM-QPSK receivers 14, 16 connected together through the network in order to
transmit data between a plurality of nodes disposed at a plurality of distinct locations A,
B,C, R, S, W, XY, Z. The network is shown in Fig. 2 with a first optical communication
link 100 between transmitter 10 at location C and receiver 14 at location A, and a
second optical communication link 200 between transmitter 12 at location A and
receiver 16 at location B. Communication link 100 comprises optical fibers 110, 112, a
plurality of multiplexers and demultiplexers such as Wavelength Selective Switch
Multiplexers (WSS Mux) 114, 116, 118 and a plurality of optical amplifiers 120, 122
distributed along the communication link. Similarly, communication link 200 comprises
optical fibers 210, 212, a plurality of multiplexers and demultiplexers such as WSS Mux
214, 216, 218 and a plurality of optical amplifiers 220, 222 distributed along the
communication link. Monitoring tap ports (e.g. the 5% port of a 95/5 splitter), which are
commonly available on network systems, are disposed along the communication link
100 (Tap 1, Tap 2, Tap 3, Tap 4, Tap 5) and along the communication link 200 (Tap 6,
Tap 7, Tap 8,) to monitor the optical signals as they propagate along the communication
link, using the methods described herein.

[0040] As mentioned herein above, the methods described herein provides for the
characterization of the noise of a SUT taken anywhere along the communication links
100 and 200, using a reference signal which has a known noise contribution over the
optical signal bandwidth. The SUT to be characterized may be the optical signal as
appearing at Tap 2, Tap 3, Tap 4, Tap 5, Tap7 or Tap 8 for example.

-11 -
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[0041] The optical spectrum trace of the SUT is generally obtained with measurement
means capable of discriminating optical frequencies encompassed within the optical
bandwidth of the SUT. Such measurements are typically obtained using a commercially
avallable OSA such as, for example, that described in US Patent US 6,636,306 et He et
al. commonly owned by the Applicant and implemented in the FTB-5240 series of OSAs
manufactured and sold by EXFO Inc. The methods described herein may also be

Implemented within such an instrument.

[0042] Figs. 3A, 3B, 3C and 3D respectively show optical spectrum traces as would
be acquired on Tap 1, Tap 3, Tap 4 and Tap 5.

[0043] In one embodiment, the signal to be characterized is the one appearing at Tap
5 for example. An optical spectrum trace of the SUT is obtained using an OSA
connected at Tap 5 and the reference signal is taken at Tap 1, which is at another
location along communication link 100 where the optical signal originates from the same
transmitter 10 and where the signal can be assumed to be free of ASE noise
considering that the signal at Tap 1 has not passed through any optical amplifier. In
order to acquire the optical spectrum trace of the reference signal, a technician would

generally have to physically go to a different location on the network, for example to
Location C.

[0044] Considering that the spectral shape of the signal does not significantly change
along the communication link, the signal contribution of such a reference signal is
spectrally representative of the signal contribution of the SUT in the spectral region of
interest. Of course, within the optical signal bandwidth, the spectral shape of the signal
propagating in the communication link may slightly change, due to non-linear effects for

example, but such change is considered non significant if it does not introduce any non
tolerable error on the characterization of noise of the SUT in accordance with the
methods described herein. It is noted that spectral shape variations due to non-linear

effects are generally not perceptible on optical spectrum traces acquired by grating-

based OSAs. Also, the spectral shape of the signal may change along the
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communication link due to filtering caused by multiplexing and demultiplexing devices.
However, generally, such filtering does not significantly affect the shape of the signal

over the optical signal bandwidth of interest herein.

[0045] Signals appearing at Tap 3, Tap 4 or Tap 5 may also be characterized

similarly using the signal at Tap 1 as the reference signal.

[0046] If the OSNR is happened to be known anywhere else on communication link
100, such as on Tap 2 or Tap 3 for example, a reference signal may then be taken at
that point instead. It is noted that the OSNR of the reference signal does not need to be
higher than the OSNR of the SUT to be characterized. It only needs to be known.

[0047] In another embodiment, the SUT to be characterized is the signal as
appearing at Tap 4 or Tap 5 on communication link 100. The technician therefore goes
to location A to acquire an optical spectrum trace of the SUT at Tap 4 or Tap 5. One
should note that the signal appearing on Tap 6 of communication link 200 which is
generated using optical transmitter 12 of the same type as the optical transmitter 10,
has a signal contribution that is spectrally representative of the signal contribution of the
SUT and has a known noise contribution which may be assumed negligible. This signal
can therefore be used as a reference signal. The optical spectrum traces of the SUT
and of the reference signal can in this manner be both obtained at the same location.

.e. location A, which eliminates the need for having the technician to travel to a different

location to acquire the reference trace.

[0048] It should be appreciated that, if the spectral distribution of the reference signal

IS a priori known or can be reliably assumed, actual measurement of the reference via
the tap couplers is not necessarily required.

[0049] Fig. 4 illustrates a method 400 for determining the OSNR or any other in-band

noise parameter on a SUT in accordance with one embodiment.

[0050] In step 402, an optical spectrum trace P(A) of the SUT to be characterized is

obtained. As mentioned above, in one embodiment, trace P()) is acquired using an OSA
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at the monitoring tap port corresponding to the position on the network where the in-

band noise is to be characterized. For example, trace P(A) may be acquired at Tap 2,

Tap 3, Tap 4 or Tap 5 of the network of Fig. 2. It is noted that in order to determine the
OSNR and other in-band noise parameters, a relative spectral power distribution of the

SUT is sufficient. There is therefore no need for trace P(A) to be referenced in absolute
value. Trace P(A) comprises a data-carrying signal contribution S(A) or any arbitrary

degree of polarization and a noise contribution N(A) within the optical signal bandwidth
of the SUT such that:

P(A) = S(A) + N(A)

[0061] In step 404, a reference optical spectrum trace R(A) is obtained. The reference
signal has a signal contribution Si(A) which is representative of the shape Sh(A) of the
signal contribution S(A) of the SUT, and has a noise contribution N.(A) which is at least

approximately known over the optical signal bandwidth. As mentioned above, reference

trace R(A\) may be acquired, for example, at Tap 1 of the network of Fig. 2. In this
specific case, the noise contribution N,(A) may be considered negligible and is therefore
known. If reference trace R(A) is acquired at Tap 6 for example, the noise contribution
Nr(A) may also be considered negligible. As explained above, reference trace R(A) may

also be acquired at a position along a communication link where the noise contribution
Is not negligible but is either theoretically known or has been previously characterized.
Other reference traces R(A) may also be used. In steps 406, 408 and 410, the signal

contribution S(A) and the noise contribution N(A) of the SUT are mathematically

discriminated from one another over the optical signal bandwidth using a mathematical
comparison of traces R(A) and T(A).

[0062] More particularly, in step 406, the spectral shape Sh(A) of the signal
contribution S(A) is estimated using reference trace R(A). In embodiments where the
noise contribution N/(A) is considered negligible, the shape Sh(A\) may be simply

obtained as directly corresponding to reference trace R(A):
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Sh(A) = R(\)

[0053] In other embodiments where the noise contribution N.(A) has a known finite
value, the shape Sh(A) may be obtained by subtracting the known noise contribution

from reference trace R(A).

[0054] In step 408, a ratio K which is defined as the ratio between the trace of the
signal contribution S(A) and the trace of the shape Sh(A) (K = S(A) / Sh())) is estimated.

For example, in one embodiment, the ratio K is estimated at the peak wavelength of
trace P(A) of the SUT:

K= P(Apk) / Sh(Apk)
[0065] Other methods for estimating the ratio K will be described herein below.

[0056] In step 410, the noise contribution N(A) of the SUT is calculated using the ratio

K, for example as follows:
N(A) = P(A) - K-Sh(A)

[0057] In step 412, the OSNR or any other in-band noise parameter characterizing

the SUT is determined using the discriminated noise contribution N(A).

[0058] It is noted that even if the noise contribution N,(A) of the reference trace is not
considered negligible, the shape Sh(A\) may also be estimated as directly corresponding
to reference trace R(A) and, as will be described in more detail below, the noise

contribution N(A) be corrected at step 410 for the presence of non-negligible noise in the

reference trace.

[0059] It is also noted that the noise contribution N,(A) is typically considered

negligible when the OSNR of the reference signal is significantly higher than that of the

SUT. The presence of a noise contribution Nr(A) will simply result in an error on the

estimated noise parameter to be characterized. The level of acceptable noise Ni(A)
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hence depends on the level of acceptable error on the noise parameter to be
characterized. For example, assuming a negligible noise on a reference signal having
an OSNR 10 dB higher than that of the SUT will result in a 0.5-dB systematic error on
an OSNR estimation of the SUT.

[0060] The method of Fig.4 is directly applicable to OSNR determination of
polarization-multiplexed signals, but is also applicable to cases where the State Of
Polarization (SOP) of the SUT is scrambled at rates much greater than the analog
detection bandwidth of the spectral resolution means, e.g. the OSA that is being used
for the acquisition, and is thus seen as highly depolarized. It is also applicable to
polarized signals as well, as a complement to polarization-based techniques of the prior
art when the performances of these techniques are limited by the presence of high
Impairments, such as strong polarization mode dispersion (PMD) for example, or as an

alternate technique which does not require polarization analysis and detection.

[0061] Details as to how the reference trace may be processed to obtain the ratio K
are now described and illustrated using a SUT that is a DQPSK polarization-multiplexed
signal carrying 40Gbit/s data and with an effective spectral bandwidth larger than
10 GHz. The technique is illustrated with a few different OSNR levels to show the
performance and limitation of the approach thus applied. It should be noted that the
method may require further processing when the signal contribution of the SUT is

spectrally modified between the reference signal and the SUT, after passing through
multiple cascaded filters of narrow bandwidth compared to the optical signal bandwidth.
In the following examples, the proposed method relies on a reference signal that is
taken at a different physical position in the network or generated relying on knowledge
of the signal transmission at the source of the SUT. The method is illustrated by way of
examples which use a series of actual results obtained from a simulated system that
corresponds to the configuration illustrated in Fig. 2. It should be easily appreciated that,
although the processes described below rely on equations where the noise and signal

levels are used, these equations can be reformulated to use the OSNR levels (i.e. a
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dimensionless signal-to-noise ratios) in order to achieve a similar mathematical

processing.

[0062) Figs. 3A, 3B, 3C and 3D respectively show optical spectrum traces as
obtained on Tap 1, Tap 3, Tap 4 and Tap 5 of the simulated network of Fig. 2.

[0063] Using the spectral trace R(A) acquired at Tap 1 as the reference-signal trace,

the OSNR at all other tap positions in the optical communication link 100 can be
determined. To demonstrate the method, various approaches are applied. The following
examples show embodiments of processing algorithms that can be used to
mathematically discriminate the noise and the signal contributions. The examples are
applied to the SUT having the highest OSNR, i.e. at Tap 3, which Is typically the most
difficult to measure. At this position, the expected noise level is -23.6dBm for an OSNR
of 22.8 dB in a 0.1-nm resolution bandwidth.

[0064] Example 1

[0065] Fig. 5 illustrates an embodiment of a processing algorithm used to estimate

the noise contribution on the trace P(A) of the SUT obtained at Tap 3, using the
reference trace R(A) obtained at Tap 1. The processing algorithm is based on the
method of Fig. 4. In this example case, the spectral shape Sh(A) corresponds to the
reference trace R(A) (step 406). The ratio K is estimated by calculating the ratio between

the maximum value of trace P(A) and the maximum value of the reference trace R(A)
(step 408).

K = max(P(A)) / max(R(\))

[0066] In this case, K = 4.426. The spectrally-resolved trace of the signal contribution

and the noise contribution of the SUT are respectively the estimated as follows (step
410):

Se(\) = K:-R(\)
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Ne(A) = PQ\) - K-R(A)

[0067] In is noted that because this estimation of K assumes a negligible noise
contribution on trace P(A) of the SUT at the peak wavelength, the estimation of the notse
contribution Ne(A) cannot be valid at wavelengths in the vicinity of the peak wavelength.

By assuming a uniform in-band noise within the optical signal bandwidth, the in-band
noise may then estimated, for example, at the cross-over wavelengths (circled areas A

and B) of the estimated signal contribution Se¢(A) and noise contribution Neg(A). In this

case, a noise of -23.6 dBm is obtained (in the resolution bandwidth corresponding to the
acquisition), for an OSNR of 3.53 dBm - (-23.6 dBm) = 27.13dB (or 22.8 dB in a 0.1-nm
resolution bandwidth) (step 412).

[0068] This processing algorithm may be modified for cases where the reference
signal has a known finite OSNR. As explained above, in one embodiment, the shape
Sh(A) Is obtained by subtracting the known noise contribution value from the reference
trace R(A). However, in another embodiment, the reference trace R(A) I1s used as is as
the spectral shape Sh(A) but the in-band noise value obtained from the above

processing algorithm is corrected by adding a correction term K*(kknown noise
contribution value on reference trace R(A)), so as to obtain a value of the in-band noise

of the SUT as if the reference was devoid of noise.
[0069] Example 2

[0070] It is noted that this processing algorithm does not necessarily require a

spectral-resolved point-by-point analysis. In a second example embodiment, data is
obtained at three different resolution bandwidths, for example the “physical resolution”
of the OSA, a 0.1-nm resolution bandwidth and a 0.2-nm resolution bandwidth.

[0071] This example also assumes a negligible noise contribution on the reference
signal such that Sh(A) = R(A) (step 406).

[0072] The process is then as follows:
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[0073] The reference trace R(A) is acquired (in this example, at Tap 1) and the peak

power R{(Apk) is determined.

[0074] A second Rg4(A) and a third Ro2(A) reference traces are obtained either by

performing additional acquisitions of the reference signal using respectively a first and a

second resolution bandwidth RBW1, RBW2, e.g. 0.1-nm and 0.2-nm resolution
bandwidths in this case, or by integrating trace R(A) in software. The peak powers of

these traces R 1(Apk), Ro2(Apk) are then determined.

[0075] The trace P(A) of the SUT is acquired (in this example, at Tap 3) and the peak

power P(Apk) is determined.

[0076] A second Pg.4(A) and a third Pg2(A) traces of the SUT are obtained again either
by performing additional acquisitions of the reference signal using respectively the first

and the second resolution bandwidth or by integrating trace P(A) in software, and the

peak powers of these traces Py 1(Apk), Po2(Apk) are determined.
[0077] The ratio K is estimated similarly as above (step 408):
K = P(Apk) / R(Apk)

[0078] Then, assuming a uniform noise distribution within the optical signal
bandwidth, it can be assumed that the noise contribution Ny 1{(Apk) in trace Py 1(\) can be

related to the noise contribution Ng2(Apk) in trace Pg2(A) as follows:

No2(Apk) RBW2 0.2 nm
No:(Apk) RBW1 0.1 nm

[0079] Therefore, noise contribution on a 0.1-nm resolution bandwidth can be
calculated (step 410) as follows:

Po.2(Apk) - K* Ro2(ApK) - [ Po.1(Apk) - K* Ro.1(Apk) ] = No.2(Apk) - No.1(Apk)
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= RWB2/RBW1x No 1(Apk) - No.1(Apk)
- N0,1(Apk)

[0080] In the specific case of the measurement on Tap 3 using Tap 1 as the
reference signal, a noise of -24.12 dBm is obtained (in the resolution bandwidth
corresponding to the acquisition), for an OSNR of 3.53dBm — (-24.12 dBm) = 27.65 dB
(or 23.2dB in a 0.1-nm resolution bandwidth) (step 412).

[0081] It is noted that this processing algorithm can be modified to use different

values of resolution bandwidths.

[0082) Example 3

[0083] Fig. 6 illustrates another embodiment of a processing algorithm used to

estimate the noise contribution on the trace P(A) of the SUT obtained at Tap 3, using the
reference trace R(A) obtained at Tap 1. The processing algorithm is based on the

method of example 1 but uses a different processing algorithm to estimate the ratio K.

[0084] This example also assumes a negligible noise contribution on the reference
signal such that Sh(A) = R(A) (step 406).

[0085] This processing algorithm is made using measurements made at two distinct

wavelengths A1 and A2 that are within the optical signal bandwidth of the SUT and

generally positioned on the same side of the peak of the SUT. By assuming a uniform
noise distribution within the optical signal bandwidth and therefore a substantially equal
noise level at A1 and A2 on the trace P(A) and trace R()), we find:

P(A2) — P(A1) = S(A2) — S(A1)

= SQ) (322 - 1)
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= S(AL) (%’3 - 1)

~ S(A1} B 4
= —o5 (R(A2) —R(D)

and the ratio K is then estimated in the region around A1 and A2 (step 408) as follows:

SAL) . P(A2) — P(A1)
R(A1) ~  ~ R(A2) -RQAD

5 [0086] Which yields in this case K = 4.384. The spectrally-resolved trace of the signal

contribution and the noise contribution of the SUT may then respectively be estimated

(step 410) as follows:
Se(A) = K-R(A)
Ne(A) = P(A) - K-R(A)

10 [0087] As in example 1, the in-band noise may then be estimated, for example, at the

cross-over wavelengths (circled areas A and B) of the estimated signal contribution
Se(A) and noise contribution N¢(A). In this case, a noise of -23.47 dBm is obtained (in the

resolution bandwidth corresponding to the acquisition), for an OSNR of 3.53 dBm -
(-23.47 dBm) = 27.0 dB (or 22.6 dB in a 0.1-nm resolution bandwidth) (step 412).

15 [0088] It is noted that this processing algorithm can be adapted easily to specific

conditions. For example, K may be determined from different spectral regions that are

selected based on the measured optical signal bandwidth.

[0089) Example 4
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[0090] Example 4 illustrates yet another embodiment of a processing algorithm used

to estimate the noise contribution on the trace P(A) of the SUT obtained at Tap 3, using

the reference trace R(A) obtained at Tap 1.

[0091] In this example, it is not necessary to assume a negligible noise contribution
on the reference signal. This approach can be viewed as another way of calculating the
ratio K (step 408), which is made over a larger area compared to examples 1, 2 and 3. It

can thus be viewed as a spectral averaging on the data.

[0092] The reference trace R(A) is acquired (in this example, at Tap 1).

[0093] Similarly to example 2, a second Rg 1(A) and a third Rg2(A) reference traces are

obtained either by performing additional acquisitions of the reference signal using
respectively a first and a second resolution bandwidth RBW1, RBW2, e.g. 0.1-nm and

0.2-nm resolution bandwidths in this case, or by integrating trace R(A) in software, and

the peak powers of these traces Rg 1(Apk), Ro2(Apk) are determined.
[0094] The trace P(A) of the SUT is acquired (in this example, at Tap 3).

[0095] A second Py 1(A) and a third Py 2(A) traces of the SUT are obtained again either

by performing additional acquisitions of the reference signal using respectively the first

and the second resolution bandwidth or by integrating trace P(A) in software, and the

peak powers of these traces Pg 1(Apk), Po2(Apk) are determined.

[0096] Then, assuming a uniform noise distribution within the optical signal

bandwidth, it can be assumed that the noise contribution Ng 1(Apk) in trace Pg.1(A) can be

related to the noise contribution Ng2(Apk) in trace Pg2(A) as follows:

No2(Apk) RBW2 0.2 nm
Noi(Apk) RBW1 0.1 nm

[0097] And we obtain:
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0.2 : : .
o7 Foa (Apk) — By,(Apk) = ;‘;—i So.1(Apk) + %-i No.1 (Apk) — Sq . (Apk) — Ng o (Apk)
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where Nrefq 1(A) and Nrefy 2(A) are the noise contributions in reference traces Ry 4(A) and

Ro.2(A) respectively.

[0098] From the above, we obtain that K may be estimated (step 408) as follows:

Y

K=107 ~'

[0099] The noise contributions on 0.1-nm and 0.2-nm resolution bandwidths can then
be respectively calculated (step 410) as follows:

Ng.1(Apk) = P 0.1(Apk) — K- Ro.1{Apk)
No2(Apk) = Py ,(Apk) — K- Ry ,(Apk)

[00100] In the specific case of the measurement on Tap 3 using Tap 1 as the
reference signal, we obtain a ratio K of 4.3586. The in-band noise can then be

estimated as explained above and the OSNR determined (step 412).

[00101] Example 5
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[00102] Fig. 7 illustrates another embodiment of a processing algorithm used to

estimate the noise contribution on the trace P(A) of the SUT obtained at Tap 3, using the

reference trace R(A) obtained at Tap 1.

[00103] Using different traces obtained with varied resolution bandwidths, the shape of
the reference signal can be used to determine the noise contribution in the SUT. This
example processing algorithm is based on the difference in accrual of the reference
trace with increasing resolution bandwidth, compared to the accrual of the trace of the

SUT, this difference in accrual being generally attributable to the noise contribution in
the SUT.

[00104] The process steps are as follows:

[00105] The reference trace R(A) is acquired (in this example, at Tap 1) and the peak

power R(Apk) Is determined.

[00106] A second Rg1(A) and a third Rg2(A) reference traces are obtained either by

performing additional acquisitions of the reference signal using respectively a first and a

second resolution bandwidth RBW1, RBW2, e.g. 0.1-nm and 0.2-nm resolution
bandwidths in this case, or by integrating trace R(A) in software, and the peak powers of

these traces Rg.1(Apk), Ro2(Apk) are determined.

[00107] The trace P(A) of the SUT is acquired (in this example, at Tap 3) and the peak

power P(Apk) Is determined.

[00108] A second Pg.4(A) and a third Pg2(A) traces of the SUT are obtained again either

by performing additional acquisitions of the reference signal using respectively the first

and the second resolution bandwidth or by integrating trace P(A) in software, and the

peak powers of these traces Py 1(Apk), Po2(Apk) are determined.

[00109] One may define a as the ratio So2(Apk)/So.1(ApK) which, assuming a negligible

noise contribution on the reference signal, can be obtained as follows:
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Ro2(Apk) _ K- Sp2(Apk) .
Ro1(Apk) K- Sg;(Apk)

[00110] And we obtain:
Pp.2(A) — aPy 1 (A) = Sg2(A) — S (A) + Ngo(A) — aNg; (R)
= Ng.2 (A) —aN 0.1 (A)

_ RBW2
"~ RBWI1

No1(A) —aNg;(A)

[00111] In this example, the ratio a effectively replaces the ratio K used in the other

examples (step 408).

[00112] The noise contribution on a 0.1-nm resolution bandwidth may then be

estimated as follows:

Po2(A) — aby, OQ

RBWZ
REW1

No.1 (}\) -

— X

[00113] Again, the in-band noise may then be estimated, for example, at the cross-

over wavelengths (circled areas A and B) of the estimated signal contribution S¢(A) and
noise contribution Ne(A). In this case, a noise of -23.59 dBm is obtained (in the

resolution bandwidth corresponding to the acquisition) for an OSNR of 3.53 dBm -
(-23.99 dBm) = 27.12 dB (or 22.7 dB in a 0.1-nm resolution bandwidth) (step 412).

[00114] Results obtained on Tap 4 and Tap 5 positions

[00118] Fig. 8A, Fig. 8B and Fig. 8C respectively show the result of the processing

algorithm of Examples 1, 3 and 5 as described above but performed with SUT traces

obtained at Tap 4.
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of the processing algorithm of Examples 1, 3 and 5 as described above but performed
with SUT traces obtained at Tap 5.

1001171 Results obtained with s reference signal having a known, finite OSNR

5 [aei18] Fig. 10A, Fig. 10B and Fig. 10C show resulis of the processing aigorithm of
Examples 1, 3 and 5 as described above as performed with SUT traces obtained at Tap
8 and using as the reference signal, the signal at Tap 3 wherein the OSNR is kriown.

[00119] It should be appreciated that the processing algorithm metheds described

herein may be varied. For example, PCT patent spplication seral number
10 PCT/CAR0D8/000847 filed on April 4, 2008, designating the United States, how pending

as a national phase entry in the United States under serial numbser US 12/594,503, and

PCT patent application serial number PCT/CA2010/001285 filed on August 19, 2010

and designating the United States, both commonly owned by the Applicant, describe

some methods which may be adapted for mathematically discriminating the signal and
15 noise contributions in the methods described herein,

instead of acquiring the reference spectral trace at Tap 1for the channel under test, an
alternate reference signal trace, for example from & -repare:s&ntative fransmitier avalaple
20 representative transmitter of Tap 6 may be operating at the channel wavelength of the
SUT 1o he charagterized, but on another communication link, i.e, 200, or al a different
wavelength as jong as s spectral shape, which is determined by the modulation rate
and format, is similar enough to be representative. Since only relative spactral
information is required for performing the methods described hergin, & wavelength or
25 frequency offset may easily be applied on the reference frace {at step 406 of the
method of Fig. 4} fo correct for the channel wavelength mismatch. it should be noted
that differences in modulation rate of the reprasentative transmitier of the reference
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signal and that of the SUT to be characterized may be adjusted via simple scaling of the

wavelength/frequency axis.

[00121] Characterization of a SUT at any of the monitoring tap ports may also be
made without resorting to the acquisition of the optical spectrum trace of a
representative reference signal. This can be made by synthesizing a reference signal
trace based on the knowledge of the modulation format of the transmitter at the source
of the SUT. The synthesized reference signal trace may consist in a theoretical
frequency dependant relative spectrum of the modulation format of interest convoluted
with the spectral response of the measurement instrument. The modulation rate of the
synthesized reference signal may be scaled to adapt to the specific SUT to be
characterized and the central wavelength of the synthesized reference signal may also

be offset to that of the SUT. Again, only a relative power spectral response is required.

[00122] Also, it should be appreciated that, although above examples employ optical
taps to measure the signal at the respective tap points, the measurement of the
spectrally-resolved optical power is not limited to such a “non-invasive” approach and
may be undertaken by temporarily disrupting the continuity of the optical path (e.g. via
an optical switch, or by physically disconnecting optical connectors). Such an approach
may be acceptable for an optical channel not carrying customer traffic (e.g. during
commissioning), especially if, for instance, many other DWDM channels are present to

minimize the effect of resulting changes in the loading of the optical amplifiers in the
network.

[00123] As explained above, in Examples 1, 3 and 5, the noise level is evaluated (step
412) at the cross-over wavelengths (circled areas A and B on Figs 5, 6 and 7) of the

estimated signal contribution S¢(A) and noise contribution Ne(A). It should be appreciated
that the noise level may be estimated from the estimated noise contribution Ne(A) using

a different algorithm. For example, in the case of Example 3 (Fig. 6), the noise level

may be estimated as the average of the estimated trace of the noise contribution Ne(A)

over the optical signal bandwidth.
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[00124] Furthermore, some example methods described herein assume a uniform

noise contribution over the optical signal bandwidth in order to estimate the noise level
at the signal peak using the estimated trace of the noise contribution Ne(A). It is noted
that the noise contribution is never totally uniform and that the presence of some non-
uniformity will typically result in an error on the estimation of the noise level. The level of

acceptable non-uniformity hence depends on the level of acceptable error on the noise

- parameter to be characterized.

[00125] The methods described herein provide for the measurement of OSNR or other
iIn-band noise parameters on polarization-multiplexed signals. These methods may also
be applicable to non-polarization-multiplexed signals where the state of polarization of
the measured data-carrying signal is very rapidly scrambled, or as an alternative to
polarization-based techniques, especially for certain types of signals and conditions for

which polarization-based techniques offer limited results.

[00126] It should be appreciated that the methods described above are not limited to
the characterization of optical signals having a signal carrier wavelength and that the

SUT to be characterized may include a plurality of data-carrying signal contributions

- multiplexed using Nyquist Wavelength Division Multiplexing (N-WDM) (also referred to

as superchannels in the scientific literature) or Orthogonal Frequency-Division

Multiplexing (OFDM) for example.

[00127] In the present description, the steps of the methods are described in a specific
order. It will be understood that the order of certain steps may be changed without
departing from the invention. Similarly, steps from different methods described can be
combined and re-organized without departing from the invention. Steps may also be
omitted depending on the specific conditions of the problem to be solved without

departing from the invention.

[00128] In particular, it should be appreciated that the formulation of the equations
described in the embodiments and claims herein could be readily and equivalently

rewritten in terms of OSNR (i.e. a dimensionless ratio) rather than in-band noise level.
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[00129] The embodiments described above are intended to be exemplary only. The

scope of the invention is therefore intended to be limited solely by the appended claims.
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WHAT IS CLAIMED 1S:

1. A method for determining an in-band noise parameter on an optical signal-
under-test (SUT) propagating along an optical communication link and
comprising a data-carrying signal contribution of any arbitrary degree of
polarization and a noise contribution within an optical signal bandwidth, the

method comprising:

obtaining a test optical spectrum trace of said optical signal-under-test at a test point
along said optical communication link, said test oplicai spectrum trace
corresponding to a spectral range encompassing at least a portion of said optical
sighal bandwidth;

obtaining a reference optical spectrum frace of a reference signal comprising a signai
contribution spectrally representative of the signal contribution of said signai-
under-test, and a quantitative indication of noise contribution over said optical
signal bandwidth;

estimating a spectral shape trace of said signal contribution in said signai-under-test
using said reference optical spectrum trace;

mathematically discriminating said signal contribution from said noise coniribution in
said signal-under-test, within said optical signal bandwidth, using said spectral
shape trace and said test optical spectrum trace; and

determining said in-band noise parameter on said optical signal-under-test at least from

the mathematically discriminated ncise contribution.

2. The method as claimed in claim 1, wherein said mathematically discriminating
COMprises:

estimating a ratio K defined as the ratio hetween said signal contribution in said signal-
under-test and said spectral shape trace; and

calculating said noise contribution in said signal-under-test by subtracting from the test
optical spectrum trace, said spectral shape trace multiplied by the ratio K.
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The method as claimed in claim 1 or 2, wherein said reference trace is acquired
at a reference point along said optical communication link, which is different
from said test point, said reference signal originating from the optical transmitter
that is at the source of said optical signal-under-test.

The method as claimed in ¢claim 1 or 2, wherein said reference {race is obtained
from a theoretical optical spectrum trace of said optical signai-under-test.

The method as claimed in claim 1 or 2, wherein said reference trace is acquired
at the output of an optical transmitter which is distinct but has relative spectral
characteristics that are substantially representative of that of the optical
transmitter at the source of said optical signal-under-test.

The method as claimed in any one of claims 1 to 5, wherein at least che of said
test optical spectrum trace and said reference optical spectrum irace are
obtained via monitoring taps disposed on said optical communication link,
thereby avoiding network disruption.

The method as claimed in any one of claims 1 to 6, wherein said optical signal-
under-test has at a degree of polarization less than 100%.

The method as claimed in any one of claims 1 to 6, wherein said optical signal-
under-test comprises polarization-multiplexed data-carrving signais.

The method as claimed in any one of claims 1 to 6, wherein said optical signal-
under-test is being polarization scrambled at a rate significantly faster than the
electronic detection bandwidth of a spectral resolution means used to acquire

said test optical spectrum trace.

The method as claimed in any one of ¢laims 2 {0 8, wherein said mathematically
discriminating is achieved by comparison of maximum values of said test optical
spectrum trace and said reference optical spectrum ftrace, said mathematically
discriminating compnsing:

231 .
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calculating the ratio K of the maximum value of test optical spectrum trace
and the maximum value of the reference optical spectrum trace over the optical signal

bandwidth; and
determining the spectrally-resolved noise contribution of said signal-under-

test by subtracting the reference optical spectrum trace, multiplied by the ratio K, from
the test optical spectrum trace.

11. The method as claimed in claim 10, wherein said quantitative indication of noise
contribution is determined from an estimated OSNR of said reference signal,
said estimated OSNR being substantially higher than an OSNR of said signal-

under-test,

12. The method as claimed in c¢laim any cone of claims 2 to 10, wherein said
mathematically discriminating comprises.

correcting the reference optical spectrum trace to remove the guantitative
indication of noise contribution so as to obtain a reference optical spectrum trace that is
noise-free, said ratio K being calculated using the corrected reference optical specirum

trace.

13. The method as claimed in any one of claims 2 {o 10, wherein said

mathematically discriminating comprises:

correcting the determined spectrally-resolved noise contribution by adding 2
correction term obtained from the ratic K and the quantitative indication of noise
contribution , so as to remove any noise contribution due {o noise in the reference.

14. The method as claimed in claim 1, wherein said mathematically discriminating
is achieved by differential comparison of said test optical spectrum trace and
refarence optical spectrum trace, said mathematically discriminating comprising:

calculating a noise-free relative ratio K by dividing the difference of the test
optical spectrum trace at two wavelengths A1 and A2 by the difference of the reference

optical spectrum trace at same said two wavelengths A1 ana AZ2;
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calculating said noise contribution in said signal-under-test by subtracting
from the test optical spectrum trace, said spectral shape trace multiplied by the ratio K.

13. The method as claimed in claim 1, wherein said mathematically discriminating is
achieved by differential comparison of said test optical spectrum trace and
reference optical spectrum trace, said mathematically discriminating comprising:

processing said test optical spectrum trace with a first resolution bandwidth
RBW1 and a second resclution bandwidth RBW2 to obtain respectively Prewi and

Prawz,

processing said reference optical spectrum trace with the first reselution
bandwidth RBW1 and the second resolution bandwidth RBW2 to obtain respectively
Rrewt and Rrawe; and

obtaining a relative accrual from RBW1 to RBWZ2 in the reference optical
spectrum trace as a ratic a of Rerewe and Rraws

estimating the noise comprised in the first resolution bandwidth RBW1 on the
test optical spectrum trace using: (Prew: — O Prew Y{(RBW2Z/IRBW1 — a}.

16. The method as claimed in ciaim 2, wherein said mathematically discriminating is
achieved by differential comparison of said test optical spectrum trace and said
reference optical spectrum trace, said mathematically discriminating comprising:

processing said test optical spectrum trace and said reference optical
spectrum trace with a first resolution bandwidth RBW1 to obtain respectively Prawi{A)
and Rrewi(A);

processing said test optical spectrum trace and said refersnce optical

spectrum trace with a second resolution bandwidth RBW2 to obtain respectively
Prews(A) and Rrewsa(d), where RBW2 is greater than RBW1;

calculating values of the processed traces at the wavelength Apk

corresponding to the peak power value on the test optical spectrum trace to obtain
Prewi{Apk), Rrewi{Apk), Prewz{Apk) and Rrawz{Apk);
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caicuiating the ratio K defined as the ratio between said signat contribution in

said signal-undertest and sald spectral shape trace by using K = ((RBW2/RBW1)*
Prawi(Aok)~ Prew(Apk) ) ({RBW2/RBW1 ) Rrswi{Apk)- Rrawa(Apk});

caloulating said noise contribution in said signal-under-test by subtracting

from one of ihe processed test optical spectrum trace Prawi(Apk), Prewzlr}, the

corresponding processed reference optical spectrum trace Rrewi{Apk), Rrewz{h)

muttiplied by the ratio K

19.

oS ¥

The method as claimed in any one of claims 1 to 18, wherein said noise

parameter is the Qptical Signal-to-Noise Ratio (OSNR) which is determined
from the mathematically discriminated sighal and noise contributions.

spectrum frace is acquired using an optical spectrum analyzer.

The mathod as claimed in any one of claims 110 18, wherein said data-carnying

signal contribution of said optical signal-undertest comprises a plurality of

multiplexed data-carrying signal contributions.

A method for determining the optical signal-to-noise ratio of an optical signai-
under-test (SUT) propagating along an optical path, comprising at least one
data-carying signal contribution of any arbitrary degree of polarization and a
Boise contribution within an optical signal bandwidth, whersin spectral resolution
means are employed to measure the spectrally-resolved optical SUT, the

abtaining & spectraliy-resolved optical spectrum of the optical signal data

from sald optical signabundertest, said data corresponding to wavelengths within a

spectral range encompassing at least a portion of said optical signal bandwidth;

. 0 - +

obtaining, at a different point along said optical path, a different spectrally-resolved

optical signal as a refergnce signal, said reference signal comprising the same
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data-carrying signal contribution, and said reference signal being characterized by a
known optical signal-to-noise ratio;

mathematically discriminating said at least one data-carrying signai
contribution from said noise contribution within said optical signal bandwidth based on a
mathematical comparison of said optical spectrum data with said reference optical

spectrum data;

determining an in-band noise level on said optical SUT from the
discriminated noise contribution; and

determining the optical signal-to-noise ratio from the determined in-band
noise level, the optical signal-to-noise ratio being indicative of the noise contribution
within the optical signal bandwidth.

27, An apparatus for determining an in-band noise parameter on an opticai signal-
undertest (SUT) propagating along an optical communication link and
comprising a data-carrying signal contribution of any arbitrary degree of
polarization and a noise contribution within an optical signal bandwidth, the

apparatus comprising:

measurement means for obtaining a test optical spectrum trace of said optical signal-
under-test at a test point along said optical communication link, said test optical
spectrum trace corresponding to a spectral range encompassing at least a portion
of said optical signal bandwidth;

an input for receiving a reference optical spectrum trace of a reference signal
comprising a signal contribution spectraily representative of the signal contribution
of said signal-under-test, and a quantitative indication of a noise contribution over
sald optical signal bandwidth;

processing unit for mathematically discriminating said signal contribution from said
noise contribution in said signal-under-test, within said optical signal bandwidth,
using said test optical spectrum trace and a spectral shape trace of said signal
contribution in said signal-under-test estimated using said reference optical

spectrum trace; and
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an in-band noise determining unit for determining said in-band noise parameter on said
optical signal-under-test at least from the mathematically discriminated noise
contribution,
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