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Executive summary

Relying on literature reviews and laboratory experiments, this deliverable specifies which
physical layer parameters are of the utmost importance to monitor in present and future
optical networks. This deliverable also presents existing technical solutions to monitor
parameters of interest using software solutions, thus leveraging the monitoring capacities of
coherent transponders towards dynamic networks.
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Introduction

In this deliverable, relying on the most recent literature and the technical state of the art, we
provide examples of parameters that are likely to make a difference if monitored and used
at the scale of the network. Moreover we provide rational methods that can be used to
determine which parameters should be monitored, and eventually assess the benefits such
monitoring could bring.

A short literature review on software-based optical performance monitoring (soft-OPM) is
enough to demonstrate the huge amount of parameters that could be monitored using
state-of-the-art coherent transponders integrating an extra software layer. This layer would
be dedicated to recycle data from the coherent demodulation process to turn the coherent
transponder into a multi-purpose measuring instrument.

It is highly probable that with enough development, any physical layer parameter could be
measured with sufficient accuracy to be thought as reliable information, in the context of
dynamic networks, for network optimization.

Accordingly, how to measure a parameter is not as topical a question as which parameter to
monitor. When the first question can be considered as a purely technical issue, the second
can be thought of as far more complicated to answer. Indeed, knowing which parameter to
monitor requires to imagine at the scale of an entire optical network how this extra
information can be used for optimization purposes, then to figure out if the scheme involved
would bring sufficient benefits to be adopted by the industry.

In Section 1, we review margins used in optical networks and show how they can be reduced
through proper design to increase network capacity. In this study, flexible optoelectronic
nodes coupled with optical monitoring appear as keys to fully leverage network margins.
Also, the study shows how physical parameters that play a major role in the performance of
a link could be monitored during training phases in order to reduce design margins in
network update scenarios.

From section 1, we build a better understanding on how the monitoring of parameters that
impact performance can leverage benefits. In Section 2, we thus explore all possible effects
and associated physical parameters that may impact performance in a coherent optical
network. In the same approach, we focus on Section 3 on filtering effects which are
expected to have the most impact in future optical networks as bandwidth occupancy
reaches its limits. We experimentally study how filtering effects from Reconfigurable Optical
Add/Drop Multiplexer (ROADM) nodes may impact the performance of the transmission,
and therefore underline the importance of monitoring the equivalent filter cascade of a link.
In particular we show that, in metro networks, optimal pulse shaping should not be solely

www.orchestraproject.eu 11/73
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driven by bandwidth reduction and spectral efficiency as in long-haul networks. Then, in
Section 4, we provide a state of the art review of published monitoring algorithms that could
be employed for the purposes of ORCHESTRA project, followed by an experimental
assessment of some of these algorithms in Section 5.

Finally, in Section 6, we conclude with a restricted list of parameters that seem to be the
most suited to monitor and utilization in the context of ORCHESTRA.
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1. Design of low-margin optical networks

The work presented in this section led to publication [1].

1.1. Margins in optical transport networks

Significant margins are considered as mandatory to ensure that an optical network supports
the planned demand capacity during network deployment or when deploying a new service
(a lightpath) virtually error-free during operation over the full network life, which may span
several decades. At the optical layer, the margin of a lightpath may be quantified as the
difference between the actual quality of transmission (QoT) metric (e.g., electrical or optical
signal to noise ratio (SNR/OSNR), Q*-factor, reach, bit error rate) of the signal supporting the
lightpath, and the threshold above which the signal is deemed recoverable error-free (i.e.,
the Forward Error Correction (FEC) limit). In [2], Augé proposed the following margins
taxonomy: system margins (thereafter, S-margins), unallocated margins (U-margins), and
design margins (D-margins).

Signal “quality” (SNR, Q? factor, reach ...)

| Actual signal Actual amplitude
b of the fast varying
Planned |Design margin | | N\ penalties
BoL
(
vate Unallocated
margin
b~ Planned
et EOL
S . 1| value
stem [T T ;
m)alrgins ,loading ~~~~~~ ' ACtua.l
| (Nonlinearities) T 1{margin
Fast time varying penalties at Eol
FEC Operator margin L
limit ; ; .
A > time

Planning  Beginning of Life - BoL End of Life - EoL

Figure 1-1: Margins and their evolution in a transport optical network.
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In the following, we first review the margins types, their key characteristics and their typical
values. We then explain how each type of margin can be reduced through careful network
planning, using a combination of flexible equipment (transponders — TRX —, optical and
electronic switching fabrics) for the U- and S-margins, and monitoring for the D-margins.
Last, we outline the upcoming challenges to design and operate a low-margin network.

S-margins account for time-varying network operating conditions. S-margins include fast
varying impairments such as polarization effects, and slow varying impairments; the latter
are due to either increasing channel loading during the network life, which translates into
additional nonlinearities, or to network equipment ageing: increasing fibre losses due to
splices to repair fibre cuts, degrading amplifier noise factor, and detuning of the lasers
leading to misalignment with optical filters in the intermediate nodes. S-margins may include
an additional operator margin [2]. S-margins define the minimum quality value of the signal
to be met at network Beginning of Life (BolL).

U-margins encompass both the capacity and reach margins, i.e., the difference of
capacity/reach between the demand and that of the equipment, in particular the TRX that
are really deployed. U-margins result from the discrete datarate and reach granularity of
commercial transmission equipment.

D-margins are the difference between the planned BolL value and the real value of the
quality metric, and are due to the inaccuracy of the design tool used to evaluate the QoT of
all signals during network planning, which stem from two main sources: the inaccuracy of
the inputs of the QoT model, and the inaccuracy of the QoT model itself. Margin evolution
with time is illustrated in Figure 1-1 and typical values can be found in Table 1-1. As an
example, consider a 600 km long lightpath carrying a 100G PDM-QPSK signal with soft
decision FEC active for 10 years in a network with route-and-select optical crossconnects
(i.e., 2 filters per intermediate node), 100 km fibre spans of standard single mode fibre with
no in-line dispersion compensation, 1 node every 100 km, and amplifier noise factor of
4.5 dB. Assuming 2 dB (SNR) margins for the nonlinearities, the S-margins are 4.7 dB. At Bol,
assuming a completely unloaded system and using the model in [3], and accounting for
penalties of 1 dB for TRX and 0.03 dB per filter, the reach of such a system is ~7100 km
resulting in a combined U- and S-margins of 10.7 dB, i.e. U-margins of 6 dB. We assume D-
margins of 1 dB, resulting in an 11.7 dB SNR margin at BoL. Assuming that components have
aged as planned (typically a worst case) and that the network is fully loaded, the S-margins
ideally amount to 0.4 dB (i.e., fast varying effects) at network End of Life (EoL), for a total EoL
margin of 7.4 dB.
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Table 1-1: Margin types and typical values

Margin type SNR Margin Margin type SNR margin
Unallocated margins (U) Several dB Fibre ageing (cuts) (S) 1.6e-3 dB/km/year (OSNR) [6]
Design margins (D) <2dB[2] Nodes ageing (filtering) (S) | 0.05 dB / filter [7], [8]
Nonlinearities (S) 1.5-3dB [4] Transponder ageing (S) 0.5 dB [8]
Amplifier NF ageing (S) 0.7 dB [5] Fast variations (S) 0.4 dB [9]

1.2. Flexible equipment for unallocated and

system margin reduction

As explained in [2], U-margins are not known until the network is deployed, and thus can
only be leveraged after deployment or on network upgrades. U-margins may be partially or
even completely used through the utilization of a rate-flexible transponder (flex-TRX), which
adjusts its datarate to the targeted reach. Coarse granularity flex-TRX (e.g., 100/200/400G)
will use only part of the U-margins, while fine granularity flex-TRX (leveraging for instance
time hybrid QAM or 4-D modulation formats) [10],[11],[12] may use all of it.

S-margins are also known after network deployment, and may vary with time. Fast time
varying effects, such as fast SOP variations, that are not directly mitigated through TRX
digital signal processing may be translated into capacity only at the expense of reduced
network resilience, or to time-varying transported capacity which may temporarily be below
the demand.

Slow varying effects such as nonlinear effects, which increase as new channels are lit, and
component ageing, are more predictable, and may be leveraged when upgrading the
network. To fully leverage S-margins stemming from network loading (i.e., from nonlinear
impairments), careful power allocation is required; in fact, each lightpath may have its own
modulation and power, leading to a RMSPA (routing, modulation, spectrum, power
allocation) network design problem. At the lightpath level, [13] shows that, when accounting
for the exact link load, the reach for a standard PDM-QPSK signal is almost double at BolL
compared with EoL (see also D4.1); the highest reach gains are achieved in lightly loaded
networks when nonlinearities are smaller, i.e., in the early stages of the life of the network.
At the network level, the supported traffic capacity increase through leveraging the
(nonlinear) S-margins yields a capacity gain of ~30% for a continental network, while the
joint exploitation of the U- and S-margins (nonlinear effects only) reaches 60% [4]. Authors
in [14] find similar results for continental networks.
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Furthermore, margin reduction through equipment data rate variation enables to use costly
equipment at maximum capacity upon network deployment, and to delay investments to
later stages of the network life to benefit from equipment cost erosion [15]. The impact of
such multi-year network planning is further studied in [8], where slow variations only
account for ageing (typically 2 dB in a national network).

1.3. Monitoring for design margin reduction

D-margins come from the uncertainty of both the QoT estimation tool, and of the inputs of
the tool, which include topological information (link attenuation, chromatic dispersion map
...) and network equipment characteristics (amplifier noise factor, filter alignment ...).Those
two effects are fundamentally difficult to separate and their compounded impact is only
known at deployment time. It is, however, possible to reduce the QoT tool inputs
uncertainty through monitoring techniques, in order to make more accurate QoT prediction
for new lightpaths during network upgrades. Consider the 2-step process illustrated in Figure
1-2. A resource allocation tool (e.g., RMSPA) is used at network planning time, with
imperfect knowledge of the topology G+¢&g (where G abstracts the actual physical topology
e.g. link lengths, dispersion map,... and &g quantifies the uncertainty on G) and imperfect
knowledge of the deployed equipment characteristics E+gg subject to traffic demand D.
Uncertainties are accounted for a resource allocation algorithm via D-margins m=f(eg,&e);
these margins can be pre-defined or dependent on each lightpath, e.g. longer lightpaths may
be associated with higher margin as in [16].

Topology: G+gg Planning tool | Equipment physical . _,G"E,G Planning tool
Equipment physical | (€-8. RSMPA) cr,1ar,acteristics: Physical layer (e.g. RSMPA)
characteristics: including | E’+e’; parameters ‘ including | pr,e»
Evee Q.oT‘ QoT for all estimator E+e’; Q'OT. —
3| prediction lightpaths: — prediction Q+€”g

Demand: D tool Qrefy D’ tool
() . 1\ Monitors (b)

Design margin: m=f(g , &) m'(€’g, €'g) <m

Figure 1-2: Design margins reduction with monitoring. (a) Training phase; (b) Estimation phase.

After the network is deployed, D-margins are known and may be mitigated with flexible
equipment as with the U- and S-margins, however, any new lightpath will still be subject to
the original D-margins. To avoid this, it is possible to leverage the wealth of path-level
monitoring information made available by coherent receivers almost for free, including
received power, residual chromatic dispersion, noise level, and polarization [17]. This
additional information can be used to feed a “physical layer parameters estimator”, which
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goal is to refine the knowledge of the underlying physical layer (Figure 1-2a) and thus
decrease (&g, &) to (€'6,€’e). The network planner will then be able to use lower D-margins
m’(g’g,€’g) when establishing a new lightpath upon a network upgrade (Figure 1-2b). Observe
that QoT estimators typically require link-level characteristics while coherent receivers yield
path-level measurements; link-level metrics may be obtained via correlation techniques such
as network kriging [18] when the characteristics are linearly additive (i.e. addition of link-
level metrics yields path-level metric), or more advanced techniques such as machine
learning, which are better adapted to nonlinear network characteristics [19]. Suitable
correlation techniques are described further in depth in WP4, and more specifically in D4.1.

1.4. Challenges

Although designing low-margin networks can result in a clear network capacity increase
(60%, not accounting for the D-margins [4]), translation into CAPEX gains will prove
challenging for the following reasons. First, margins are highly fragmented, despite the total
margin reaching an appealing 10 dB or even more, as mentioned in the example above. The
U-margins (several dB) are easier to leverage, essentially requiring flexible transponders.
Within the S-margins, the fast variable component (a fraction of a dB) will be difficult to
leverage, as either a fast variable transponder, or a fast reconfigurable network
infrastructure, would be needed. Ageing excluding nonlinearities may reach 3-4 dB, which
can only be exploited with proper monitoring. Network loading (nonlinearities) may amount
to another 3 dB, but exploiting them requires fine, difficult per-wavelength power tuning.
Sophisticated spectrum allocation (adjusting the spectrum guard band between light paths
crossing the same fibre) may also help. Mitigating D-margins, which account for less than
2 dB, requires advanced monitoring and control plane support for information correlation
[20].

Hence, a flexible network infrastructure is required to fully exploit most margins. Deploying
flexible interfaces and varying their capacity with time, however, means that the interfaces’
client and WDM sides should be independent. Indeed, demands (on the client side) should
be met even when the interface WDM rate changes to adjust to a varying margin. Multilayer
nodes that are able to dynamically map electronic resources to optical resources are thus
needed. Electronic switching, in addition to the optical transmission equipment, should
therefore be provisioned appropriately. This calls for multilayer (electronic and optical),
multi-year (accounting for foreseeable ageing such as nonlinearities) routing, spectrum,
modulation format, power allocation algorithms relying on monitoring information to
constantly adjust network capacity and capacity prediction to the true network state.
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1.5. Conclusions

Network margins, although plentiful, require a variety of technologies to be fully exploited
and translated into additional capacity: flexible reconfigurable equipment, multilayer
electrical/optical nodes and transponders, monitoring, multi-year dimensioning algorithms
that can adjust the power of each lightpath and (scalable) support from the control plane.
ORCHESTRA extends the state of the art in several of these technologies, targeting to bring
solutions that enable margin reductions closer to the market.
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2. Coherent transmission systems and fibre
transmission impairments

Coherent optical communication is a key enabling technique to satisfy the high data rate
requirements in future core networks. Thanks to high-speed electronic devices, coherent
detection can now be implemented at very high bit rates, enabling the use of digital signal
processing (DSP) techniques against the impairments that the signal undergoes through its
physical propagation in fibre and other optical devices. Coherent TRX, nevertheless,
introduce their own impairments, which are described in Section 2.1.

Transmission impairments can be categorized into two classes: linear and nonlinear. The
major linear impairments (Section 2.2) are chromatic dispersion (CD), polarization mode
dispersion (PMD), and polarization dependent loss (PDL). Besides, additional transmission
degradations effects should be taken into account, such as power equalization errors that
cause optical signal-to-noise ratio (OSNR) unbalancing between OCh in a DWDM comb, and
cumulative filtering effects due to flexgrid ROADM. All nonlinear effects (Section 2.3) are
described by the Nonlinear Schrodinger Equation (or the Manakov Equation taking into
account polarization) through the parameter y i.e. the ratio between the silica Kerr
nonlinear refractive index n, and the fibre effective area A Although they are traditionally
described as self phase modulation (SPM), cross phase modulation (XPM), four wave mixing
(FWM) etc., they are deeply interconnected and ultimately they can be considered different
manifestations of the Kerr effect.

We depict a typical transmission line with no dispersion compensation in Figure 2-1. Signals
travel from transmitter to receiver (where the signal beats with the light from a local
oscillator for coherent intradyne reception) after traveling over optical fibre, amplifiers, and
crossing optical switches.

—@—D—@‘ Optical -@—D—@—b
T . Switches Rx

Amplifier — T
Transmitter foaiar

Figure 2-1: Transmission system with no dispersion compensation.
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2.1. Impairments from coherent transponders

2.1.1. Frequency mismatch between Tx and LO lasers

In coherent intradyne systems the transmitter (Tx) and local oscillator (LO) lasers are neither
frequency-, nor phase-locked to each other. As a consequence, there will always be a slight
offset in the emission frequencies of the two lasers, which manifests itself as a proportional
rotation of the constellation at the output of the coherent receiver (i.e. after opto-electrical
down conversion to the baseband). Large frequency offsets (foff) are also undesirable since
they result in a baseband signal that is shifted and no longer centred on zero, leading to
spectral distortion through the low pass response of the analogue front end. Frequency
accuracy of commercial temperature-stabilized ECL and DFB lasers can typically be +1-2 GHz,
while time stability is of the order of +0.2 GHz over 12 hours [21] . From the point of view of
the receiver DSP, the frequency drift is extremely slow compared to other effects, and can
therefore be considered constant over the demodulation process. In general, the more
useful measure is the frequency offset x symbol period product (foTs), since the adverse
effects are inversely proportional to the symbol rate of the system.

Let x[n] = I[n] + jQ[n] denote a transmitted sequence of complex M-QAM symbols, over a
single polarization. After transmission and coherent reception, the symbols are corrupted by
complex AWGN noise, g[n], phase noise due to the combined linewidths of the Tx and LO
lasers, @[n], as well as frequency offset, fo. Following ideal symbol clock recovery and
equalization in DSP, the received noisy sequence at times t = nT; (integer n) is given by:

y[n] = (x[n] + g[n])ej(zn'foffnTs+‘P[n]) (1)

Ignoring phase noise, it is easy to see that a constant fu results in a constant rotation of the
noisy received symbols.
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Quadrature Amplitude

I-n-Phase.AmpIitude

Figure 2-2: lllustrating effects of laser frequency offset and phase noise in a QPSK intradyne system

As long as foff is much smaller than the symbol rate, the rotation of the constellation is easily
estimated, tracked and reversed by the receiver DSP. For QPSK, simple phase-increment [22]
frequency offset estimation (FOE) schemes suffice, since the modulation can be easily
removed using the Viterbi-Viterbi 4™ power technique, and the carrier can be isolated. For
higher order constellations, more complicated schemes are needed (e.g. [23], [24]). After
initial estimation, the offset can be tracked over time by any of the algorithms used for
mitigation of linewidth-induced phase noise (see next section). Finally, amplitude noise in /
and Q components of the received signal translate to additional phase noise that adversely
affects the estimation accuracy of all algorithms. Appropriate filtering of the estimate is
therefore necessary.

2.1.2. Phase noise from Tx and LO lasers

A single-frequency laser is not perfectly monochromatic, exhibiting a certain amount of
phase noise and leading to a finite linewidth of the laser output. Like frequency offset, this
causes phase variations from symbol to symbol in the received constellation of an intradyne
receiver, with the difference that successive offsets in this case are random and rapidly
varying. The phase noise due to the combined linewidths of both the Tx and Rx lasers can be
described by a random walk where the phase difference between any two observations in
the received signal follows a Gaussian distribution, the variance of which is proportional to
the time between the observations. Laser phase noise is therefore modelled as a Wiener
process with a variance given by:

o0’ = 2mwAvT (2)
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Where T is the time between observations and Av is the 3 dB optical linewidth. Since the
effect of phase noise is inversely proportional to the symbol rate, laser linewidth is more
often expressed in normalized form in terms of linewidth x symbol period product (AvT;).
Typical linewidths of commercial lasers is in the MHz-range for DFBs and KHz-range for ECLs.
Normalized to the symbol rates of state of the art commercial transceivers (28-32 Gbaud),
this leads to values of AvT = 10°to 10,

Carrier phase recovery (CPR) algorithms are straightforward to implement for QPSK; the
Viterbi-Viterbi Fourth Power estimator (VV4E) [25] provides an effective means of
modulation stripping, after which the phase can be accurately tracked. For 16-QAM and
beyond, however, removing the modulation with the VV4E is not possible, since not all
symbols lie on equidistant phase axes (90°), as is the case with QPSK. Current schemes
therefore rely on alternative methods such as QPSK partitioning [26], the nonlinear least
squares (NLS) method [27], or the computationally intensive Blind Phase Search (BPS)
algorithm [28]. The best schemes achieve linewidth tolerances of ~10™ for 16-QAM, leaving
sufficient operating margin given the linewidths of commercial lasers.

2.1.3. Specific transmitter-side impairments

¢ 1/Q Gain Imbalance
I/Q gain imbalance is due to a non-optimal setting of the powers of | and Q RF drive signals.

A direct consequence is a disparity of SNR between | and Q signals. 1/Q gain imbalance is
characterized by a rectangular constellation.

¢ 1/Q Modulator Bias Error
I/Q modulator bias errors are due to a non-optimal setting of I, Q or both modulator biases.

This error tends to close the eye diagram of the related signal, implying reduced quality of
transmission.

¢ |/Q Quadrature Error
I/Q quadrature error happens when the recombination phase for the quadrature signal is

not exactly 90°. This results in I/Q crosstalk. I/Q quadrature error is characterized by a
rhombic constellation and multiple rails and | and Q eye diagrams.

e Deterministic Data-Dependent Jitter
Deterministic data-dependent jitter is due to a deterministic jitter contained in | and Q RF

drive signals, originating from the driver circuits. It creates a deterministic opening of the
centre of the constellation.

e Random Data Clock Jitter
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Random data clock jitter occurs when RF drive signals contain a random clock jitter, for
example from the VCO reference. The timing jitter cannot be observed in the constellation.
Jitter beyond the clock recovery bandwidth will close the decision area in the time domain.

e Dual-Polarization crosstalk
Dual-polarization crosstalk at transmitter output can occur when polarization multiplexing is

not optimal. This crosstalk is characterized in the constellation diagram by the presence of
pseudo-symbols.

e |/Q Data Skew
I/Q data skew occurs when the delay D1 between | and Q drive signals is not optimal. It

results in an opening of the centre of the constellation.

2.2, Linear propagation effects

2.2.1. Attenuation / Received Optical Power

Received optical power is a crucial parameter in direct detection single span optical system
where receiver sensitivity is a function of the span length. In multi-span optical systems,
where chains of optical amplifiers are employed, received optical power is usually kept
constant by preamplifier optical output power control loop, while noise accumulation is the
function that is directly related to span attenuation increase.

Moreover, in an optical system with coherent detection, another element has to be taken
into account: information bits are coded in amplitude and phase over two polarisation
modes and the received optical power is an overage of data encoded in those four
dimensions. For each of them a received optical power value should be specified and this
can only be done after beating with the local oscillator; so the received optical power is the
amount of signal that effectively beats with the receiver.

On the contrary, some more sophisticated monitoring systems can provide the power of the
beating with the local oscillator for each carrier (LSIOPCUR power); the measurement results
in Fig refer to a four WDM carriers super-channel in a flexgrid configuration.

It can be seen that Q factor as a function of this value is almost constant. If OSNR is kept
constant, independently from the number of carriers, overall power could increase but
carrier beating signal (LSIOPCUR) is the key parameter that is related to Q factor.
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Figure 2-3: Q factor as a function of carrier optical power estimated from electric signal after LO

2.2.2. ASE

Amplified Spontaneous Emission (ASE) is the main source of noise in EDFA amplifiers; noise
cumulates along a chain of amplifiers, in an end-to-end optical link. ASE is usually not
measured by monitoring systems, since what is important for the QoT is the OSNR value.
OSNR itself is not measured in present commercial DWDM systems, but rather estimated
from amplifier parameters (G, NF) and measured span attenuations.

A general expression for the final OSNR at the receiver, as a function of the different OSNR;
of the single amplification spans, is:

N, -1
OSNR = ZL G, +1~G,
~ OSNR

What is measured at the DSP is usually the error vector magnitude (EVM). This parameter
includes also other types of distortions, like crosstalk and nonlinear impairments, in addition
to cumulated optical noise.

2.2.3. Back-reflections

Reflectance or optical return loss (which has also been called "back reflection") of a
connection is the amount of light that is reflected back up the fibre toward the source by
light reflections off the interface of the polished end surface of the mated connectors and
air. It is also called Fresnel reflection and is caused by the light going through the change in
index of refraction at the interface between the fibre (n~1.5) and air (n~1). Reflectance is
primarily a problem with connectors but may also affect splices. Properly made fusion
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splices will have no reflectance; a reflectance peak indicates incomplete fusion or inclusion
of an air bubble or other impurity in the splice. The amount of light reflected is determined
by the differences in the index of refraction of the two fibres joined, a function of the
composition of the glass in the fibre, or any air in the gap between the fibres.

Reflectance in a fibre is measured with an optical time domain reflectometer (OTDR). The
OTDR measures the amount of light that's returned from both backscatter in the fibre and
reflected from a connector or splice.

Reflectance

Figure 2-4: Reflectance Peak in an OTDR measurement

In an OTDR, the peak that identifies a reflective event is measured and reflectance
calculated. Higher peaks indicate higher reflectance. Reflectance is defined by the amount of
light reflected compared to the power of the light being transmitted down the fibre. Thus a
1% reflectance is -20dB, which is about what you get from a flat polished air gap connection,
and 1 part per million would be -60dB, typical of an APC connector. Return loss is the
opposite, the amount of loss at the level of the return signal, so -20dB reflectance is 20dB

return loss.

Table 2-1: Typical reflectances according to connector type

Connector Type Typical Reflectance
Flat with air gap -20dB
Physical Contact (PC) -30to -40 dB
Ultra PC -40 to -50 dB
APC (angled) -60 dB or higher
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Reflectance is one component of the connector's loss, representing about 0.3dB loss for a
non-contact or air-gap connector where the two fibres do not make contact. Furthermore,
reflectance is sensitive to polarization effects. Carrier networks are often comprised of
various types and vintages of optical fibre and splices between cable sections. Older
embedded fibre may have mechanical splices that exhibit high reflections, and/or it may
have higher transmission loss, in which case the use of distributed Raman amplification may
be utilized to bridge long spans [29]. Multiple reflections along a transmission link or double
Rayleigh scattering within a fibre amplifier cause time-delayed replicas of the signal to occur.
These delayed signals beat with the signal at the receiver and cause the impairment known
as multipath interference (MPI). Multipath interference penalty occurs as result of cascaded
patch cord with connectors having finite reflection. Each patch cord resembles a Fabry-Perot
Etalon and cascaded patch cords acts as an external cavity. Each patch cord may go through
destructive or constructive interference as result of temperature, pressure, movements,
polarization. A simple approximation to calculated multipath interference is provided by D.
Duff [30] where it assumes reflections from more than two patch-cords are negligible.

P

i = 10-log, [1-4N /R R, |(dB)

where N is the number of patch cords cascaded, R; and R, are reflection at each end of patch
cord. For coherent, dual polarization signals, MPI-induced penalties are practically
polarization independent, because the PM-QPSK signal is essentially polarization scrambled.
At 3.8x10"° BER, approximately 1dB of OSNR penalty was observed for -16 dBc of MPI,
whereas a typical MSA transceiver tolerates -15 dBc of MPI with 1 dB of OSNR penalty at
1.9x1072 BER count. The SD-FEC threshold remained at the same pre-FEC BER for MPI as high
as —10 dBc, thus indicating that noise from MPI is not degrading the SD-FEC performance.

MPI occurs when the optical signal is multiply reflected within transmission fibre. Distributed
Raman amplification can significantly increase the amount of MPI in a system. Crosstalk in
photonic devices can cause similar in-band, incoherent crosstalk.

The MPI is primarily attributed to double-Rayleigh scattering along the length of the
transmission fibre. The level of MPI becomes intolerable if reflections (such as Rayleigh
backscattering or discrete reflections) lie in the region of amplifier. This is because the MPI
components are amplified multiply with the gain of amplifier. Double Rayleigh scattering,
which is inherently generated within the transmission fibre, would induce a large amount of
MPI with a high Raman gain: this MPI imposes a fundamental limitation on Raman amplified
systems’ performance [31], [32]. Recently, there have also been some efforts to investigate
the combined effect of MPI with ASE noise [33] or relative-intensity noise (RIN) of pump
laser [34]. Especially, in fibre Raman amplifiers, pump-intensity noise could be transferred to
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signal, which, in turn, causes a pump-to-signal crosstalk [35]. In order to suppress the effect
of this crosstalk, counter-pumped configurations have been widely used in Raman amplified
systems. This is because the different direction of signal and pump propagation could
average the impact of pump-to-signal crosstalk in counter-pumped configurations. However,
it has been reported that the MPI would be enhanced by the pump-intensity noise in a
counter-pumped Raman amplifier [34]. In order to evaluate the enhanced amount of MPI
with pump intensity noise, we can assume that the MPI component experiences the
different Raman gain when it propagates in different directions. That is to say, the co- and
counter-pumping gains of fibre Raman amplifier are slightly changed by the gain fluctuations
due to pump-intensity noise [34]. Then, the modified equation for the MPI with pump-
intensity noise is given by

S
In( G;e_ o G;e_._q )
as Leff

MPI(L,,) =

)2 ((;R_ co C;R_ ct )eigakiﬂ —1—(In( C;R_co C;R_ el )— 20{51’0{{ )]
-2

where L is the effective length of fibre, a5 is the attenuation at the signal wavelength, S is
the Rayleigh backscatter capture coefficient, Gg , is the co-pumping Raman gain, and Gg . is
the counter-pumping Raman gain. If MPI is calculated as a function of fibre Raman gain,
taking into account the fact that intensity noise levels of commercially available Raman
pump laser modules are generally lower than -90dB/Hz, the effect of pump intensity noise
on the enhancement of MPI would be negligible. Pump-to-signal crosstalk would be
generated by the transfer of pump-intensity noise to signal-intensity noise. It has been
reported that pump-intensity noise levels as high as -60dB/Hz are suitable for counter-
pumped Raman amplifiers with negligible system penalties. Additionally a high reflection
(larger than -20 dB) could enhance the effect of pump-to-signal crosstalk for counter-
pumped Raman amplifiers [36], [37].

( \\I signal
4

Figure 2-5: Effect of discrete reflectance on pump-to-signal crosstalk for a counter-pumped Raman amplifier.
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L is the length of fibre, z” is the reflection point, and R is the discrete reflectance

Assuming that a discrete reflectance of R is located at point z° in a counter-pumped Raman
amplifier, as shown in Figure 2-5, the signal could be reflected by the discrete reflectance at
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Z' in both directions; the original signal reflected back to the start of the fibre span and the
Rayleigh-backscattered signal reflected to the end of the fibre span. These reflected signals
would increase the amount of MPI. The degradation in system’s performance could be
estimated by using the quality factor (Q) penalties of counter-pumped Raman amplifier as a
function of discrete reflectance, reflection point and Raman gain, respectively. In this
calculation, transmission through a 100-km long non-zero dispersion shifted fibre was
assumed (D = 2 ps/nm/km, ap = 0.25 dB/km) and amplified by using a Raman pump module
which had a pump-intensity noise of -90 dB/Hz. Q-penalties would be negligible as long as
the value of reflectance was less than -20 dB and the reflection point was located outside
the effective length of fibre. It is clear that as reflection point approaches closer to the end
of fibre span, a larger amount of residual pump power would be reflected and co-
propagated with signal, which in turn causes a larger pump-to-signal crosstalk-induced Q
penalty. From the results, we confirmed that the pump-to-signal crosstalk could be
enhanced significantly, only when a high reflection (larger than -20 dB) occurred within the
effective length of transmission fibre. Therefore, the enhancement of pump-to-signal
crosstalk wouldn’t be negligible if care hasn’t been taken to eliminate all discrete reflections
within the effective length of transmission fibre.

2.2.4. Chromatic Dispersion

In an optical fibre, Chromatic Dispersion (CD) is the frequency dependence of the
propagation constant 3 for a given guided mode. This is due to material dispersion, i.e. the
frequency-dependence of the refractive index for bulk fibre materials, and to modal
dispersion which is the intrinsic frequency-dependence of a guided mode in absence of
material dispersion, related to the presence of frequency in the dispersion equation.

When a light pulse propagates into a fibre, chromatic dispersion delays spectral components
more than others, thus broadening the pulse both spatially and temporally. This is why CD is
typically characterized by the group velocity dispersion D expressed as:

where c is the speed of light in vacuum, A the wavelength and @ the frequency. By
convention, D, as a fibre characteristic, is given in ps/(nm.km). This means that for each
kilometre of propagation, a 1Inm-wide pulse is temporally broadened by D picoseconds.
Because of temporal broadening, consecutive transmitted symbols tend to merge in the
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temporal domain, creating Inter-Symbol Interference (ISI). The main consequence of CD is
thus an increased difficulty to distinguish amplitude levels of 1/Q signals at reception.

Since shorter symbols are spectrally larger, this effect is all the more important that the
baudrate is high. Chromatic dispersion also plays an indirect role in optical transmissions
through the way it affects non-linear propagation effects. A major advantage of coherent
transmissions for mitigating CD is the phase-sensitivity of the detection, allowing the
characterization and correction of CD by relatively simple digital signal processing (DSP)
algorithms. With such technique, temporal delays of up to 20,000 ps due to CD -
corresponding to thousands of kilometres of propagation - can be easily corrected. One
efficient method to compensate for CD is to apply a Finite Impulse Response (FIR) filter to
the digitized signals. The filter coefficients are calculated so that filter frequency response
precisely compensate the frequency-dependent propagation constant. In simple terms, the
filter reverses the effect of CD accumulated during propagation.

2.2.5. Polarization Effects (PMD and PDL)

Single-mode optical fibres actually have two propagation modes, corresponding to
orthogonal polarization states. Using these two polarization states doubles the amount of
data that can be transmitted through a single-fibre, provided that the signals carried by each
polarization can be separately detected at reception. Polarization effects such as
Polarization-Mode Dispersion (PMD), Polarization-dependent-Loss (PDL) and Polarization
Rotation (PR), by individually modifying and coupling signals carried by orthogonal
polarizations with complex coefficients, make polarization demultiplexing paramount for
recovering independent input signals at reception. The effects of PMD, PDL and PR are best
described introducing Jones formalism. Input and output polarization states S,y and Sy are
modelled by two-dimensional vectors in an orthonormal basis. The polarization-state
transformation occurring during transmission from transmitter to receiver is described by a
2x2 complex matrix M:

Sour = MSiy
(SX,OUT> _ (A B) (SX,IN)
Sy,out C D/\Syin

A, B, C, D are complex coefficients. We point out here that, whereas A and D are only
responsible for independent signal modifications, B and C directly appear as coupling
coefficients between the initially independent signals Sx v and Sy .
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1. Polarization Rotation (PR)
Polarization rotation is the most simple polarization effect to understand. If we neglect all

forms of impairments between transmitter and receiver, matrix M will be reduced to a
rotation matrix Ry describing the angular misalignment 8 between PSPs on both sides. Such
matrix is thus written:

b= (cos@ —sin@)

sinf@ cos@
Thus, even in an ideal case, received signals Sxoyr and Syoyr will both be a linear
combination of input signals Sy v and Sy .

2. Polarization-Mode Dispersion (PMD)
The term “polarization-mode dispersion” (PMD) relates to fibre birefringence effects that

have a common consequence: a phase-delay between signals carried by the two polarization
states of a fibre. Birefringence, either fibre-intrinsic - due to imperfect rotational symmetry
of the fibre - or due to environmental factors (mechanical constraints, temperature
gradients, etc.), causes polarization modes to propagate at different speeds, hence the
resulting phase-delay. As such, PMD causes a non-zero and time-dependent Differential-
Group-Delay (DGD), defined as the difference of group delays between waves propagating
along the two polarizations modes, and expressed in ps. It is important to point out that
consecutive DGD values are not deterministic: they are well described by a Maxwellian
probability density function. Therefore, it is the DGD average, also called PMD (ps), which is
most commonly used to characterize the effect of birefringence in any optical device of a
communication system. In Jones formalism, the action of PMD can be modelled by a matrix

Mpwp, as:

_ e_i(p/z O
Mowo = (0 i)

where ¢ is the frequency-dependent phase-delay accumulated between waves propagating
along the two Principal States of Polarization (PSP). Intrinsically, PMD does not cause
coupling of input signals. However, there is no reason why fibre PSPs would be aligned with
transmitter and receiver PSPs. Therefore, in a common orthonormal base, it is preferable to
write the PMD matrix M*pyp as:

. e~iw/2 0
Mpup = Ra( 0 e+i(p/2) Rg
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where R, and Rg are rotation matrices. These rotation matrices are responsible for coupling
the input signals together in addition to the phase-delay effect due to PMD.

3. Polarization-Dependent Loss (PDL)
Unlike PMD, polarization-dependent loss (PDL) does not affect the relative phase between

waves propagating along orthogonal polarization states. PDL modifies their relative
amplitudes. In a fibre, PDL can be due to a slight variation of optical attenuation depending
on the polarization state. However, in optical communication systems, most PDL come from
other elements: filters, switches, amplifiers, etc... As a result, an important imbalance in
quality (measured by signal-to noise ratio) between signals Sx our and Sy out can be observed
at reception. PDL can be modelled for any device, fibre and others, as a diagonal matrix Mpp,
in the orthonormal matrix formed by the PSPs of the device, as:

1—-k 0
Moo = o )
ppL = P 0 1Tk

where p? characterizes the lump energy loss of the considered device, and the k describes
the unequal distribution of loss according to input polarization state. Both p and k are real
positive coefficients with values ranging from 0 to 1. Similarly to the case of PMD, we can
also write Mpp; as a non-diagonal matrix Mpp,; in a non-specific orthonormal base to take
into account misalignments between Rx, Tx and device PSPs.

Polarization-multiplexing would probably be impossible without efficient schemes to
mitigate the polarization effects described above. Indeed, in the worst cases, received
signals would be a complex and equitable mix of direct and delayed versions of both input
signals. Since PMD, PDL and PR effects from multiple optical elements are typically combined
in between transmitter and receiver, it would be very complicated to correct them
separately. For this reason, most employed technique is based on blind signal equalization,
using a Constant Modulus Algorithm to invert the matrix M and recover input signals
independently from each other. Rapidly and randomly varying birefringence leads to PMD
(polarization mode dispersion), that can be described by Coupled Nonlinear Schrédinger
Equation, or the Manakov equation which can be derived from the coupled nonlinear
Schrodinger equation and is fully equivalent to it [38]. Its use is appropriate when modelling
optical fibres whose birefringence orientation changes rapidly by comparison with the
typical length scales for chromatic dispersion, polarization mode dispersion, and
nonlinearity. The Manakov equation consists of a set of terms that correspond physically to
linear PMD, chromatic dispersion, the Kerr nonlinearity, and nonlinear PMD.
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PMD is an important parameter to be monitored to avoid network outage. However, in
coherent transmission the use of adaptive digital filter for PMD compensation has made
PMD monitoring much less critical. Linear PMD can be (at least partially) compensated at the
DSP by the CMA algorithm. The measured DGD could fluctuate on an hourly or daily
timescale, but there should be little or no parameter drifts due to fibre ageing.

In optical systems, PDL comes from the small anisotropy induced by non-ideal physical
elements such as fibre slicing and optical components [38]. These elements are spread along
the optical link and the contribution of each element can change over time due to aging,
faults, maintenance activities etc. When many PDL elements are linked together by optical
fibres, the end-to-end transmission properties in terms of total PDL and insertion loss
become statistical quantities. In practice, spontaneous emission noise that is generated by
optical amplifiers along the link becomes partially polarized and fluctuates due to PDL
concatenation. The fluctuations of noise, signal power, and path average power all affect the
quality of the transmitted signal. Consequently, PDL may be modelled via a random process;
its impact is then usually studied using the outage probability [39]. In PDL-impaired
transmission systems, coding schemes using both Polarization-Time (PT) codes and Low-
Density Parity Check (LDPC) codes can be usefully employed. PT codes are space-time codes
applied to polarization-multiplexed systems, and have been widely advocated for PDL
mitigation: spreading the information symbols over time and both polarizations partly
counteracts the uneven energy repartition amongst the polarizations. An LDPC code can
complement them to further improve BER performance. Delesques et al. [40] have
compared the outage probability to the BER offered by simulated systems using QPSK
modulation and several coding schemes: LDPC and/or PT Codes, or no coding. These
simulations have shown that PT codes are more robust to PDL than LDPC, and that the
concatenation of a PT code with an LDPC is even better. They found that for a mean PDL of 3
dB, a simulated system based on PT and LDPC codes (with soft decoding) performs with an
SNR gap of only 1.5 dB to the fundamental limit. While more powerful coding schemes could
undoubtedly edge closer to the limit, the modest 1.5 dB gain that can be hoped for must be
balanced against the computational complexity, which is already the major drawback of
LDPC soft decoding, especially at the very high bit rates. Polarization Dependent Loss and
Gain effects in coherent systems have become available only recently [39],[41]. In particular,
Zamani et al [39] show that PDL/PDG induced penalty can be relatively small in dual
polarization coherent systems provided that Polarization-Time (PT) codes are used.

Based on these results, and assuming that PT codes are implemented in coherent systems,
one could adopt the following approach:
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e adding a 0.2 dB OSNR margin for DP-16QAM and DP-64QAM modulation formats whose
reach is shorter than 7 amplification sections and therefore may be affected just by
limited PDL/PDG (<2 dB);

e adding a 0.5 dB OSNR margin for DP-BPSK and DP-QPSK modulation formats whose reach
is up to 33 amplification sections and therefore may be affected by medium PDL/PDG (<4
dB).

Cumulative filtering effects in flexgrid ROADM require further studies. For the time being a
tentative estimation of the related penalty is:

e 0.5 dB OSNR penalty for DP-16QAM and DP-64QAM modulation formats (due to their
shorter reach they are expected to pass through a limited number of ROADMs);

e 1 dB OSNR penalty for DP-BPSK and DP-QPSK modulation formats (due to their long
reach they are expected to pass through a significant number of ROADM:s).

Table 2-2: Various typical margins according to the modulation format of the transmission

Modulation Rx OSNR Power PDL/PDG Cumulative Rx OSNR
format sensitivity w/o equalization margin [dB] filtering margin | sensitivity with
margin [dB] margin [dB] [dB] margin [dB]
DP-BPSK 9.41 1 0.5 1 11.91
DP-QPSK 12.42 1 0.5 1 14.92
DP-16QAM 19.48 1 0.2 0.5 21.18
DP-64QAM 25.82 1 0.2 0.5 27.52

2.2.6. Spectral Distortion (e.g. due to cascaded filtering)

The effect of cumulative filtering on optical signals due to the crossing of many Bandwidth
Variable Wavelength Selective Switches (BV-WSS) in an elastic optical network (EON)
imposes constraints on the bandwidth that can be allocated for each channel. This may have
a significant impact on the expected spectral efficiency of an EON based on flexgrid. If
narrow filters are used, penalties are much higher than those mentioned above [42].

The impairment, however, appears to be less severe on super-channels, in comparison to
single carrier channels.

Some degree of mitigation can be achieved at the DSP, or better with a digital pre-
equalization at the transmitter, or with specially designed filters at each ROADM.

In ROADM systems with power levelling functions, automatic power equalization is
performed to counteract OSNR unbalancing between OCh. Still, a fixed OSNR penalty due to
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power measurement uncertainty remains and can be estimated as 1dB with today’s
technologies.

2.2.7. In-band/Out-of-band Crosstalk

Crosstalk or linear Crosstalk is an unwanted effect that appears in WDM optical systems, and
more specifically in Arrayed Waveguide Gratings (AWGs), Wavelength Selective Switches
(WSS), optical switches and filters and MUX/DEMUX devices. It refers to the interference
caused in a propagating signal from the neighbouring channels due to the dense WDM
channel spacing and is classified as in-band and out-of-band crosstalk. It is considered linear
as it corresponds to the power transferred due to an imperfection in the WDM components
rather than the nonlinearity of optical channels.

Out-of-band Crosstalk

Out-of-band crosstalk refers to the inflicted interference due to neighbouring channels at
different wavelengths. It is a result of the imperfect filtering of signals outside of the
spectrum of the investigated signal and it appears both in all the aforementioned optical
subsystems since all of them employ filtering. As shown in Figure 2-6, due to the narrow
spacing of several WDM channels, imperfect filtering fails to cut off all channels apart from
the channel selected. A part of the neighbouring channel’s spectrum lies in the passband of
the filter and, as a result, the residual spectrum interferes with the selected channel.

A WDM spectrum Filter spectrum

Power (dB)

Wavelength

Cross talk Cross talk

Figure 2-6: lllustrating out-of-band crosstalk [43]

In-band crosstalk noise arises from imperfections in optical cross-connects. An attenuated
and delayed version of the signal, or a small portion of light from other channels at the same
wavelength (in a network with wavelength reuse), is routed along the same path as the
signal. Since in-band crosstalk noise is at the same wavelength as the signal, it cannot be
removed using additional filtering and can degrade the BER at the receiver.
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In a similar manner, filtering and channel selection in an optical switch, AWG, or WSS would
result in out-of-band crosstalk between the outputs. In Figure 2-7, a 1x5 WSS is fed with
signals at several wavelengths. In this example, out-of-band crosstalk would exist between
signals at different wavelengths, but exiting at the same output.

Flexible Spectrum Wavelength Management

crosstalk

Wavelength
Selectable Switch

crosstalk

Flex Spectrum

[ [oln

WSSs supporting flexible
spectrum wavelength routing
-including intrachannel power equalization

Wavelength
Selectable Switch

Figure 2-7: A WSS with unwanted signal power (crosstalk) at all ports, for fixed- (top) and flexible spectrum
configurations (main figure originally published in [44]).

In-band Crosstalk

In-band crosstalk noise arises from imperfections in optical cross-connects such as the AWG
routers described above. An attenuated and delayed version of the signal, or a small portion
of light from other channels at the same wavelength, is routed along the same path as the
signal. The effect of interfering connections at the same wavelength is more severe because
of its coherent nature that causes the interference to occur within the receiver bandwidth.

Since in-band crosstalk noise is at the same wavelength as the signal, it cannot be removed
using additional filtering and can degrade the BER at the receiver. In contrast, out-of-band
crosstalk can be mitigated by suitable filtering at the receiver, as this kind of interference has
an incoherent nature and depends only on the power of the neighbouring wavelength [45].

2.3. Nonlinear Effects

All nonlinear effects are described by the Nonlinear Schrodinger Equation (or the Manakov
Equation taking into account polarization) through the parameter y, i.e. the ratio between
the silica Kerr nonlinear refractive index n, and the fibre effective area A.s Backward
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propagation method is the method that a DSP could use to mitigate intra-band nonlinear
effects. An effective y parameter (different kind of fibres could make up the link) could be a
by-product of this algorithm. Also yis little or no dependent on fibre ageing. In a long haul
transmission link with chromatic dispersion (CD) and fibre nonlinearity, it is difficult to
distinguish between amplifier noise and fibre nonlinearity induced distortions from received
signal distributions after applying various transmission impairment compensation
techniques, thus resulting in grossly inaccurate OSNR estimates. Based on the received signal
distributions after carrier phase estimation (CPE), Zhenhua Dong et al. [46] propose to
characterize the nonlinearity-induced amplitude noise correlation across neighbouring
symbols and incorporate such information into error vector magnitude (EVM) calculation to
realize fibre nonlinearity-insensitive OSNR monitoring.

A different approach is to treat nonlinear impairments as an effective noise: the analytical
model described in [47], [48] has been shown to compare very well with numerical
simulations and experimental data. The system performance is quickly predicted through a
closed-form analytical formula. Although the model has been tested extensively against PM-
QPSK transmission simulations, its validity is not limited to this format, and can be used with
PM-QAM or other coherent modulation formats as well.

When nonlinear effects can be treated as a perturbation, the statistical distribution of each
of the constellation points (after the DSP has compensated for linear effects) appears to be
Gaussian, even without added ASE noise. Based on this, nonlinear impairments are
accounted for by means of an effective power, Py, to be added to ASE power, Pase. The

BER depends on an effective OSNR, modified to account for nonlinear propagation effects:

OSNR P
(PASE + I:>NL)

P,. was found to have a cubic dependence on power, P, = Nspanm/zPszwhere yis the fibre

nonlinear coefficient, N is the number of spans, 77 is a parameter that depends on

span
system parameters, such as baud-rate, channel spacing, span length and fibre chromatic
dispersion. It can be fitted from simulations, or computed numerically through a double
integral [47].

It is to be noted that the model presumes low to moderate nonlinearity, and works better
for long links (where chromatic dispersion has effectively ‘randomized’ the nonlinear
interactions). It is remarkable that once 7 has been determined, the system behaviour can
be predicted for a wide range of situations.

Considering, as usual, a link where in-line amplifiers completely recover fibre loss, the ASE
power is given by Pye= N . A . FhfB, where A, isthe span loss, Fis the noise figure,
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h is the Planck constant, f the operation frequency, B the equivalent noise bandwidth over
which OSNR is evaluated. The above formula becomes:

I:)TX
N span(AspathfB + 7772 F)TX 3)

After OSNReffis computed, it is possible to estimate the system performance in terms of the

OSNR,, =

maximum span loss or maximum number of spans (and then the maximum distance), by
imposing that it is at least equal to the OSNR that is required in order to achieve the target
BER. Using this expression for OSNReff, the maximum number of spans for a fixed

transmission power can be derived once a target OSNR, corresponding to a target BER, is

established (experimentally or via simulations).

An optimum value for the transmission power, that maximizes the number of amplification
spans, can be derived in this analytical scheme [48]:

1/3
o Nspan _ [ AspathfB }
TX,0pt — 2
2ny

An interesting result deriving from this kind of analysis is that at the optimum transmission
power the amount of ASE noise is always twice the amount of non-linear noise: Paogg = 2

Ppni- Another interesting feature is that the maximum reachable distance in nonlinear

propagation is always equal to 2/3 of the distance the system could reach in linear regime, at
the optimum launch power:

span OSNR et \ 3 AspathfB

Once the required receiver sensitivity OSNR,,, ., is set, the feasibility of a given optical link

can easily be established. Calculation of 77is cumbersome, but a practical approximate
expression can be used:

B

2\ L (23 o
~| = | — _asinh| == 4 L. B2|N2 |av
77 (3) Leﬁ ’aﬂ,BzBsh 5 162 eff ,a ch[ ch]>

With channels that have a rectangular spectrum, and spacing equal to the spectral width

(Nyquist DWDM), aggregate DWDM spectrum id flat and 77becomes:
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3 L2
n= (gj ul 3 asmh(§ Byl chZthzhj
3) Ly B,AV 5 ’

If noise contributions coming from different amplification spans are not independent of each
other, the formula can be modified to:

OSNReq = PTX e 2 3
NsasNFh VBn + Ns 57/ 77NLPTX

The parameter & describes how nonlinear noise cumulates along the link. A good
approximate expression for it is:

L
g;ilog 1+£
10

L Ben
; asenh(?ﬂzLeﬁ,ao-ngfh [th]Av]

eff ,a

And the power that maximizes OSNR.g becomes:

N.a,NFhB, _\ s [a,NFhB,

P =3
TR NE 2 N 270

The optimal OSNR becomes:

N /3 la,;NFhB,
OSNR I:)Tx,opt _ S 27/277NL

eq.opt 3

N.a,NFhB, +; Na,NFhiB,  N.a,NFhiB,

Although some works about OPM in the literature focuses in disentangling the nonlinear
contribution to the noise (and OSNR), the approach described above is enough to evaluate
system performances from an effective OSNR.

Table 2-3 shows typical values of &in DWDM systems (80 channels, 50 GHz spaced, span
length 90 km) for three different kinds of fibre.
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Table 2-3: Typical values of fibre coefficients according to fibre model

Fibre type SMF PSCF NzD
Beta2 [s’/km] 2,17E-23 | 2,55E-23 | 4,84E-24
Attenuation coefficient [dB/km] 0,22 0,17 0,22
Effective Length [km] 19,74066 25,54673 19,74066
Epsilon 0,05149 0,061772 | 0,064041

Corrections to optimal power and OSNR¢q are around 0.2 to 0.3 dB for the values in Table
2-3, and a number of amplification spans ranging from 10 to 30, typical of terrestrial
systems. Maximum number of spans can be evaluated as:

1

[a;NFhiB, L+e/3
N _ 27277NL

S, max :3

OSNR.q e, &,NFh 1B,

eq,req

Further investigations are needed to potentially isolate ASE noise, SPM and XPM, although
this could be unnecessary for many practical purposes.

2.3.1. Self-Phase Modulation (SPM)

Self-Phase Modulation is a phenomenon induced by the Kerr non-linear effect. This effect
refers to the intensity dependent change of the refractive index which can be expressed by:

P(t)
Acrr

n=ngy+n, (3)
Where ny is the linear refractive index, P(t) is the optical power in Watt, A4 is the effective
area in m? and n, the non-linear refractive index in m%/W. Although the value of n; is
typically small in an optical fibre is still non-negligible due to small A.4. According to (3), the
phase of an optical signal travelling in a medium with power-dependent refractive index can
be represented as:
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2nz  2mngz 2Ny Zesy P(t)

Where z.4 is the effective length of fibre that corresponds to the lossless fibre length over
which nonlinearities take effect:
1 _ e—az

Zeff = (5)

In (4), the power-dependent refractive index causes a nonlinear phase shift proportional to
the signal power and the effective length. This nonlinear phase shift modulates the phase of
signal itself and therefore is called self-phase modulation (SPM). Consequently, SPM induced
phase shift is defined as:

2mn,
@Yspm(z,t) = 7 P(t)zerr = YP(t)Zeff (6)

This time-dependent phase variation leads to a frequency shift computed by the derivative
over time of (5), implying a spectral broadening effect.

Moreover, in the presence of chromatic dispersion the frequency shifted components will
either enhance (when D < 0, normal dispersion regime) or reduce (when D > 0, anomalous
dispersion regime) pulse broadening. Note that the SPM effect is more significant at the
beginning of a span where the signal power is higher.

Various schemes for SPM mitigation (and generally for Kerr non-linearities compensation)
have been proposed on the literature such as Volterra series based equalizer [49], radio-
frequency (RF)-pilot tone technique [50], [51], phase-conjugated twin waves [52] and the
digital back-propagation algorithm (DBP) [53]. Extended research has been conducted for
the latter technique of DBP which is capable for joint compensation of linear and nonlinear
effects. Although, the main limitation of this method is its hardware requirements which
prohibits an implementation for real time coherent systems.

2.3.2. Four Wave Mixing (FWM)

Four wave mixing is a phenomenon in which three waves at different frequencies
(w;, @2, @3) can interact via the third order nonlinear susceptibility to generate a fourth
wave at frequency ws= w; + @, — w;z (this condition expresses the conservation of energy of
the involved photons). A special case of four wave mixing occurs when two photons at the
pump frequency and one photon at the idler frequency are converted into a photon at the
signal frequency @w,=w, + ®; —®, In order to achieve an effective power transfer,
momentum must also be conserved: this is called phase matching condition and reads:
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nyw n,w nsw nyw
6k=11+22—33—44=0 (7)
Cc c Cc c

where c is the speed of light and nj, n,, n3, n, are the refractive indexes at the corresponding
frequencies. Since this condition involves the refractive index at different wavelengths, it is
more easily satisfied near the zero dispersion wavelength of the fibre.

Recently, to address perturbative models for the impact of nonlinear propagation in
uncompensated links, the signal has been split up into spectral components and then a four-
wave-mixing-like approach has been employed to assess the generation of nonlinear
interference due to the beating of the signal spectral components [54]. A significant set of
formats encompassing PM-BPSK, PM-QPSK, PM-8QAM, and PM-16QAM at 32 GBaud were
numerically simulated in order to validate the model prediction of maximum system reach
and optimum launch power versus simulation results. The model delivers accurate
predictions, potentially making it an effective general-purpose system design tool for
coherent uncompensated transmission systems.

2.3.3. Cross-Phase Modulation (XPM)

Cross-Phase Modulation can occur when several optical channels share the same fibre, for
instance in high-capacity DIWDM networks. Because of Kerr effect, for one given channel, the
refractive index of the fibre varies as a function of its own power (which causes SPM), but
also varies a function of the powers from all other channels propagating in the same fibre.
This causes XPM. In a first XPM model, each additional channel p of amplitude A,(zT)
introduces a local variation of fibre refractive index at z and instant T as:

14,(z,T)|"

oén(z,T) = 2n, A,
e

where A, ris the fibre effective section and n; is the fibre Kerr coefficient.

In the usual case where all channels have equal powers, this model predicts the XPM to be
twice stronger than SPM. However, this is a scalar model, not taking into account the vector
nature of the electric field. A more realistic ratio between XPM and SPM would be 1.5.

All temporal variations of additional channels induce index variations - thus phase variations
- in the studied channel. As consequence, its spectrum can be broadened, and distorted as a
combined effect with chromatic dispersion. However, contrary to SPM, XPM is not
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deterministic since index variations depend on the information carried by other channels.
Considering that other channels propagate at different speeds than the studied channel, the
phase match condition, necessary for the nonlinear effect to occur, is seldom realized for
additional channels beyond those directly adjacent to the studied channels.

2.3.4. Cross-Polarization Modulation (XPolM)

Cross-polarization modulation (XPolM) is an inter-channel effect resulting in fast
polarization-modulation of signals and therefore to a depolarization of the transmitted
signal, resulting in fading and channel cross-talk for dual-polarization (DP) signals. Looking at
a particular channel, XPolM-induced depolarization depends on the variance of the Stokes
vector of the aggregate co-propagating channels. Expressed in Stokes space, the variation of
the state of polarization (SOP) of the investigated channel a due to channel b, is given by
[46]:

97 9 Ve (8)

where s, and s, are the Stokes vectors of channel a and channel b, respectively. The fact that
the state of polarization of the investigated channel, as well as the neighbouring channels
evolve randomly over the transmission due to CD and PMD, makes the XPolM effect pattern-
depended and stochastic [55]. Nonlinear polarization scattering causes the SOP to change at
the speed of the symbol rate, which is hard to follow with DSP in coherent receivers, and
may induce severe crosstalk between two polarization tributaries. The resulting penalty has
been predicted to be particularly important for dual-polarization (DP) signals deployed over
legacy DM systems. In coherent optical communication systems with DCF, when modulation
formats of constant amplitude such as QPSK are used, the dominant nonlinear effect is
XPolM, whereas when the channels carry non-constant amplitude modulation formats such
as hybrid QPSK and OOK or 16-QAM, XPM is the dominant nonlinear effect.

In [56] a transmission experiment investigates the XPolM penalty of a 42.8-Gb/s and 112-
Gb/s NRZ-PDM-QPSK channel surrounded by six 21.4-Gb/s and 56-Gb/s NRZ single-
polarization (SP) QPSK channels, which have the same symbol rate as the PDM-QPSK
channel. The results indicate that XPolM is the dominant nonlinear effect in the
homogeneous NRZ-PDM-QPSK system with DCF, and it is XPolM that makes homogeneous
PDM-QPSK systems with DCF perform worse than those without DCF. The reason why the
PDM-QPSK channels cause less inter-channel penalty than SP-QPSK channels in the systems
without DCF is because the impact of the inter-channel XPM is much larger than XPolM in
these systems, and the peak powers of PDM signals are smaller than those of SP signals for a
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given average power, due to different data in the two polarizations of the PDM signals. A
similar result was also shown in [57] where different nonlinearities are compared in DM
links.

2.3.5. Raman Amplification

Raman amplification exploits stimulated Raman scattering, involving phonons, i.e. acoustic
vibrations of the medium; the frequency difference between Raman pump and signal,
13.2THz at the gain peak in silica, is independent from the signal wavelength. Gain spectrum
is tens of nanometres wide, flat enough to allow the realization of wide band amplifiers.
Differently from EDFA, amplification requires many fibre kilometres; besides, one can build
amplifiers in any spectral region of interest provided an appropriate pump wavelength is
selected. Using more than one pump wavelength can further improve gain spectrum
flatness. Co-propagating and counter-propagating (or both) pump-signal configurations can
be used, counter-propagating configuration being more effective in reducing pump power
fluctuations.

In case of counter-propagating pumping, simple formulas can be derived for on/off gain (i.e.
net gain accounting also for span loss):

i
| CIR;[,D:l_?R;;lP (Z]dZ

Grcr =€ e = Gs:i sff‘”i
z - _ 1 —e "
Gs:r off = EYp(l CR;L-'P__L-'3 PP;[-‘P (z)dz] WE EYP{CRQL-‘P__H jD}3‘;1-"D (L)T]
D nO SAL. . = P
And for noise:
P (D) =2 AvN,. . )Cor . G- [
Nolse ) B} ”/S Vi Twpv: Rivpwv, —fof I G (2] 7
0

Where Av is the signal bandwidth, Cg.y;, vs is the Raman gain coefficient, depending from the
frequency difference between pump and signal and the kind of fibre.

The term (l—e'“”L)/ap defines an effective length (Leg P) rapidly reaching an asymptotic value
for fibre lengths greater than 50 km.
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Is the phonons thermal noise contribution to spontaneous emission noise, increasing the
noise of about 20% at room temperature. Neglecting pump saturation, and assuming the
same value for pump and signal attenuation (e.g. an intermediate value), a simple analytical
formula applies:

p :
P (L)=2hv AvN:|1+ B ] Goop =
L CePe(L)

\ A

Figure shows small signal on/off gain behaviour as a function of wavelength, for different
kinds of fibre (single counter-propagating pump at 1455 nm, with 700 mW power, 100 km
fibre length; signal input power is as low as 1 mW, to avoid pump depletion that would bring
to gain saturation.
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Figure 2-8: On/off gain behaviour vs. wavelength, for different kinds of fibre (single counter-
propagating pump at 1455 nm, with 700 mW power, 100 km fibre length

Usually Raman amplification is associated to EDFA in high attenuation spans. Spontaneous
emission noise is computed by summing the contribution of the two amplifiers:
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where Pgnoisei is computed with Av=By, once an appropriate value of the Raman gain has
been chosen. Ggpra; in the first term of this expression refers to amplification of Raman
noise by the EDFA section.

www.orchestraproject.eu 45/73




ORCHESTRA ORCHESTRA_D2.2

Optical peRformanCe monitoring enabling dynamic networks using a Created on 10.11.2015
Holistic cross-layEr, Self-configurable Truly flexible appRoAch

D2.2 — Impairment monitoring: from a hardware to a software ecosystem

3. Why pulse shaping for cost sensitive
metro networks should differ from
optimal pulse shaping for long-haul
networks

The work presented in this section led to publication [58].

As capacity demands continue to grow, there is little doubt that coherent technologies from
long-haul networks will largely expand into metro networks. However, they need to be
tailored for metro, and to achieve lower-cost operation [60], [61].

In metro networks, the most prominent impairments often stem from the optical filters
found in consecutive nodes. Spectral bandwidth reduction and relative laser-filter detuning
directly translate into optical signal-to-noise ratio (OSNR) penalties. It is made worst in
metro networks due to lesser quality of deployed filters and lasers. To cope with these
penalties, containing the signal spectral occupancy as well as in long-haul networks, by
digital pulse preshaping in the transmitter with digital to analogue convertors (DAC) is
tempting, as DACs come with minimal extra cost in the transponder ASIC which performs
signal processing.

Here, we experimentally investigate penalties introduced by the filter cascade, while
accounting for relaxed frequency specifications of laser and filters in metro networks, both
in terms of bandwidth and central frequency mismatch. We show that Nyquist digital pulse
preshaping, as optimized for minimal spectral occupancy as in long-haul networks is often
not desirable in metro networks.

3.1. Experimental Setup

We assume that future metro networks will likely carry dynamic traffic, making colorless and
directionless ROADM nodes attractive [60]. We therefore emulate route-and-select nodes
out of a pair of wavelength selective switches (WSS). They are configured to accommodate
channels every 50GHz, as required in highly-capacity future metro networks. Since, before
multiplexing, individual channels are filtered once, we only consider a single channel and
neglect crosstalk. We insert the WSSs into a recirculating loop as shown in Figure 3-1(a).
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Figure 3-1: (a) Experimental Set-up. (b) Spectrum with Nyquist pulse preshaping (blue dashed line), non-
preshaped signal (red dashed line) and filter transfer function of a WSS (green solid line) and its super-
Gaussian fit (green dashed line).

At its input, light from an external cavity laser (ECL) is modulated with polarization division
multiplexed quadrature phase shift keying (PDM-QPSK) at 32.5GBd, from a 2™>-1 pseudo-
random binary sequence, including 30% soft-decision FEC and protocol overhead. We
consider two pulse types, without preshaping (non-return-to-zero NRZ-like), and with long-
haul network-like digital preshaping with root-raised-cosine Nyquist signalling of 0.01 roll-
off.

The non-preshaped signal is represented in Figure 3-1(b) with its 65GHz large first lob. In
contrast, with a 33GHz rectangular width, most of preshaped signal power fits inside the
WSSs’ 3dB-bandwidth of 42GHz. WSSs power transfer functions are best approximated by a
super—Gaussian3 of order 2.5, as shown in Figure 3-1(b).

Besides the WSSs, the loop incorporates a polarization scrambler (PS) and 25-km long
standard single mode fibre (SMF) spool. The spool generates a small propagation delay
between two round trips, large-enough for loop control, while inducing negligible
nonlinearity. At loop output, we measure OSNRs in 0.1nm with an optical spectrum analyser
(OSA) and receive the signal using a coherent mixer connected to a 40GSample/s
oscilloscope with 20GHz electrical bandwidth. We store 100us-long series of samples and
process them offline. After skew adjustments and normalization, we perform polarization
demultiplexing using blind equalization based on constant-modulus algorithm (CMA),
frequency offset compensation and carrier phase recovery. Finally, we extract the bit error
ratio.
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3.2. Filtering impact

In this section, we assume the central frequencies of all filters to be perfectly aligned with
laser frequency, which we refer as zero-detuning. Figure 3-2(a) reports an OSNR penalty at
2.107% bit-error ratio, as a function of cascaded filter count, for both signal preshaped with
Nyquist signalling and non-preshaped signals. We observe similar penalty profiles for both
signal types, matching our previous simulations [42]. The penalty is found to increase supra-
linearly with the number of cascaded filters. Even after 60 filters, it remains under 1.4dB.
Predictably, data preshaped with Nyquist signalling suffer from smaller penalties than non-
preshaped signal, owing to their very small roll-off. Figure 3-2(b) provides some insight on
this result. It displays signal bandwidth measurements at 3dB and 10dB from peak, as
obtained by calculating the bilateral power spectral density from complex signals, averaging
both polarizations. For each filter count, the bandwidth is averaged over five signal
acquisitions. Non-preshaped data are found much more sensitive to the number of cascaded
filters at 10dB from the peak than at 3dB. It is the opposite for preshaped data. The inherent
reason is that filter cascade power attenuation has more impact on signal spectrum for flat
regions than for steep-edge regions. At 10dB from peak, preshaped data are much steeper
than non-preshaped data; hence the lesser filter effect for preshaped data. At 3dB,
preshaped is explaining larger sensitivity of non-preshaped to the filter number. We point
out that our experiment only uses a single channel.

3.3. Detuning-based penalties

In a real system, lasers and WSS filters central frequencies are never perfectly aligned with
ITU-grid, resulting in significant penalties. For both, frequency misalignments may affect all
devices differently because of manufacturing variability. Aging causes additional, time-
dependent detuning. In core networks, high-priced lasers and WSSs are typically guaranteed
with frequencies within +1.5GHz and #2.5GHz of the nominal value, respectively. Next we
evaluate the impact of frequency misalignment not only for these costly versions, but also
for lesser-quality devices for metro networks.

www.orchestraproject.eu 48/73



ORCHESTRA ORCHESTRA_D2.2

Optical peRformanCe monitoring enabling dynamic networks using a Created on 10.11.2015
Holistic cross-layEr, Self-configurable Truly flexible appRoAch

D2.2 — Impairment monitoring: from a hardware to a software ecosystem

1.4 T T T T T 36 T T T r T
© RRC signal ¥ ~
—_ 12} % NRZ signal | T 34t 1
2] O
- ~—
- 1t 1 o 32r - 1
> b ] o RRC signal (-3dB)
i) T ® RRC signal (-10dB)
E 0.8 = 30 % NRZ signal (-3dB)
c % € NRZ signal (-10dB)
2 0s £ 28l o0 ]
[}
-4 Ne) b
= 04 - 267 o oo
n (1]
O o2 E, 241
= e aaaa s UL NS P S
0 L% ] ] | ] 52 ] ] ] | }
0 10 20 30 40 50 60 0 10 20 30 40 50 60
# of filter cascaded # of filter cascaded
(a) (b)
1.4 r T T T
B siope = 1.29 °
NormRes = 0.455
L Slope = 0.106
o 1.2 Corr="0.97 NormRes = 0.660
L] Corr = 0.93 g
~ 1f Slope = 0.0436*X
> NormRes = 0.155
- Corr = 0.96
[}
c o
[}
o
-4
wn _ 1
= © RRC signal (-3dB)
(o] B RRC signal (-10dB)]| |
®* NRZ signal (-3dB)
¢ NRZ signal (-10dB)
ol . ] I : I
0 2 4 6 8 10
Relative signal bandwidth variation (%)
(c)

Figure 3-2: (a) OSNR penalty and (b) 3dB and 10dB signal bandwidth as a function of cascaded filters for
Nyquist preshaped and non-preshaped signals. (c) OSNR penalty as a function of detuning between laser and
filters for both pulse shapes.

In Figure 3-2(c) we present measured OSNR penalty as a function of laser detuning, up to
6.5GHz, in a scenario where filters are perfectly aligned on ITU-grid. The detuning points are
obtained by tuning both emitter and receiver lasers around the central frequency,
193.150GHz here. While more robust to long filter cascades at zero detuning, data
preshaped with Nyquist signalling are found less tolerant to detuning than non-preshaped.
This suggests optimal pulse shaping should not be solely driven by bandwidth reduction and
spectral efficiency as in long-haul networks. It should result in a careful trade-off. Figure
3-3(a) represents the smaller penalty between both signal shapes as a function of cascaded
filter count and detuning. Black line shows the separation between regions where non-
preshaping outperforms Nyquist preshaping. When detuning is potentially small, Nyquist-
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preshaped data performed better, whereas non-preshaped signal is less impaired when
detuning is large. Albeit our conclusion was only obtained by forcing laser detuning, we are
convinced the conclusion also holds when WSS filters are detuned. Laser detuning can easily
be traded for WSS central frequency misalignments. Thus, monitoring of the detuning
between the signal and the filter is important to avoid excessive penalty.

3.4. Impairments affecting network resources

To understand how the robustness of signal shaping to filtering and detuning effects acts on
the network resources, we dimension a metro network without and with such effects. Given
the Gaussian-like signal propagation, 1dB of OSNR penalty after crossing N nodes converts
into 1dB of reach penalty [3], having an impact on the achievable optical reach. We consider
1500km [62] as the reference reach for a metro transponder without filter and detuning
impairments. Our assumption of route-and-select nodes helps us converting the node count
into filter count, while accounting for add/drop (3 filters) and pass-through (2 filters)
operations, as explained previously [42].

We considered a meshed metro network [63] with uniform traffic distribution (i.e. all node
pairs are chosen with the same probability). To generate a traffic matrix, we start with an
empty matrix, and then for a given distribution we draw a random source-destination (s-d)
pair. If any path exists between s-d nodes, the demand is added to the matrix; otherwise,
blocking occurs and we stop the process deducing the number of demands in the traffic
matrix. In a second step, we define the number of required regenerators for a connection in
each scenario so as to guarantee the correct connection setup. We remember that in this
study we consider a transparent reach that depends on the number of nodes present
between two opto-electronic conversions (used for adding/dropping and/or regenerating a
signal).
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Figure 3-3: (a) Lesser OSNR penalty between preshaping and non-preshaping signal as a function of number
of cascaded filters and detuning. Over the black border line, non-preshaped data experience smaller
penalties than preshaped data.

Figure 3-3(b) shows the number of required regenerators for preshaped and non-preshaped
signals when neither filtering nor detuning is accounted for normalized to the total number
of transponders. We observe that all connections can be setup almost transparently (less
than 0.5% of regeneration is required) when no filtering effects are considered. Then, we
introduced filtering effects (0O detuning), and finally we added detuning effects. We observe
that for low detuning values (under 1GHz) the number of additional regenerators is higher if
no preshaping is adopted. Conversely, for larger detuning values, non-preshaped signal
shows more robustness to detuning degradations. Also, the number of required
regenerators has a slower increase than for the preshaped one, which increases
exponentially.

Considering a metro environment with lower constraints on frequency accuracy, choosing
the right pulse shaping can reduce by up to a factor 2 the number of regenerators needed.

3.5. Conclusions

When tailoring coherent technologies to cost-sensitive, but high-capacity, metro networks,
we found that Nyquist signalling with very small roll-off reduces the robustness to likely-
significant frequency mismatches between laser and filter devices. Therefore, the best
choice for pulse preshaping needs to be tuned to the true optical filters characteristics. This
section also shows that filter detuning should be monitored, for instance in order to
decrease the D-margins (see Section 1.1).
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4. State of the art in monitoring
algorithms

4.1. Overview

Network nodes can be generally classified as intermediate nodes and end nodes. At the
former, the signal remains in the optical domain and is amplified, filtered and switched. The
optical performance monitoring (OPM) that can take place at intermediate nodes is limited
to what can be deciphered by the optical amplitude information (e.g. optical power,
wavelength and OSNR). The end nodes, which constitute the interfaces between the optical
and electrical IP networks, are where conversion to the electrical domain takes place, and
the transmitted data are recovered.

In ORCHESTRA, several optimization decisions, such as lightpaths establishment, hard and
soft-failure handling, etc. (see use cases in Deliverable D2.1) will be based on information
provided by the software-defined optical performance monitoring (soft-OPM) system,
enabled by the proliferation of coherent technology. DSP-based digital receivers provide
access to amplitude, phase and polarization information, and therefore a host of novel,
dynamic soft-OPM functionalities are possible. The challenge is to identify various, often
convoluted, impairments based on the received signal. A key parameter to be monitored is
the OSNR, as it has a direct and well-known relationship to the BER, and is thus a key
indicator of overall performance. As far as CD is concerned, monitoring is less important for
current, static networks, since a fixed filter at the receiver is used to compensate for the
dispersion, and its coefficients are fixed for a given transmission distance. However, for a
dynamic network, CD monitoring is necessary to reduce the time in setting up a lightpath.
For PMD, the monitoring system needs to ensure it will not exceed values beyond which the
adaptive filter can compensate. In addition, monitoring impairments which can in principle
be perfectly compensated by the DSP may also be useful in identifying slowly degrading
performance in links due to (e.g.) ageing, and preventing hard failures and outages.

Nonlinear impairments constitute a greater challenge both in terms of compensation, as well
as monitoring. While single-channel effects such as SPM can be compensated by techniques
such as digital back propagation, implementation complexity of current algorithms is too
high to allow real-time application in today’s coherent receivers. Inter-channel effects such
as XPM are even harder to compensate, since this would depend on obtaining concurrent
information from multiple soft-OPM receivers, which is not always a practical situation.

www.orchestraproject.eu 52/73



ORCHESTRA ORCHESTRA_D2.2

Optical peRformanCe monitoring enabling dynamic networks using a Created on 10.11.2015
Holistic cross-layEr, Self-configurable Truly flexible appRoAch

D2.2 — Impairment monitoring: from a hardware to a software ecosystem

Regardless of the capacity for compensation, monitoring nonlinear impairments is
potentially very important for the optimization procedures in flexible optical networks.

4.2, Monitoring of Linear Effects

4.2.1. Signal to Noise Ratio (SNR) and Optical Signal to Noise Ratio
(OSNR)

There are many different approaches leveraging DSP algorithms in digital receivers for SNR
monitoring. In all cases, what is being measured is the SNR after opto-electronic conversion,
and thus includes the noise of the analogue/digital front-end electronics of the coherent
receiver (that is, local oscillator and ASE beat noise, thermal noise and shot noise). It is
straightforward to calculate SNR from OSNR and vice versa (e.g. [48] and [54]).

The most obvious way of estimating SNR is through the EVM calculation on the equalized
and demodulated constellation after the full suite of DSP algorithms have been applied to
the received signal. The relationship between EVM and SNR for QAM signals is well known
[64]. However, accurate SNR measurement using the EVM depends on the assumption of
Gaussian noise and on the accuracy of all preceding DSP stages (e.g. imperfect carrier phase
recovery will lead to distortion and affect the estimation).

The monitoring technique proposed in [87] uses equalized training sequences to jointly
estimate both PDL and OSNR, based on data-aided 2x2 MIMO FDE. In [66] a method of
moments approach is used to estimate the SNR in QPSK signals. This uses the signal
magnitude statistics, and can thus be applied prior to frequency offset and carrier phase
recovery (but requires polarization demultiplexing/equalization). The scheme of [64] also
takes advantage of the signal magnitude characteristics in order to accurately estimate the
SNR from an analytically exact expression that relates the mean and variance of the signal
magnitude PDFs to the SNR. The method can be applied to any order QAM constellation (not
just QPSK) and requires pre-calculation of the analytical SNR expression with a look-up table
for real-time monitoring in the Rx DSP. Another method of moments SNR estimator is that of
[67]. The closed form expression of the estimator can be implemented real-time for any
order QAM.

4.2.2. Chromatic Dispersion

CD estimation and compensation has been widely tackled in research, and is a staple of the
coherent digital receiver. A number of data-aided schemes have been proposed, such as the
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ones in [68], [69]. Increased bandwidth efficiency can be obtained with non-data aided CD
estimation [70],[71], with many techniques relying on scanning over a preset CD range; this
is often performed in two iterations, such that a coarse estimate is first obtained with larger
scanning steps, followed by a fine-step stage. Techniques not requiring scanning include that
of [72] which uses the clock tone power, as well as [73] that uses the autocorrelation of the
signal power. The method presented in [74] uses the variance of the optical signal power is
used as the monitoring metric for CD. Finally, the adaptive method of [75] relies on a
frequency domain equalizer (FDE), a low complexity time domain equalizer (TDE) arranged in
the ubiquitous butterfly structure, and an OPM block in a loop configuration. The proposed
method aims at exploiting elements already present in the system (TDE, FDE and OPM), and
can be applied to networks where the propagation distance can switch dynamically.

4.2.3. Polarization Effects

Methods for estimating PMD are to a certain extent linked to those for CD monitoring,
relying on adaptive filter structures (though here are also different approaches, such as the
one suggested in [76] that uses the states of polarization as the monitoring signal).

The digital coherent receiver enables equalization, as well as monitoring, of all deterministic
linear impairments using the 2x2 butterfly FIR filter structure. After the filters are adapted
by a suitable algorithm, a frequency-dependent 2x2 matrix with four elements can be
constructed, which correspond to the transfer functions of the adapted filters [77]. This
matrix is simply the inverse transfer matrix of the channel and contains combined effects of
chromatic dispersion (CD), polarization mode dispersion (PMD) and polarization dependent
loss (PDL). Researchers have been addressing the challenge of developing precise algorithms
for sorting out the individual impairments. It is possible to monitor CD, first- and second-
order PMD and PDL from the monitoring matrix. In the case of second-order PMD, its two
components, polarization-dependent chromatic dispersion (PCD) and depolarization (DEP) of
the two principle states of polarization (PSPs), the estimation is carried out separately
[78],[79].

4.3. Monitoring of Non-Linear Effects

Kerr non-linearities monitoring is the most challenging process envisaged in ORCHESTRA
soft-OPM platform. Both SPM and XPM are induced by the interaction of the Kerr effect and
the ASE noise from the amplifiers which causes a non-linear phase shift. By exploiting the
statistics (mean value and standard deviation) of this phase noise distribution, useful
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parameters associated to the optical channel can be determined and used also for the
mitigation of these effects [81]. As described on the methodology developed in [82] it is
possible to estimate the number of spans and the non-linear coefficient yLes of an optical
link. This estimation process requires the transmission of pilot symbols and can provide the
necessary inputs to a non-linear phase noise mitigation scheme such as Digital Back
Propagation. As an alternative to the phase distribution statistics, the autocorrelation of the
residual received signal phases after the carrier and phase recovery (removal of the
linewidth and frequency offset impact) can provide information related to the non-linear
behaviour of the optical channel. The investigation of this technique is presented in a related
patent by Alcatel Lucent [83].

In the case of a WDM or a multicarrier transmission system the term of XPM is added to the
total non-linear phase noise. A reconfigurable optical network has a randomly varying
number of adjacent channels (due to the rerouting of lightpaths) thus leading to increased
inaccuracy of the above described monitoring process.
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5. Experimental investigation of state of
the art monitoring algorithms

We report here on the test of an algorithmic method published by Hauske et al [78] using
CMA coefficients at the output of the coherent demultiplexer to measure polarization-
related parameters, mainly PDL and PMD. We focus on the analysis of a data set from the
demodulation of a 32.48GBd PDM-QPSK back-to-back transmission using the same
equipment described in section 3. In order to explore the capacity of the algorithmic method
to retrieve PMD values, a deterministic PMD source was connected between Tx and Rx. The
PMD state was set at 96 ps (average of DGD distribution). The number of CMA taps was
chosen to be 101. This large value is designed to increase the resolution of the transfer
function of the CMA filters, obtained by Fourier Transform of the impulse responses.

5.1. Impulse responses of the CMA filters

real(H11)
real(H21)

0 50 100 0 50 100
Tap number Tap number

real(H12)
real(H22)

0 50 100 0 50 100
Tap number Tap number

Figure 5-1: Real values of the four complex CMA filters.

In Figure 5-1 and Figure 5-2, we represent the complex-valued impulse responses of the four
CMA filters obtained after convergence. For a perfect transmission without any
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birefringence, only the central taps of H11 and H22 would have non-zero values, and these
values would be real and equal for both filters. In this instance however, from the
description of polarization effects made in Section 2.2.5, we can clearly see from CMA values
that the polarization had to correct a large amount of birefringence in order to retrieve both

tributaries.

5.2.
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Figure 5-2: Imaginary values of the four complex CMA filters

Transfer functions of the CMA filters

The method described in [78] to retrieve polarization parameters from the CMA coefficients
relies on the frequency dependent transfer functions of the CMA filters, which are obtained
by applying a Fourier transform to the impulse responses presented in figures above. These
transfer functions are displayed in Figure 5-3 and Figure 5-4.
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Figure 5-3: Magnitudes in dB of the transfer functions of the CMA filters

On Figure 5-3, we can observe the role of equalizer played by the CMA: a frequency-
dependent gain is applied to the input signals so that the spectra of the output signals are as
flat as possible for frequencies at least between +0.5*Baudrate, corresponding to a MMSE
equalization. This equalization has an important role to play in the interpretation of
polarization parameters measurements. We can also point out what happens in the regions
where the signal frequency is close to the Nyquist frequency. The Nyquist frequency is
determined has being half of the sampling frequency of the ADC used at receptions right
after the photodiodes. In our case, this frequency is close to 20 GHz, determined by the
sampling frequency of the real-time oscilloscope used in the experiment.
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Figure 5-4: Phases in radians of the transfer functions of the CMA filters

The phases applied by the CMA to the input signals are dominantly linear in this case
because of the very low chromatic dispersion accumulated in the back-to-back
transmissions. The same phases can be used when CD values are not negligible in addition to
the CD compensation to correct the residual CD. Such correction of residual CD will take the
form of non-negligible second-order term of the phases as functions of the frequency.

5.3. Retrieval of the PDL

In the method described by Hauske et al [78], the PDL of the transmission can be retrieved
through the calculation of the frequency-dependent determinant (or cross-product) of the
frequency-dependent CMA transfer matrix. Since all PMD and polarization rotation matrices
expressed in Jones space have unitary determinants, the determinant of the CMA transfer
matrix only contains the product of the determinants of PDL elements along the
transmission. In Figure 5-5, we represent the absolute value of the square root of the
determinant of the CMA matrix.
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Figure 5-5: Hpp, function used by Hauske et al to read PDL value, displayed as an attenuation function of the
frequency

It is important to point out here that according to [78], the value of the Hpp, function should
be superior to unity so that the linear PDL deduced from the measurement is inferior to
unity, which is not the case in our experiment. It is due to the fact that the determinant
method cannot resolve whether the measured PDL is the actual PDL or the inverse of the
PDL. This issue can be solved by sorting which of the two possibilities provides a PDL inferior
to 1. Also, because of the equalization, PDL readings will only make sense in frequency
regions where the attenuation of the signal from the optical or electrical filters is negligible,
usually close to the zero frequency. In our experiment, a PDL of approximately 0.8 is found,
which roughly corresponds to 1.9dB. Accuracy of this value is disputable. An inherent
difficulty of PDL determination is that the result will depend on the normalization of the RMS
values of acquired signals before processing. This normalization is meant to remove the
influence of the non-uniformity of the sensitivities of the four photodiodes, and the non-
perfect balance of the arms of the coherent mixer. Because of this normalization process,
the measured PDL from the proposed method will integrate the imperfections of the
receiver, and will not therefore be fully representative of the PDL effect in between the Tx
and Rx. Another method is probably necessary to measure the PDL with meaningful
accuracy.
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5.4. Retrieval of the residual CD

According to Hauske et al, the residual CD can be determined from a polynomial fit of the
phase of the square root of the determinant of the CMA matrix. For our back-to-back
experiment, the corresponding result is presented in Figure 5-6. In this case, since the
accumulated CD is extremely low compared to a regular transmission, the function used for
residual CD measurement does not exhibit any second order term. We point out that the
back-to-back measurement can be used to assess the minimal detectable residual CD of the
algorithmic method, as the minimal amount of residual CD that will result in a measurable
(i.e. above noise) second-order term in the displayed function.

05F 1 T T T T T T 7]

Phase (rad)
o
T
|

Frequency (GHz)

Figure 5-6: Phase of the square root of the determinant of the CMA matrix as a function of the frequency.

5.5. Retrieval of the PMD

The method proposed by Hauske et al to measure the PMD relies on the normalization of
the CMA matrix by the square root of its determinant. Then, by numerical differentiation,
the derivatives of the components of the normalized CMA matrix in relation to the
frequency are calculated. The digital group delay (DGD) corrected by the CMA is then
deduced from the determinant of the derived normalized CMA matrix. We point out at here
that the measured DGD value only makes sense if it is a positive integer. We check this
property by displaying in Figure 5-7 the ratio between the imaginary part and the real part of
the calculated DGD for our acquisition.
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Figure 5-7: Ratio between the imaginary and real parts of the measured DGD

In the central frequency region, we observe from Figure 5-7 that the calculated DGD has, in
average, a negligible imaginary part, and thus has physical meaning. However, this is clearly
not the case when frequency is, in absolute value, close to the +0.5*Baudrate and beyond.

In Figure 5-8, we plot the real part of the measured DGD as a function of the frequency.
According to the previous part, we expect the values obtained outside the central frequency
region to be meaningless. In the central region however, we measure a DGD for our
acquisition of approximately 140 ps which is consistent with the set of the deterministic
PMD source at 96 ps.

300 ¥ T =
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1 1 )
-10 0 10 20 30
Frequency (GHz)

Figure 5-8: Real part of the measured DGD
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5.6. Conclusion

A first test of the method of Hauske et al to determine polarization parameters such PDL and
PMD shows consistent results for the evaluation of the PMD. However, further experiments
need to be performed, specifically to compare the value obtained from the CMA to that
obtained with a reference measuring instrument. As for the determination PDL, we point out
that the method used here could be inaccurate due to the inherent impossibility to
distinguish real PDL effects from imperfections due to the coherent receiver.
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6. Monitoring parameters targeted in
ORCHESTRA and associated
specifications

6.1. Optical Signal to Noise Ratio (OSNR)

OSNR monitoring is one of the most demanded features. The OSNR has traditionally been
determined by extrapolating from an out-of-signal-band noise measurement. However,
reconfigurable DWDM systems being deployed today require an in-band OSNR
measurement. Relation between SNR and OSNR [84]:

11 N 1 N 1
SNR =~ SNRssz ~ SNRry/rxy SNRy,

where the SNRys¢ is linked to OSNRg.1nm by:

1 _ 1 1
SNRysp  néOSNRg 4 nm.

In this equation, u is the OSNR penalty factor accounting for filtering effect and & =
0.1 nm in GHz/BaudRate. Most of the time, this last formula is written by setting u to 1.

An EDFA cascade could be taken into account by the well admitted relation [85]:

OSNROUT == PS,IN - 1010g10N - NF + 58 (ln dB)

The formula above works on most situations because most of the variability from one
configuration to another is included in the other terms (SNRr/zx and SNRy.). The only
alteration to the formula comes from channel distortion, for instance due to optical filtering.
Main consequence of distortion is that 1dB OSNR does not exactly translate into 1dB of SNR.
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Published measurement approaches (e.g. [86]) proposed on a scheme where non-linear
noise is taken into account in OSNR measurements via the calculation of noise correlation
between adjacent symbols. One can see also the proposed measurement technique in
Polarization Dependent Loss (PDL) part below and especially in the reference [87]. The
method from reference [86] seems to provide ONSR estimations over a wide range (specify
range) and with an error of £1 dB. The same accuracy is claimed in [87] but with a zero mean
value.

6.2. Polarization Dependent Loss (PDL)

Mainly originating from peculiar components (isolator, WSS, EDFA), we expect margins
reductions especially in Metro network where there are more and more nodes. PDL is
known to be responsible for performance penalties, and can be hard to mitigate (e.g. over
next-gen NxM WSSs [88]).

From [89], the effect of PDL can be modelled as a polarization-dependent OSNR value and
directly link to a global Q-factor in some simple but specific cases. Numerous studies [90]—
[94] report on PDL and provide the well-established cumulative statistical laws for low-PDL

element distributed on link. If all PDL elements share the same value forI'y;, the PDL

coefficient in dB, the probability density function is given by [94]:
2 T?exp(-T?/(2a°
pdf(r):\/; p( a (2a%)

where a is related to the number of component and their individual mean value. The mean

total value is then given by u = 2a\/2/ 7 and the variancec® =a*(37-8)/ .

Nevertheless, impacts of other phenomena on PDL (Non-linear noise, etc.) statistics [95]
impose a more general study.

Published PDL measurement schemes [78] report the possibility to extract its value from the
equalizer coefficients (CMA) for values above 2dB. The accuracy of this method depends on
the OSNR, which is still problematic. To circumvent this issue, authors proposed an
alternative scheme [87] which provides access to both PDL and OSNR with very good
accuracy mean value and standard deviation within +1 dB. While the results are relevant,
one can note that it is based on “Data-Aided” and (short) “Training Sequence”.

One other proposition is based on a two staged CMA [95] and leads to promising results.

First simulation on proposed measurement technique leads to overestimate the PDL mean
value for small PDL value of each component (~0.2 dB). This error is probably
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underestimated compared to published results on more complete modelling (e.g. taking into
account PMD).

The current implementations considered the quadratic average of PDL elements when the
network is designed. Value for each element is taken from statistical measurement on
component. We believe that monitoring this criterion will have one of the most meaningful
impacts on reducing cost margin.

6.3. Filtering impairments

Filtering impairments are typically due to Wavelength Selective Switches (WSS). Impact of
filtering is well-understood in the time domain: it implies a modification of the signal pulses,
resulting in Inter-Symbol Interference (ISI). The ISI mitigation at reception (aka equalization)
engenders noise amplification. As consequence, a full mitigation of ISI by the equalizer is
often suboptimal for overall performance. Thus, final impact of filters comes from a
combination of unmitigated ISI, directly due to the distortion, and noise amplification,
introduced by the equalization. This makes it particularly challenging to establish a
performance model taking into account filtering impairments.

There are several references where the impact of filtering on performance metrics in optical
communication networks is simulated and/or measured experimentally [96], [97]. Such
effects were specifically discussed in Section 3.

6.4. Channel Power

This parameter is monitored for diagnosis in case of failure and for power setting monitor
tool. The Gaussian Noise (GN) model provides a way for setting the power in most systems
by optimizing the following equation in a large range of network configuration:

P

SNR=———
NASE +aNLP

In the worst case, a precision 1dB on the power will affect the SNR of 1 dB.

There are photodiodes everywhere on optical networks, but there is a real need to
aggregate the information between each optical amplifier and improve accuracy at emission
and reception. Moreover, this parameter will assess for the overall health state of the optical
link (fibre losses, failure and aging). Current design rules are based on value given by the
operator concerning the fibre loss, length and type. Moreover, margins are taken to
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overcome whole life reparation penalties where monitoring will enable a smoother
evolution of the network.

6.5. State of polarization (SOP)

While the monitoring of SOP speed is of paramount importance in pro-active failure
detection, a “slow” SOP monitoring would provide useful information on possible outages-
appearances of uncorrected blocks (UBs). In this scope, the idea is to perform monitoring of
SOP fluctuations over the time to evaluate the amplitude of this variation and assess the risk
of outage in case of fast SOP variation. The convergence speed of the CMA is strongly
dependent on the SOP of the received waveform, and consequently varies a lot with the
choice of the initial finite-impulse response (FIR) filter tap values.

Fast SOP changes can jeopardize proper demultiplexing of the two input polarizations
leading to the appearances of the UBs.

The difficult thing about SOP speed measurement is that the DSP sampling rate can be
lower than some SOP variations, meaning it can’t be seen with the transponder, whereas UB
occurs. If we need to trust a SOP speed monitoring, we need to ensure the sampling rate is
much higher than the fast SOP variation. Field measurements of the SOP are used to define
the initial number of FIR taps.
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