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Next-generation optical access networks are evolving towards ultra-high bit rate (above 50 Gbps per
wavelength) and extended reach architectures. This trend will likely push the optoelectronics to their
limits, thus requiring impairment compensation based on Digital Signal Processing (DSP) techniques
in the transceivers. In this paper, which is an invited follow-up of a tutorial given at ECOC2023, we first
present an overview of this evolving scenario and then we propose a unified analytical model that is able to
predict the performance of these new systems for both direct-detection and coherent transceiver types. We
believe that this model can be useful for both preliminary scalability studies of new access architectures
(as it happens in international standardization bodies) and then, when they are deployed, as a base for
network planning tools, particularly if future transceivers will be, as expected, highly re-configurable at

the DSP level.
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1. INTRODUCTION

Optical access networks for Fiber-to-the-Home (FTTH) using
the Passive Optical Network (PON) architecture are today so
widespread worldwide that they are expected to be continuously
upgraded to higher bit rates, as demanded by the future use
of PON for new trends such as industrial PON, Passive Opti-
cal LAN (POL), Fiber-to-the-Desk (FTTD) and, most important,
mid-hauling or front-hauling for advanced 5G and future 6G
mobile networks. This PON roadmap towards higher speed is
evident by looking at the current evolution of PON standards
in ITU-T, which recently released ITU-T G.9804 50G-PON and
is currently brainstorming in G.suppl.VHSP on the next steps
above 50G-PON towards 100G-PON or 200G-PON. Whereas,
in the commercial deployment, we are today seeing the first
commercial installations of XG-PON and XGS-PON at 10 Gbps
(after more than fifteen years dominated by GPON and EPON
deployments).

Given the specific physical layer imposed by PON Optical
Distribution Networks (ODN), future upgrades to more than
50 Gbps per wavelength will require a significant technolog-
ical evolution, as we discussed in the ECOC2023 tutorial (by
R. Gaudino) titled “Towards More and More DSP in Higher
Speed PON” (the present paper is an invited follow-up of the
ECOC2023 Tutorial). In particular, a significant evolution is re-
quired in terms of both higher bandwidth opto-electronics and
Digital Signal Processing (DSP) additional functionalities in the

transceivers to combat physical layer impairments. The recent
literature and the discussion that is currently ongoing in ITU-T
G.suppl.VHSP is proposing, among other issues, to add flexibil-
ity in the transceivers [1, 2] to evolve from the current "static"
PON physical layer (i.e. fixed modulation format, bit rate, FEC
threshold etc.) to a more dynamic approach in which, thanks to
the features offered by advanced DSP, the PON transceiver is
set to a configuration which adaptively depends on the quality
of the ODN on which it must operate and on the actual traffic
requests. Moreover, some papers are also starting to propose the
use of polarization multiplexed quadrature amplitude modula-
tion (PM-QAM) coherent transmission in PON [3, 4] for higher
bit rates and, if needed, for extended-reach architectures, like
for the convergence between the metro and the access segments
[5,7].

If and when PON use a dynamic, DSP-based and adaptive
physical layer, a proper set of software numerical models will
be needed during the standardization phase to analyze the scal-
ability of the proposed solutions, and then to real-time optimize
the operation during the actual deployment. In this invited
paper, we thus elaborate on these topics, by proposing two
(closely related) analytical software models that are very effec-
tive in predicting the performance and then in dimensioning
DSP-equalized intensity modulation and direct detection (IM-
DD) high speed transmission [8] and coherent systems [9] in the
presence of strong optoelectronic bandwidth limitations, chro-
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matic dispersion and the most relevant noise sources. Thanks to
these two models, that are summarized in Appendixes A and B
at the end of the paper, we can present a set of scalability studies
for next generation PON networks, focusing on highest possible
bit rates and, particularly for coherent solutions, extended reach.
In fact, this is the main novelty of this paper: while the two
models were already presented in two previous papers of ours,
here we extensively show how they can be effectively used in
dimensioning next-generation ultra-high speed PON. Moreover,
we further extend our models to include the effect of transmitter
chirp (for IM-DD) and interference from backreflected counter-
propagating signals (for coherent). The required CPU-time to
run our model is extremely small since, as shown in Appendix A,
it only requires as inputs spectrally-resolved transfer functions
and power spectral densities (PSD) for the useful signal and for
the noises, and it is then based on the computation of an integral
of the resulting spectrally resolved signal-to-noise ratio SNR(f).
To give an idea, the CPU-time required on a standard desktop
to generate the approx. 1000 BER values shown in the following
Fig. 5 is about 2.8 seconds, i.e. 2.8 milliseconds for the estimation
of each BER value.

A specific feature of the proposed numerical modeling,
thanks to its "spectrally resolved" approach, is its ability to take
into account any bandwidth limitations induced by both optical
and electrical filters. We believe that this feature will be increas-
ingly relevant for next-generation ultra-high speed transceivers
at speeds above 50 Gbaud (for both IM-DD and coherent cases)
which will necessarily be operated in a strongly band-limited
situation that will induce a high penalty (in received power
and/or optical signal to noise ratio (OSNR) sensitiviy) that can
be partially compensated by DSP functionalities and should be
predicted in network planning tools.

Moreover, and for the coherent case, we believe that our
proposal covers another current "gap" in today’s coherent
transceiver modeling, since it predicts receiver performance
in any combination of optical amplified spontaneous emission
(ASE) noise and receiver "electrical" noise, as it would happen
for instance in the downstream direction of metro+PON con-
verged architectures, where the metro segment adds ASE noise
and, at the same time, the PON optical network unit (ONU)
receiver is operated at very low received power.

Before proceeding with the "core" of our paper, we point out
that the results presented in the following will strongly use the
models we proposed in [8] and [9]. If the reader is not familiar
with these models, we give a short summary in the two Ap-
pendixes at the end of the paper. Here we only remind that the
proposed model for IM-DD can take into account all the most rel-
evant noise sources, any linear transfer function for the electrical
bandwidth limitations and the impact of chromatic dispersion
and chirp (with a reasonable approximation). However, it can-
not take into account in a "native" way nonlinear impairments,
even though some "ad hoc" extensions to account for weakly
nonlinear propagation can be applied. The model for coherent
detection, besides optical and electrical bandwidth limitationss,
can also deal with incoherent crosstalk due to ODN backreflec-
tions, any mix of electrical noises and optical noises (including
the nonlinear Gaussian noise generated by Kerr effects in the
fiber) and the impact of polarization-related impairments, such
as polarization dependent loss in the reconfigurable optical Add-
Drop Multiplexers (ROADMs), while it cannot natively consider
the impairments generated by burst-mode upstream transmis-
sion.

2. MODELING AND SCALABILITY OF DSP-BASED
DIRECT-DETECTION PON

As discussed in details in many recent papers (such as [1] and
[2]), IM-DD PON transmission above 50 Gbps per A will be
strongly limited by a combination of receiver noise, bandwidth
limitation in the transceivers (both at the transmitter TX and
at the receiver RX) and chromatic dispersion in the fiber. We
showed and validated experimentally in [8] that the model sum-
marized in Appendix A can predict the impact of all these impair-
ments in a fairly large set of practical situations, with the only
assumption that the receiver adaptive equalizer is sufficiently
long to compensate for the end-to-end total impulse response of
the system.

In a first example of application, for a PON downstream
transmission system, we investigate the impact of avalanche-
photodiode (APD) available bandwidth BW4pp since it is today
the opto-electronic element that is expected to be the main bottle-
neck in the evolution towards higher bit rate IM-DD PON. The
APD parameters are taken from [10] as follows: gain G = 8 dB,
excess noise factor F = 3 dB, responsivity R = 0.8 A/W, input
referred noise density IRND = 10 pA/+/Hz. We also focus our
attention on the bandwidth limitation and noise generated by the
analog to digital converters (ADC) that are needed in DSP-based
receiver, since, as discussed in detail in [11], they are expected
to present some scalability problem towards higher baud rate.
Thus, all the results presented in the paper are obtained includ-
ing the quantization noise and filtering effect associated with
the ADC. We consider two ADC cases. In the first one, we use
the parameters of the real time oscilloscope we have in our lab-
oratory (a Tektronix DPO77002SX used in all our experimental
validations in [8] and [9]), and thus we set an analog bandwidth
BW 4pc=33 GHz, effective number of bits ENOB ~ 5 and 200
GS/s sampling rate. In a second case, for comparison we assume
the ADC to have an ideally high bandwidth (numerically set in
our studies to BW4pc = 200 GHz). Other parameters used in
the rest of the paper are as follows: transmitted signal power
11 dBm, extinction ratio ER=7 dB and square root raised cosine
(SRRC) pulse shape with 0.2 roll-off factor.

The results are shown in Fig. 1 in terms of maximum achiev-
able ODN loss for a target BER=10"2 as a function of the APD
3dB bandwidth BW4pp. For PAM2 at 100G (blue curves), it
is clear that BW4pp strongly affects system performance, but
also that BW4pc is very relevant. In fact, the PAM2 curve for
the realistic case BW4pc=33 GHz strongly differ from the one
assuming an ideal ADC with BW,pc = 200 GHz. For PAM4
at 100G (i.e. at 50 Gbaud, red curves) the request on BW4pp is
significantly smaller and there is no difference between the two
assumed BW4pc values. We also report in yellow the somehow
extreme case of PAM4 at 200G where it becomes even more evi-
dent that the bandwidth requirements on BW4pp and BW,p¢
would become extremely tight. To summarize, Fig. 1 shows that
modulation formats can provide 29 dB ODN loss (the minimum
ODN loss class standardized by ITU-T) at 100 Gbps for APD
bandwidth above 12 GHz and 23 GHz for PAM4 and PAM2
respectively, and there are margin for even higher ODN loss for
larger available bandwidth. At 200 Gbps, on the other hand,
a very high APD bandwidth in excess of 40 GHz is required
for PAM4 modulation with very large BW4pc. This graph is
a first example of how our proposed model can be very effec-
tive in a general design of the physical layers of future PON
architectures.

In a second example of application, we show in Fig. 2 the
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impact of transmitter chirp and chromatic dispersion, by re-
porting again the maximum achievable ODN loss for a target
BER=10"7 as a function of the accumulated dispersion D - L
(in [ps/nm] and assuming O-band transmission), where D is
the dispersion parameter and L is the fiber length, for different
transmitter chirp [12] parameters « (inside the typical range for
electro-absorption modulators (EAM) at the transmitter) and
using PAM4 100G transmission with BW,pp=13 GHz, which
is the lowest possible value to obtain 29 dB ODN loss in the
previous case shown in Fig. 1. To obtain this graph, we use the
small-signal transfer function model for dispersion and chirp
in IM-DD presented in [12]. The results shown in Fig. 2 can be
useful to define the wavelength options (inside the O-Band) for
future standards higher speed PON standards, also in relation
to the expected zero-dispersion wavelength tolerances and on
the expected chirp of the transmitter.
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Fig. 1. ODN Loss at BER = 1072 vs. APD bandwidth BW4pp.
The ADC bandwidth is 33 GHz (circles) or "unlimited" and
actually set to 200 GHz (crosses).
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Fig. 2. ODN Loss at BER = 102 vs. accumulated chromatic
dispersion (in O-band) for several values of the EAM chirp a
parameter for 100G-PON PAM-4. The baseline condition (no
chirp, no dispersion) allowed about 30.3 dB ODN loss.

The results shown in the previous two Figures confirm that
100G-PON IM-DD downstream transmission is doable and can
reach typical targets ODN loss (29+ dB or more) even using
PAM-2, provided that a proper combination of optoelecronic
bandwidth and dispersion/chirp values are selected. For what
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Fig. 3. ODN Loss at BER = 102 vs. accumulated chromatic
dispersion (in O-band) for several values of the EAM chirp «
parameter for 200G-PON PAM-4. The baseline condition (no
chirp, no dispersion, BW4pp=41 GHz, no ADC limitations)
allowed about 29 dB ODN loss

concerns 200G-PON, our analysis suggests that it would on the
contrary be unfeasible on standard ODN loss classes. In fact,
200G transmission would be possible only on "non-standard"”
PON, such as for shorter distances and small splitting ratios (e.g.
1x4), a scenario that is sometimes considered in some of the pro-
posed fronthauling architectures where the point-to-multipoint
can be of practical interest even for a small number of ONUs
per PON. For 200G-PON, we also show the dispersion/chirp
study in Fig. 3, which points out that dispersion would become
extremely critical even when working quite close to the zero dis-
persion wavelength in O-band. As an example, to have a small
penalty in terms of ODN loss and on the curve for zero chirp
(¢ = 0) D - L should be below 20 ps/nm, requiring for a stan-
dard PON length of 20 km a dispersion value D < 1 ps/nm/km
which would be extremely difficult to force due to the statistical
variation of the SMF fiber zero dispersion wavelength.

3. MODELING AND SCALABILITY OF DSP-BASED CO-
HERENT PON
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Fig. 4. Reference block diagram for the coherent metro+PON
analysis, with main focus on DS direction.

By combining the models we proposed in [9, 13] and sum-
marized in Appendix B, we can analyze a very wide range of
coherent PON transmission scenarios. Here we will focus on
giving examples for future higher bit rates, and in particular
for 200G-PON and above, speeds that we proved in the pre-
vious Section to be hardly achievable with IM-DD. Moreover,
we analyze future architectures such as the one shown in Fig. 4
where the metro and PON segments are merged, as we exper-
imentally discussed in [5, 7], i.e. architectures where a given
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wavelength light-path is generated in the metro segment and
then is optically amplified and filtered by (at least) one ROADM
to be transparently routed on a standard PON (we discuss here
the downstream DS direction but symmetrical considerations
can be proposed for the upstream). The rationale for analyzing
this scenario is related to the idea that the somehow "giant" step
of introducing PM-QAM coherent transmission also in PON
could be techo-economically accepted in the future only if it
enables not only higher bit rates compared to IM-DD but also
significantly new network-level advantages. For instance, an
optically-transparent converged metro-access architecture can
allow the telco operators to reduce the number of central of-
fices in large and dense cities. Moreover, due to the smaller
amount of optical-to-electrical-to-optical (OEO) conversions, a
converged metro-access architecture can potentially reduce the
carbon-footprint of the network. However, these advantages
will come at the cost of a much more complex network control
plane which, in turns, will require physical-layer aware network
planning tools also in the access network and not only, as it is
the case today, in long-haul networks.

We start by observing that a converged metro+PON transmis-
sion will ultimately be limited by a combination of the following
impairments (the considerations are done here for the down-
stream direction):

¢ ASE noise introduced in the metro segment, resulting in
a given OSNR at the metro output (indicated in Fig. 4 as
OSN Rgftm) ; when relevant, OSN Rgfm can include, beside
ASE contributions, also equivalent Gaussian Noise (GN)
generated by nonlinear effects in the fiber. In the rest of
the paper, we use the convention of indicating OSNR with
the noise measured on a bandwidth equal to 0.1 nm, unless

otherwise explicitly noted;
¢ optical bandwidth limitations in the ROADMs, if any;

¢ electrical bandwidth limitations and electrical noises in the
ONU coherent receiver; we note that the latter are typically

very relevant since the ONU received power PI?)? IBm =
pDs

TX dBm Ldo% w is low for high target values of the ODN

dB
loss L5p

* optical back-reflections in the ODN, determined by the
ODN reflection R‘é% w (its value is, according to ODN ITU-T
standards usually better than 32 dB in normal situations,
but it can be as high as 20 dB for some specific ODN configu-
rations, usually involving unterminated optical connectors)

In the following of this Section, we will investigate each of
these effects. We start from the "baseline" situation of a PM-
QAM transmission limited by ASE and coherent receiver noise
while assuming all other physical layer parameters as ideal,
showing in Fig. 5 the resulting BER vs. Pryx 4p,, for different
values of OSNRetro (to avoid cumbersome mathematical no-
tation we avoid from now on the "DS" apex in the formulae
unless explicitly required), under the following assumptions:
50 GBaud PM-16QAM transmission (i.e. 400G-PON) with 0.7
A/W photodiode responsivity, OSNRetro ranging from 24 dB
to 42 dB (using the aforementioned 0.1 nm convention) and with
Ny = 2-10~!® W2/Hz the thermal noise PSD of the electrical
part referred to the receiver input (thus including the insertion
loss of the optical hybrid) and chosen to match the experimental
sensitivity measurement [5].

We remind that the receiver sensitivity in terms of Prx 4p, is
a key parameter for PON, since it will set the maximum achiev-
able LdOBD ~ and thus the resulting PON ODN loss class. Fig. 5
shows that the dimensioning of the considered network will
thus strongly depends on the available OSNRPS. ~at the metro

metro
output. For instance, under the above assumptions, OSN Rgfm

should be better than 32 dB to have a negligible reduction (<0.5
dB) on Pryx 4pm sensitivity. To further elaborate on this point,
we show in Fig. 6 the sensitivity Prx 4p,, at BER = 10 2asa

function of OSN Rgftm for different baud rates and modulation

formats.
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Fig. 5. Sensitivity curves for 50 GBaud PM-16QAM (i.e. 400G-
PON) and several values of OSNR ;0470 (defined on a 0.1 nm
bandwidth) ranging from 24 dB to 42 dB with 1 dB step.
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Fig. 6. Sensitivity at BER = 1072 vs. OSNRyetro for different
modulation formats and baud rates.

The proposed model, thanks to its frequency-resolved ap-
proach, is also able to estimate the penalty introduced by any
end-to-end linear transfer functions. As an example of this fea-
ture, we show in Fig. 7 the impact of different optical filtering
bandwidth as plots of the achievable L%%N at BER = 1072 as

a function of the OSN Rﬁfm for 50 GBaud PM-16QAM (i.e. for
400G-PON) transmission with no receiver electrical filtering.
The optical channel bandwidth is varied as a percentage of the
symbol rate (the baseline condition for noise levels is the same as
in the previous example). Similarly, we show in Fig. 8 the impact
of electrical filtering bandwidth in the coherent transceivers in

the same conditions as Fig. 7 with no optical channel filtering.
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Fig. 7. ODN Loss at BER = 1072 for 50 GBaud PM-16QAM vs.
OSNRyetro for several values of the channel optical bandwidth
as a percentage of the symbol rate.

w
w

w
@

w
=

w
N

[\*)
w

ODN Loss @ BER =107 [dB]
w
o

——NoFiter ~——BW_=45%
26 ——BW_=25% BW_ =60%
" BW, =35% BW, =80%
25 30 35 40
OSNR [dB]

Fig. 8. ODN Loss at BER = 1072 for 50 GBaud PM-16QAM
vs. OSNRetro for several values of the electrical transceiver
bandwidth as a percentage of the symbol rate.

The set of graphs shown so far in this Section demonstrates
that coherent transmission in metro+PON can reach very high
values of L%BDN. For instance, assuming OSNRyetr0=25 dB and
considering a DS transmitted power equal to 11 dBm, the achiev-
able LdOBD N Tanges from 43 dB at 200G using PM-QPSK modula-
tion to 39 dB and 33 dB at 400G using PM-QPSK and PM-16QAM,
respectively, which would then scale to smaller values if (optical
or electrical) bandwidth limitations are present.

Anyway, for high ODN loss levels, optical back reflections
become a very significant problems, since PI%E, 4By DAy become
comparable with the ODN back-reflected US signal which, us-
ing the notation shown in Fig. 4, has a power level equal to
P%? dBm R‘g;DN. To analyze the impact of back-reflections, we
will refer to the qualitative optical spectral situation shown in
Fig. 9 and we will show that back-reflections may become a
key consideration in designing coherent ONUs and optical line
terminals (OLTs). We remind that in long-haul transmission, a
coherent transceiver always uses the same wavelength for both
directions, to reduce cost and also for wavelength routing rea-
sons. However, while long haul transceivers are coupled to
two fibers, PON is single fiber and thus, as a first consequence,
a PON coherent transceiver should be equipped with a circu-
lator, as shown in the inset of Fig. 4. More importantly, for a
standard single-carrier single wavelength transceiver, the US

back-reflected optical spectrum will be totally superimposed to
the received DS one (and vice-versa at the OLT for the upstream
receiver), thus generating a penalty due to coherent crosstalk.
We studied its impact in Fig. 10 considering a back reflected sig-
nal levels Ropy dB below the useful signal level, with the ADC
effect and without any optical or electrical filtering in a 50 GBaud
PM-16QAM system. The Figure shows that for a standard single-
carrier single wavelength transceiver, the penalty in terms of
achievable ODN losses would be very strong for the ITU-T typi-
cal specified value RéBD N=32 dB, with about 7 dB reduction with
respect to the case without backreflection interference. For the
(even more critical) case with RdO%N=20 dB (the aforementioned
situation envisioned by ITU-T in case of un-terminated connec-
tors) we could not show the resulting curve, since essentially the
bidirectional system would go out of service.
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Fig. 9. Qualitative spectra for modeling backreflections levels.
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Fig. 10. ODN Loss at BER = 1072 for single-carrier
same wavelength 50 GBaud PM-16QAM transmission vs.
OSNRyyetro for several values of the backreflections level.

A significantly better situation in terms of back-reflections
tolerance is possible when using the same wavelength with
multi-subcarrier coherent transceivers (as proposed in [14, 15])
and alternating different optical subcarrier bands for the US
and DS transmission, as already suggested in [6]. Assuming
we have 16 subcarriers at -1 dBm transmitted power, each PM-
16QAM modulated at 4 Gbaud, for a total aggregated 64 GBaud
symbol rate and 11 dBm optical power, we show the resulting
performance for R’éBDN:ZO dB in Fig. 11 and for R’éBDN=32 dB
in Fig. 12 for different values of the "out-of-band" subcarrier
spectral rejection Cgft (defined as shown in Fig. 9).

In summary and regarding the impact of back-reflections,
these last three figures show that single-carrier, same wavelength
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coherent transceiver would not be applicable to high ODN loss
PON, so that if single-carrier transceiver are used, they must nec-
essarily use two separate wavelengths for US and DS. For what
concerns multi-subcarrier transceivers, the same wavelength
and interleaved DS/US subcarrier scheme seems doable even at
very high ODN loss, provided that the out-of-band subcarrier
spectral rejection C75, is sufficiently high.
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Fig. 11. ODN Loss at BER = 102 for multi-subcarrier,
same wavelength 50 GBaud PM-16QAM transmission vs.
OSNRyetro for several values of the Cy; parameter when the
backreflected signal is 20 dB below the transmitted one.
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Fig. 12. ODN Loss at BER = 10~2 for multi-subcarrier,
same wavelength 50 GBaud PM-16QAM transmission vs. the
OSNRypetro for several values of the C,,t parameter when the
backreflected signal is 32 dB below the transmitted one.

4. CONCLUSION

We presented in this paper an analytical model for predicting the
physical layer performance of next generation PON networks,
showing its ability in considering a wide range of physical layer
impairments (different type of noises, including quantization
noise, optical and electrical filtering, back-reflections, etc.) un-
der the assumption of a DSP-based receiver using a sufficiently
long feed-forward adaptive equalizer. We then show a wide
range of application examples for both IM-DD on a standard
ODN PON and for coherent in an extended reach configuration
that may happen if and when metro and PON segments are
optically merged. We believe that the model can be useful for

two different situations: feasibility and scalability studies for
new access network architectures using extensions of the current
PON paradigm, such as in standardization bodies for discussion
on the so-called Physical Media Dependent (PMD) layer, and
then, when a given network architecture is actually deployed, to
use the models inside network planning tools, particularly if, as
expected for the coherent case, the transceiver will have a quite
large number of DSP-based reconfiguration options (at the very
least baud rate and modulation format adapted to the specific
link physical layer parameters).

Regarding the IM-DD model, we have shown here some
specific scalability study examples, extending our previous work
in [8]. We believe that the only important missing aspect for IM-
DD is modeling the nonlinearities of the transceivers and of the
fiber, a topic that anyway we believe may be addressed only on
a case-by-case study, and not in a general modeling framework
such as the one we tried to propose in this paper.

Regarding the coherent model, we also extended our previ-
ous work in [9], and we believe that our new proposal is quite
complete, but that in future works it may be further improved
in the following directions:

e if fiber nonlinearities are relevant, as in situations where
DWDM is used in the metro segment, the well-established
GN-model for fiber Kerr nonlinearities can be used, leading
basically to another source of additive noise on top of the
ASE term that we have already considered

¢ our model allows to consider any kind of electrical filtering,
provided that it is identical on the four electrical paths (one
for each of the four quadratures in PM-QAM) inside the
coherent receiver. On the contrary, the model presented
here cannot natively take into account asymmetric impair-
ments in the receivers, such as different time-skews in the
four electrical paths or the so-called I/Q imbalances and
crosstalks, but we believe that it can be extended following
the theory presented in [16]

5. APPENDIX A: THE FISCHER’S MODEL FOR IM-DD
SYSTEMS

B L o T T
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Fig. 13. Block diagram of the analytical model transfer func-
tions and noise terms when applied to IM-DD.

Our derivation of the IM-DD analytical model used in Sec-
tion 2 is based on [17] and detailed in [8, 18]. Our original
contribution to [17] stems from the fact that although thermal
noise is typically signal independent, other noise sources such
as relative intensity noise (RIN) and shot noise depend on the
instantaneous signal power P(t) (or P(t)? in the case of RIN).
Moreover, bandwidth limitations associated with optoelectron-
ics components can be represented through linear frequency
responses on P(t).

Here we give a short summary of our previous contributions,
which started from the model presented in [17] for a generic Ban-
dlimited Additive Gaussian Noise (BAGN) channel, for which
the Author presents an expression for the computation of the
SNR at the output of an infinitely-long feed-forward equalizer
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(FFE) as follows:

1
2T
T- f—% m(f)+1df

where T is the symbol period and SNR(f) is the spectrally re-
solved SNR at the equalizer input, given by:

SNR(f) = T’PTX'UE((J;))‘HMU)'Z )

where Pry is the average transmitted signal power, Hr(f) is the
shaping filter frequency response at the transmitter, H.,(f) is
the frequency response of the linear channel, and Ny(f) is the
power spectral density of the thermal noise at the input of the
receiver.

In [8, 18] we eleborate on this BAGN model and made it ap-
plicable for an IM-DD optical channel using M-PAM modulation,
obtaining the following expression:

-1 )

T - (OMA%r)?

4 (M—1)2 [Hr(f)P - o3, 3)

Stx(f) =

where ay are the transmitted M-PAM intensity levels, ng =
La?/M and OMA%" is the PAM-M outer Optical Modulation
Amplitude (OMA) in [W]. Fig. 13 shows the schematic of the
IM-DD PON that can be analyzed through our model, including
the locations where noise contributions are added to the signal.
We can re-write equation 2 to include all the filtering effects and
noise contributions, obtaining the general form:

0 T-(OMAYY")? - [Hry(f)
£ (M1 S(f)

where |Hry(f)I> = [Hr(f)? - [Ha(f)P* - [Hep(f) -
|Hrx (f)|? - |Hapc (f)|? includes the cascade of all the possible

filtering stages along the signal propagation path, namely the TX
spectral shaping filter, the channel, the chromatic dispersion in a
small signal approximation [12], the receiver (typically an APD
in IM-DD systems) and the ADC. At the denominator of Eq.
4 SN(f) = Si(f) + SRIN(f) + Sshot (f) + Sapc(f) represents
the overall noise PSD as the sum of all the contributions,
appropriately filtered:

4)

SNR(f) =

e Si(f) is the PSD of the receiver additive thermal noise,
filtered only by the ADC, thus Sy, (f) = Ny - |[Hapc(f)[?

e Sgin is the PSD of the RIN noise that is filtered by Hry(f),
as the signal

® St (f) is the PSD of the shot noise, filtered only by the
ADC, thus Sgor = Kgpot - Prx - [Hapc (f)|2 where Pry is
the average received optical power and kgj,o; = G?FqR™!
is a proportionality factor that depends on the photode-
tector excess noise figure F, the photodetector gain G, the
photodiode responsivity R and the electron charge .

* Supc(f) is the PSD of the quantization noise, which we
modeled as proposed in [19] as a function of the ADC ENOB
and signal peak-to-average power ratio (PAPR).

Finally, we showed in [8, 18] and validate it experimentally
that the resulting SNRrrr value can be inserted in the well-
known erfc-like formula to obtain the resulting BER.

6. APPENDIX B: THE FISCHER’S MODEL FOR COHER-
ENT SYSTEMS

The derivation of the analytical model used in Section 3 for opti-
cal coherent transmission is also based on [17] and detailed in
[9]. Egs. 1 and 2, properly modified, can also be used to compute
the SNR at the FFE output in the case of coherent detection. In
[9] we extended the work presented in [17] to address coherent
communications in a generic polarization multiplexed scenario
on a channel including frequency and polarization dependence
on the signal and on the additive noise. Here, we further extend
our model to include also the ADC and the associated quanti-
zation noise, optical amplification in order to study the impact
of OSNR on the coherent system performance and the effect of
optical back-reflections on the useful signal.

Using the same notation as in Appendix A and focusing on
the polarization independent case, Eq. 4 in the coherent case
becomes:

_ Prx - |Hrot (f)]?
Rs - SN(f) + Sosnr(f) + SBr(f)

where [Hr(f)* = [Hr(f)I> - [Ha(f)P? - [Hrx(f) -
|Hapc(f)I?, Rs is the symbol rate, Sx(f) = Su,(f) + oot (f) +
Sapc(f), Sosnr(f) = odiig  [HrRx())I* - [Hapc(f)[? is the
PSD of the noise induced by the optical amplification with Prx
the received optical power and OSNR defined on bandwidth
e2qual to the baud rate, and the PSD of the back-reflected
interfering signal Spr(f) is again flat in the multi-subcarrier
case and takes the same shape as the useful signal in the single
carrier case as follows:

)= Prx - [Hr(f) > - [Hrx (f) > - [Hapc (f)?
Ropn - Cout

SNR(f) (5)

(6)

Spr(f

Ropn is the ODN reflection parameter and Cyy; is the "out-
of-band" subcarrier spectral rejection parameter of the multi-
subcarrier scenario (see Fig. 9).
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