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To meet the ultra-high bitrates and extended-reach demands of future broadband services and 5G/6G
fronthauling, today’s passive optical networks (PON) requires a significant technological jump, particularly
towards coherent detection. This shift makes the development of fast and accurate models for future
coherent PONs essential, especially for physical-layer network planning tools and digital twin applications.
In this paper, we thus present a frequency-resolved physical-based model for performance estimation
of coherent transmission over PON or metro+PON converged networks, considering a broad range of
electrical and optical impairments and two approaches for DSP-based equalization. Specifically, the model
accounts for frequency- and polarization-dependent optical channels, optical and electrical noises, coherent
receiver electrical bandwidth limitations and in-phase/quadrature imbalances. Numerical validation of
the proposed frequency model against extensive time-domain simulations demonstrates high accuracy
across diverse impairments, with discrepancies in the estimated signal-to-noise ratio showing a standard
deviation of 0.15 dB over a very wide variation range on the relevant parameters, along with significant
improvements in both time and computational efficiency. We conclude the paper by presenting two
examples of application of the developed model in dimensioning ultra-high bitrates future access networks.
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1. INTRODUCTION

The evolution of fronthauling (FH) requirements for advanced
5G and future 6G networks has become critical, given the high-
demand applications such as high-definition video streaming,
virtual reality, and the Internet of Things (IoT). These applica-
tions require new FH architectures capable of delivering high
performance services over vast and usually very dense geo-
graphical landscape, which makes the wide-spread passive op-
tical network (PON) a prospect candidate to support these re-
quirements in which PONSs are used to connect remote units for
mobile applications in addition to providing fiber to the home
(FTTH) residential access services [1, 2], maybe in conjunction
with new architectures [3], such as an all-optical merge of the
metro and access over PON segments. Current research on
physical layer solutions for 100 and 200 Gbps/A and higher bi-
trates future PONs debates between intensity-modulation direct-
detection (IMDD) or complex modulation and coherent detec-
tion [4]. IMDD architectures, used in PON standards up to now
due to their simplicity and cost-efficiency, struggle to meet the
demands for ultra-high bitrates and extended reach in future
access networks. These limitations has sparked a vast research

interest in different flavors of coherent detection for PON, which
will be a substantial leap forward, leveraging advanced modu-
lation techniques to obtain higher bitrates together with higher
receiver sensitivity, extended reach and higher number of users,
albeit at the expense of increased cost and complexity compared
to today’s single-A IM-DD systems, but not when compared
to alternative approaches such as multi-A IM-DD. Another fu-
ture research direction involves merging the metro and access
segments to simplify network architecture, enhance operational
efficiency, and reduce the costs associated with transmission,
detection, switching, and network management [3]. In this
new and rapidly evolving context, combining the benefits of
coherent PON (CPON) with converged metro-access networks
necessitates fast and accurate network models and consequently
effective network planning and management tools to ensure opti-
mal performance, scalability, and cost-effectiveness, particularly
for ultra-high-rate and flexible CPONSs [5]. Moreover, physical
layer modeling is a fundamental component in the Digital Twin,
which emerged as an indispensable tool creating precise virtual
replicas of physical networks, enabling comprehensive analysis
and interaction with real-time networks at the higher network
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level, and thus, allowing to predict, address potential issues,
optimize configurations, and make data-driven decisions [6, 7].

In this paper, we thus introduce a computational- and time-
efficient performance estimation tool for ultra-high speed co-
herent transmission over PON in the context of metro-access
converged networks. Our main contribution is the presenta-
tion and numerical validation of the developed physical-based
and frequency-resolved model that provides a general analytical
description for relevant linear transmission impairments along
optical channel and coherent receiver (CRx) together with op-
tical and electrical noises, enabling accurate predictions of key
performance metrics such as signal-to-noise ratio (SNR) and bit
error rate (BER), at the output of CRx digital signal processor
(DSP), also considering two variant for the receiver feed-forward
adaptive equalizer. In our model, we have upgraded the work
presented in [8] by comprehensively considering several CRx im-
pairments, which are paramount for high bitrates and advanced
modulation formats deploying a four-dimensional widely-linear
representation ( which will be discussed later [9]). Moreover, al-
though nonlinear fiber propagation effects are an important con-
sideration, they are typically neglected in short-range networks
such as PON. If targeting wavelength division multiplexing
(WDM) with relatively long-reach networks, these effects can be
modeled as additional Gaussian Noise (GN-models) and incor-
porated into the generalized optical to signal ratio (G-OSNR). As
such, they are not included within the scope of this manuscript;
however, the developed frequency model can be extended to
account for these effects.

The paper is organized as follows: Sect. 2 details the devel-
opment of a performance estimation tool based on a frequency-
resolved model that considers the physical layer characteristics
of coherent transmission under several possible impairments.
In Sect. 3, we discuss the validation of the model’s accuracy
across various parameters and scenarios, supported by a statisti-
cal analysis, while Sect. 4 demonstrates a practical application of
the developed model for dimensioning ultra-high flexible future
converged metro+PON scenarios.

2. ANALYTICAL MODELING OF COHERENT TRANSMIS-
SION

We consider a standard full dual-polarization (DP) CRx as de-
picted in Fig. 1, where the received optical signal first passes
through a polarization beam splitter (PBS), separating it into two
polarizations. Each polarization is then combined with the local
oscillator (LO) signal using a 90° optical hybrid. The resulting
eight signals are subsequently detected by four balanced photo
diodes (PDs) pairs, forming four electrical signals. These signals
are then amplified by transimpedance amplifiers (TIAs) and con-
verted to digital signals by analog-to-digital converters (ADCs)
before undergoing DSP operations. In the following, we will
introduce equations that describe the input-output relationships
for each of these components individually, where relevant, and
subsequently address the associated noise contributions. The
ultimate goal of this section is to establish a set of equations in
the frequency domain that enables the evaluation of both signal
and noise power spectral densities (PSDs) in the presence of var-
ious physical layer linear non-idealities commonly encountered
in the CRx, such as asymmetry, time-skew, and bandwidth limi-
tations. The availability of signal and noise PSDs in closed form
will then allow in Sect. 3 to analytically evaluate the resulting
spectrally resolved SNR and then the BER.
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Fig. 1. Block diagram of the dual-polarization coherent re-
ceiver. LO: local oscillator, PBS: polarization-beam splitter,
TIA: transimpedance amplifier, ADC: analog-to-digital con-
verter, and DSP: digital signal-processing circuit.

A. Physical-based Characterization of the Coherent Receiver

We start by assuming an ideal PBS followed by a 90° optical
hybrid, which may be unbalanced but is assumed to have an
infinite bandwidth as it is usually the case within the optical
range (filtering will be addressed later). For each polarization (i.e.
x or y), at the output of the PBS, the terms Eg () + Eno (t) and
E; (t) denote the received optical signal accompanied by optical
noise and the LO signal, respectively. The hybrid’s four output
optical signals are related to the two input signals through its
complex transmission coefficients [10], as follows:
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where the parameters s represent the optical hybrid coefficients,
with the superscripts corresponding to P, N to indicate the signal
path towards the two PDs in each balanced PD, while I, Q indi-
cate the inphase and quadrature components, respectively. The
hybrid output signals Epy (t), Enj (t), Epg (t), and Eng (t) are
the input signals of the P and N PDs for the I and Q components,
respectively. In an ideal optical hybrid, all the s parameters in
Eq.1 matrix equals 0.5 (which would lead to the target 0.25 split-
ting in signal power); however, in our model, s is allowed to
be a complex number, introducing both phase and amplitude
imbalances between the signal paths inside the optical hybrid.
In the following equations, we derive the I and Q components
on each of the polarization’s branches (temporarily omitting
the time notation from the mathematical representation of E for
the sake of space). The detected photocurrent at the output, for
instance, of the P-PD of the I component is the squared modulus
of the input optical signals, assuming a band-limited PD, and is
given by:

2
P =n (t-") @ Rpl‘sfl (Es +Eno) +s5'EL|, @
where hPI(t) is the impulse response of the P-PD up to the

current subtraction in the TIA [11], 7! the time delay associated
with the respective path, RP the PD responsivity to the applied
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signal. The superscript denotes the corresponding signal path
(PLin this case), and ® denotes convolution. Equation 2 can thus
be rewritten as:

i1 (t) = nPT (£ = 7T) @ RP! (sffsgl*ESE;j +sPIsPIELE,
2
+ 57155 EnoEf + 555 Exo EL + |87 EsExo
2 2 2 2
+|s7!| EsEno + [s1Es| + [sBTEL| + [T Eno| )
3)

where * represents complex conjugate operation. Subsequently,
neglecting the terms that are not associated with LO since the

LO power is expected to be dominant in these unamplified

systems, and introducing the following notation s/sF’* = sP1 =

R {sP1} +jS {s"!}, where R and $ are the real and imaginary
notations, we can write:

i*T() = nPT (t= ) @ RP! (2?}% {s"} R{EsEL)
—23 {st} S {ESE}} +2R {SPI} R{EnoEI} (@
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The current at the output of the N-PD will then have the follow-
ing similar expression:

iNL(4) = pN1 (t _ TNI) & RN! (
— (2R {Nh R {EsEL} — 29 [N} S (EsEf})
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(5)

This yields the differential photocurrent for the I component as:

Al (t) =hlpp () © R{ESEf} + higap () © S {ESEf} +
Iop (£) @ R{ENOEL} + higp (1) ® S {EnoEf} (©)
+hio (1) ® |EL,

where hIIBIPD and hg%D, further detailed in the Appendix, are
the balanced photodetection impulse responses composing the I
photocurrent with respect to the real and imaginary components
of the received optical signal. It should be noted that for an ideal
optical hybrid, the s parameters are real, resulting in hé%D =0
eliminating the contribution of the received signal’s imaginary
part to the detected I photocurrent. On the other hand, h! , is the
local oscillator impulse response, which is effectively canceled
out in an ideal balanced detection setup where the P and N paths
are identical. Similarly, the differential photocurrent for the Q
component is defined as:

AR (1) =hSL (1) @ R{ESE}} + h8S (1) ® S {ESE}} +
WGy (1) @ R{EnoEL} + hSS (1) ® S {EnoEf} ()
+h () @ |EL%,

After balanced photodetection, shot noise from both photodi-
odes is introduced to the resulting differential photocurrent,
which then passes through the TIA modeled as a band-limited

low-pass filter and additive thermal noise. Lastly, the current
passes through the ADC, which is similarly modeled as a band-
limited low-pass filter, followed by a quantizer. This yields the
signal for the I component at the input of the DSP, where we
reintroduce the polarization notation as follows:

() =hihe (e
(a0 @ (A1 () + nliF (1)) + it (1)) + i (),

where htr4 and hppc represent the impulse responses of the
TIA and ADC for their respective signal paths, in this case, I, x
the I component of the x polarization. Similarly, ng,, ny,, and
npc are shot, thermal and quantization noises, respectively, for
their corresponding signal paths ( defined in more detail later
in Sect. 3.A.1). Assuming that the frequency difference between
the transmitter and the local oscillator will be corrected in the
DSP, the terms R { EgE;} } and S { EgE} } can be written as /P I
and /P Q, respectively, where Py is the LO power. Finally, the
four CRx outputs after the ADCs can be expressed in a 4-D
time-domain vector as follows:

(8)
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The time-domain matrices h 4pc, hrr4, and hgpp, defined in Ap-
pendix A, are 4-D matrices representing the impulse responses
for the four signal paths in the CRx. The second term denotes
the CRx noise, also defined in Appendix A, which includes lo-
cal oscillator relative intensity noise, shot noise, thermal noise,
and quantization noise. Finally, by adopting the widely-linear
transformation, which establishes equivalent relations between
linear transformations in real vector spaces and those in com-
plex vector spaces as explained in [9], Eq. 9 can be modi-
fied to express the received signal at the input of the DSP as

T
Egx = [ EX EX* EY EV ]RX:

E* E* EX
Ex* Ex* Ex*
=hpx (1) ® + +ngyx (1),
EY EY EY
EY* EY* EY*
RX S NO
(10)

where hrx (t) and ngx (t), defined in Appendix A, represent
the physical-based 4-D widely-linear characterization of the CRx
response and electrical noises, respectively, and E¥*/Y = [*/¥ 4
. 1y

jQ*

B. Introducing the typical filtering and noises in Metro+PON
Networks

As this study examines coherent transmission in a converged

metro-access network, Fig. 2 depicts a possible downstream net-

work configuration, in which the metro segment is all-optically
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connected to PON through reconfigurable optical add-drop mul-
tiplexers (ROADMSs), as it was for instance experimentally stud-
ied in [3]. Here, we focus on the downstream (DS) transmission;
however, symmetrical considerations can be applied to the up-
stream (US). It is important to note, though, that the model can-
not natively account for impairments generated by burst-mode
US transmission. In this subsection, we will add to the previ-
ously introduced model the resulting optical filtering effects and
the noises that are typically present on the link.
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Fig. 2. Coherent transmission over converged metro-access
optical network configuration. EDFA: Erbium-Doped fiber
amplifier. WSS: wavelength-selective switch. PON: passive
optical network. ODN: optical distribution network. CRx:
coherent receiver. DSP: digital signal processor.

This study builds upon and largely extend the research de-
tailed in [8], in which the authors modeled the optical prop-
agation link as a generic 2 by 2 frequency- and polarization-
dependent transfer function acting on the transmitted signal in
addition to additive Gaussian optical noise, followed by coher-
ent detection and a minimum mean-square error (MMSE)-based
feed forward equalizer (FFE). In their study, they calculate the
spectral signal to noise ratio (SNR) at the input of the equalizer
in the DSP and consequently the SNR after the equalizer follow-
ing the analytics described in [12]. In our upgraded analysis, we
consider a similar optical link model but representing it in the
widely-linear 4 by 4, since this approach, as we started to show
in Sect. 2.A and as we will further elaborate here, is the form
that allows to account for IQ imbalances in the CRx.

The metro segment here is assumed to consist of multi-
ple spans (xN in Fig. 2), where the overall frequency- and
polarization- dependent optical channel impulse response is
denoted as the 2x2 impulse response hs(f) (which in the fi-
nal equations will be converted to the more commonly used
optical 2x2 Jones frequency transfer function). This response
can be completely general, accounting for any polarization-
dependent loss (PDL), any generic 2 by 2 random unitary Jones
matrix (accounting for random fiber birefringence) and any opti-
cal filtering within the ROADMSs wavelength-selective switch
(WSS). The transmitted optical signal Erx propagates through
the optical channel, then it is received at the input of CRx as
Es = h, (t) ® ETx. In this scenario, amplified spontaneous emis-
sion (ASE) noise is introduced by optical amplifiers namely
(Erbium-Doped fiber amplifiers (EDFAs)) placed inside the
ROADMs and characterized by a gain equal to the span loss and
a corresponding noise PSD, and both are assumed as frequency-
flat over the bandwidth of the modulated optical signal. These
noise sources are then affected by PDL and shaped by filtering
effects in ROADMSs. Thus, the total impulse response associ-
ated with this process is represented as another frequency- and
polarization-dependent relation expressed by the 2x2 impulse
response h 4gg (t), enabling to consider also colored ASE noise
at the input of CRx expressed as Eyo = hagg (f) ® N (), where
N (t) is the optical noise added in the metro segment. The fi-
nal step for this subsection is to convert Equation 10 in the

frequency domain and add the aforementioned impairments in
their widely-linear 4 by 4 form, leading to:

B () £ (f)
g | e
B ) | BD o
n ()
T i (f) Hase (f) ”:;((ff B S
' (~f) ASE

C. Equalization and Performance Evaluation

Following the methodology outlined in [8] (and assuming the
resulting matrix Hgx (f) Hs (f) is an invertible matrix at any
frequency inside the useful signal bandwidth, which is always
verified in actual systems), we assume a DSP-based adaptive
equalizer that can compensate for the channel response by ap-
plying its 4 by 4 inverse, which is achieved in practical CRx
implementations through a 4 by 4 real-valued multiple-input
multiple-output (MIMO) adaptive FFE, yielding;:

E* (f) E ()
E* (—f) _ | TS +H; ' (f)Hase (f)
EY (f) EY(f)
| BV (=) EQ E (=f) |1y
()
”ny((;; Dl HT (O HEL () Nk (),
| (=f) ASE

(12)

In Eq.12, the equalized signal clearly depends on the frequency
responses of the optical channel and CRx considering optical
and electrical noises. This yields the spectrally-resolved SNRs
from translating Eq.12 into the related PSDs for the signals and
noises on the two polarizations (assuming that the transmitted
signal is strongly circular [13] and the signals/noises on both
polarization are statistically independent [8]). Conversely, when
considering a 2 by 2 complex-valued MIMO adaptive FFE in
practical CRx, in the presence of a 4-D overall response, we
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introduce the 4-D matrix H! to Eq. 11 as follows:

E¥(f) E¥(f)
E:y((ff) — H () Hx () H () E;((f)f)
E* (=) |4 B (1) Jrx
()
HO () H () Hase (f) y((;{ P N (),
" (—f)

(13)

where H™!, defined in Appendix A, is the inverse of the partial
2 by 2 response taken from the overall response Hrx (f) Hs (f),
deployed in a 4-D form. Here, the equalized signal in one polar-
ization includes components of the transmitted signal along with
interference terms from its conjugate and the other polarization.
Therefore, only the term directly related to the signal is consid-
ered the desired component, while the other elements—those
related to the signal’s conjugate, the second polarization, and its
conjugate—are treated as interference (added to noises), thereby
calculating the resulting spectral SNR in the presence of inphase
quadrature (IQ) mixing accordingly [13]. This spectral SNR is
then applied in the analytical tool presented in [12] to determine
the SNR after equalization.

In summary, Eq. 12 and 13, along with the formulas (1,2,3)
in [8], enable us to estimate the SNR after equalization and,
consequently, the BER performance over a wide range of lin-
ear impairments in both the optical link and the receiver. This
includes various types of optical and electrical filtering, pos-
sible imbalances within the CRx, as well as different types of
(spectrally-dependent) noises.

3. ANALYTICAL MODEL VALIDATION AND ACCURACY

This section is fully focused on validating the accuracy of our
proposed model in several practical situations. We begin by
validating it across diverse parameters of coherent transmission
over metro+PON network, followed by a more general statis-
tical analysis. Various imperfections are analyzed for both the
CRx and the optical channel: specifically, for the CRx, these
include electrical noises, receiver electrical bandwidth limita-
tions, IQ imbalances, and time skew. Additionally, for the optical
channel, optical filtering, polarization rotation, PDL, and ASE
noise are addressed. The validation is carried out by comparing
our developed frequency-resolved model (indicated as the "fre-
quency simulator” in the following) to extensive time-domain
simulations (time simulator in the following, see [14]) in terms
of estimated performance (SNR, BER) and required CPU-time.
The frequency simulator computes SNR(f) by first evaluat-
ing the PSDs of the signal and noise terms in Eq. 12 or 13, and
then determining the resulting SNR at the receiver equalizer
output based on [12]. The time simulations are conducted under
the same transmission conditions, utilizing a T/2-spaced 4 by 4
or 2 by 2 MIMO FFE for equalization and polarization demulti-
plexing, that employs the least mean square (LMS) algorithm,
operating at 2 samples per symbol. The time simulations run
on a pattern length of 217 transmitted symbols for 10 repetitions.
The SNR is computed at the output of the CRx FFE as the ratio

of the average signal energy to the mean square error of the
received symbols. Subsequently, for both simulators, the BER
is calculated according to the modulation format, as detailed
in [15]. For example, for M-quadrature amplitude modulation
(M-QAM), the BER is determined as follows:

4 1 1
BER= —— |1 — — | zerfc
log, (M) ( \/M> 2 <

where M is the modulation order. The developed model is
validated in two configurations: the first is a back-to-back (BtB)
setup that includes optical noise loading and several CRx non-
idealities, and the second involves a converged metro-access
setup, incorporating optical filtering and polarization effects
into the performance estimation along with BtB impairments.
Finally, we statistically validate the proposed frequency model
by randomly varying the optical network and CRx parameters
and evaluating its performance estimation accuracy.

3SNR
2(]\/1_1)> , (14

A. Model Validation in a Back to Back Setup

In this section, we investigate the proposed model validity in a
BtB coherent transmission setup with optical noise loading. The
analysis begins by defining and validating the model’s perfor-
mance concerning CRx electrical noises, followed by an evalua-
tion of bandwidth limitations and IQ imbalances.

A.1. Coherent Receiver Electrical Noises

As already pointed out in Sect. 2, various sources of electrical
noise are present at the CRx and are especially critical in unam-
plified coherent transmission systems. We start by defining these
noise sources, beginning with shot noise, typically described as
a stationary random process approximated by Gaussian statis-
tics with a variance in each PD of 02, , = 2q(RP)Af, where g
is the electron charge, R is the PD responsivity, P is the power
incident on the PD (i.e. the received optical power (ROP) and
LO power), and Af is the effective bandwidth. Secondly, ther-
mal noise variance defined in each amplifier as U%I A= i%l A0S,
where i1, is the equivalent TIA input-referred noise current
density [11, 16]. The third considered noise source is the rela-
tive intensity noise (RIN) of the local oscillator, where ampli-
tude instability defined by the RIN in the LO introduces inter-
ference to the resulting current; while it is ideally rejected in
balanced detection, in our considered non-ideal balanced re-
ceivers’ common mode rejection ratio (CMRR) determines the
amount of introduced RIN. CMRR depends on the P- and N-path
differences, and particularly on two factors: the power imbal-
ance (e.g., differences in photodiode responsivity, as considered
in this manuscript), which is frequency-independent, and the
time skew (7"l not equal to T™! in Eq. 6), which is frequency-
dependent [16]. Lastly, quantization noise, introduced by the
ADC digitization, is modeled as white and additive (valid only
for sufficiently high resolutions, i.e. when effective number of
bits (ENOB) is at least 4 bits or higher [17]). ADC variance is
defined as 04 ;- ~ A?/12, where A is the quantization step-size

expressed as \/a%lOPAPR/w/2ENOB*1, where o0, and PAPR

are the ADC input signal variance and peak of average power
ratio (PAPR). It should be noted that PAPR depends on the
modulation format, signal pulse shaping parameters such as
roll-off factor [18], in addition to other factors related to filter-
ing and chromatic dispersion [19], therefore, the typical PAPR
values for each modulation and roll-off were estimated using
time simulations and applied in the previous formula to address
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quantization noise in the frequency simulator.

Simulation Setup: Throughout the paper analysis, unless stated
otherwise, the transmitted signal is a DP M-QAM signal shaped
by a square-root raised cosine filter with a roll-off factor of 0.2
and an average transmitted power of 11 dBm. Optical noise is
introduced to the signal prior to coherent detection, followed
by various CRx imperfections. The physical parameters of the
CRx are based on [20], which introduce the following electrical
noises: shot noise with a PD responsivity value of 0.62, thermal
noise with a 19 pA/+v/Hz as the value of TIA current, RIN with
a value of —145 dB/Hz, —21.6 as CMRR in dB, LO power of
14 dBm, and quantization noise with 5 bits as the ENOB. CRx
bandwidth limitations and IQ imbalances are incorporated into
the analysis where specifically mentioned. Likewise, optical and
polarization effects are stated based on the specific objectives of
each section. All simulations are run on a laptop with a 1.70 GHz
13th Gen Intel Core i7-1355U CPU and 16 Gbytes RAM. Both
simulations have the same resolution, meaning they evaluate
the same studied points under exact conditions and parameter
sets. For presentation purposes—applied consistently across
all relevant figures—the frequency simulator results are repre-
sented with lines, while the time simulator results are depicted
with markers.
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Fig. 3. Bit error rate versus received optical power in a back to
back setup for various local oscillator powers and modulation
formats. Lines are frequency simulator and markers are time
simulator results.

Figure 3 illustrates the BER versus received optical power for
coherent transmission in a BtB configuration corresponding to
various LO powers and two modulation formats, i.e. quadrature
phase shift keying (QPSK) and 16-QAM, where the frequency
simulator results are plotted in comparison to time simulator.
The previously described transmitted signal is a 28 Gbaud signal
with no added optical noise. The CRx imperfections include all
electrical noises, no bandwidth limitations or IQ imbalances. The
results demonstrate high accuracy between the two simulators,
irrespective of LO power and modulation format. The required
CPU-time for the two evaluations is anyway enormously differ-
ent, as we will better detail later with some examples. This is the
key rationale behind our proposed frequency-domain model,
targeted for obtaining system performance estimation in frac-
tions of a second of CPU time and thus potentially suitable for
network planning tools, optimizers and orchestrators.

Next, with the received 28 Gbaud DP-QPSK signal power
set at —33 dBm, in Fig. 4, we analyze the impact of varying the
receiver thermal noise, i.e. the TIA current, while keeping other
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Fig. 4. SNR degradation versus TIA input-referred noise cur-
rent density for various Local oscillator power with and with-
out optical noise. Lines: frequency simulator, markers: time
simulator, Solid: Infinity OSNR, dashed: 20 dB of OSNR de-
fined on a bandwidth equal to the signal symbol-rate.

noise sources constant. Here, we define SNR degradation as
the difference between the estimated SNR and the maximum
SNR value observed after equalization in the particular figure.
Figure 4 illustrates the SNR degradation after equalization for
different LO powers and two Optical SNR (OSNR) values, as
evaluated by both frequency and time simulators. As illus-
trated, the results from both simulators show again very good
agreement across various LO powers and OSNR values (i.e. the
time-domain dotter markers are completely superimposed to
the frequency-domain results represented as lines). Several sys-
tem considerations can be obtained from graphs such as those
presented in Fig. 4: for instance, for an OSNR of 20 dB, defined
on a bandwidth equal to the symbol-rate, a penalty of about
1 dB is observed at low TIA current values, while this penalty
decreases to about 0.5 dB for higher TIA current values, such
as 30 pA/sqrt(Hz). For lower TIA current values, specifically
4 pA/sqrt(Hz), increasing the LO power results in a higher
penalty in the estimated SNR, which can be explained by the in-
creased LO amplitude noise with respect to a fixed signal power.
In contrast, for TIA current values exceeding 12 pA/sqrt(Hz), a
higher LO power reduced the SNR penalty versus TIA current
as it enhances the signal power, thereby mitigating the impact
of thermal noise.
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Fig. 5. SNR degradation versus RIN values for various Local
oscillator power values with and without optical noise. Lines:
frequency simulator, markers: time simulator, Solid: Infinity
OSNR, dashed: 20 dB of OSNR.
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Similarly, Fig. 5 demonstrates the effect of RIN on the esti-
mated SNR penalty, as assessed by both the frequency and time
simulators for various LO powers and OSNR values. The results
show great agreement between the two simulators, with a minor
discrepancy of approximately 0.4 dB observed only at high RIN
values combined with high LO power. At an OSNR of 20 dB,
the SNR penalty ranges from about 0.2 to 1 dB, increasing with
higher LO power and lower RIN values. As illustrated, for low
RIN values, increasing the LO power results in a reduced SNR
penalty. In contrast, for high RIN values, a higher LO power
exacerbates the SNR penalty.

Bit error rate

_.
<
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Received optical power (dBm)

Fig. 6. Bit error rate versus received optical power correspond-
ing to ADC effective number of bits, OSNR and modulation
formats. Lines: frequency simulator, markers: time simulator,
Solid: Infinity OSNR, dashed: 20 dB of OSNR defined on a
bandwidth equal to the signal symbol-rate.

Figure 6 illustrates the impact of quantization noise on the
system performance, as indicated by the BER as a function of the
received optical power, considering ADC ENOB, OSNR values,
and modulation format. The estimated BER values from both
simulators exhibit again a good agreement across all values. As
seen, to achieve a BER value of 1072, reducing the ENOB from
6 to 4 requires an increase of the ROP by 1 dB for the 16-QAM
modulation format at both OSNR values. In contrast, for QPSK,
changing the ENOB has a minimal effect on the required ROP
for the same BER.

The CPU time required to generate all data points in Fig. 6
was about 12 seconds with the frequency domain simulator,
compared to about 44 minutes for the time-domain simulations.
This "CPU-time gain" of a factor higher than 200x, demonstrates
the significant efficiency in time and computational resources
afforded by our developed model for accurately estimating net-
work performance.

A.2. Coherent Receiver Bandwidth Limitations

In the developed frequency model, all components, including
CRx PDs, TIAs, and ADCs, are defined by their frequency re-
sponses. When included in the simulation, we assume that these
responses are modeled as first-order low-pass super-Gaussian
filters with predefined 3-dB bandwidths. The order and band-
width of these frequency responses can be varied to assess their
impact on the overall performance estimation.

Figure 7 shows the CRx frequency-dependent performance,
quantified by the SNR degradation, as a function of bandwidth
limitations in the CRx electrical components. This analysis con-
siders both the individual effects of the CRx components and
their combined impact on a 50 Gbaud DP-QPSK transmission, as
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Fig. 7. SNR degradation versus CRx components individ-
ual and combined electrical 3-dB bandwidth limitation as a
percentage of symbol-rate at an OSNR of 20 dB defined on

a bandwidth equal to the signal symbol-rate. Inset (i): ADC
bandwidth limitations considering ADC filter-order (FO) and
ENOB. Lines: frequency simulator, markers: time simulator.

evaluated by the two discussed simulators, taking into account
optical and electrical noises without any additional impairments.
Additionally, inset (i) in Fig. 7 highlights the effect of ADC band-
width limitations, using the same axes to represent SNR degrada-
tion (dB) versus ADC filter bandwidth relative to the symbol rate
(%), while considering the impact of its filter order and ENOB.
The results from the frequency simulator show excellent consis-
tency with those obtained from the time simulator. Notably, the
results reveal that when bandwidth limitations are present in all
components simultaneously, the impact on the SNR penalty is
most significant. For instance, a 3-dB bandwidth limitation of
35% of the symbol-rate results in a 3 dB penalty. However, when
the same bandwidth limitation is applied to each component
individually, the PD incurs a 2 dB penalty, while the TIA leads
to a 0.4 dB penalty, and the ADC results in a negligible penalty.
However, this negligible penalty can be attributed to the specific
filter order employed and the low level of quantization noise
following the filtering process. Nonetheless, the impact of the
ADC becomes more pronounced as the filter order increases or
in scenarios involving higher quantization noise levels, such as
with higher modulation orders. Inset (i) of Fig. 7 illustrates this
effect, showing that when the filter order is increased to 2, the
SNR degradation rises to 1.5 dB for an ADC with a 3-dB band-
width of 30% of the symbol-rate with an ENOB of 4. Increasing
the ENOB, which reduces the quantization noise, mitigates this
penalty by approximately 1 dB.

A.3. Coherent Receiver IQ Impairments (Amplitude, Phase imbalance
and Time Skew)
In this subsection, we present examples of the frequency-domain
model used to analyze impairments caused by internal imbal-
ances within the coherent receiver, which arise due to discrepan-
cies in the characteristics of the I and Q paths. We define the 'IQ
amplitude imbalance’ as the gain mismatch between the real and
imaginary components. This imbalance may result, for example,
from variations in PDs responsivity, where the responsivity for
the I path is aR and for the Q path is R, with a representing
the amplitude imbalance considered in the following analysis.
Phase imbalance, on the other hand, refers to the mutual cou-
pling between these components [21], which can be introduced
through the optical hybrid parameters of the developed model,
represented as e/® inthe LO's parameters of Q different than I,
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and thus s parameters in Eq. 15 and 19 are complex numbers.

Time skew occurs when there is a time delay in the I path relative
to the Q path, typically resulting from differences in the physical
paths that the signals travel through, i.e. parameters (t"! = tNT)
but not equal to (779 = tVQ) in Eq. 15 and 19.

(=)} - [e]

W

Qz-factor (dB)
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Phase imb. (deg.) Amplitude imb. (dB)

Fig. 8. Q? factor versus IQ phase and amplitude imbalances
for a 50 Gbaud 16QAM at an OSNR of 20 dB considering both
equalizers and both simulators. Fre-sim.: Frequency simulator,
Time-sim.: Time simulator, R-Eq.: 4 by 4 real-valued equalizer,
C-Eq.: 2 by 2 complex-valued equalizer.

We begin by evaluating the model’s estimation of SNR
and then the resulting Q? factor in the presence of IQ
impairments (Q? factor is defined in dB as QgB =

20lo \/2erfcinv (2BER ). The motivation for employin
810 ploymng

the Q?-factor in the context of introducing IQ imbalances was
to provide a basis for comparison between our modeling results
and those presented in [9]. Figure 8 depicts the Q? factor in dB
for a 50 Gbaud 16QAM signal, plotted against IQ amplitude
(« in dB) and phase imbalance (¢), considering both frequency
and time simulators for real- and complex-valued equalizers.
CRx electrical and optical noises are considered, with a ROP
of —27 dBm and an OSNR of 20 dB. As illustrated in Fig. 8,
the Q7 values estimated by the frequency model are consistent
with the results from the time simulations for both evaluated
equalizers with a maximum discrepancy of about 0.35 dB. Fur-
thermore, the degradation in Q? values in the presence of 1Q
phase or amplitude imbalance demonstrates the inability of the
2 by 2 complex-valued equalizer to effectively compensate for
IQ impairments, in contrast to the 4 by 4 real-valued equalizer.
For instance, a 20 degree of phase imbalance with « = 2 dB
results in about 3.6 dB degradation in the estimated Q? when
using a complex-valued equalizer, compared to deploying a
real-valued equalizer. It should be noted that practical digital
coherent receivers typically calibrate such imbalances [22]. Con-
sequently, a calibrated coherent receiver combined with a 2x2
equalizer can achieve performance comparable to that of a 4x4
equalizer. These results, however, are primarily intended to val-
idate the model’s accuracy with both equalizers rather than to
emphasize the performance improvement of the 4x4 equalizer.
Furthermore, this analysis supports performance prediction by
considering the low levels of residual receiver impairments with
a 2x2 equalizer.

On the other hand, we evaluate, in Fig. 9, Q? factor with
respect to time skew, expressed as a percentage of the symbol
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Fig. 9. Q? factor versus IQ time skew as a percentage of sym-
bol duration for a 50 Gbaud QPSK and 16QAM at an OSNR of
20 dB considering both equalizers and both simulators. Lines:
frequency simulator, markers: time simulator.

duration, for a 50 Gbaud DP-QPSK and 16QAM signals with
a ROP of —27 dBm. Although this paper is not focused on
comparing equalizers, and a detailed analysis of time skew in
coherent receivers is available in [23, 24], the simulator results
support that the performance of the 4x4 equalizer remains unaf-
fected by IQ time skew, regardless of the modulation format. In
contrast, the 2x2 equalizer experiences significant performance
degradation. The results indicate that the performance of the
4 by 4 equalizer is unaffected by IQ time skew for either modula-
tion format. In contrast, the 2 by 2 equalizer exhibits significant
performance degradation, with Q? reductions of about 2 and
4 dB for time skews of 20% and 30% of the symbol duration in
16QAM, respectively.

B. Model Validation in a Converged Metro + Passive Optical
Network Setup

In this section, we assess the validity of our frequency model
within a converged metro + PON network as illustrated in Fig. 2.
In the proposed setup, the signal propagates through an optically
amplified metro segment, represented by the concatenation of N
number of ROADMs as described in [8]. Each ROADM includes
two WSSs with a super-Gaussian filter profile with the order
of 6 and a B GHz bandwidth [25]. The optical channel further
incorporates a random unitary Jones matrix, PDL, and optical
noise, which is introduced into the signal prior to the PON
segment, followed by coherent detection. In this setup, we
evaluate system performance using our developed frequency
model, comparing it to time simulations across various network
parameters. These parameters include optical filtering as well as
polarization effects whether or not CRx impairments are present.

B.1. Optical Filtering

We begin by evaluating the impact of optical filtering on the
PON power budget, which directly influences the PON splitter
number of outputs and/or the access network reach.

Figure 10 reports the allowed loss in the optical distribution
network required to achieve a BER of 10~2 for various OSNR
values at the end of the metro segment, considering the number
and the bandwidth of WSSs with a 50 Gbaud DP QPSK and
16QAM signals. Figure 10 (a) accounts only for CRx electrical
noise, while Fig. 10 (b) extends the evaluation to include the
effects of CRx electrical bandwidth limitations and IQ imbal-
ances. As depicted, with up to 10 WSSs (5 ROADMS, 2 WSS per
ROADM) and a filtering bandwidth of 1.2 the symbol-rate, the
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Fig. 10. Optical distribution loss allowed to achieve a BER of
102 versus OSNR for two modulation formats considering
various filtering setups, (a) Optical filtering, (b) Optical filter-
ing and CRx bandwidth limitations with IQ phase imbalance.
Lines: frequency simulator, markers: time simulator.

PON can support up to 47 and 40 dB of power loss for QPSK
and 16QAM, respectively, when the OSNR exceeds 20 dB in
the metro segment, corresponding to bitrates of 200 Gbps and
400 Gbps. However, reducing the optical filtering bandwidth
to match the symbol-rate, even with fewer WSSs such as 4, de-
creases the allowable PON power budget by approximately 2 dB
for QPSK and 3 dB for 16QAM. In Fig. 10 (b), along with the
optical filtering introduces by 10 WSSs with a bandwidth of 1.2
the symbol-rate, PD electrical bandwidth of 0.35 of the symbol-
rate is applied with a phase imbalance of 20 and 10 degrees
for QPSK and 16QAM, respectively. The performance of both
equalizers is evaluated, revealing that with a 4 by 4 equalizer,
the inclusion of CRx impairments results in a reduction of the
allowed PON loss by approximately 3 dB. Furthermore, due to
the introduction of phase imbalance, an extra reduction of 0.5 dB
for QPSK and 1 dB for 16QAM is observed when using a 2 by 2
equalizer. Additionally, the frequency simulator shows strong
agreement with time-domain simulations.

B.2. Polarization Rotation and PDL

A further example of application of our model, we evaluate
the accuracy of the frequency simulator in estimating SNR and,
consequently Q? factor, in the presence of random fiber birefrin-
gence polarization rotation and PDL along with IQ imbalances
at the CRx.

Figure 11 (a) and (b) present the analysis of the Q? factor
as a function of IQ phase imbalance for polarizations x and y,
respectively, using a 50 Gbaud 16QAM signal with an OSNR of
30 dB and ROP of —20 dBm. This evaluation is performed in a
converged network setup, accounting for polarization rotation
and PDL, and considering both equalizers and simulators. As
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Fig. 11. Q? factor as a function of IQ phase imbalance on both
polarizations for (a) polarization x and (b) polarization y, for

a 50 Gbaud 16QAM at an OSNR of 30 dB converged network
with polarization rotation and PDL considering both equaliz-
ers and both simulators. Fre-sim.: Frequency simulator, Time-
sim.: Time simulator, R-Eq.: 4 by 4 real-valued equalizer, C-Eq.:
2 by 2 complex-valued equalizer.

shown, when comparing the results from the frequency and time
simulators, there is a maximum discrepancy of approximately
0.5 dB in the estimated Q? factor for both polarizations and
equalizers. In this case, we assume a given random unitary
Jones matrix combined with PDL in the optical channel, which
remains constant across all receiver impairments. As a result,
polarization x (Fig. 11 (a)) exhibits a higher Q? factor compared
to polarization y (Fig. 11 (b)). As expected, the 4 by 4 equalizer
exhibits robust performance against phase imbalance, whereas
the 2 by 2 equalizer incurs a penalty of between 3.5 and 4 dB
for a —20 degrees shift on both polarizations. It is also observed
that with the 2 by 2 equalizer, a phase shift in one polarization
will increase the penalty in the other polarization of about 1 to
1.5 dB in Q? factor.

C. Statistical Accuracy of the Model

In this final validation subsection, we evaluate the statistical ac-
curacy of the proposed frequency-resolved model by randomly
varying several network parameters within their practical ranges
in a Monte-Carlo simulation over 1,000 runs, and comparing
the estimated SNR from the model to that obtained from time-
domain simulations using both real- and complex-valued equal-
izers. The varied network parameters include the number of
WSSs (ranging from 2 to 10) with random unitary Jones matri-
ces, assuming a PDL;p of 1 dB for each individual WSS, ROP
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between —25 and —15 dBm, OSNR between 20 and 30 dB, a
random IQ phase shift between 0 and 30 degrees, thermal noise
between 15 to 30 pA/sqrt(Hz), and ENOB values randomly
selected as 4, 5, or 6 bits. The model also accounts for other im-
pairments such as shot noise, RIN, and PD electrical bandwidth
limitations.
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Fig. 12. SNR value estimated by the proposed frequency simu-
lator compared to the time simulator for a 50 Gbaud DP-QPSK
coherent metro + PON in both polarizations, assuming: (a)

4 by 4 real-valued equalizer, and (b) 2 by 2 complex-valued
equalizer, considering random network and CRx parameters.
(c) Probability density function of the SNR error between the
developed frequency-resolved model and the time simulations
for both polarizations and equalizers for 1000 runs.

Figure 12 (a) and (b) present the estimated SNR from both the
proposed frequency-resolved model and the time-domain simu-
lation for 100 runs, considering both polarizations and 4 by 4 and
2 by 2 equalizers, respectively. The results demonstrate strong
consistency between the two simulators, with the frequency sim-
ulator showing a significant speed advantage, being 85x faster
than the time-domain simulations in terms of the required CPU
processing time. However, in this comparison, the frequency-

domain simulator demonstrates a longer processing time than
the previous example, likely due to the increased computational
overhead introduced by optical and electrical filtering, and the
subsequent inversion of frequency responses. The observed
difference in mean SNR between real and complex equalizers,
approximately 1.7 dB, is attributed to the penalty from IQ phase
imbalance. To further illustrate the model’s accuracy, Fig. 12 (c)
shows the probability density function (pdf) of the SNR error
between the frequency-resolved model and the time-domain
simulations across both polarizations and equalizers over 1,000
iterations. This pdf indicates that errors have a standard devia-
tion of about 0.15 dB, highlighting the accuracy of the frequency
simulator even on such a large parameter variations.

4. PRACTICAL EXAMPLES OF MODEL APPLICATIONS

We present two applications of the proposed frequency-resolved
model and its corresponding simulator, aimed at designing fu-
ture flexible CPONs that support ultra-high bitrate services such
as FH requirements [1]. In these applications, our goal was to
assign the highest possible bitrate based on available transmis-
sion options, CRx impairments and the network parameters for
each optical network unit (ONU). This first example is meant to
demonstrate the promising potential of the developed model as
a foundation for planning tools in flexible PON deployments, en-
abling the grouping of ONUs on the same wavelength according
to their capabilities and requirements.

In the following analysis, we assume the metro segment con-
sists of 10 WSSs, each with a super-Gaussian filter of the sixth
order and a bandwidth of 300 GHz. The ONUs have the phys-
ical parameters specified in Sect. 3.A.1, with a LO power of
14 dBm, in addition to IQ phase imbalance of 20 degrees, which
is considered a high value given the calibration and monitoring
capabilities of practical transceivers, however, it is included to
assist in network dimensioning and scalability by capturing both
worst-case and best-case scenarios. All CRx electrical compo-
nents are modeled as first-order super-Gaussian filters with a
3-dB bandwidth of 25 GHz.

A. Dimensioning of Coherent Transmission over PON Assum-
ing Discretely-variable Bitrate Coherent Transceivers

In this first example of application, we consider the collected
data on ODN loss from 4 million optical paths belonging to
Orange’s customers in GPON France [26] and we assume an
average downstream transmitted power of 9 dBm to derive
the distribution of ONU ROP. Using the proposed frequency-
resolved simulator, we then analyze the network to assign the
maximum achievable bitrate to each ONU (for a given BER
target) by varying key transmission parameters commonly avail-
able in modern coherent transceivers, including modulation
formats (QPSK or 16QAM) and symbol-rates (25 or 50 Gbaud).
Additionally, within the DSP module, we examine the use of
either real-valued or complex-valued equalizers, combined with
forward error correction (FEC) schemes employing either soft-
decision (SD) or hard-decision (HD) decoding, corresponding to
a BER of 2 x 1072 or 1072, respectively. This network dimension-
ing considers the metro parameters, PON power budget, CRx
physical characteristics and available DSP options. Thus, the re-
sulting bitrate assignments can subsequently assist in grouping
ONUs with similar configurations to the corresponding Opti-
cal Line Terminals (OLT), providing enhanced flexibility and
reconfigurability in network planning and optimization. For
evaluation, we consider two OSNR values, specifically 15 and
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30 dB, defined at a symbol-rate of 25 Gbaud with a ROP of
—20 dBm.
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Fig. 13. Probability density function (Pdf) and complementary
cumulative density function (Ccdf) of optical network units
received optical power, along with vertical lines representing
estimated sensitivities for an OSNR of 30 dB in metro with (a)
2 by 2 complex-valued equalizer, and (b) 4 by 4 real-valued
equalizer at the CRx, and an OSNR of 15 dB with (c) 2 by 2
complex-valued equalizer. and (d) 4 by 4 real-valued equalizer.
Solid lines: SD-FEC (2 x 10~2), dashed lines: FEC with HD
(1072). Legend of (a) applies to all figures.

Figure 13 presents the distribution of ROP across ONUs. Us-
ing the frequency simulator, we estimate the required sensitivity
for two OSNR values: 30 dB, shown in Fig. 13 (a) and (b), and
15 dB, shown in Fig. 13 (c) and (d). The estimated sensitivity also
accounts for the DSP complex-valued equalizer in Fig. 13 (a) and
(c) and real-valued equalizer in Fig. 13 (b) and (d). As depicted,
with an OSNR of 30 dB, all ONUs can achieve 200 Gbps using
50 Gbaud DP-QPSK. However, a 400 Gbps transmission using
50 Gbaud DP-16QAM can be supported to the majority of the
ONUs (i.e. ROP higher than —24 dBm) when using complex-
valued equalizers and SD-FEC, whereas ONUs with real-valued
equalizers, a ROP higher than —28 dBm is required to achieve
400 Gbps. On the other hand, with an OSNR of 15 dB, all ONUs
can attain 100 Gbps using 25 Gbaud DP-QPSK, and the majority
(i.e. ROP higher than —25) can achieve even 200 Gbps regard-
less of the equalizer used. For 400 Gbps transmission with 50
Gbaud DP-16QAM with SD-FEC, a ROP greater than —14 dBm
is necessary when using a complex-valued equalizer, and greater
than —18 dBm when using a real-valued equalizer.

B. Future Continuous Variable Symbol-rate Coherent
Transceivers

Assuming future coherent transceivers allowing an (almost) con-
tinuously variable symbol-rate (i.e., transceivers capable of adap-
tively adjusting the symbol rate in relatively small increments,
such as 10 Gbaud, rather than being restricted to fixed rates like
25 Gbaud or 50 Gbaud), we estimate the maximum achievable
bitrate by considering two modulation formats, the two consid-
ered equalizers, and both SD- and HD-FEC. For this analysis,
we retain the previous network and CRx specifications, while
setting the OSNR at 30 dB for a symbol-rate of 25 Gbaud, with a
ROP of —20 dBm.

Figure 14 illustrates the estimated maximum achievable bi-
trate with respect to ROP considering a variable symbol-rate.
We evaluate two modulation formats, QPSK and 16QAM, paired
with a real-valued and complex-valued equalizer in Fig. 14 (a)
and (b), respectively. As seen, even with a low ROP, such as
—30 dBm, rates of 300 Gbps can be achieved with a variable
symbol-rate and coherent PON, reaching up to 700 Gbps for
a ROP of —10 dBm. For both equalizers, QPSK outperforms
16QAM at lower ROP values, but after a certain threshold (—27
dBm for the 4x4 real-valued equalizer and —22 dBm for the 2x2
complex-valued equalizer) 16QAM supports higher bitrates. It
is also shown that, even with increasing ROP and symbol-rate,
bitrates reach a maximum value ( such as 440 Gbps for QPSK),
likely due to electrical bandwidth limitations. Additionally, the
results highlight the trade-offs between increasing complexity
by equalizer and FEC type and improving system performance,
offering valuable insights for the design of next-generation co-
herent PON systems. Finally, Fig. 14 (c) depicts the distribution
of the ROP along with the maximum possible bitrate under the
discussed transmission conditions with highest DSP capabilities
(FEC-SD and 4 by 4 real-valued equalizer). As shown, with a
variable symbol-rate, approximately 85% of the ONUs can be
supported with 640 Gbps, while 10% (i.e. ROP higher than —12
dBm) can attain 720 Gbps.

5. DISCUSSION AND CONCLUSIONS

In this paper, we developed an analytical frequency-resolved
model to estimate the performance of coherent transmission and
then we propose its use over a converged metro + PON network,
accounting for a wide range of optical and electrical impair-
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Fig. 14. Maximum achievable bitrates versus received optical power in a future flexible symbol-rate coherent transmission with
(a) 4 by 4 real-valued equalizer, (b) 2 by 2 complex-valued equalizer. (c) Maximum supported bitrate corresponding to today’s

distribution of received optical power.

ments. The model is thoroughly validated through comparison
with accurate but highly CPU-time consuming time-domain
simulations, demonstrating a discrepancy in the estimated SNR
with a standard deviation of about 0.15 dB based on statistical
accuracy analysis across various transmission non-idealities.

We then show application of the model to several future but
practical PON or metro+PON scenarios targeting ultra high bit
rate transmission. Results indicate that future coherent PON
systems with today’s transceivers can support bitrates of 200
Gbps for most ONUs, with the potential for 400 Gbps in cer-
tain cases. Moreover, under specific conditions—such as metro
segment specifications, OSNR levels, PON losses, and practical
coherent receiver impairments—the model was shown to be able
to estimate the maximum achievable bitrate by incorporating a
continuously variable symbol-rate. Additionally, based on the
distribution for ONUs’ ROP, it further predicts that about 85%
of ONUs could support bitrates up to 640 Gbps. From an appli-
cation point of view, these bitrates may today be perceived as
excessively high in the access segments. Anyway, as discussed
for instance in [1] for the medium to long term, the support of
future 6G fronthauling solutions using massive MIMO and very
large RF bandwidths may sooner or later mandates for multi
gigabit/s also in fiber access. If and when this happen, our
model may become a valuable foundation for physical-aware
network planning and optimization tools, enabling operators to
efficiently design, optimize, and scale ultra-high speed future
CPON services.

As a last observation, even though all the application exam-
ples presented here are in the metro+PON scenario, we believe
that the proposed model, when joined with all the existing litera-
ture on nonlinear fiber propagation effects modeled as additional
GN-models and thus G-OSNR, can potentially be applicable also
to other areas using coherent transmission. Our future work will
also focus on incorporating transmitter impairments into the
model such as IQ imbalances (amplitude, phase and time skew),
and bandwidth limitations. Extending its application to digital
subcarrier multiplexing systems can also be considered.

APPENDIX A

To obtain the I component differential current in Eq. 6, we
substitute Eq. 4 and Eq. 5 as follows:

A () =T (1) —iNL (1) =

) (hPI <t _ TPI) RPIR {SPI}+hNI (t _ TNI) RNIR {SNI}>

© R {EsEf} —2 (hpl (1 - ) R {71}

+hNE (£ oNT) RNTG {sNI}) © S {EsEf}

2 (P (1= o) RPR (s 1 (1 - o) RN (5N )
© R (EnoEf} —2 (h (1= 7P7) P13 {577}

+ANT (1= N RNTS {sN’}> © S {EnoEj}

2 2
e P e e P P

(15)
which allows us to define the following;:
o =
2 <h” (t . TP[) RPIR {SP1}+hN1 (t . TNI) RNIgR {SNI}) )
(16)
hé%D =
_» (hPI (t . TPI) RPIS {SPI} +HNI (t _ TNI) RNIx {SNI}> .
(17)

nl = (hPI (t B TPI) RPI‘Sgl‘Z _ NI (t B TNI) RNI‘Sé\H‘Z) /
(18)
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quadrature components of the CRx input and output. The result-
ing matrix is then transformed to derive the 4-D hgx () using
the widely linear representation as:

Similarly for the Q component differential current in Eq. 7:

AiQ (1) = iPQ (1) —iNQ () =

2 (hPQ (£ = 77Q) RPOR {570} 4 4NQ (4 - £NQ) RNOR {SNQ})

WE(H) KA (t 0 0
®%{E5Ez}+2(hPQ (t_TPQ> RPQG {SPQ} 1*( ) 2*( )
R ORN OB 0
hrx () = (26)
+1NQ (t—TNQ> RNOgG {SNQ}> ® R {ESE}} 0 o W@ K@
o0 HW® W

+2<hPQ (thPQ) RPQ%{SPQ}+hNQ (thN

) wen(ic))

where k1 (t) and hy (t) are defined as:

® S{ENoEL} +2 (hPQ (t - TPQ> RPOG {SPQ}

LpNQ (t _ TNQ) RNQg {SNQ}> @ R {ENoE]}

= VPrllype () @by, () @ (hpl (t -7

+th( 1) RN N’)+\/P7ADC OEL MOE:

PI) RPIPI

2 2
+ <hPQ (t - TPQ> RPQ‘SgQ’ —pNe <t— TNQ> RNQ‘SQ’Q‘ ) ® |ELf, (hPQ (t N TPQ> RPQGPQ 4 ;NQ (t_ . Q) RNQSNQ)
19) @7
and consequently defining:
or = V/PLhypc () @ hfpa (B @ (hpl (t - TPI) RPISPI*
hgpp = +hNI (t B TNI) RNISNI*> B (1) @1, () @
2 (hPQ (t - TPQ> RPQg {sPQ} +HNQ (t - TNQ> RNQg {sNQ}) ,
(hPQ (t - TPQ> RPQsPQx 4 pNQ (t -7 Q) RNQSNQ*)
(20) 28)
QQ
hgpp = The CRx noises are defined as:
2 (1PQ (+— PQ) RPAR {sPQL 4 pNQ (¢ — £NQ) RNQR [sNQ L)
( (1=7") {sreprmte (t-av) {5} oy () 1 j 0 0 nigs ()
‘21’ P O R R
W, = (hPQ (t—TPQ> RPQ‘SgQ‘ — nNQ (t—TNQ) RNQ‘SQ’Q’ ) nlh s (£) 0 0 1 j i (t)
22) ny (1) 0 0 1 —j | [ n®
Thus hgpp is defined as:
T
AL (1) REZE(8)  halrs (1) 0 0 = Thypc (1) ® hra () ©
AT () || RS () RS (1) 0 0 W (5 @ |Ex|? nlE (1)
- 11, 1Q,
ALY (1) 0 0 hpgh () hgpd () th)@ |Ef| NG
Ql, QQ,
AIQY (1) 0 0 hgpy () hgppy (£) (e )EV‘ Y (8)
hgpp th (t) ‘E}/‘ nglfy (f)
Ix 2
P () P (1) i (6) @ || i (1) mjipc (1)
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23) 9

whereas hrp4 is defined as:
. Ly
hria = diag (s (1), B35 (0, e, (0,174 (), @)
and h 4pc is defined as:
hapc = diag (Wibe (), h35c (1) ipe (DRGHC (1)), @5)

The combination of these three matrices, /PLhapc @ hria ®
hppp, defines the CRx response in terms of the in-phase and

To form H™!(f), we start by writing the overall 4-D response

H(f) as:

Hy1 Hip Hiz Hyu

H(f) = Hyx () H, () = | 20 P M Hla i g
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Then, we extract only the components that are processed by the
2 by 2 equalizer as follows:

H H
C(f) = 11 13 31)
H31 Hss
which yields its inverse to be:
C C
c1 (f) = 11 13 (32)
Ca1 GCs3
Finally, we can write:
Ci1 0 Ci3 O
0O 0 0 O
Hl(f) = (33)
C3 0 Cs3 O
0O 0 0 O
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