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Intradyne coherent receivers, capable of detecting an individual wavelength-division multiplexed channel just by
tuning the local oscillator frequency, is of great interest for the development of high-capacity flexible optical
networks. Nevertheless, the unavoidable amplitude imbalances inherent to any realistic coherent receiver induce
an interference contribution from the self-beating of the coincident channels present at its input. The charac-
terization of this degraded colorless reception operation is of fundamental importance, but it usually requires the
use of rather complex experimental setups, especially when the effects of tens of interference channels should be
evaluated. In this work we propose a novel experimental setup that only requires the use of a single intense
interferer to emulate those coincident channels, thus drastically simplifying the characterization process. In
addition, we develop a general expression for the signal-to-noise ratio of the system that theoretically justifies the
intended setup and demonstrate by massive numerical simulations its accuracy in different scenarios. We believe
that the proposed approach may contribute to facilitate the experimental characterization of high-performance
colorless coherent receivers.

1. Introduction

The adoption of polarization multiplexing (PM) and efficient multi-
level quadrature amplitude modulation (M—QAM) are extended solu-
tions to increase bit rate capacity in fiber optic systems, beyond 100
Gbps, within the limited capabilities of electronic bandwidth and digital
signal processing (DSP) [1,2]. A standard reception architecture is the
conventional dual polarization (DP) balanced coherent receiver that
relies on a polarization diversity network, based on polarization beam
splitters (PBS), and two-phase diversity downconverters, based on 90°
hybrids and balanced photodetection [2,3], for the demodulation of the
in-phase and quadrature (IQ) components of each polarization. Besides
its high chromatic and polarization mode dispersion tolerance, this
digital coherent receiver can select and detect an individual dense
wavelength-division multiplexed (DWDM) channel just by tuning the
local oscillator (LO) frequency, being commonly known as filterless or
colorless receivers [4-6]. This ability is of great interest in modern
flexible optical networks deploying reconfigurable optical add-drop
multiplexers (ROADM) which provide, from a remote control plane,
the dynamic routing of any wavelength to a drop port [7,8]. Since a
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coherent receiver does not require any previous demultiplexer or WSS
(wavelength selective switch), their partial replacement with optical
splitters has led to the proposal of cost-effective drop node modules and
simplified networks in WDM passive optical networks (PON) [9,10],
intra-data center networks [7], as well as submarine [11] and terrestrial
optical transport networks [12-14].

The photonic integration of the coherent receiver is of great interest
in commercial applications due to its compactness, cost-effectiveness
and low power consumption [15]. However, inevitable imbalances
arising from fabrication tolerances, wideband operation or photodiodes
responsivity will degrade the common-mode rejection ratio (CMRR)
figure of the receiver. A high CMRR is required, not only to reject
common output noise terms, as relative intensity noise (RIN) from LO,
but to reduce the unwanted interference in baseband that arises from the
self-beating of the coincident channels caused by the square-law of the
photodetectors [5]. For this reason, it is important to determine how this
limiting interference degrades the performance of a colorless receiver in
terms of maximum number of channels that can be presented at its input
as well as the resulting sensitivity and dynamic range parameters [4,5].
This characterization requires assembling a rather complex
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Fig. 1. Experimental setups to characterize the colorless performance of a DP
coherent receiver: (a) conventional scheme: colorless reception under WMD
coincident signals (b) simplified scheme proposed in this work: colorless
reception of signal with a single interferer.

experimental setup that involves the transmission of tens of independent
interfering channels, for instance, the evaluation of colorless reception
of the full C-band under QPSK modulation could only be predicted from
a limited set-up of 16 channels in [16] while it required eighty channels
in [17]. In this work it is proposed a novel experimental scheme that
significantly simplifies the characterization of the colorless operation of
a coherent receiver as it only requires the use of a single interferer whose
power scales accordingly to the number of coincident channels to be
emulated. Additionally, a new simplified expression for the signal-to-
noise ratio (SNR) of the system that justifies theoretically the intended
setup, including the modulation format or symbol rate implications, is
derived and verified from extensive numerical simulations. Its accuracy
in different scenarios of practical receivers for incoming signals carrying
up to 100 DWDM channels of 25 Gbaud DP-16/64QAM is analyzed.
Without loss of generality, the procedure presented here could easily be
applied to a higher baud rate, number of channels or QAM order, in line
with the increasing demand on optical transceivers capacity.

This paper is organized as follows. In Section 2 the theory for char-
acterizing the performance of colorless coherent receivers is presented
both under multiple coincident WDM channels of the conventional
scheme and under the single interference of our proposed scheme. The
Appendix A provides a detailed derivation of the theoretical expressions.
In Section 3, the coincidence between the theoretical prediction and the
numerical model assessment is confirmed for both schemes in the
colorless characterization of a coherent receiver with amplitude imbal-
ances. Finally, Section 4 provides the main conclusions of this paper.

Conventionalscheme
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2. Conventional and proposed simplified experimental setup for
the characterization of colorless receivers

In this section we describe the conventional setup commonly used to
characterize the colorless operation of a coherent receiver under DWDM
transmission (Fig. 1a) and the simplified approach proposed in this work
(Fig. 1b). The main difference between these two schemes is clear in the
figure: the conventional setup requires the simultaneous generation and
subsequent combination of N, modulated signals with power P,
whereas the new technique only requires the generation of a single and
intense interference signal with a specific power level of value N; times
that of the signal channel P;.

It can be theoretically shown (see Appendix A.1) that both schemes
are characterized in terms of the SNR at the output of the receiver DSP
block, involving state-of-the art algorithms, as

2
SNR = |Skx| o)
Case_ro + Kims (CM RR?- [U%env + g%mer/] + Ol + O )

where (|SRX|2) is the demodulated average signal power, GﬁsE_Lo, G}ZHN,
6%0: and 0%y, are respectively the noise current variance terms corre-
sponding to LO beating with amplified spontaneous emission (ASE)
noise, RIN from the LO laser, shot noise from the photodiodes and
thermal-induced noise from the transimpedance amplifiers (TIA). The
CMRR factor of the receiver is zero (in linear scale) for an ideal imple-
mentation, but it will increase with the amplitude imbalances of the
receiver under test. Finally, the current variance of the interference
caused by the adjacent or coincident channels results in the term Gfme,f. It
is worth noting that the derived expression (1) is identical to that given
in [4,18] except for the factor kjmp, due to the excess power noise caused
by Gram-Schmidt orthonormalization process (GSOP) at the DSP [19].
This factor improves the accuracy of the model and must be introduced
to obtain a better fit between theoretical and numerical results.

As shown in Appendix A.1, the interference term from adjacent
channels Gfm,f included in Eq. (1) is obviously different for each of the
configurations shown in Fig. 1, since under uncorrelated equal power
WDM channels (Fig. 1.a) the variance operator will respond from the
sum of the variances proportionally to N.;, while under a single inter-
ferer scaled to the signal by a factor N (Fig. 1.b) the variance will be
proportional to its square. Thus, the interference term corresponds to
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where the corresponding scaling factors, Sy Or f;, are defined by the
variance of the overlapped direct detection of the received channels
obtained from their scheme in Fig. 1. Their value will strongly depend on
the accumulated dispersion, baud rate, polarization alignment or QAM
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Fig. 2. Block diagram of the DP intradyne coherent receiver under test for the colorless demodulation of signal channel.
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Fig. 3. Contour plot for a 1 dB Q-factor penalty of colorless coherent reception
as a function of the CMRR and average input signal power (per polarization)
under a single interferer (solid lines) for 25 Gbaud: DP-16-QAM (a) Piop = 8
dBm (b) Py o = 14 dBm; DP-64-QAM (c) P;o = 10 dBm (d) P;o = 16 dBm. The
agreement with the theory (filled squares) and WDM transmission (dashed
lines) is clearly appreciated when the relationship from the legend is fulfilled.

modulation order. A novel and detailed analysis, performed for the sake
of clarity in Appendix A.2, shows that, when a minimum accumulated
dispersion is reached in the fiber optic channel for a specific baud rate
(according to Eq.(A.16)), both By,py and f; will converge to a same value
of 0.5 regardless of the modulation order. It is noteworthy that this
scaling factor convergence value for both the conventional and simpli-
fied schemes coincide to a certain extent with previously reported
experimental characterization under DP-QPSK modulation for balanced
[4,16] and single-ended [18] coherent receivers, respectively. In fact, in
[18] the use of a single interference channel, in a scheme that could be
simplified to Fig. 1.b, was prematurely discarded as it was not properly
scaled, even though the necessary polarization and time alignment in-
dependence between the interference and signal channels after high
dispersive fiber propagation were experimentally confirmed. Certainly,
by equating the interference terms in Eq. (2) under the above conditions,
it can be obtained the simple relation N; = /N that results on a same
SNR and supports our experimental proposal from Fig. 1 to emulate the
colorless performance of a receiver with N, coincident channels of
power P from a single interference of power Nj times greater,

Py = N;-P; = /NPy 3

We would like to emphasize that, although equation (3) may seem a
straightforward result, this is only fulfilled if both scaling factors g,
and g, present the same value which occurs when the accumulated
dispersion of the fiber preceding the receiver exceeds the minimum
value from Eq.(A.16). Specifically, for the 25 Gbaud symbol rate adop-
ted in this work, the minimum accumulated dispersion results in 2 ns/
nm, as graphically depicted in Fig. 6 of Appendix A.2.

3. Colorless coherent reception model assessment

This section is divided into two parts. The first part shows the
modelling of the coherent receiver under test. In the second part, a
complete set of numerical simulations is performed to confirm the ac-
curacy of the expressions shown for both schemes in the previous section
and, consequently, the feasibility of the proposed technique.
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Fig. 4. Sensitivity (a) and dynamic range (b) as a function of CMRR for the
colorless reception under a single interferer (solid lines) for 25 Gbaud DP-16-
QAM modulation showing clear coincidence with colorless reception under
WDM transmission (dashed lines) and theory (filled squares) when the rela-
tionship from the legend is fulfilled.

3.1. Colorless coherent receiver simulation environment

According to the usual setup scheme from Fig. 1.a, a WDM signal,
obtained by combining N, channels under DP-M—QAM modulation,
will be transmitted into a dispersive single-mode fiber modelled using
Jones matrix formalism with random mode coupling (RMC) and addi-
tive white Gaussian noise (AWGN) to account for ASE noise from optical
amplifiers. To statistically emulate the independence of a multi-channel
transmission, different seeds were considered to generate pseudo-
random binary sequences (PRBS), arbitrary time delays and random
polarization orientations for each channel. Incoming optical signal-to-
noise ratio (OSNR) has been adjusted for the incident signal channels
to obtain a BER of 7 x 10 in an ideal coherent receiver in absence of
internal noise sources The input signal power level was then controlled
by a variable optical attenuator (VOA). In the proposed setup scheme
from Fig. 1.b, there will be a unique interference with power Nj times
greater than signal according to Eq. (3).

Single/WDM
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Fig. 5. Scheme for the numerical estimation of the scaling factors.
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In both schemes it will be induced an accumulated chromatic
dispersion of 2 ns/nm, e.g. obtained from the transmission in the third
optical window through 125 km of standard single-mode fiber (SSMF),
above which the scaling factors fypy, and p; of Eq. (2) have already
converged to a same value of 0.5 for the adopted symbol rate of 25
Gbaud, as determined by Eq. (A.16). The maximum allowable accu-
mulated dispersion, and hence the maximum length of the fiber prior the
receiver, will only be limited by the availability of a sufficient number of
taps in the finite-impulse-response (FIR) filters required to compensate
for the induced dispersion in the DSP from the demodulated signal [20].

Fig. 2 describes in more detail the conventional DP intradyne
coherent receiver under test for the colorless demodulation of a k™
channel using a LO laser tuned to the adequate wavelength, with power
Pro and a RIN value of —140 dB/Hz. The polarization diversity network
consists of two PBS in both the signal and LO paths [4,21,22]. The phase
diversity downconverters are based on 90° optical hybrids followed by
two balanced photodiodes (BPD) with mean responsivity 0.8 A/W and
TIAs with DC offset cancellation and an input referred thermal noise
current density of a2, = 20 pA/v/Hz. The obtained IQ components per
polarization of the downconverted signal channel will be then digitized
by four analog-to-digital converters (ADC) with the minimum effective
number of bits (ENOB) to induce a negligible penalty (6 bits for 16-QAM
and 7 bits for 64-QAM [23]) and combined to be further processed in the
DSP. Phase diversity imbalances, contributing to CMRR values ranging
from —35 dB to —5 dB (CMRR [dB] = 20-log;p (CMRR)), will induce a
linear transformation of the IQ components, resolved by a GSOP pro-
cedure [19], and a detrimental nonlinear interference by the self-beating
of the adjacent channels [5]. The polarization demultiplexing will be
then performed by a 2 x 2 butterfly configuration FIR filter being fol-
lowed by a matched filter presenting optimal timing recovery to provide
numerical results comparable to the theoretical expressions. Error
counting is evaluated after the decisor to calculate the bit-error-rate
(BER). Finally, the receiver performance will be then quantified by the
Q-factor (an average from the x/y polarization) assuming Gaussian
distribution of overall noise sources [4,20],

0 (dB) = 20-log \/5~erfc’1(2~BER)] 4

where erfc is the complementary error function.

On the other hand, as a comparison, the theoretical Q-factor will be
obtained from the theoretical estimation of the BER for a homodyne
receiver determined by the analytical SNR in Eq. (1) assuming M-QAM
modulation [23,24]

1 1 3
BER =17y~ [1— (1—\/—M)e;fc< mszwe)

In both numerical and theoretical cases, a maximum admissible Q-
factor penalty of 1 dB will be considered, which will ensure a BER below
the limit of 2.2 x 102 fora typical forward error correction (FEC) coding
with 7 % redundancy overhead [25].

(5)

3.2. Simulation results of colorless coherent reception of signal channel
under coincident WDM channels and a single interferer

Theoretical expressions Eq. (1)-(3) characterizing the colorless
reception scenarios depicted in Fig. 2 will be validated here carrying out
extensive numerical simulations for DP-16-QAM and DP-64-QAM sig-
nals and for some representative LO powers. Fig. 3 shows the contour
plot for 1 dB Q-factor penalty as a function of the CMRR and input signal
power for the colorless reception of a signal coincident with a single
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interferer (solid lines) and from N, WDM channels (dashed lines)
accordingly to the proposed (Fig. 1.b) and conventional (Fig. 1.a)
schemes, respectively. Legend shows the relationship that, accordingly
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to Eq. (3), Ny meets for a specific N, value for a correct emulation. Note
that the area under each curve from Fig. 3 defines a valid transmission
zone where the BER of the demodulated signal will be below FEC limit. It
can be clearly appreciated the good agreement between the numerical
results of the analyzed schemes and with theoretical prediction super-
imposed as a reference (filled squares). Therefore, it is shown that
characterization of practical colorless coherent receivers can be ach-
ieved from the setup proposed in Fig. 1.b that greatly simplifies the
conventional scheme depicted in Fig. 1.a.

Each of the 1 dB penalty contour curves in Fig. 3 presents two cut-off
points for the specific CMRR value of the receiver. The first one (lower
signal power) determines the sensitivity and its difference with the
second one (higher signal power), the dynamic range. At the low signal
power regime, the receiver sensitivity worsens from the shot-noise limit
performance when the CMRR degrades as the residual LO-RIN beat noise
will dominate for high LO power. In the high signal power regime, it can
be easily appreciated the significant reduction of the dynamic range as
Nj (or equivalently N.) increases and the CMRR deteriorates due to the
enhanced interference term ofmrf caused by the self-beating of the
coincident channels. The incidence of the interfering term in the
demodulated signal under the above considerations will only be reduced
by increasing the LO power as long as we assure TIA linear operation.
Certainly, the maximum allowable nonlinear harmonic distortion from
TIAs will limit the maximum differential AC input current. For instance,
considering a dispersion-induced peak-to-average (PAPR) power ratio of
10 dB in the demodulated signal [4,16] and a typical AC input overload
current of 4 mApp [26], the maximum signal power would be limited by
the magenta lines plotted in Fig. 3. Finally, it is noteworthy the habitual
integration of VOA in the signal path of the colorless coherent receiver
for the optimal use of available dynamic range [3,27].

A better insight of the degradation induced by amplitude imbalances
(quantified by the CMRR) in the sensitivity and dynamic range of a
colorless receiver can be observed in Fig. 4.a and Fig. 4.b, respectively,
according to the results obtained for the DP-16-QAM signals from Fig. 3.
Here, a clear coincidence between the obtained numerical curves for the
proposed scheme (solid lines), the conventional scheme (dashed lines)
and the theoretical prediction (superimposed filled squares) can be also
appreciated when Eq. (3) is fulfilled. As it can be seen from the sensi-
tivity evolution in Fig. 4.a for a high CMRR (above 25 dB in absolute
value), shot-noise limit performance will be achieved increasing the LO
power. In addition, as shown in Fig. 4.b, the residual interference from
coincident channels (see Eq. (1)-(2)) will decrease the signal dynamic
range on a logarithmic scale with the CMRR deterioration (e.g. the dy-
namic range shows a 4.5 dB reduction when the CMRR worsens by 4.5
dB, regardless of LO and N, values) and the number of channels (e.g., a
reduction of 4.5 dB when N is increased by 4.5 dB or from 35 to 100
channels). On the other hand, the deterioration of the CMRR (approxi-
mately under 25 dB in absolute value) will increase the residual RIN
from the LO, reducing the sensitivity in Fig. 4.a and, consequently, the
dynamic range as can be seen from the increase of its corresponding
slope in Fig. 4.b.

It can be stated from Fig. 3 and Fig. 4 that, if we want to achieve a
large dynamic range under colorless reception of DWDM DP-M-QAM
signals, the higher the modulation order M, the stricter control of
receiver amplitude imbalances for a fixed LO power will be required to
assure a high CMRR in the operation band. Therefore, it follows that the
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minimum value of 20 dB specified by the OIF as an adequate CMRR for
an intradyne coherent receiver [3] is barely enough for practical
colorless reception of higher-order modulation.

4. Conclusions

The availability of colorless intradyne coherent receivers is of great
interest for the development of high-capacity flexible optical networks.
However, unavoidable receiver amplitude imbalances will degrade its
colorless operation due to the limiting baseband interference induced by
the self-beating of coincident channels presented at its input. In this
work we have proposed a novel experimental setup that drastically
simplifies the colorless characterization of coherent receivers.

Unlike the conventional approach, based on a complex and expen-
sive experimental setup involving the simultaneous transmission of tens
of interference channels, the new approach only requires the injection of
a single intense interferer of a specific power level, which scales with the
square root of the number of interference channels to be emulated. The
proposed scheme has first been theoretically justified using a simplified
expression for the system SNR (derived in the Appendix A), and then
accurately verified from extensive numerical simulations in different
scenarios (up to 100 interference channels with DP-QAM modulation).
Moreover, using these simulations we have been able to analyze the
colorless behaviour of intradyne coherent receivers in terms of sensi-
tivity and dynamic range variation as a function of the CMRR charac-
teristics of the device. In the authors’ opinion, the simplified scheme
proposed in this work will contribute to facilitate the experimental
characterization of high performance colorless coherent receivers,
reducing the complexity and cost of the required experimental setup.
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Appendix A

For the sake of simplicity, it is detailed here the derived analytical expressions for the SNR of an imbalanced colorless coherent receiver and its
interference term under WDM and single interferer reception schemes.

A.1 SNR of an imbalanced colorless coherent receiver for WDM transmission and a single interferer

This appendix evaluates the SNR of the demodulated channel in a non-ideal colorless coherent receiver following the block diagram model in
Fig. 2. The results obtained for N, WDM channels with negligible crosstalk, following the conventional scheme from Fig. 1.a, will be easily partic-
ularized afterwards to a signal coincident with a single interference, according to the proposed scheme from Fig. 1.b.

The transmitted WDM optical signal will be described in terms of its complex envelope as (omitting for clarity the superscript x/y corresponding to
each polarization)

New
T =Y /Pl A1)
n=1

where for each n channel, wp is the angular frequency, Pg;, is the power and I', = I, +jQ,, is the normalized complex baseband transmitted symbols
satisfying (|T,|*) = 1 (where ( )denotes the ensemble average operator). It will be considered a basic AWGN channel model, since the dispersive effects
can be efficiently compensated in the subsequent DSP, accounting the contribution of complex ASE noise from nagg with power Pagg in the receiver
equivalent noise bandwidth B,.

The polarization diversity network in the receiver consists of two PBS in both the signal and LO paths [4,21]. For homodyne detection of the k™
channel, the LO must be tuned to the angular frequency wy, being its complex envelope per polarization component at the exit of the PBS (also omitting
here the superscripts x/y),

Pro .
ro, = ‘/%w'. (A.2)

On the following the superscripts x/y will be omitted, thus considering the same response for both phase diversity downconverters. In this way, the
colorless detection of the k' channel of the WDM signal Eq. (A.1) using the frequency-tuned LO Eq. (A.2) will result in each of the following four
photocurrents i at the photodiodes after the 90° hybrid, considering a square-law photodetection and responsivity R;,

Nen
Z St (\/Pxn [,e™" + nase n) +S5 ol 1o
n=1

2

i = Ri|ef| =R, i=1,2,3,4 (A.3)

where 90° hybrids are characterized at a frequency w, from the following scattering matrix §90c,

ST N ST LO

= S S

S90C (wn) = 2, § 2, ro (A'4)
S’? N S% LO

" n
S4 N S4 Lo

Note that an ideal 90° hybrid will have within the operation band the scattering parameters {S} ¢ =S5 ¢ =S5 3 =S} s =1/2,87 |, = =S3 0 =
1/2,85 10 = =Si10=1J/2}

The introduction of uncorrelated optoelectronic AWGN noise sources, igen 1 and igen ¢ (including shot noise and thermal noise from TIA amplifi-
cation), and the balanced photodetection will allow to solve the IQ components I'pg = Ipg +jQpg of the downconverted k™ channel at the input of the
DSP (neglecting high frequency beating terms which will be filtered out by the electronics),

{ Ine } R = Rl'Re(\/ Py Ty + nase k) +PL0 R;-CMRR:,, , N
= 2| =1/—=—My- —
Ope l§ - lii 2 RQ'I"’!(\/ Py Ty + nase k> 4 RQCMRR];O 4]

1 Y [R,CMRR; ;

2 £~ | Ry-CMRRy ,,

Loen_Q

] (PM I, + 2Re (\/17: . ) ) + { boen-1 } (A.5)

where it has been defined an average BPD responsivity R; = (R; +R2)/2 and Rq = (Rs +R4)/2. Equation (A.5) has been expressed in terms of the
CMRR (in linear scale), typical figure of merit of the colorless behaviour of a downconverter [3,5] since it is a direct measurement of its power
imbalance at the frequency wy,

J/lS _yZS yn3S _}/45'
CMRR' = 20 cyprr =10 0 (A.6)
5! J/lS +yn2S s ¢ y?? +}/3S
Lo 1 LO Q ot N
1 LO 2 LO 4 LO 4 LO

where it has been described the intensity response in each output port with respect to the S / LO input port from,
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2
y':_s =R S';S ;i=1..4 (A7)
i Lo i Lo

The phase diversity downconverter has been described by the complex matrix My,

_ TRe(w) Im(u) ] 4= (RiSoSt — RaSkyoS5) /(R + R)
"= {Re(v) Im(v) } = ko gkt p.gk o gkt ' (A-8)
v = (RsS3,055% — RaSy1084s) /(Rs + Ra)

It can be easily observed that for an ideal receiver implementation (CMRR = 0, same responsivity on the photodiodes and unitary matrix My), the
demodulated IQ components in the first term on the right side of Eq. (A.5) will be only limited by the ASE noise (once defined the OSNR at the input
receiver) and the receiver optoelectronic noise sources in the last term as it has been extensively studied [24,28]. This confirms the superior per-
formance of balance detection over single-ended detection in this scenario. The second and third terms define the relative LO intensity noise (RIN
noise) and the baseband interference caused by the adjacent channels from their self and noise beating (this latter can be considered negligible for the
higher order M—QAM modulations considered in this paper), respectively. Note that the limiting self-beating interference term from the adjacent
channels, uncorrelated with the demodulated IQ signal components, will be weighted by their signal power, number and the CMRR at their respective
wavelengths [5].

Next, it will be considered non-ideal 90° hybrids with scattering matrix Egoo in the operation band,

1 1

= 1| Lo —Lubr
Sope = = A.9
w =3, joone (A.9)

Ime _jImee/EPE

defined in terms of the amplitude imbalance factor (Insr, Impq) and phase error ¢pr between IQ axes. It is reduced to ideal scattering matrix when Iy =
Imbq = 1 and ¢pg = 0°. Being obtained from Eq. (A.6)—(A.7) the following CMRR from the input S/LO ports to I/Q component signal outputs,

R — R,12 Ry — Ry2
CMRR' = CMRR, = —-— "Ml CMRR" = CMRRy = ——— 0
§ ! Rl + RZI,%,M s Q R3 + R4Iyzan

Lo 1 LO Q

(A.10)

and, solving Eq. (A.8), the downconverter transformation matrix M., represented here as the product of two matrices responsible of the imbalance
and rotation between reference IQ axes to account for amplitude and phase imbalances, respectively,

Ry + R21,ibl 0
-] N { 1 0 } A1)
0 Ry + Rdfan —sin@pr  COSBpr
2R,

Particularizing Eq. (A.11) when considering a unique CMRR for the IQ signal components (CMRR = CMRR; = CMRR() and a same average BPD
responsivity (R = R; = Rg), it will be solved the following expression for the demodulated signal at the output of the DSP Sgx = Izx + jQgx.

P, | Re\ VPs Ui + nase « —1( P R Nt ;
{IRX} — Ry /2o, ( ) 3, {R LOCMRRN +7CMRR{1} SN P + {11} (A12)
Orx 2 Im(\/Ps Ty + nase k) 4 1 2 1 e Loen_Q

Note that the digital GSOP procedure performs the inverse of the downconverter matrix My, correcting phase/amplitude imbalances in the
demodulated IQ signal but transforming the seconterm that accounts for the noise-interference generated. As it was studied in [22] for a non-ideal

—-1
polarization diversity network, the Frobenius norm of transformation matrix M, would estimate an excess power noise factor Kimp,

——12 2
M 1+ CMRR

kg = M _ g2 ( = ) sec* G (A.13)
MHi(lealF !

It can be easily verified than an ideal downconverter (CMRR = 0, phase error ¢pg = 0° and same responsivity) will have an identity matrix M, and,
therefore, will not induce any sensitivity penalty kmp [dB] = 10- log1o (kimp) as kimp = 1. As phase errors of up to 20° (much higher than the 7.5°
specified by the OIF in the operation band [3]) induce from Eq. (A.13) a sensitivity penalty of only 0.5 dB, from now on, it will only be considered the
amplitude imbalances (quantified from the CMRR) to address the nonideality of the phase diversity downconverter.

At this point it can be solved the signal to noise and interference power ratio after the DSP (henceforth SNR),

IS ”

SNR =
Cise_ro + Kims (CMRRZ' [U%?IN + Ulzmerf] + Ol + 04 )

(A.14)

Note that we could have obtained the same SNR for each signal component and polarization as it was assumed that the CMRR was constant for
them. The numerator corresponds to the demodulated average signal power (|Sgx|%)=R? Ps Py /2. The terms in the denominator accounts for the noise
current variance values of the noise and interference terms: beating LO-ASE noise oﬁSE_Lo, relative intensity noise from LO o4, interference from
adjacent channels (sfmrf, shot noise o'fhot and thermal-induced TIA noise o'%m. The expression that describes each one can be easily deduced [24] as



P.J. Reyes-Iglesias et al. Optical Fiber Technology 82 (2024) 103595

2 _ gt 2 R png.p

Ouse_oL = ASETS S Oriv = 3 be L

O_fhm = qB.RPy0; U?YA = z'aznABe (A.15)
R 1 W
7.Pf NewBwoss: Bwom = N—VAR Z T, Conventional scheme Fig.la
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O-?rxlcrf =
R2
?~P3~N,2~ﬂ,; B = VAR(|F,|2) Simplified scheme proposed Fig. 1b

In Eq. (A.14), which bears a similarity with those shown in [4,18], it will have great importance the interference term Gfme,f defined by the variance
(denoted by the VAR operator) of the overlapped direct-detected channels. Under uncorrelated WDM channels of a same power P, corresponding to
the conventional setup from Fig. 1.a, this term will be proportional in N, times a scale factor Sypy defined by the average variance of the direct
detection of the received normalized symbols. On the other hand, for the proposed scheme from Fig. 1.b, the interference will be practically imposed
by the variance of the direct detection of the intense interferer with power N-P;. Note that this interference term can be seen as a particular case of the
previous one where Njchannels are coherently added so that the variance will depend on the square of N;. As it was already stated in [18], the number
of channels N, is not directly extrapolated here to Ny nor, in principle, the values of the coefficients fywpy equivalent to B;. The detailed study of these
scaling factors will be assessed in the following appendix subsection.

A.2 Numerical estimation of the scaling factor of the interference term

Fig. 5 shows the scheme adopted for the numerical estimation of the variance of the overlapped direct-detected channels as defined from the
scaling factors fwpyr and f; from Eq. (A.15). There it will be adjusted the order of QAM modulation, the accumulated dispersion and the control,

through a Jones rotation matrix Mg (6), of the input orientation. This is so because, as observed in [4,16,18], the scaling factor of the interfering
channel will depend on its incidence orientation angle ¢ with respect the PBS receiver axes and the PAPR induced from the conversion of phase into
intensity variations by the accumulated dispersion. Numerical simulations have been carried out from 20 frames of 4096 symbols of DP-M—QAM
signal and a single-mode fiber link with an accumulated dispersion up to 3.8 ns/nm. The matched filter and normalization of the photodiode power
readings will allow to assess the scaling factor g for a single interference or Sypy for a WDM signal transmission (representative averaging from just 25
channels with random alignment times).

Fig. 6 shows in solid and dashed line the numerical estimation of the scaling factor Sypy and f; (as a function of the incidence angle ), respectively,
versus the accumulated dispersion for different orders of QAM modulation, M, at 25 Gbaud, thus expanding the study carried out for QPSK at 11.5
Gbaud and 28 Gbaud in [18] and [16], respectively. It is observed that the scaling factor f; for a single interferer is minimized when its independent
polarization components do not beat as are aligned with each PBS axis (9 = 0°), being obtained a result equivalent to a back-to-back transmission and
described analytically by g; = 2-(M — 4)/5-(M — 1). Conversely, the factor g; will be maximized for 6 = 45° from the beating of one-half power of each
polarization components received on each PBS axis. The evolution of the scaling factor f; for € = 22.5° is similar to the factor Sypy. In any case, as
expected, the scaling factors f; and pyppy will grow with the accumulated dispersion until reaching a maximum of 0.5, independently of the time
alignment or orientation respect the PBS receiver axes, when the PAPR does not increase further, which happens at a symbol rate of 25 Gbaud above 2
ns/nm. This last value is inversely proportional to the square of the symbol rate R,. Thus, as the inset of Fig. 6.b represents for fypy under 16-QAM,
that value will correspond to 8 ns/nm for half its symbol rate Ry = 12.5 Gbaud, as it was certainly obtained for QPSK in [4,18].

Therefore, the numerical results shown in Fig. 6 allow us to identify a scenario of interest as both scaling factors #; and fwpy converge to a same
value of 0.5, independently of the QAM modulation order, when the accumulated dispersion AD [ns/nm] at the receiver input reach a minimum value
that, according to the inset from Fig. 6.b for a symbol rate R in [Gbaud], is:

ADyin [%] - 2-(%5)2 (A.16)

The minimum accumulated dispersion of 2 ns/nm, corresponding to the 25 Gbaud symbol rate considered in this work, could be obtained in the
third transmission window (centered at 1550 nm) with a minimum standard single-mode fiber length of 125 km, since it has a dispersion coefficient of
16 ps/(nm-km).
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