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Scaling Laws for Unamplified Coherent
Transmission in Next-generation Short-Reach and
Access Networks

Giuseppe Rizzelli, Antonino Nespola, Stefano Straullu and Roberto Gaudino, Senior Member, IEEE

Abstract—International standardization bodies (IEEE and
ITU-T) working on the evolution of transmission technologies
are still considering traditional direct detection solutions for the
most relevant short reach optical link applications, that are
Passive Optical Networks (PON) and intra-data center inter-
connects. Anyway, future jumps towards even higher bit rates
per wavelength will require a complete paradigm shift, moving
towards coherent technologies. In this paper, we thus study both
analytically and experimentally the scaling laws of unampli-
fied coherent transmission in the short-reach communications
ecosystems. We believe that, given the extremely tight techno-
economic constraints, such a revolutionary transition towards
coherent in short-reach first requires a very detailed study
of its intrinsic capabilities in largely extending the limitation
currently imposed by direct detection systems. To this end,
this paper focuses on the ultimate physical layer limitations of
unamplified coherent systems in terms of bit rate and power
budget. The main parameters of our performance estimation
model are extracted through fitting with a set of experimental
characterizations and later used as the starting point of a scaling
laws study regarding local oscillator power, modulator-induced
attenuation, bit rate, and maximum achievable power budget.
The analytically predicted performance is then verified through
transmission experiments, including a demonstration on a 37-km
installed metropolitan dark fiber in the city of Turin. Our findings
show that coherent detection without optical pre-amplification
and using PM-QPSK can tolerate optical power budget (OPB)
well above, for instance, the 29 dB imposed by the current PON
standards even at extremely high raw bit rates up to 800 Gbps.
PM-16QAM, on the other hand, can provide up to 190 Gbps at
29 dB OPB only if combined with soft FEC algorithms. Even
higher bit rate are also shown for the less demanding power
budget needed in intra-data centers links.

Index Terms—Coherent Detection, Optical Fiber Communica-
tion, Passive Optical Networks.

I. INTRODUCTION

OHERENT technology is today the state-of-the-art for

any new commercial installation in long-haul fiber sys-
tems [1], [2]. For techno-economic reasons, coherent is not
yet used in the other shorter telecommunication segments,
but the situation may rapidly change. For instance, the new
standard 400ZR for inter-Data Center Interconnect (DCI) [3]
is currently introducing coherent also in the metro segment
(single span, typically up to 80 km), and it is expected to
largely reduce the costs of the required transceivers.
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Moreover, also other short distance market segments are
today rapidly approaching the typical bit rate limitations
imposed by traditional intensity modulation-direct detection
(IM-DD) solutions [4]-[6], in particular in optical access
networks based on PON architectures or intra-DCI links. In
this paper, we thus study the ultimate scaling laws of coherent
transmission for a potential future use in these short-reach
communications scenario, focusing achievable bit rates vs.
physical layer parameters.

For what concerns PON, the standardization committees
in IEEE and ITU-T are today working towards realizing a
new generation of standards for PON transmission at 25 and
50 Gbps per wavelength [7], [8], stretching DD systems to
their limits, also due to the fact that PON has a very high
requirement in terms of optical power budget (OPB) (at least
29 dB) [9], and of resilience to chromatic dispersion. The next
leap in bit rate (100 Gbps per wavelength or more) will thus
be increasingly difficult if sticking with DD.

Similarly, for what concerns DCI, IEEE is rapidly moving
towards 100G per wavelength using DD PAM-4, but a jump
to even higher bit rate per wavelength relying on DD seems
difficult, in this case mostly for the resulting bandwidth
limitation in the opto-electronics.

A jump towards coherent technologies may be the next
move in both sectors. However, the cost constraints for PON
and DCI (particularly for intra-DCI transceivers) are so tight
that such a revolutionary paradigm shift may be envisioned
only if it ensures a long term and ample roadmap towards
ultra high bit rate. We believe that our present study on the
physical layer ultimate limitations of coherent in short-reach
can be of interest for system vendors and telecom operators,
when and if they are willing to consider the new technology.

In this paper, we focus in particular on finding, through
analytic formulas and by practical experiments, the maximum
bit rates achievable using coherent technologies but without
any optical amplification, that is, maintaining the passive”
paradigm of the two main short reach application scenarios
(PON and DCI). It is interesting to note that current efforts
towards 50G-PON [7] are considering DD systems but only
after introducing optical amplifiers (either as boosters or pre-
amplifiers, using semiconductor optical amplifiers), while co-
herent may allow again avoiding optical amplifiers, as shown
in this paper, thus partially reducing the cost-gap between DD
and coherent transceivers.

We consider here a full implementation of coherent systems
having the same transceiver architectures that are today used
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Fig. 1: Experimental setup of the coherent system. CW: continuous wave. AWG: arbitrary waveform generator. PLCW:
continuous wave optical power of the lasers. V,,: peak-to-peak voltage. OPB: optical power budget. LO: local oscillator. BS:
beam splitter. PBS: polarization beam splitter. Ps: received signal optical power. TIA: transimpedance amplifier.

for long-haul, including all the required Digital Signal Pro-
cessing (DSP) for phase recovery and dispersion compensation
[10], while we do not consider “ad-hoc” simplified solutions
for coherent over short-reach which are largely present in the
literature [11], [12], but are often not suitable for target bit
rates well above 100 Gbps per wavelength and/or for high
OPB. However, for intra-data center applications, with target
length up to 2 km, the accumulated chromatic dispersion can
be sufficiently low [13] to avoid having a dedicated DSP stage
for dispersion compensation, leaving this task to the adaptive
equalizer, and thus reducing the ASIC footprint and power
consumption. An analysis on cost, complexity and power
consumption of the optoelectronic+ASIC is mentioned in the
paper conclusions, but it is outside the main scope of this
paper. It is anyway worth mentioning that pre-commercial
proposal for coherent in short reach starts to appear, as
reported in [14].

We will show in our study that the unamplified coherent
transmission can work well above 100 Gbps per wavelength
even at the very high required PON OPB, and even more for
DCI. The paper focuses on finding scaling laws towards higher
bit rates related to fundamental noise (transmitter Relative
Intensity Noise (RIN), thermal noise, shot noise), passive
components attenuation and target Bit Error Rate (BER). To
this end, we did not consider in the analytical derivation any
effect related to opto-electronic bandwidth limitations since
we want to focus mostly on physical fundamental limitations
(i.e. on the key noise sources), observing that in the history
of optical transceivers, any major jump in bit rate (10G, 40G,
100G) has always been achieved by a breakthrough in devices
bandwidth.

Moreover, for what concerns possible application in the
PON area, we did not consider yet in our present work
any issue related to PON upstream burst-mode transmission
[15], [16]. Burst-mode coherent receivers are still an open
topic, even though several preliminary works are available in
the literature [17]. The results presented in this paper thus
apply directly to PON downstream transmission, and more in
general to PON architectures based on a Point-to-Point (P2P)
approach, in which a ultra-high speed Optical Network Unit
(ONU), for instance for mobile front-hauling applications,
operates on a dedicated pair of wavelengths per each of the

two directions, as it was already envisioned for the NG-PON2
standard in its P2P flavour.

We discuss in our paper on the scalability of non-amplified
coherent receivers in terms of baud rate, in a short-reach
environment, showing novel results for advanced modulation
formats, such as PM-16QAM and PM-64QAM, and detailed
experimental validation of the analytic formula our work is
based upon.

This paper is organized as follows. In Section II we
introduce an analytical performance model of a standard
coherent receiver without optical amplification and, in parallel,
its experimental confirmation on a setup running PM-QPSK
and PM-16QAM transmission at 28 GBaud. In Subsection
II-A, we present the results of the modulation peak-to-peak
voltage experimental optimization. By fitting the experimental
results with the analytical ones, we extract a set of optimal
realistic parameters for the model. In Section III we use
these parameters to run a detailed analysis of an amplifier-
less coherent short-reach system, showing the scaling laws that
describe the maximum achievable OPB as a function of the
raw bit rate, for different transmission scenarios. In Section IV
we make some considerations on the validity of the analytical
results and show the outcome of a practical implementation of
the system with transmission experiments on 37-km installed
dark fiber. Lastly, in Section V we make further considerations
on the practical implementation of such system and show how
varying the main system parameters affects the performance
in terms of the maximum admissible OPB.

II. EXPERIMENTAL SETUP AND ANALYTICAL MODEL

Our analysis of coherent for short-reach starts from a
set of laboratory experiments that are then used to validate
an analytical performance model for unamplified coherent
transmission. Fig. 1 shows our experimental setup comprising
an optical modulator to generate PM-QPSK or PM-16QAM
signals, a standard single mode fiber (SMF) and a commercial,
dual-polarization coherent receiver. We study performance in
terms of BER and maximum achievable OPB as a function of
several system parameters, such as CW laser power, compo-
nent attenuation, baud rate and fundamental opto-electronics
noise sources but without optical amplification, as typically
envisioned for short reach applications.



All DSP functionalities at the transmitter and receiver
side are implemented using the well-known off-line pro-
cessing approach, including typically used routines such as
a Viterbi& Viterbi algorithm for carrier phase recovery [13]
and an adaptive equalizer with 2x2 butterfly-structured FIR
filters [18] for polarization impairments compensation. In our
setup, an external cavity laser (ECL) at the transmitter side
generates a continuous wave signal at 1550 mm which is
then sent to a Lithium-Niobate dual arm and dual polarization
Mach-Zehnder external optical modulator (EOM) operating in
single-drive push-pull mode driven by a 92 GS/s arbitrary
waveform generator (AWG) working as a four output digital-
to-analog converter (DAC) to generate PM-QPSK or PM-
16QAM signals. The input digital stream is a pseudorandom
binary sequence (PRBS) of degree 15.

The OPB is varied through a variable optical attenuator
(VOA), either in a “back-to-back” (B2B) transmission config-
uration, or over 37 km of metro-network dark fiber installed
underneath the city of Turin, which was intentionally selected
in our experiments to check our results in a realistic environ-
ment. The 37 km link includes in fact many (relatively old)
connectors and crosses several central offices. The coherent
receiver is a commercial one (FIM24706 by Fujitsu) with a
22 GHz 3dB bandwidth. The four electrical signals at the
transimpedence amplifiers (TIAs) output are then digitized
through a real time oscilloscope serving as an analog-to-digital
converter (ADC) running at 200 G'S/s and post-processed
after proper downsampling at two samples per symbol through
an off-line DSP routine in Matlab®.

The experiments, as shown in the following, were instru-
mental to validate the model performance for unamplified
coherent receiver reported in [19] and confirmed in [20],
[21], which we used (with some upgrades) in the following
Section III to derive some general scalability laws. We briefly
report here the main results of the performance estimation
introduced in [19], which derives the equivalent signal-to-
noise ratio (SNR) on each of the four output electrical signals
(corresponding to each of the four available quadratures), in
terms of the relevant system parameters:
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where P is the received average signal optical power, PE"W is
the continuous wave (CW) optical power of the local oscillator
(LO), CM RR is the Common Mode Rejection Ratio of the
balanced photodetector, o2 Lo 18 the variance of the LO RIN
contribution, afh is the variance of the TIA thermal noise
and 02, , is the variance of the shot noise generated in the
photodetection process. These terms can be expressed as:
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where R is the overall responsivity (in [A/W]) of the
coherent receiver (which includes the coherent receiver passive
losses before the photodiodes), ¢r;4 is the input-referred

noise current density (IRND in pA/v/Hz) of a single tran-
simpedance amplifier, BEX is the effective noise bandwidth
of the receiver, g is the electron charge and RIN is the
LO RIN parameter. Finally, the SNRg parameter in Eq.(1)
accounts for the additional implementation penalties occurring
in a high-speed coherent system such as quantization noise,
phase noise, imperfect constellation generation, which are usu-
ally signal power-independent effects. We added the SINRg
contribution (which was not present in the model developed
in [19]) since in most experimental cases we found that the
BER curves as a function of the received optical power may
exhibit an error floor at low BER values.

Using Eq. (1) we then derived BER values according to the
following well-known Equations for three modulation formats

of interest:
1 [SNR
BERQPSK = §erfc ( 2RX> (3)
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To validate this analytical model for BER performance
estimation, we run a set of experimental measurements on
the coherent setup of Fig. 1 for both PM-QPSK and PM-
16QAM modulation and different LO power levels, and then
optimized the model parameters to obtain the best fitting
between analytic and experimental results. The symbol rate
used in the experiments was D = 28 GBaud. At the
transmitter, digital pre-filtering was used to obtain a square-
root-raised-cosine (SRRC) spectrum with a roll-off equal to
0.2. The baud rate D = 28 G Baud was selected on purpose in
order to test the performance of the system without significant
opto-electronic bandwidth limitations.

The obtained experimental results are shown in Fig. 2
in terms of BER (obtained in off-line processing by error
counting on six PRBS repetitions) vs. received average optical
power Ps at the input of the coherent receiver, for several
LO powers and for the two modulation formats (PM-QPSK
and PM-16QAM). On the same figure, we superimpose the
curves obtained by the analytical model expressed by Eq.(1),
(3), (4), in which the values of the four free parameters
(R, CMRR, irra and SNRqg) were obtained by a least
mean square numerical fitting running simultaneously on all
experimental curves shown in Fig. 2. The resulting numerically
fitted values are shown in Table I, and give a very good
agreement with the experimental BER sensitivity curves for
all 8 curves reported in Fig. 2. The rest of the paper is
based on this excellent matching between experiments and
analytical model, allowing us to derive in next Sections general
scaling laws for non-amplified coherent receivers. We also
set RIN = —145 dB/Hz (as specified in the used laser
datasheet), while for the overall receiver noise bandwidth
we set ng = 0.6 - D, where D is the system baud rate.
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Fig. 2: BER vs. received signal power for different local os-
cillator powers PE"" and two modulation formats (PM-QPSK
and PM-16QAM) at 28 GBaud. Solid lines: experiments.
Dashed lines: analytical model.

This is a good estimation of the equivalent bandwidth for
the full receiver, including the DSP adaptive equalizer. In our
experiments at 28 Gbaud, we verified that, even though the
coherent receiver bandwidth is 22 GHz, then the adaptive
equalizer (running at two samples per symbol) converges in
our experiments to an optimal bandwidth approximately equal
to BEX =0.6- D.

The parameters optimization yielded a set of consistent
parameters shown in Table I. For instance, the responsivity
value R = 0.07 A/W is perfectly in line with our coherent re-
ceiver datasheet, which declares values greater than R = 0.04
A/W (we remind that for coherent receivers this parameter is
not the usual photodiode responsivity, but it is an equivalent
responsivity that also takes into account the loss introduced
by the optical passive elements placed before the photodiode,
i.e. polarizing beam splitters and optical hybrid). Similarly,
the fitting on the IRND parameter gives ir;4 = 19 pA/ \/@,
which is again a typical value for high speed TIAs. Parameters
in Table I will be used as the starting point for the scalability
analysis introduced in the following Section, whose goal is to
determine accurate scaling laws for future coherent detection-
based short-reach systems on a much larger set of values
compared to the one we were able to span in our experiments.

TABLE I: Model parameters extracted through fitting.

Parameter  Value Unit
R 0.07 A/W
CMRR -20 dB
iT1A 19  pA/VHz
SNRg 18.4 dB

A. Insertion loss under modulation

In the previous Section, we were able to obtain a char-
acterization of an unamplified coherent receiver in terms of

BER vs. received optical power. The overall available power
budget in an unamplified short-reach system is also strictly
related to the average optical power available at the output
of the optical modulator at the transmitter which, in turn,
for PM-QPSK and PM-16QAM depends on the driving peak-
to-peak voltage (V,,,) applied to the modulator, in particular
in relation to the V,; of the modulator itself. Hence, for the
following analysis we define the “modulation index” parameter
as Mindex = Vpp/vw-

For a fixed laser CW power=14 dBm, Fig. 3 shows on
the left y axis the resulting transmitted optical power at the
modulator output, while the right y axis reports the received
sensitivity at a BER target level of 41073, both as a function
of the modulation index. As expected, the modulated output
power increases with V,,, saturating above 2 - V. at the input
electrical port of the modulator.

- = = PM-16QAM

€

g ’ =
=2 o
0 k=)
S 4- >
& =
~ -6 =
g 2
g 8 3
O _10 -
2 >
0] =
121 8
g 0]
2 -14 o
o

-

mindex [a.u]

Fig. 3: Transmitted optical power (left axis labels) and receiver
sensitivity @BER = 4 - 10~3 (rigth axis labels) vs. the ratio
between peak-to-peak voltage and V. Solid lines: 28 GBaud
PM-QPSK modulation. Dashed lines: 28 GBaud PM-16QAM
modulation. P¥"W'= 14 dBm.
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Fig. 4: Maximum achievable OPB at BER = 4-1073 as a
function of the ratio between peak-to-peak voltage and V.
Black curve (circles): 28 GBaud PM-QPSK modulation. Red
curve (squares): 28 G Baud PM-16QAM modulation.

The received sensitivity remains constant vs. M, des in the
PM-QPSK case, since there is no significant signal distortion
when increasing V), inside the analyzed experimental range of
Fig. 3a, due to the fact that PM-QPSK uses a binary signal on



each of the four quadratures of the modulator. On the contrary,
for PM-16QAM, the receiver sensitivity starts degrading for
high m;n4des, since the 4-PAM signal to be applied to each
of the four quadratures in the PM-16QAM case becomes
distorted when the modulation swing becomes comparable
to 2 -V, (we did not use any transmitter non-linearity pre-
compensation in our experiments).

The following Fig. 4 re-interprets the results shown in Fig. 3
in terms of the achievable OPB, defined here as the difference
between the modulator output power and the sensitivity of
the receiver. For PM-16QAM, an optimum is evident around
Mindez = 2, While there is not yet an optimum for PM-
QPSK in the spanned V), range up to 3 V, even though a
saturation is evident, and no further gain would be expected for
even higher (and by the way impractical) V,,,. For PM-QPSK,
performance keeps (slightly) improving above minge, = 2
since for this modulation format the electrical signal on each
of the four quadratures is a two-level signal. Thus, in the
presence of mild bandwidth limitations in the opto-electronics
(electrical driver and optical modulator), as it happens in
our experiments, it is known that overdriving the external
modulator cleans the binary eye diagrams, since it compresses
the signal imperfections in the high and low levels. The graphs
in Fig. 4 can be useful for a hardware transceiver designer to
find the best trade off in terms of required voltage swing at
the input of the modulator between the cost of the electronic
driver and the achievable OPB performances.

In order to make some considerations on the best and a
sub-optimal case scenarios, the experimental results presented
in Section IV have been obtained for only two m;,4c, values
for the two modulation formats, namely 0.9 and 2.7 for PM-
QPSK, and 0.9 and 1.5 for PM-16QAM.

III. ANALYTICAL RESULTS

In this Section, we first analyze the performance of ultra-
high-speed coherent short-reach systems at different baud
rates and then we study their scalability under some realistic
assumptions. We consider all the noise contributions described
and experimentally measured in previous Sections, while we
do not assume any significant bandwidth limitation when we
scale the baud rate up to higher values. The goal of this section
is to find ultimate scaling laws in terms of achievable bit rates
and OPB limited by intrinsic noises in an unamplified coher-
ent receiver, but not limited by opto-electronic components
bandwidth.

Fig. 5 shows the tolerable OPB as a function of the laser
CW power PEW. We assume the same laser technology is
used both for the LO and the transmission laser, therefore
PEW corresponds to the LO power and to the modulator
input power as well. Fig. 5 reports the resulting curves at
two different BER targets: BER;qrget = 4 - 1073 assuming
the receiver is equipped with a hard-decision forward error
correction (HD-FEC) algorithm, and BER;qrget = 2 - 102
for a more advanced soft-decision FEC (SD-FEC). The actual
transmitted power is determined by the total modulator loss
under modulation shown in Fig. 6, which in turn was derived
from Fig. 3. The overall loss introduced by the modulator is

intended as the sum of its passive intrinsic insertion loss and
the attenuation associated with the modulation process, which
depends on the modulation index. At the considered optimal
voltages, the measured modulator loss is 18.2 dB and 14 dB
for PM-16QAM and PM-QPSK modulation respectively.

We have investigated four different configurations:

1) Dual polarization PM-16QAM at 56 GBaud, 448 Gbps
gross bit rate, for 400G.

2) Dual polarization PM-QPSK at 56 GBaud, 224 Gbps
gross bit rate, for 200G.

3) Dual polarization PM-QPSK at 28 GBaud, 112 Gbps
gross bit rate, for 100G.

4) Single polarization QPSK at 56 G Baud, 112 Gbps gross
bit rate, for 100G. In this case the modulator loss was

set to 10 dB.
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According to our model, with the exception of PM-16QAM
modulation at 56 G Baud discussed later, in all the other cases
coherent systems can provide OPB in excess of, for instance,
the 29 dB target required by the ITU-T optical distribution
network class N1, for laser powers PE"W as low as 10 dBm
and for both BER targets. Increasing laser power enables even
higher OPB classes, such as the 31 dB of Class N2. Assuming



an even higher, but still practical laser power of 16 dBm,
the maximum admissible OPB would be greater than 36 dB,
which would allow for an extra system margin to account
for other system impairments not considered in this work,
such as phase noise, burst mode implementation or component
imperfections.

Among the four considered configurations, PM-16QAM at
56 GBaud for 400G scenario is the only one that is critical
in terms of OPB for PON applications. In fact, even assuming
PEW=16 dBm, the highest achievable OPB is about 27 dB
even using SD-FEC. It should be anyway mentioned that
ITU-T and IEEE are considering splitting ratio smaller that
64, and thus a lower OPB target, in future architectures for
fronthauling PON. Moreover, 23 dB OPB can ensure suc-
cessful 400G transmission in most of the short-reach system
configurations, including inter- and intra-data center, which
have much less demanding OPB requirements than PON, but
target even higher bit rates.
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Fig. 7: OPB as a function of the raw bit rate for three

modulation formats. Solid lines: BER = 4-10~2 (HD-FEQC).

Dashed lines: BER = 2-1072 (SD-FEC). The laser power is

set to PEW= 14 dBm.

In order to get an even more general view, we show in Fig.
7 the achievable OPB as a function of the raw bit rate at the
two BER targets, when laser power PEW is set to 14 dBm,
for four modulation formats including a more advanced PM-
64QAM. In terms of general scalability laws of unamplified
coherent, this is the most important graph of our paper. It
should be remembered that here we did not consider any
bandwidth limitation even at extremely high baud rate, so Fig.
7 is to be interpreted as a quite ideal scaling laws curve. In
fact, the right end side of the graph would require baud rate
(and thus available analog bandwidth) that are for the moment
impractical, even though some pioneering experiments are
today showing baud rates going towards 100 G Baud [22].

Assuming the typical 29 dB OPB target for PON, Fig.
7 shows that QPSK modulation in dual-polarization config-
uration seems to be the best option, even at extremely high
raw bit rates up to 800 Gbps and with simpler, less power-
hungry HD-FEC algorithm. On the other hand, PM-16QAM
transmission can be taken into consideration only for bit rates
up to 190 Gbps and only when very tight system constraints
can be tolerated, such as the use of SD-FEC algorithm and no

additional system margin. Increasing PS" to 16 dBm would
allow for bit rates up to approx. 260 Gbps at 29 dB OPB.

In DCI transmission, the required OPB is sensibly lower
than in PON, so that all the investigated modulation formats
offer ample margin to allow for high-speed communication.
For instance, Fig. 7 shows that PM-64QAM can enable high
raw bit rates up to 400 Gbit/s/\ while still ensuring OPB
above 14 dB, which could be allocated to take into account
the losses due to physical phenomena (e.g. propagation, con-
nectors, nonlinear effects), but also the penalty introduced by
novel techniques for power consumption reduction such as
DSP-free operations [23] or self-coherent detection [24].

In both cases, PM-16QAM and PM-64QAM would be
interesting since for the same bit rate as PM-QPSK they
require significantly lower baud rate and, consequently, lower
analog bandwidth in the transceivers.

All the OPB curves at the HD-FEC threshold in Fig. 7
show an inflection point at high bit rates where the system
performance quickly degrades for increasing bit rate. This is
due to the SNRg parameter in Eq. (1) which produces a
floor in the sensitivity curves of BER as a function of the
received signal optical power. In our model, we extracted
SNRg through fitting with the experimental curves at 28
GBaud and then scaled it inversely to the baud rate to
match the conditions of our experimental measurements. In
fact, our DAC and ADC run at fixed sampling rates (92 and
200 Gsample/s respectively) but the DSP then applies a
downsampling to two samples per symbol, effectively low-pass
filtering the received signal and thus progressively limiting the
impact of quantization noise for increasing baud rates. It is
worth mentioning that this would not be the case in a realistic
installed system, where DACs and ADCs are usually chosen
in accordance to the baud rate the system has to work at.
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Fig. 8: OPB as a function of the raw bit rate for three
modulation formats. Solid lines: with ip74(B) = irra(By) *
(B/By)*. Dashed lines: with ir;4(B) = 19 pA/v/Hz. The
laser power is set to PE"W=16 dBm. BER = 4-10~3 (HD-
FEC). Legend in Fig. 7 applies also here.

Another important parameter in a coherent receiver is the
IRND i7r4 that represents the TIA-induced thermal noise
contribution. The results in Fig.7 were obtained for a fixed
iria = 19 pA/V/Hz value extracted through the fitting
procedure. However, literature results suggest that IRND tends
to slightly increase for higher bandwidth TIA. Since we want



to study in this paper the scalability for a wide range of
bandwidths, we further investigate on this point. A detailed
literature review of transimpedance amplifiers performance
including noise current spectral density and bandwidth can
be found in [25] for different technologies and architectures.
Starting from the devices listed in Table I in [25], and after
removing two “outlier” values, we have extrapolated through
linear polynomial fitting a relation between the bandwidth
of a TIA and its noise current density (the i7y4 parameter)
based on the state of the art. The inset in Fig. 8 shows the
parameter for the devices reported in [25] (blue dots), the
result of a linear polynomial fitting on the set of published
performance (solid line) and the curve (dashed line) describing
the relation i7ra(B) = irra(Bo) * (B/Bp)*® where B is
the TIA bandwidth, By is the bandwidth of our coherent
receiver (22 GH z), ir;a(Bp) is the TIA noise current density
extracted through fitting in section II (19 pA/v/Hz) and x
is the polynomial coefficient returned by the linear fitting
procedure.

A comparison of OPB vs raw bit rate curves obtained with a
variable ipy 4 (B) parameter and with the constant i (B) =
19 pA/ V/Hz is shown in Fig. 8. The two sets of curves are
almost perfectly superimposed highlighting that, at least for
high values of the LO power (16 dBm in this case), the effect
of the thermal noise variation with the receiver bandwidth
is practically negligible, since the system performance for
increasing bit rate is limited by other noise sources. Anyway,
for lower LO power our proposed scaling law for iry4(B)
can have a practical relevance.

IV. EXPERIMENTAL VALIDATION ON AN INSTALLED FIBER
METROPOLITAN TESTBED

An experimental confirmation of the results depicted in
Fig. 5 and Fig. 7 can be obtained by comparison with Fig.
4. For PM-QPSK at m;nde. = 2.7 (the considered optimal
modulation index) the OPB at BER = 4-1072 is 37.51 dB
in Fig. 4, whereas it is 37.13 dB both from Fig. 5 (solid red
curve at 14 dBm LO power) and From Fig. 7 (solid red curve
at 112 Gbps). For PM-16QAM at m;,4e. = 1.5 the OPB at
BER =4-1073 is 25 dB in Fig. 4 and 24.81 dB in Fig. 7
at 224 Gbps. Slight discrepancies can be due to a non perfect
parameter fitting, but also to a slightly different LO power in
the experiments as opposed to the ideal power considered in
the model.

Results depicted in Fig. 7 have also been experimentally
verified in a realistic short-reach scenario for both PM-QPSK
and PM-16QAM modulation in back-to-back transmission and
over a 37 km installed metropolitan dark fiber optical link.
We could only perform measurements at 28 G Baud due to
available hardware. The results are shown in Fig. 9. For both
modulations no significant impairment can be observed when
a 37 km fiber link is considered, with respect to the back-
to-back condition. The sensitivity (solid) curves are perfectly
superimposed on the back-to-back (dashed) curves, showing
negligible detrimental effects due to propagation in the fiber.
Moreover, the coherent receiver sensitivity is affected by
the modulation peak-to-peak voltage only to a small extent.
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Fig. 9: Comparison of sensitivity curves in back-to-back
(dashed) and with transmission over 37 km of installed dark
fiber (solid), for the two modulation formats at 28 G Baud
and for the best and a sub-optimal modulation index.

Nevertheless, as already stated in Section II-A, the decrease in
sensitivity is counterbalanced by the reduced insertion loss of
the modulator, which results in an overall better performance
in terms of achievable OPB.

V. EXAMPLES OF PRACTICAL IMPLEMENTATION OF OUR
MODEL

In this Section, we show as an example the application
of our model to predict and optimize the performance of
specific transceiver architectures for inter-data center coherent
transceivers. For instance, some recently developed integrated
transceivers are equipped with a single laser followed by a
splitter that feeds the signal modulator and the local oscillator
[26] as shown in the inset of Fig. 10c. In the following, we use
our model to predict system performance of this architecture
and to optimize the splitting ratio after the laser. Moreover,
to extend the scope of the paper to a wider range of possible
component parameters, we show in the folllowing three graphs
for the specific case of 28 GBaud PM-16QAM modulation
at the SD-FEC threshold, the achievable OPB when changing
three of the most relevant system parameters: laser power,
TIA noise current and RIN. We define the split ratio as
p = Py / Piaser, Where P,;4 is the signal power at the external
modulator input and Py, is the total power emitted by the
laser before the splitting stage (Fig. 10c).

The contour plot of OPB as a function of the split ratio and
of the CW laser power is depicted in Fig. 10a. The optimal
split ratio strongly depends on Pjgse, starting from 65% for
low Pjgser and moving towards 80% for very high Pjser,
suggesting that the impact of increased RIN contribution has
to be mitigated by re-balancing the signal and LO power at
the receiver (see Eq. (1)). For a 16 dBm CW laser power the
achievable OPB is about 28 dB with a split ratio in the range
70-80%.

The effect of different IRND values on the optimal split
ratio is shown in Fig. 10b for a 16 dBm CW laser power.



For low i774 values, the optimal ratio is again in the order of
80%, but reduces down to about 60% when the thermal noise
becomes dominant. Finally, Fig. 10c shows how RIN affects
the optimal split ratio and the overall OPB. As expected, when
the RIN coefficient is low, a stronger LO is advantageous,
whereas for high RIN values the optimal split ratio moves
towards a higher percentage of signal power. Similar results
were obtained (but not shown for space limitations), and
therefore similar conclusions can be drawn for the other three
modulation formats under analysis, regardless of the selected
FEC threshold.
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Fig. 10: a) OPB as a function of split ratio and CW laser power.
b) OPB as a function of split ratio and TIA noise current
density for 16 dBm laser power. ¢c) OPB as a function of
split ratio and laser RIN for 16 dBm laser power. 28 G Baud
PM-16QAM modulation at BER = 2 - 10~2 (SD-FEC).

VI. DISCUSSION AND CONCLUSION

In the mid-to-long-term timeframe assumed in our analysis,
several techno-economic factors will affect the decision on
whether or not coherent technologies will replace DD for
short-reach. It seems anyway unlikely that IM-DD systems
will be able to cope with the growing traffic demand well
beyond 100G/\ without the need to sensibly increase their
complexity and cost [27]. In our opinion, a turning point can
be 400G per wavelength for short reach data center solutions,
and 100G+ for access since at this data rate chromatic disper-
sion and power budget become exceedingly critical for DD.

Current IM-DD higher speed standards, for instance, envisage
multiple lanes (wavelength or parallel fibers) and/or optical
amplification to ensure the same aggregate bit rate provided
by a single-channel coherent system, resulting in additional
hardware components coupled with some form of DSP both
at the transmitter and receiver side, which may reduce the
cost-effectiveness of DD solutions.

Moreover, extensive research is today being performed on
hardware and software solutions targeting power/cost reduc-
tion of coherent technology in the mid-to-long-term. Studies
on self-coherent systems [28], [29], DSP-free configurations
[23], low-power DSP [30], optical signal processing [23],
[28], narrow-linewidth semiconductor low-cost lasers [31] and
integration [32] are achieving ground-breaking results that
will likely pave the way to the introduction of coherent in
short reach communications. Some specific techno-economic
studies tailored for 400G have shown that a single-wavelength
coherent solution has very similar power consumption and
ASIC footprint of a 4 lanes 100G DD solution [33].

Given the ongoing ASIC power consumption and com-
plexity improvements [33]-[35], one of the remaining issues
related to the transition from DD to coherent is related to the
quality of the lasers in terms of low linewidth for phase noise
requirements. Currently, coherent transmission normally uses
costly external cavity lasers (<100 kHz linewidth). However,
chances are that as technology improves, low-cost lasers
with these features will become available. Moreover, at least
for QPSK modulation, experiments have already shown the
possibility of using lower cost DFB lasers [36].

The tolerance to laser linewidth is, thus, one of the major
issues to be solved to enable the use of coherent for short
reach communications. Nevertheless, recent works show:

o For QPSK modulation the tolerance is very high. Total
linewidths up to tens of MHz can be allowed by using
appropriate phase estimation methods such as maximum
a posteriori or Wiener filter-based [37].

e« A 1 dB SNR penalty is achieved at the soft-FEC
threshold in 32 GBaud coherent systems when the total
linewidth (transmission laser + local oscillator) is 9.6
MHz or 1.8 M Hz for 16-QAM and 64-QAM modu-
lation respectively, by using a non-linear least squares
method [38].

o The total linewidth tolerance at 1 dB SNR penalty and
BER=1073 for a 32 G Baud PM-16QAM system is about
4 M Hz when a blind phase search based algorithm is
used [39].

Thus, the laser linewidth seems to be of great concern
only for higher order modulation formats such as 64-QAM,
provided that a proper carrier phase estimation algorithm is
used. Moreover, the laser phase noise effect reduces linearly
with increasing data rate [37]-[39], which helps envisaging the
use of low-cost DFB lasers for high-speed short-reach coherent
communications thanks to the high available power budget
shown in our paper.

In conclusion, we have extended a previously introduced
[19] analytical model for predicting the performance of unam-
plified full coherent receiver affected by shot, thermal and RIN



noise sources by including the influence of additional power-
independent implementation factors, through the term SN Rg
in Eq. (1). We have validated our model and optimized its
parameters to obtain the best fitting with experimental results
for two different modulation formats, PM-16QAM and PM-
QPSK. The model-predicted coherent receiver sensitivity has
proven to be in excellent agreement with the experimental
results. We have also performed an experimental optimization
of the modulation peak-to-peak voltage finding the best op-
erating conditions in the linear regime of the electro-optical
modulator.

The model has then been used to generate scaling laws for
amplifier-less coherent detection-based high-speed short-reach
networks showing that 100G and 200G per wavelength are
at hand from a power budget perspective, when single- or
dual-polarization QPSK modulation is used, providing also a
conspicuous additional system margin of more than 8 dB over
the typical 29 dB OPB required by modern PON standards.

Our findings also highlight that PM-16QAM modulation
could be used to reach 190 Gbps speed at the 29 dB OPB
threshold, but only in combination with advanced SD-FEC al-
gorithms and high laser power level. Nonetheless, PM-16QAM
seems to be largely suitable for short-reach systems that
require less than 23 dB OPB at 400G. In DCI communication,
where the OPB requirement can be further relaxed, the use of
a more advanced PM-64QAM format can be envisaged up
to 800 Gbit/s/A thanks to the >14 dB OPB ensured in the
considered bit rate range.

We have validated these results with a transmission exper-
iment using PM-QPSK and PM-16QAM modulation at 28
G Baud in back-to-back and on a 37 km fiber link. OPB values
notably close to the ones predicted by the model have been
obtained and no impact of fiber propagation impairments has
been observed.

Lastly, as an example of application we have shown the
effect of various system parameters on the optimal split ratio
required for practical implementation with a single laser for
transmission and reception in the transceiver.

A roadmap from traditional DD transceivers to coherent
transceivers in short-reach will require a complete revolution
in the techno-economics of such systems, mostly in terms of
opto-electronic components and on the DSP in the transceivers
ASIC chipsets. On the contrary, regarding the protocol stacks,
and in particular regarding interoperability issues, the changes
for the Physical Media Dependent (PMD) and the Physical
Medium Attachment (PMA) sublayers would be relatively
limited, even though to be considered in detail. For instance,
the initial bootstrap of a coherent receiver will need a rel-
atively long training sequence for the initial settings of the
local oscillator central frequency and then for setting the RX
adaptive equalizer initial taps condition.

In conclusion, we have given general scaling laws for
unamplified ultra-high speed coherent short-reach systems,
showing results that may allow vendors and telecom operators
in the PON and DCI areas to drive their decision on which
bit rate will require a complete paradigm change from DD to
coherent in short-reach.
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