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ABSTRACT The effectiveness of Volterra equalization (VE) is analyzed to improve the performance of
a metropolitan area network (MAN), characterized by directly-modulated (DM) vertical-cavity surface-
emitting laser (VCSEL) sources combined with coherent detection, in order to target both high capacity
and hundreds of km reaches. VE, which is a well-known nonlinear equalization technique, is used to cope
not only with the distortion introduced by the real implementation of direct discrete multi-tone (DMT)
modulation of the VCSEL, but also with the nonlinear impairments. A suitable experimentation, in case
of 25-GHz spaced dense wavelength division multiplexed (DWDM) propagation, allows to validate a
simulation tool, developed to provide a systematic analysis of the supported capacity per VCSEL, with and
without VE. Simulations permit to analyze the effects of VE for different channel spacings (25, 50 and
100GHz) and for different standard single-mode fiber (SSMF) lengths (up to 200 km), focusing on the
evolution of the capacity per channel in case of different launch powers and optical signal-to-noise ratios. The
dependence of the VE effectiveness is evaluated also in terms of spectral behavior. VE allows to achieve up
to 13%-capacity increase, assuring 50 Gb/s rate per polarization per VCSEL, in case of DWDM transmission
and after 200-km propagation, as targeted by the considered MAN applications.

INDEX TERMS Volterra equalizer, DMT modulation, MAN networks, direct modulation, VCSEL sources.

I. INTRODUCTION
Recently, many nonlinear equalization (NLE) techniques
implemented through digital signal processing (DSP) have
been proposed in literature [1], [2] to compensate for
nonlinear distortions in optical communications systems.
Among these, the Volterra equalizer (VE) [3] appears to
be very interesting due to its capability to model complex
dispersive nonlinear functions. Volterra equalizers operating
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either in the frequency [4] or in the time domain [5] have been
successfully applied to different contexts, also considering
the impact of their computational complexity and real-time
implementation [6], [7].

In an optical communications system, VE is effective to
partially face the nonlinear distortions, induced by the Kerr
effect during propagation, but mainly the NLs arising along
the modulation and detection chain (electrical amplifiers,
digital-to-analog and analog-to-digital converters, RF drivers
and modulators, photodiodes) [8]. These issues are relevant,
above all in short and medium reach applications, where
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propagation NLs, such as self-phase modulation (SPM),
cross-phase modulation (XPM) and four-wave mixing
(FWM), become less dominant although the channel high
power and the dense spacing in case of wavelength-division
multiplexing (WDM) can induce not negligible impairments.
In [9] VE has been explored to compensate NLs caused
by the employed transmitter (TX) and receiver (RX) com-
ponents, comparing different single-carrier (SC) modulation
formats with orthogonal frequency-division multiplexing
(OFDM) format in a coherent system operating with a very
high-bandwidth external IQ modulator.

For intra and inter data-center interconnections (DCIs),
the effectiveness of VE has been demonstrated to support
hundreds of Gb/s transmission in a few km of standard
single-mode fiber (SSMF) [10], also in presence of direct
detection (DD), where the square-law detection repre-
sents another nonlinear distortion source, owing to the
signal-signal beat interference (SSBI). Moreover, VE at the
TX side [11], based on pre-processing with pre-calculated
filter’s coefficients given by a look-up table, has been also
utilized in such scenarios.

For DCIs and short-reach applications, the exploitation of
low-cost and energy efficient laser sources, such as vertical-
cavity surface-emitting lasers (VCSELs) directly modulated
(DM) by multiple carrier formats such as discrete multi-tone
(DMT) modulation, appears to be very promising. In the last
years, strong progresses in the development of single-mode
long-wavelength VCSELs working in the O- and C-band
have been achieved, permitting to envisage their employment
also in future medium-reach optical metropolitan area
networks [12]. Despite the limited modulation bandwidth of
the current VCSELs operating in the C-band, DMT permits to
achieve high data rates, also allowing a dynamic and flexible
adaptation to the specific traffic/channel conditions [13].
Volterra equalization has been employed in single-channel
DMT-directly modulated sources [14] in case of DD over up
to tens of kilometres of uncompensated SSMF, to compensate
the nonlinear distortion induced by fiber chromatic dispersion
(CD) and square-law detection, increasing the capacity of
the DMT system. On the other hand, in case of medium-
reach CD-compensated transmission, it would be worth to
analyse VE capability to compensate the nonlinear response
associatedwithDMTmodulation ofVCSEL sources. ADMT
signal, in fact, is characterized by a largemodulation dynamic
range and is more sensitive to propagation NLs, owing to
the high peak-to-average power ratio (PAPR); moreover,
especially in case of high bias currents, owing to the
internal heating effect [15], VCSELs show a highly nonlinear
response.

DMT-modulated VCSELs could be considered an inter-
esting option for medium-reach wavelength division multi-
plexed (WDM) links, such as metropolitan area networks
(MANs) [12], where sustainable solutions in terms of
cost, power consumption, and footprint are mandatory.
An innovative TX module, covering the whole C-band
and able to assure 2-Tb/s capacity per photonic integrated

circuit (PIC), has been designed and implemented [16], [17],
[18] by using DMT-modulated long-wavelength InP VCSEL
sources [19], [20], [21], [22], achieving at least 50 Gb/s rate
per state of polarization/wavelength. Dense WDM (DWDM)
with 25-GHz spacing is enabled by single-sideband (SSB)
filtering to provide multi-Tb/s throughput together with
coherent detection (COD), in order to compensate for the
CD and guarantee SSMF transmission reach of hundreds of
kilometers [23].

Although the exploitation of VE has been already demon-
strated in VCSEL-based systems exploiting DMT modula-
tion [14], the effectiveness of VE in that uncompensated
scenario has been analysed mainly to address the nonlinear
distortions introduced by the direct modulation of the VCSEL
and by the interaction between CD and square-law detection.
Up to now, no extensive analysis of VE performance and
features has been reported for transmissions in DWDM
scenarios with DM signals on hundreds of kilometres
propagation. In this paper, we report an experimental and
simulative systematic analysis of the effectiveness of VE in a
DMT-modulated VCSEL-based system in presence of dense
WDM transmissions in a metro-haul scenario. The equalizer
is employed not only to compensate for the distortions caused
by the transmitter/receiver ends, but also to mitigate the
impact of nonlinear impairments induced by the propagation
over hundreds of fiber kilometers. The main outcomes
presented in the paper are:

• the experimental evaluation of the effectiveness of VE in
terms of achievable bitrate per VCSEL in a DMT-based
multichannel metropolitan scenario exploiting direct
modulation and coherent detection. The performance are
measured in case of single-channel and multichannel
conditions down to 25-GHz spacing;

• the development of a suitable simulative tool validated
by the experimental results, able to correctly estimate
the impact of TX/RX limitations, fiber NLs and VE
application;

• the systematic analysis of the impact of VE on a DMT
DM/COD VCSEL-based communication system in a
DWDM scenario. The effectiveness of VE is analyzed
for different channel spacings (25, 50 and 100 GHz) and
for different SSMF lengths (up to 200 km), focusing
on the evolution of the capacity per channel in case
of different launch powers and optical signal-to-noise
ratios (OSNRs). The VE effectiveness is evaluated also
in terms of spectral behavior, analyzing the SNR profile
of the DMT signal in different conditions;

• the evaluation of the optimal launch power per channel
in the metro-haul scenario as a function of propagation
length/conditions.

To the best of our knowledge, this is the first systematic
analysis of VE behavior in DM/COD DMT signals in a
DWDM metro communication system.

The paper is organized as follows. The description of VE is
reported in Section II, while experimental results are shown
in Section III. Moreover, the validation of the developed
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simulative tool is provided. Thereafter, in Section IV the
behavior of a VCSEL-based metro link is simulated in
different conditions in terms of co-propagating channel
number (from single channel to 7-channel condition) up
to 200-km SSMF transmission. The performance of the
envisaged system is reported in terms of capacity per
channel supported with and without VE, while the effects of
intra- and inter-channel NLs in both equalization conditions
are analyzed. The performance is evaluated in terms of
achievable capacity in function of both the propagation
distance and OSNR/launch power. Finally, the impact of
NLs and VE is analyzed in the spectral domain, in order
to highlight the equalization behavior in different frequency
regions.

II. VOLTERRA EQUALIZATION
A. GENERAL FORMULATION
Let us introduce the general formulation for a discrete-time
VE. The resultingmth equalized sample at the output of aK th
order VE is defined as [3]

y(m) =

K∑
k=1

lk−1∑
n1=0

n1∑
n2=0

· · ·

nk−1∑
nk=0

wk (n1, n2, . . . , nk )

· x(m− n1)x(m− n2) . . . x(m− nk )

=

K∑
k=1

lk−1∑
n1=0

n1∑
n2=0

· · ·

nk−1∑
nk=0

wk (n1, n2, . . . , nk )

· xn1xn2 . . . xnk , (1)

where xn = x(m − n) is the sampled received signal at
the input of the VE, while lk and wk (n1, n2, . . . , nk ) are,
respectively, the memory length and the weights of the
equalizer for the order k = 1, . . . ,K . In [5], the authors
provide a computational complexity analysis as the order
K increases and a reduced-complexity scheme for a second
order VE. Since optical communication systems are typically
affected by both second and third order nonlinearities [5], [6],
[7], we extend the reduced-complexity scheme in [5] to the
third order. For K = 3, the mth equalized sample is

y(m) =

l1−1∑
n1=0

w1(n1)xn1 +

l2−1∑
n1=0

n1∑
n2=0

w2(n1, n2)xn1xn2

+

l3−1∑
n1=0

n1∑
n2=0

n2∑
n3=0

w3(n1, n2, n3)xn1xn2xn3 . (2)

We can express Eq. (2) in vector notation as

y(m) =

l1∑
p=1

[w1 ◦ x1,m]p +

l2∑
p=1

l2∑
q=1

[w2 ◦ x2,m]p,q

+

l3∑
p=1

l3∑
q=1

l3∑
r=1

[w3 ◦ x3,m]p,q,r , (3)

where the operator ◦ denotes the Hadamard product, [·]p
selects the pth element of a vector, [·]p,q selects the element

(p, q) of a matrix, and [·]p,q,r selects the element (p, q, r) of
a 3D matrix. We define the l1 × 1 vectors w1 and x1,m as

w1 = [w1(0), . . . ,w1(l1 − 1)]T , (4)

x1,m = [x0, . . . , xl1−1]T . (5)

The elements of the l2 × l2 matrices w2 and x2,m are, for
p+ q− 2 < l2

[w2]p,q = w2(p− 1, p+ q− 2), (6)

[x2,m]p,q = xp−1 · xp+q−2, (7)

while they are set to 0 if p + q − 2 ≥ l2. In other words,
both w2 and x2,m are matrices with zero entries below their
anti-diagonal. Finally, for p + q + r − 3 < l3, the elements
of the l3 × l3 × l3 3D matrices w3 and x3,m are defined as

[w3]p,q,r = w3(p− 1, p+ q− 2, p+ q+ r − 3), (8)

[x3,m]p,q,r = xp−1 · xp+q−2 · xp+q+r−3, (9)

while the elements with indexes such that p+q+r−3 ≥ l3 are
set to 0.

Since the VE implementation can become computationally
complex even for relatively small values of lk , a simplified
model is required for practical implementations. Similarly to
the approach used in [5], for the 2nd order VE, the model
in (3) can be simplified by assigning independent and shorter
memory lengths to the indexes p, q, and r . Therefore, this
simplified scheme allows us to reduce the total number of
taps for the Volterra weights and provides a flexible solution
to adjust the trade-off between computational complexity and
performance of the VE, making its implementation more
practical. The reduced memory length for w1 and x1,m is
defined as l1,p ≤ l1. For the rows and columns of w2 and
x2,m the reduced memory lengths are, respectively, l2,p ≤

l2 and l2,q ≤ l2,p. Finally, we have l3,p ≤ l3, l3,q ≤ l3,p,
and l3,r ≤ l3,q for the rows, columns, and pages of w3
and x3,m. By plugging the reduced memory lengths into (3),
the resulting mth equalized sample is

y(m) =

l1,p∑
p=1

[w1 ◦ x1,m]p +

l2,p∑
p=1

l2,q∑
q=1

[w2 ◦ x2,m]p,q

+

l3,p∑
p=1

l3,q∑
q=1

l3,r∑
r=1

[w3 ◦ x3,m]p,q,r . (10)

B. WEIGHTS ESTIMATION
Since the optimal VE weights wk and their memory lengths
lk are not known, it is necessary to estimate them. Thanks
to its computational simplicity and adaptation capabilities,
the least-mean squares (LMS) algorithm [24] is one of the
most viable solutions to accomplish this task [5]. Let {x(m)}
be a known and sufficiently long training sequence. The
estimates of wk are iteratively updated by employing an
LMS algorithm. Let us denote by ŵk (i) the ith estimate of
the weight wk . The iterative updates via LMS algorithm are
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defined as follows

ŵ1(i+ 1) = ŵ1(i) + µ1emx1,m, (11)

ŵ2(i+ 1) = ŵ2(i) + µ2emx2,m, (12)

ŵ3(i+ 1) = ŵ3(i) + µ3emx3,m, (13)

where em = x(m) − y(m) is the instantaneous error and
µk are the LMS step sizes. Finally, the estimated weights
ŵk can be plugged into (10) to implement the Volterra
equalization.

III. EXPERIMENTAL RESULTS
A. EXPERIMENTAL SETUP
For the transmission performance evaluation, we employed
the experimental setup shown in FIGURE 1(a). The channel
under test (CUT) is obtained by a 15-GHz short-cavity
(SC) InP VCSEL [25], [26] emitting in the C-band, directly
modulated by a DMT signal generated by a MICRAM
100-GS/s digital-to-analog converter (DAC10002) with
35-GHz electrical bandwidth and 6 bits vertical resolution.
The DMT signal is calculated by Matlab ® and is composed
of 256 sub-carriers in 20-GHz range; a cyclic prefix (CP)
of about 2.1% of the symbol length is added. The VCSEL
emitting wavelength is 1534.5 nm, while its measured
linewidth is about 5 MHz. The bias current is set at 9 mA,
while themodulation depth is fixed at 450mV in order to limit
the frequency chirp insurgence and reduce the penalty due to
single sideband (SSB) filtering [27]. A Finisar Waveshaper
4000s, which mimics the transfer function of a 25-GHz
standard Wavelength Selective Switch (WSS) [28], further
performs the single sideband filtering operation thanks to
8-GHz detuning with respect to the VCSEL carrier. The
correct frequency detuning is achieved by operating on the
VCSEL bias and temperature working conditions, as per-
formed in the envisaged 2-Tb/s PIC modules [17], [18].
Moreover, it acts as a 25-GHz multiplexer, adding other two
optical channels with ±25 GHz frequency difference with
respect to the CUT. The adjacent channels are generated
by modulating two 100-kHz tunable lasers by two Mach-
Zehnder (MZ) intensity modulators with 25-GHz bandwidth
and by tuning them at±25 GHz from the CUT. The electrical
DMT signals of the adjacent channels are generated by a
second DAC (DAC10002) and, in order to decorrelate the
patterns of the adjacent channels, a suitable 3-km long SSMF
spool has been used (indicated as L1 in FIGURE 1(a)). The
adjacent channels undergo SSB filtering passing through the
WS4000s multiplexer.

The generated single-polarization optical signal is then
amplified by an Erbium-doped fiber amplifier (EDFA) and
propagates in selected SSMF spools depending on the
specific transmission distance with different launch powers.
The employed spool lengths are shown in the inset of
FIGURE 1(a), while the tested propagation distances are
reported in TABLE 1. After SSMF propagation, the CUT is
selected by a Finisar WS1000s programmable filter, which
mimics the same transfer function of the multiplexer. Then,

FIGURE 1. (a) Experimental setup. (b) TX and RX DSP architecture.

TABLE 1. Total propagation distances used during the experimental
testing.

to fully compensate the CD cumulated during propagation,
the signal is detected by a Tektronix coherent receiver
OM4245 with 45-GHz bandwidth. The local oscillator (LO)
is a tunable 100-kHz laser with +14.5 dBm optical power.
The in-phase/quadrature (I/Q) signals are acquired by a Tek-
tronix real-time oscilloscope with 8-bits vertical resolution,
100-GS/s and 33-GHz electrical bandwidth, respectively.
SSB DMT modulation is performed to enable higher spectral
efficiency and 25-GHz granularity, while fully exploiting
the SC-VCSEL envisaged bandwidth [21]. Optimal bit and
power loading (BL/PL) using Chow’s algorithm [29] is
applied to adaptively assign the appropriate bit order at
each subcarrier during the mapping procedure. This strategy
enables to finely tailor the spectrum with a granularity of
tens of MHz, allowing also MAN functionalities such as
multi-flow generation, slice-ability, adaptability to traffic
and reach [13], [30], [31]. In case of 256 subcarriers
occupying 20-GHz bandwidth, the resulting granularity is
about 78 MHz.

FIGURE 1(b) reports the DSP fundamental blocks. At the
TX side, the DSP performs serial-to-parallel conversion
(S/P), bit mapping of the digital/electrical subcarriers,
adding of training symbols (TS), inverse fast Fourier trans-
form (IFFT), adding of CP and parallel-to-serial operation
(P/S); finally, the resulting signal is clipped and can be
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electrically-generated by a suitable DAC. The same steps
in reverse order are performed by the RX, for retrieving
the transmitted data from the analog-to-digital converter
(ADC). Thanks to the exploitation of direct modulation
at the TX side, it is possible to implement a simplified
coherent detection scheme based on the application of a
digital square modulus to the I/Q components, thus not
requiring a full carrier recovery. Firstly, the digitized I/Q
components are de-skewed, orthogonalized, and normalized,
in order to optimally combine them, obtaining the proper
complex representation of the optical signal. Afterwards,
CD is totally compensated, by employing a suitable digital
filter operating in the frequency domain, tailored to each
propagation distance; a digital band-pass filter (BPF) is
applied and the squared modulus function is performed. The
filter is specifically designed to improve the performance of
the optical SSB filtering, while rejecting out-of-band noise
components. Therefore, its response is expected to feature
sharp edges and a rather limited bandwidth. The envisaged
simplified CO-Rx relaxes the requirements in terms of phase
noise of signal source and LO, needing just few-MHz laser
linewidths, typical of currently-deployed SC-VCSELs [32];
on the other hand, the SNR gain of COD with respect to
DD is lost. Then, a synchronization and retiming (down-
sampling) procedure is applied to obtain a suitable baseband
DMT signal; (where appropriate) Volterra equalization is
applied to the time-domain signal. The assessment of the
optimal VE weights is performed during the first step of
the bit/power loading algorithm, in which the SNR of the
different sub-carriers is estimated by the transmission of a
suitable signal uniformly-loaded by QPSK. The optimization
of the weights is performed for each system condition
and propagation distance, leading to different estimates for
single-channel and multichannel transmissions. After the
first estimation of the VE weights, the coefficients are
adaptively updated using a LMS algorithm. Afterwards, S/P
is applied, CP removed, and FFT performed. Finally, after the
implementation of standard one-tap equalization to correctly
re-phase the subcarriers constellations, the multicarrier signal
is demapped and serially converted. The performance of the
system is evaluated in terms of capacity achievable for a
target BER of 4.62 · 10−3 (consistent with the use of a 7%
overhead HD-FEC [33]), whereas the analysis of the SNR
per sub-carrier is performed to highlight the impact of NL
propagation on DMT signals in the spectral domain.

B. EXPERIMENTAL RESULTS AND MODELING
The capacities achieved after 100-km SSMF propagation in
function of the total optical launch power are reported in
FIGURE 2(a). In particular, the performance of the system
has been experimentally measured in case of single-channel
and multichannel transmissions (full marks). The evolution
of the capacity in function of the launch power follows the
standard parabolic shape determined by the presence of NL
impairments. In particular, the optimal launch power in case

FIGURE 2. (a) Experimental results for single channel and multichannel
transmissions on 100-km SSMF (full marks). (b) Supported measured
capacities per channel versus SSMF length with and without nonlinear
Volterra equalization in case of 3 co-propagating 25-GHz-spaced channels
transmission (full marks). Numerical model in the same conditions
(empty marks, dashed lines).

of single-channel transmission (red full circles) is close to
3 dBm, whereas in case of multichannel propagation (green
full squares) it is 5 dBm, corresponding to a power per
channel around 0 dBm. The optimal condition is obtained for
the same optical powers also when exploiting the VE (blue
triangles and orange diamonds), evidencing that even with
NL equalization the channel performance is more affected by
the XPM presence. Of course, an increase in the capacity is
gained by applying the NL equalization, with a percentage
improvement close to 15%. The capacities achieved in the
multichannel condition are around 62 Gb/s and 54 Gb/s with
and without VE, respectively.

The performance of the multichannel transmission has
been analyzed for different SSMF propagation lengths,
up to 210 km. In particular, in FIGURE 2(b) the capacities
achievable at the optimal launch power for each propagation
distance with and without VE are reported. As expected,
the capacity reduces with increasing transmission distance
due to a reduction of the achievable OSNR at different
SSMF lengths. Moreover, as visible in particular in absence
of VE for SSMF lengths beyond 100 km, strong non-
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linear impairments, accumulated during SSMF propagation,
further reduce the achievable capacity. Without VE, the
50-Gb/s target capacity can be guaranteed only up to
150 km, with a rapid decrease of the performance for longer
distances, as pointed out by a maximum capacity of 43 Gb/s
after 200-km SSMF transmission. On the other hand, the
application of VE permits to compensate both the intrinsic
NL impairments of the transmission system, as evident from
back to back performance, and the NL effects arising from
fiber propagation. The mitigation of fiber NL impairments
appears for transmissions beyond 100 km, as highlighted
by the different slopes of the capacity evolution with and
without VE. The application of Volterra equalization permits
to obtain about 54 Gb/s after 200-km SSMF propagation,
guaranteeing to achieve the 50-Gb/s target capacity even for
longer distances.

The reported measurements have been used to validate
a simulative tool [21], able to model all the different
devices/components exploited during the experimental tests.
It is based on MatlabTM and it includes all the transmis-
sion, propagation, filtering and receiver functionalities. The
45-GHz OM4245 Tektronix coherent detector has been
modeled in terms of electrical noise power density and
responsivity, while the simulated LO power has been set
to 14.5 dBm as in the measurements. The DM VCSEL is
modeled considering both the intrinsic modulation properties
and the extrinsic device parasitic components, following the
approach reported in [34], leading to the equivalent electrical
modulation frequency response close to 15 GHz. The impact
of optical filtering at multiplexing and demultiplexing stages
is evaluated using the experimentally measured 25-GHzWSS
transfer function [28] generated by the Finisar Waveshaper
WS4000 programmable filter. The optical propagation is
performed using the split-step Fourier method, in order
to solve the nonlinear Schrödinger equation for both the
signal polarizations. It accounts for linear and nonlinear
propagation effects, as chromatic dispersion and Kerr-related
NLs. The measured OSNRs have been used for the different
launch power conditions both for the single-channel and
multichannel transmissions.

The precise modeling of the system considered in the
experimental set-up allowed to perform accurate simulations.
In FIGURE 3, examples of optical and electrical spectra are
shown for the 25-GHz spaced 3-channel system configura-
tion. In particular, FIGURE 3(a) represents the optical spectra
experimentally-measured after 100-km SSMF propagation
before and after the demultiplexing filter: the presence of the
frequency chirp is evident for the central channel, generated
directly-modulating the VCSEL source with the DMT signal;
the two adjacent channels, on the other hand, show chirp-
free spectra, thanks to the exploitation of externalmodulation.
After the demultiplexer, just the residual presence of the
CW carrier of the left channel can be noticed. Thanks to
SSB filtering, the channels can be transmitted with 25-GHz
spacing with a negligible spectral overlapping. Likewise,
FIGURE 3(b) shows the optical spectra obtained by the

FIGURE 3. (a) Optical spectra of 25-GHz-spaced 3-channel transmission
measured after 100-km SSMF before (blue curve) and after (red curve) the
demultiplexer filter. (b) Optical spectra of 25-GHz-spaced 3-channel
transmission simulated after 100-km SSMF before (blue curve) and after
(red curve) the demultiplexing filter. (c) Example of electrical spectrum
experimentally measured at the receiver. (d) Example of electrical
spectrum obtained by simulations at the receiver.

simulation tool in the same conditions. Thanks to the higher
frequency resolution achievable in the simulative analysis,
the difference between VCSEL- and MZ-generated channels
is more evident: the presence of the frequency chirp in the
central channel appears as a widening of the optical spectrum,
in particular in the frequency region close to the optical
carrier. For the externally-modulated channels, on the other
hand, the spectra in the optical domain are a replica of
the electrical ones. Examples of electrical spectra obtained
after the signal detection and DMT processing are reported
in FIGURE 3(c)-(d) for DMT signals after bit loading.
As expected, the electrical spectra show a step-like shape,
owing to the bit and power loading procedures. The capacities
obtained experimentally and with simulations are shown in
FIGURE 2(a) and FIGURE 2(b) as dashed curves and empty
marks, respectively. The experimental and simulative results
are in quite good agreement both for single-channel and
multichannel transmissions; the simulator well approximates
the evolution of the channel capacity both in function of the
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TABLE 2. Simulation parameters.

launch power (FIGURE 2(a)) and of the propagation distance
(FIGURE 2(b)), confirming that the developed tool is able to
correctly estimate the performance in presence of SPM and
XPM after NL propagation in hundreds of kilometer links.
Moreover, the capacity is correctly estimated also in case of
VE, permitting to exploit the developed tool to fully envisage
the performance of a metro system at different link lengths.

IV. SIMULATION ANALYSIS
Extensive simulations have been performed to estimate the
performance of the photonic system for the targeted metro
distance (up to 200 km) considering several DM VCSELs
co-propagating in the same fiber link. In particular, different
channel configurations have been analyzed, in order to
underline the impact of NL impairments such as SPM and
XPM depending on the number and the spacing of the
co-propagating channels. The performance of the photonic
system has been measured in terms of supported capacity
with and without VE. Table 2 reports the main parameters
of the modelling and simulative assessment.

As previously described, a 45-GHz OM4245 Tektronix
coherent detector has been emulated, with a 10-dBm LOwith
100-kHz linewidth. The selected LO parameters are typical
of commercial coherent detection systems. All the DM
VCSELs are modeled considering both the intrinsic/extrinsic
modulation properties [34] and the chirp behavior, leading to
the VCSEL parameters reported in Table 2. Experimentally-
measured 25-GHz WSS transfer functions [28] are exploited
as multiplexing and demultiplexing stages. The considered
propagation medium is a SSMF with 0.25 dB/km attenuation
and 16 ps/nm km dispersion at 1545 nm. The OSNR at
the receiver is varied according to the measurements for the
100-km propagation scenario; for the other SSMF path
lengths, it is obtained assuming the presence of EDFAs with
the same noise figure of the experimented ones (i.e., 6 dB).
The SSB transmission is performed by properly detuning
the WSS transfer functions with respect to the carrier of
the DMT signal. Similar DSP blocks to those described in
Section III-A are applied, performing suboptimal adaptive
BL algorithm [29] and considering again the target BER of
4.62 · 10−3 for single-polarization transmission [33]. The
worst-case scenario of perfect polarization alignment of all
the co-propagating channels is being thus analyzed.

Finally, FIGURE 4 reports the flowchart of the algorithm
used to estimate the system performance in terms of

FIGURE 4. Flowchart of the algorithm used to calculate the performance
of the VCSEL-based DMT system in terms of achievable capacity.

achievable capacity. Specifically, it starts by selecting the
propagation behavior, the number of co-existing channels, the
specifications of the electrical DMT signal and the presence
or absence of the Volterra equalizer. Then, the estimation of
the electrical SNR achievable per subcarrier is performed,
using a uniformly-loaded DMT signal. After this first phase,
the algorithm starts an iterative process to find the correct
value of capacity that permits to obtain the specific target
BER previously reported. In particular, the estimated SNR
and the target BER are used to perform the bit and power
loading procedures; after signal propagation and detection,
the obtained BER value is compared to the target one. To end
the iterative process, a maximum difference of 2 · 10−4

between the current and target BER moduli is required.
In case the difference is greater, the bit loading parameters are
updated accordingly, while when the convergence condition
is fulfilled, the algorithm stops and provides the calculated
BER and total capacity transported by the channel under test.
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FIGURE 5. Supported capacities in function of DMT electrical bandwidth
with (orange circles) and without (blue squares) Volterra equalization for
multichannel transmission.

A. DMT MODULATION BANDWIDTH
Firstly, the optimal modulation bandwidth in case of
VCSEL-based multichannel transmission has been found.
Differently from external modulation, DM VCSELs are
affected by a strong frequency chirp, which widens the
channel optical spectrum. Since the envisaged photonic
system is based on the multiplexing of DM VCSELs with
a very tight spacing of 25 GHz, the chirp could be a limit
in terms of frequency-dependent losses, generated by narrow
optical filtering, and crosstalk among adjacent channels. As is
well known, frequency chirp arising from direct modulation
of VCSEL is composed of two distinct components, one
proportional to the emitted optical power (adiabatic chirp)
and another related to its derivative (transient chirp) [35];
therefore, the electrical spectrum of the DMT modulating
signal directly affects the frequency chirp of the VCSEL
source and, definitely, the width of the resultant optical
spectrum after direct modulation. Hence, the performance of
the metro photonic system was analyzed depending on the
DMT modulation bandwidth, in order to optimize it to the
specific requirements. In particular, the analysis has been car-
ried out in case of multichannel propagation in back-to-back
conditions, when the presence of different co-propagating
channels with 25-GHz spacing could originate also an in-
band crosstalk, affecting the transmission performance.

The supported capacities for different DMT electrical
bandwidths with and without VE are reported in FIGURE 5.
As expected, the capacity supported in presence of VE
always outperforms the standard performance. Moreover,
a stronger gain is obtained for narrow DMT modulation
bandwidth, indicating that the equalizer is mainly working
in the low/mid-frequency region of the electrical spectrum.
Increasing the modulation bandwidth, a reduction can be
noticed, due to the insurgence of the simultaneous partial
filtering of the edge subcarriers and of crosstalk-induced
capacity penalties, due to the presence of frequency chirp that
widens the optical spectrum of the propagating channel [27].
In presence of crosstalk, the sub-carriers at the high-
frequency edge experience a stronger noise level due to

channel interference and, hence, the overall signal SNR
decreases. In these conditions, the VE shows a reduction
of its effectiveness, owing to the lower signal SNR. The
adjacent-channels crosstalk, in fact, could be modeled as an
additional noise contribution in the high-frequency region,
whose occupancy is proportional to the DMT modulation
bandwidth. Since noise is detrimental to VE, better per-
formance can be obtained with a narrow DMT bandwidth.
FIGURE 5 demonstrates that for both equalization conditions
the maximum capacity is obtained for around 16-GHz
DMT modulation bandwidth, which represents a trade-off
between the capacity increase due to the wider bandwidth
and the decrease owing to the adjacent channels chirp-
induced crosstalk. This optimal value is determined also by
the VCSEL electro-optical bandwidth, which is 15 GHz,
as reported in Table 2; in this case, the VE allows a capacity
improvement around 9%. Thus, a modulation bandwidth
of 16 GHz has been exploited in all the simulations in the
following sections.

B. VOLTERRA EQUALIZER CONFIGURATION
In Section II, we introduced the general formulation of a
discrete-time third-order VE. Firstly, an estimation of the
VE effectiveness has been performed, in order to optimize
the number and convergence parameters of the Volterra
weights by using the procedure described in Section II-B.
To find a suitable VE configuration to be used in the
following simulative analysis, we tested several sets of VE
parameters by empirically adjusting the initialization of the
weights ŵk (0), the LMS step sizes µk , and the memory
lengths lk . This analysis has been performed at a propagation
distance of 200 km with the presence of seven 25-GHz
spaced channels; its results indicated that theVE performance
negligibly improves when the memory length l1 is above 4,
the second-order memory length l2 above (4, 2) and the
third-order memory length l3 above (4, 3, 2). In order to limit
the computational complexity of the VE we thus fixed the
above mentioned tap numbers.

Finally, we analyzed the convergence of the weights
estimates. Since we assumed the channel to be fairly stable
over time, we performed the LMS weights estimation just
once during the initial training phase of the bit/power loading
procedure, when the SNR of each subcarrier is estimated.
We expect the weights re-estimations to be required just
occasionally over time and therefore to have a negligible
impact on the overall computational complexity of the
system. As an example, in FIGURE 6 the evolution of
second-order weights estimated via the LMS algorithm is
shown as a function of iterative updates. Moreover, in red,
the corresponding supported capacities, in Gb/s, obtained by
increasing the length of LMS training sequences are reported
for 4 different update numbers. The figure also shows
how, after about 6 · 105 iterative updates, the second-order
weights have reached a good convergence; further increments
in the update number do not lead to any deviation of
the supported capacity, as expected for weights at the
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FIGURE 6. Iterative updates for the estimates of the 2nd order Volterra
weights (represented by the different colors) with l2,p = 4 and l2,q = 2.
In red, the supported capacities [Gb/s] achieved using the Volterra
weights obtained after [2, 4, 6, 8] · 105 iterative updates in the LMS
estimation.

steady-state value. However, it is important to notice that even
after 2 · 105 iterative updates a good improvement in terms
of capacity can be achieved with respect to the reference
one, suggesting that the VE quickly reaches a stable working
condition and that the following iterative updates are needed
just as a final refinement to maximize the performance of the
channels. Actually, the other-order weights show comparable
convergence time.

C. TRANSMISSION PERFORMANCE
FIGURE 7 shows the performance of the analyzed metro
system in case of 200-km SSMF propagation in terms
of capacities as a function of the optical launch power
per channel for different configurations of co-propagating
channels with (FIGURE 7(b)) and without (FIGURE 7(a))
NL VE. In particular, the single-channel configuration
permits to evaluate the impact of SPM; by comparison,
the 3-channel condition is used to highlight the impact
of XPM depending on the channel spacing, which ranges
from 25GHz to 100GHz; finally, the 7-channel configuration
allows to assess the performance of the system when all
C-band channels are switched on, being negligible the effect
of a higher number of channels. As a reference, also the
single-channel and 3-channel configurations in case of linear
propagation are reported: the former represents the BTB
performance of the single DM VCSEL, whereas the latter
permits to evaluate the crosstalk impact of 25-GHz spaced
WDM channels on the capacity.

As expected, due to the OSNR increase, in linear regime
the capacity increases with the launch power; in case
of multi-channel propagation (green dotted triangles) the
capacity is reduced of a few Gb/s with respect to the
single-channel condition (blue dotted circles) owing to
the crosstalk of 25-GHz adjacent channels. Thanks to the
choice of the DMT modulation bandwidth performed in
Section IV-A, this impact is properly limited. In NL regime,
the capacity shows the typical parabolic trend, with an initial
increase (thanks to a better received OSNR) and a subsequent

FIGURE 7. Performance in terms of capacity achieved after 200-km SSMF
propagation without (a) and with (b) nonlinear VE.

reduction (owing to the impact of SPM and XPM). The
3-channels configuration was analyzed for different channel
spacings to evidence the different NL behavior. In particular,
the 100-GHz spacing curve matches the single-channel one,
i.e., channels spaced 100 GHz do not add measurable XPM
penalties to SPM ones. For this reason our further analyses
are performed at 25-GHz, 50-GHz and 75-GHz channel
spacings. In addition, this confirms that the NL penalty
contribution of a number of 25-GHz spaced channels higher
than 7 is negligible. On the other hand, reducing the channel
spacing increases the XPM impact, starting from a very low
penalty in case of 75-GHz spacing to a high impact for
25-GHz spaced channels. Moreover, whereas the curves
down to 50-GHz spacing almost match the single-channel
one up to the optimal launch power, in case of 25-GHz
spacing there is a clear reduction of the supported capacity
even for lower optical launch powers. The optimum launch
power per channel is in fact around 0 dBm for single
channel, 75-GHz and 50-GHz spacings, whereas for 25-GHz
spacing configurations (3-channels and 7-channels) it is close
to −1.5 dBm.

FIGURE 7(b) analyzes the use of VE; as expected, the
performance of the transmission system improves, permitting
to support higher capacities, up to 63 Gb/s in BTB.Moreover,
the VE is effective also in the reduction of SPM penalties,
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FIGURE 8. Supported capacities versus SSMF length with (dashed curves)
and without (continuous curves) nonlinear Volterra equalization for
single-channel (circles), 3-channels (squares) and 7-channels (triangles)
transmissions. Multichannel performance are evaluated in case of 25-GHz
spaced channels.

as visible from the single-channel NL propagation curve
(dotted orange curve). In this case, the supported capacity
increases up to 60 Gb/s, for+1.5 dBm launch power, whereas
without the VE an optimal launch power of 0 dBm and a
maximum capacity of 53 Gb/s are obtained. As without the
VE, the 100-GHz channel spacing performance matches the
single-channel one. On the other hand, in case of 25-GHz
channel spacing (the highest XPM impact configuration),
the reduction of the capacity with respect to the linear
propagation regime for the optimal launch power is about
6.5%, as for the case without the VE. Volterra equalization
confirms to be ineffective in mitigating inter-channel NLs.
However, VE exploitation, thanks to transmission system
NLs and SPM mitigation, allows to achieve a capacity of
51.5 Gb/s even in case of 7 channels with 25-GHz spacing
up to 200 km of SSMF propagation.

Focusing on the photonic system based on 25-GHz
spaced DM VCSELs, FIGURE 8 shows the maximum
capacity that can be supported at different propagation
distances with (dashed curves) and without (continuous
curves) the VE; the 50 Gb/s target capacity to achieve multi-
Tb/s transmission [12] is also reported (dotted purple curve).
Volterra equalization permits to support more than 50 Gb/s
even in case of multichannel propagation on up to 200 km,
whereas in case of 7-channel propagation without VE this
target capacity cannot be supported even after 150 km SSMF.

By comparing single-channel configurations with and
without VE, it can be noticed that they both undergo a
reduction of about 5 Gb/s after 200-km SSMF propagation;
however, the capacity percentage reduction from BTB to
200 km is 7.6% and 9.3% with or without the VE,
respectively. Therefore, the VE permits to recover not only
all the initial signal distortions, starting with a higher
capacity, but also part of the NL SPM penalty. Multichan-
nel propagation reduces the achievable capacity: in case
of 25-GHz spaced channels, even with VE the reduction
is about 11% with respect to the single-channel condition,

FIGURE 9. System performance in terms of capacity achieved versus
received OSNR for different propagation distances without (a) and with
(b) nonlinear Volterra equalization in case of single channel (blue),
3-channels (orange) and 7-channels (green) transmission. Multichannel
performance are evaluated in case of 25-GHz spaced channels.

due to inter-channel NLs. After 200 km SSMF propagation
and channel full loading, the overall capacity decrease with
respect to single-channel BTB condition is about 22%.

D. CAPACITY VS OSNR
The performance of the proposed system architecture can
be analyzed also in terms of total transported capacity
versus the received OSNR levels. The OSNR measurement
follows the approach proposed in [36] to evaluate the actual
DMT-signal OSNR. In particular, FIGURE 9 shows the
transmission performance for different propagation lengths
(from BTB up to 200 km) and different channel conditions
(single channel, 3 channels and 7 channels, both with
25-GHz spaced channels) to show the different impacts of
intra- and inter-channel NLs on the system performance.
In both equalization conditions, the impact of fiber NLs
reveals as a capacity decrease after a threshold OSNR,
corresponding to the optimal launch power. Considering
single-channel curves, short-distance performances are not
affected by significant SPM effect in the considered OSNR
range, following the BTB behavior. By increasing the
transmission distance, a decrease of the optimal OSNR
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FIGURE 10. Optimal launch power for 50 km, 100 km, 150 km, 200 km
SSMF transmission for propagation of: 1 channel without VE (purple) and
with VE (red); 3 channels without VE (green) and with VE (yellow);
7 channels without VE (blue) and with VE (orange).

value can be noticed, reaching in case of 200-km SSMF
propagation an optimum OSNR of 26 dB and 24 dB with
and without VE, respectively. However, for all the considered
propagation distances, the single-channel behavior perfectly
follows the BTB curve up to the optimal OSNR value,
deviating from it for higher OSNR values only. Therefore,
the equalizer mitigates the effects of SPM on the channel
performance, permitting to exploit a higher launch power.

By comparing single and multi-channel curves it is
confirmed that VE is not effective in XPM mitigation.
Moreover, since the performance of the equalizer depends
on the initial SNR of the different sub-carriers composing
the DMT signal, in case of 25-GHz channel spacing the
CUT performance is also affected by the in-band crosstalk
induced by the chirp, which actually lowers the overall
signal SNR. A reduction of few Gb/s is experienced, with a
higher impact on VE efficiency, as shown by the continuous
orange curves in FIGURE 9. These multichannel BTB
curves, anyway, represent the achievable capacities in a
linear-propagation condition, thus they could be used as a
reference for multi-channel behavior. The presence of XPM
causes a shift of the optimal working point towards lower
OSNRs, i.e., a reduction of the optimal launch power is
expected increasing the propagating distance. After 200-km
SSMF propagation, a loss of capacity with respect to BTB
multi-channel situation (i.e., in linear regime) of about 8.9%
and 12.5% are obtained with and without VE. These losses
correspond to a capacity reduction of 5 Gb/s and 6.5 Gb/s,
respectively.

Finally, FIGURE 10 shows the optimal launch power per
channel for the different system configurations. As expected,
the optimal launch power decreases with the transmission
length and with the number of active 25-GHz spaced
channels. Generally, in case of single-channel propagation
the exploitation of VE permits to compensate the intra-
channel NLs, allowing to use higher launch powers and,
thus, leading to an increase of the OSNR at the receiver

FIGURE 11. (a) SNR profiles obtained in BTB condition and after 50-km,
100-km, 150-km and 200-km SSMF non-linear propagation without
Volterra equalization in the optimal working point in case of 7
25-GHz-spaced channels. The corresponding OSNR values are 36 dB,
31 dB, 26 dB, 24 dB and 22 dB, respectively. (b) SNR per sub-carrier at
optimal launch power in case of 50-km (blue-light blue curves) and
200-km (red-orange curves) SSMF propagation with and without VE. The
OSNR is 31 dB and 22 dB for the two different propagation lengths,
respectively.

and, hence, to obtain superior total transported capacities.
On the other hand, in case of multi-channel systems, it is
possible to increase the launch power just for the 100-km
reach, increasing the received OSNR and the performance,
while for 150 km and 200 km the channel launch power is not
affected by the employment of VE, not obtaining an OSNR
advantage in case of multi-channel propagation.

E. SNR ANALYSIS
The impact of fiber non-linear propagation on directly-
modulated DMT signals deserves to be analyzed also in the
frequency domain. Thanks to the first step of the bit-loading
technique, during which all the sub-carriers are loaded by
a uniform QPSK modulation, it is possible to obtain a
detailed description of the frequency-dependent impact of
NLs by observing the SNR profile after different propagation
distances in the two equalization conditions.

FIGURE 11(a) shows examples of the SNR per sub-carrier
achieved after different SSMF lengths at the respective
optimal launch power without activating the VE in case of
7-channel propagation. Since the SNRs are evaluated at the
optimal working point for each propagation distance, the
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FIGURE 12. Examples of bit loading achievable with and without VE for
single and 7-channels transmissions, in case of different propagation
distances (BTB, 100 km and 200 km). The configurations are reported in
TABLE 3.

curves correspond to different OSNRs, ranging from 36 dB
for the BTB condition to 22 dB in case of 200-km propaga-
tion. The reduction of the OSNR leads to a general decrease
of the SNR curve, easily visible by the lowering of the high-
frequency region (from 8 GHz to 16 GHz). Sub-carriers at
very high frequency, as the ones close to 15-16 GHz, are
not so affected by the OSNR variation, since the initial SNR
is too low to be correctly estimated. On the other hand,
the effect of fiber NLs appears as an additional decrease in
the low-frequency range, and as a wide frequency dip in the
mid-frequency region, with the dip position depending on
the cumulated NL phase modulation [37]. In particular, the
SNR maintains the standard low-pass profile up to 100-km
transmission, whereas a dip at 6 GHz and 5 GHz appears after
150 km and 200 km, respectively. The width and the depth
of the frequency dip increase as the propagation distance.
FIGURE 11(b) shows the impact of VE on the SNR curves.
In particular, the SNR profiles corresponding to 50-km (blue
curves) and 200-km (orange curves) SSMF propagation
are reported, in order to highlight the different impact of
the equalization for medium- to long-reach transmissions.
In case of short SSMF links, a SNR improvement in the full
modulation bandwidth is noticeable; after 200 km, on the
other hand, the SNR increase is focused in the mid-frequency
region, in particular in the 2-12 GHz range. The VE,
therefore, acts where the fiber NLs have a greater impact on
the SNR curve, i.e., close to the frequency dip. Actually, the
VE behavior depends on the number of linear and non-linear
taps and on the convergence parameters. It is possible to
obtain an enhancement in the low-frequency region, but in
this case the SNR improvement is strictly limited to a few
GHz range and the overall increase in the achievable capacity
is lower.

The change of the SNR curves impacts on the capacity
performance through the bit loading procedure. To highlight
the advantages related to the use of VE, FIGURE 12 shows
the bit loading achievable in different system configurations.
In particular, the performance is reported for both single
and 25-GHz-spaced 7-channels transmissions for different

TABLE 3. System configurations used for the bit loading analysis shown
in FIGURE 12.

propagation distances (BTB, 100 km, 200 km) with and
without Volterra equalization. The complete description of
the system configurations is reported in TABLE 3. The last
column represents the number of bits transported by a single
DMT symbol, obtained as the sum of the bits transported by
all the signal subcarriers. Generally, the enhancement of the
performance owing to VE exploitation appears as an increase
of the number of transported bits per subcarrier in a wide
frequency region. As expected by the SNR curve analysis
previously reported, VE permits to increase the modulation
order of subcarriers located in the low-medium frequency
range. The performance enhancement is confirmed by the
total number of transported bits by a DMT symbol: after
200-km SSMF propagation (configuration 10), the number
of transported bits in case of VE use is still greater than
the reference one achieved in BTB conditions without VE
(configuration 1). In case of multi-channel propagation,
a worsening of the achievable bit loading is noticed for all
the system configurations with respect to the corresponding
single-channel one. In particular, the reduction of the number
of bits transported by the high-frequency subcarriers is caused
by the presence of a residual linear crosstalk among the
adjacent channels, owing to the very tight spacing of 25 GHz.
However, the presence of VE leads to a general mitigation
of the impact of SSMF propagation, permitting to obtain
a limited reduction of the capacity even after 200 km
(configuration 12) with respect to the reference condition
(configuration 1).

Finally, FIGURE 13 reports an estimation of the SNR
variation in function of the launch power in the 7-
channel configuration. In particular, 1SNRnonlin (top row,
FIGURE 13(a), 13(b)) represents the difference in the SNR
values between linear and non-linear fiber propagation in case
of absence of equalization, whereas 1SNReq (bottom row,
FIGURE 13(c), 13(d)) is calculated as the difference between
the SNR profiles obtained with and without VE for the same
launch powers, i.e., it represents the SNR variation caused by
the equalizer. To obtain the 1SNR achievable in case of VE
corresponding to the respective reference linear propagation,
it is required to sum up the 1SNRnonlin and the 1SNReq.
The 1SNR variations are reported for two different SSMF
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FIGURE 13. 1SNR profiles obtained after 100 km (left column) and 200 km (right column) SSMF non-linear propagation without and with VE in case
of 7 25-GHz-spaced channel transmission. The 1SNR profiles in the top row ((a) and (b)) are defined as the difference of achievable SNRs in case of NL
propagation without VE with respect to the multi-channel linear condition. In the bottom row ((c) and (d)), the difference between the SNRs achievable
with and without the VE in case of NL propagation is reported.

lengths, 100 km (left column, FIGURE 13(a), 13(c)) and
200 km (right column, FIGURE 13(b), 13(d)). The impact
of intra- and inter-channel fiber NLs is apparent in the top
row: increasing the optical launch power, a clear distortion
of the SNR profile appears both for 100-km and 200-km
SSMF transmission. As expected, the SNR perturbation is
stronger for the longest distance and NLs start to modify the
1SNRnonlin curve for lower launch powers. At low launch
power the 1SNRnonlin is characterized by a flat behavior
close to 0 dB, showing that in this power range the system
performance depends only on the specific OSNR value.
Increasing the optical power, the SNR NL-induced reduction
is not uniform in the spectral domain. In particular, the low-
frequency sub-carrier performance is impacted, leading to a
decrease of the SNR value of 10 dB or more with respect to
linear propagation in case of high launch powers. Moreover,
as already pointed out, a second dip appears around 5-6 GHz.
Therefore, the distortion of the SNR profile is far from a
‘‘white noise’’ like perturbation [38].

The effect of the VE on the DMT signal can be analyzed
through FIGURE 13(b) and 13(d); in particular, in the
mid frequency range the 1SNReq shows an improvement
of few dBs, revealing the spectral band of VE maximum

gain. Still, due to the VE limited efficacy at low and high
frequencies, the transmission performance cannot reach the
linear propagation one. Moreover, for longer propagation
distances the equalizer effectiveness progressively reduces
even in the mid frequency range with an associated decrease
of the transmission performance. At higher launch powers,
the limited improvements in the mid-frequency region cannot
counteract the SNR drop in the low-frequency range, thus
the supported capacity decreases. However, as already men-
tioned, VE leads to an increase of the optimal launch power,
thus an overall improvement of the capacity performance
can be reached also thanks to a higher OSNR at the
receiver.

V. CONCLUSION
The exploitation of DM VCSELs and COD can represent
a solution for sustainable future high-capacity MANs. The
use of multiple InP SC VCSELs covering the C-band with
25-GHz spacing allows to implement multi Tb/s DWDM
transmitters with low cost, low power consumption and
reduced footprint, whereas COD supports distances of
hundreds of km, required forMAN applications. In this paper,
VE effectiveness has been systematically studied to cope not
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only with the distortions caused by the transmitter/receiver
ends, but also to mitigate the impact of intra-channel nonlin-
ear impairments allowing good performance also in presence
of several tightly spaced DMT channels after propagation
over hundreds of fiber kilometers. Experimental measures
of 25-GHz-spaced WDM channels directly-modulated by a
20-GHz DMT signal over up to 200 km of SSMF have
demonstrated the achievable performance with and without
VE. The reported measurements have been used to validate a
simulation tool, developed to provide a systematic analysis
of the supported capacity per channel. The transmission
of the proposed DMT-modulated VCSEL-based MAN has
been simulated in single-channel and multi-channel (up
to 7 co-propagating channels) conditions up to 200-km
SSMF transmission, with and without VE. In case of single-
channel propagation, intra-channel nonlinear impairments
are compensated by VE enabling the use of higher launch
powers, improving the OSNR at the receiver and, hence,
increasing the supported capacities. Up to 11% improvement
of the capacity per VCSEL is possible including the
compensation of distortions introduced by signal generation
and detection and of SPM impairments. When dense
25-GHz WDM transmission is considered, despite inter-
channel NL accumulation, VE employment actually allows
an overall capacity increase of 13% after 200 kmwith respect
to VE absence. The obtained results prove the effectiveness
of the VE for extended reaches assuring 50 Gb/s rate per
polarization per VCSEL, as targeted for the considered
sustainable multi-Tb/s MAN.
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