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Abstract—Internet-generated traffic growth is forcing the devel-
opment of new low-cost solutions in metropolitan area networks
(MANs), in particular in the transceiver and network node archi-
tectures. Semiconductor optical amplifier (SOA)-based wavelength
blockers can be used as fundamental building blocks to add and
drop optical channels in the node architecture of several network
hierarchical levels. Even if its employment is advantageous in terms
of costs and amplification bandwidth, the SOA can operate in a
nonlinear regime. This work analyzes the impact of SOA-based
node crossing on high-capacity discrete multitone (DMT) signals.
In order to properly evaluate the interplay between optical channels
and SOA self-gain modulation, both external and direct modu-
lations are considered. Dual-sideband (DSB) and single-sideband
(SSB) DMT variants are taken into account, showing no significant
difference in the impact of SOA crossing for external modulation of
a DFB laser. On the other hand, an important effect of subcarrier
suppression arises on DSB DMT direct modulation of a vertical
cavity surface emitting laser (VCSEL), less consistent for SSB
DMT direct modulation. The analysis allowed to properly choose
the bias current for the SOA employed in an experimental setup
used to evaluate the transmission performance in a MAN scenario
including add-drop lossless switch nodes. The experimental results
demonstrate that a target capacity of more than 50 Gb/s per
channel can be achieved in a 116-km MAN network composed of
an SOA-based metro-access node and two metro-core aggregators,
considering the transmission of three 25-GHz spaced DMT chan-
nels.

Index Terms—Discrete multitone modulation, metropolitan area
networks, semiconductor optical amplifier.
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I. INTRODUCTION

THE request of traffic produced by resource-hungry appli-
cations, such as 5G, ultra-high definition television, and

mobile edge computing, is continuously increasing with a net
positive market compound annual growth rate of 5%, expected
up to 2022 [1]. This traffic is mainly concentrated close to
where it is produced, so it involves small geographical areas
in the proximity of the users: the adoption of new solutions
to increase the offered capacity in access and metro networks
is compelling. On the other side, the network elements have
to provide flexibility to support agile traffic routing, scala-
bility to cope with the variability of the traffic requirements,
and sustainability in terms of costs and energy consumption.
Moreover, traffic scaling forces “pay-as-you-grow” schemes to
reduce capital and operating expenditures (CapEx-OpEx). In
order to cope with these challenging requirements, a solution for
future metropolitan area networks (MANs) envisages a modular
approach in the design of the transmitter [2] and of the switching
nodes [3]. In particular, sliceable bandwidth/bitrate variable
transceivers (S-BVTs) [2] adopting directly-modulated (DM)
vertical-cavity surface-emitting lasers (VCSELs) and arrays of
coherent receivers can reduce footprint, costs, and energy con-
sumption and allow to retrieve the received signal and com-
pensate for the chromatic dispersion (CD) introduced at MAN
distances (hundreds of kilometers). Moreover to achieve more
adaptability to the channel and traffic conditions, multicarrier
modulation formats, such as discrete multitone (DMT) [4] or
orthogonal frequency-division multiplexing (OFDM), can be
adopted. The bit- and power-loading at the digital signal pro-
cessing (DSP) level, in fact, enables the manipulation of the
transmission bandwidth to optimize the transmitted capacity and
mitigate the spectrum fragmentation [5]. While OFDM requires
high-bandwidth external IQ modulators, a DMT signal can be
generated even by exploiting the direct modulation of the laser
source. The use of dual-sideband (DSB) [6], [7] and single-
sideband (SSB) [2] DMT signals to directly modulate C-band
Indium phosphide (InP) VCSELs has already demonstrated high
capacities for propagation distances around few tens of kilome-
ters in a direct detection (DD) scheme [8]. The combination of
VCSELs sources and DMT-based direct modulation assures the
requested sustainability in terms of cost, power consumption,
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and footprint for the future MAN. A transmitting module of
40 DM long-wavelength VCSELs covering the whole C-band
has been designed and implemented, targeting 2 Tb/s capacity
per photonic integrated circuit (PIC) [9], which corresponds
to a target capacity per channel per polarization of 50 Gb/s.
On the other side, MAN networks are designed in a layered
topology [9] to comply with the traffic requirements, providing
different functionalities at each hierarchical level (HL). So the
node architecture at each HL has to comply with the different
degrees of traffic aggregation; several technologies, such as
InP monolithical integration or hybrid integration of low-loss
Silicon photonics (SiPh) passives and InP actives, allow to
deliver on-chip node functionalities [10]–[13]. The MAN node
solution presented in [14] for the metro-access (MA) layers,
proposes a simple architecture based on wavelength multiplex-
ers/demultiplexers and arrays of semiconductor optical ampli-
fier (SOA) switches. The obtained wavelength blocker (WBL)
structure together with splitters/combiners is used to add and
drop the optical channels and represents an attractive node solu-
tion, employing low-cost components and providing wideband
amplification [15]. On the other side, SOAs can operate in the
nonlinear regime, so, in order to be employed in future MAN
networks based on the aforementioned S-BVT solution, it is im-
portant to evaluate the impact of SOA crossing on high-capacity
DMT signals. This work performs a deep analysis on the effect of
SOA gain compression due to self-gain modulation (SGM) on a
single DSB and SSB DMT-modulated WDM channel generated
by two differently modulated sources, an externally-modulated
1558-nm distributed feedback (DFB) laser and a 1535-nm DM-
VCSEL, for several SOA saturation conditions. This analysis
is preparatory to investigate the performance of a multichannel
DMT transmission, measured in terms of transmitted capacity in
a testbed including multi-span propagation taking into account
the presence of a complete MA node, 25-GHz spaced traffic
aggregators typical of metro-core (MC) nodes and up to 116-km
standard single-mode fiber (SSMF) propagation [16].

The paper is organized as follows: Section II briefly describes
the network node architecture at MA and MC levels. Section III
discusses the impact of SOA crossing on a DMT signal generated
by either external or direct modulation. Section IV characterizes
the SOA impact in a multi-hop scenario and more than a hundred
of kilometres of propagation. At last, the Conclusions summa-
rize the main results.

II. METRO-ACCESS AND METRO-CORE NODE ARCHITECTURES

AND IMPLEMENTATIONS

The MA nodes are low cost 2-degree reconfigurable optical
add-drop multiplexer (ROADM) nodes based on WBLs for a
simple add/drop functionality in the wavelength domain. The
schematic representation of an MA node is shown in Fig. 1(b). At
the input a de-multiplexing (DEMUX) arrayed waveguide grat-
ing (AWG) separates the wavelength channels. A 1:2 splitter is
used to drop the signals to be sent to the lower network HLs; these
signals are consequently blocked by the corresponding SOA
gate switches. On the other hand, wavelengths to be forwarded
to the next node cross the node by turning on the respective
SOA gate switches. An access interface is necessary to control

Fig. 1. Node architectures: (a) Schematic of the WBL-based MA node; b)
Picture of the implemented InP PIC containing a WBL; c) MC switching node
with components: photonic space switch, WSS, MCS, S-BVT, CRM.

the traffic from/to the lower HL nodes [17]. Fig. 1(b) shows
an advantageous MA node architecture implemented by hybrid
PICs containing a WBL, a 1:2 splitter and 2:1 combiner [17];
in this architecture the DEMUX and MUX AWGs pass/block
8 WDM channels. At the MC levels the node should handle
the traffic both in the wavelength and in the space dimensions.
The architecture of the MC node is shown in Fig. 1(c). The
proposed MC node is thus a high capacity ROADM node which
is equipped with color-less, direction-less, and contention-less
(CDC) capability and can transparently switch space-division
multiplexed (SDM) traffic via fan-out and fan-in in multi-core
fibers (MCFs) or in fiber bundles (Fig. 1(c)). The photonic
space switch, being the centre of the switching node, handles
the traffic flow in the spatial domain in the express-in/out path.
Wavelength selective switches (WSSs) and multi-cast switches
(MCSs) are used in the add/drop paths to locally aggregate
the traffic and to add/drop the traffic from the lower MA HLs,
exploiting respectively S-BVTs and coherent receiver modules
(CRMs) [18]. As the network grows, the new modules shaded in
grey boxes in Fig. 1(c) are added in the drop and add directions
to meet capacity demands with a modular approach. It is worth
noticing that WBLs are key building blocks also for the WSSs
and MCSs [18], thus it is of paramount importance to analyze
the impact of WBL crossing on high-capacity signals travelling
MA and MC nodes. In particular the WBL influence can be
ascribed to the filtering action performed by the AWGs and to
the SOA NL effects.

III. ANALYSIS OF SOA IMPACT ON DMT CHANNELS

In this Section we will focus on the effect of the crossing
of a MA node, composed of two 100-GHz spacing AWGs
and a SOA, on a high-capacity DMT signal; we will consider
also the presence of a 25-GHz ROADM aggregator, typical of
MC node architectures [19]. The analysis is performed on both
externally- and directly-modulated sources, in order to highlight
the impact of frequency chirp on SOA compression effect. The
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Fig. 2. Experimental setup for the evaluation of MA node crossing by DSB and SSB DMT-modulated optical signals.

performance is measured for several optical input powers and
SOA bias currents to evidence the different behavior of the
device, depending on its working conditions.

A. Experimental Setup

The performance evaluation is performed in terms of transmit-
ted capacity variation and it is assessed by the experimental setup
reported in Fig. 2 for both external and direct modulations. The
externally-modulated source is composed of a 1558-nm DFB
laser together with a 25-GHz intensity Mach-Zehnder (MZ)
modulator, while the directly-modulated laser is a 1535-nm VC-
SEL withα = 3.7 andκ = 1.526 · 1013 Hz/W chirp parameters.
The directly-modulated VCSEL frequency response considers
both the intrinsic modulation properties and the extrinsic device
parasitic components [20], leading to an equivalent electrical
modulation bandwidth of about 15 GHz. The modulating elec-
trical DSB DMT signal is composed of 256 subcarriers in a
20-GHz range, so the subcarrier spacing is 78.125 MHz. A cyclic
prefix (CP) of 2.1% of the symbol length is added. The DMT
signal is generated by a 100 GS/s MICRAM DAC (DAC10002)
with 40-GHz electrical bandwidth and 6-bit vertical resolution.
In order to assess also the filtering effect of MC node crossing,
a Finisar Waveshaper (WS4000s) is placed before the SOA to
emulate the transfer function of a 25-GHz spacing WSS [19]
to perform the optical filtering necessary to generate the SSB
DMT signal, in both cases of external and direct modulation.
The cascade of an Erbium-doped fiber amplifier (EDFA) and
a variable optical attenuator (VOA) sets the input power to the
MA node between −14 dBm and 0 dBm. The employed SOA
is a 500-μm Optospeed 1550MRI/P device; Fig. 3 depicts the
gain and the corresponding optical signal-to-noise ratio (OSNR)
measured with 0.1-nm resolution for a continuous wave (CW)
input signal for 100-mA and 225-mA bias currents. The bias
current of the SOA ranging between these two values modifies
the working conditions of the device in terms of OSNR and gain,
having also a direct impact on saturation power and, therefore, on
the SOA compression effect. In Fig. 3, in fact, it can be seen that
the −1-dB (squares) and −3-dB (diamonds) gain compression
points correspond to an input power of −14.2 and −9.2 dBm for
the 225-mA bias current, whereas to −9 dBm and −2.5 dBm

Fig. 3. Dependence of the CW gainGCW and of the OSNR on the SOA input
power for 100 mA and 225 mA bias currents. The squares and the diamonds
indicate the −1-dB and −3-dB gain compressions respectively.

for the 100-mA one. Finally, the optical signal is received by
a 14-GHz PIN photodiode keeping the received power to a
fixed value of −1 dBm for all the measurement conditions;
the received signal is then acquired by a Tektronix real-time
oscilloscope with 8-bit vertical resolution, 100 GS/s and 33-GHz
electrical bandwidth. Off-line processing provides digital sym-
bol synchronization, CP removal, subcarriers phase recovery
and demodulation, and bit error rate (BER) count. Optimal bit-
and power-loadings (BL/PL) using Chow’s algorithm [21] with
a target BER of 4.6 · 10−3 (in order to exploit an advanced
hard-decision FEC code with 7% overhead [22]) are applied
to adaptively assign the appropriate bit order at each subcarrier
during the mapping procedure. The total transported capacity
gives a measurement of the system performance for several SOA
bias currents and SOA input optical powers. The SNR profiles
obtained with uniform QPSK loading during the first step of the
loading algorithm are used to underline the spectral dependence
of the SOA presence at several saturation conditions.

B. Externally-Modulated Sources

Firstly, the impact of an SOA in strongly saturated conditions
is analyzed for an externally-modulated source in case of a
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RAPISARDA et al.: IMPACT OF SOA-BASED ADD-DROP SWITCH NODES ON HIGH-CAPACITY MULTICARRIER TRANSMISSION 4495

Fig. 4. Dependence of the capacity on the SOA input power and on the OSNR
(0.1-nm resolution) measured at the receiver for DSB DMT external modulation.
The secondary x-axis corresponds to the input power measured for a bias current
of 175 mA.

DSB DMT signal. Fig. 4 reports the capacity dependence on
the SOA input power and on the OSNR (0.1 nm resolution)
measured at the receiver for different SOA bias currents. As
expected, the capacity increases for higher SOA input powers
for each bias current in analysis, thanks to the higher OSNRs.
However, the maximum capacity is obtained for OSNR around
40 dB, corresponding to an input power of −5 dBm and then
slightly reduces at higher input powers, especially for higher bias
currents. The capacity in these deeper saturation conditions is
reduced by the more effective SOA gain compression, which,
as described in [23], leads the SOA to act as an electrical
high-pass filter. By analyzing the dependence of the capacity
on the measured OSNR, we observe that for lower OSNRs the
most significant contribution to the reduction of the capacity
is the noise introduced by the SOA, in fact the capacities are
comparable, no matter the SOA bias current. Actually at lower
OSNRs, the green curve (without the SOA) is superimposed
to the ones achieved with the SOA at the same OSNR. The
equivalent electrical transfer function of the saturated SOA
depends on the input and saturation optical powers, and by
the carrier lifetime in the specific operational condition. Ex-
amples of the SOA transfer functions obtained in the small
signal regime and measured by a vector network analyzer are
shown in Fig. 5 for an input power of about -1 dBm at two
different bias currents. Both the magnitude and the width of the
low-frequency notch is significantly enhanced for higher bias
currents, due to the strong saturation regime in which the SOA
is operating, while the exploitation of a low bias current leads to
a compression effect more limited in magnitude and width. The
reported transfer functions influence the SNR of the different
subcarriers composing the DMT signal, having an impact on the
total capacity that can be achieved by the transmission system.
Fig. 6(a) shows the SNRs obtained driving the MZM modulator
with the DMT signal having all the 256 subcarriers loaded with

Fig. 5. SOA transfer function for bias currents of 100 mA and 225 mA and
input power of −1 dBm.

Fig. 6. (a) Measured SNRs and (b) bit loadings without SOA (green), for SOA
bias current of 225 mA (red), and 100 mA (blue), and an input power of 0 dBm
for external DMT modulation.

QPSK modulation. By comparing the three curves it is evident
that the SNR achievable by low-frequency subcarriers at 225 mA
(red curve) is at least 3 dB lower than the corresponding values
for 100 mA (blue curve), while for 100-mA bias current there is
an almost perfect superposition with the case of SOA absence
(green curve). Thus, when the SOA is working at lower bias
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Fig. 7. Optical spectrum of the input signal (green) and at the output of the
SOA (red) for an optical power of 0 dBm and a bias current of 225 mA, for
DSB-DMT external modulation.

currents, only slight distortions are introduced. This behaviour
is reflected on the subcarrier modulation formats chosen by
Chow’s algorithm [21], as represented in Fig. 6(b): up to 4 GHz,
the DMT subcarriers for the 225-mA bias current can be loaded
just with 16- and 32-QAM, while both in absence of the SOA
and with 100-mA bias current up to 64-QAM constellations can
be transmitted.

Finally, increasing the optical input power leads to a vestigial-
sideband (VSB) filtering effect [24] as shown in Fig. 7, where
the optical spectra of the input signal (green) and of the amplified
signal in highly-saturated SOA conditions (red) are displayed.
During the amplification process of an intensity-modulated sig-
nal in an SOA, in fact, a frequency chirpΔνSOA(t) is superposed
on the intensity-modulated (IM) signal, which can be expressed
as

ΔνSOA(t) = − 1

2π
· d [φSOA(t)]

dt
, (1)

and further as [25]

ΔνSOA(t) = Δνin(t)− αSOA (G0 − 1)

4πG0
·

· Pout(t)

Esat
· exp

(
−Uin(t)

Esat

)
, (2)

where φSOA(t) is the phase acquired during signal amplifica-
tion, αSOA is the linewidth enhancement factor of the SOA, G0

is the unsaturated gain, Esat is the saturation energy, and Uin(t)
is the pulse energy in the leading part of the pulse. The optical
signal at the SOA output is thus characterized by the presence
of a negative chirp peak after the leading edge of the pulses and
a positive chirp peak after the tailing edge of the pulses. This
leads to the suppression of one sideband due to the power transfer
from the higher frequency DMT sideband to the lower frequency
one. For higher bias currents the conversion from optical DSB

Fig. 8. Dependence of the capacity on the SOA input power and on the OSNR
(0.1-nm resolution) measured at the receiver for SSB DMT external modulation.
The secondary x-axis corresponds to the input power measured for a bias current
of 175 mA.

to optical VSB is emphasized due to a higher gain (so a higher
output power) [24].

When we consider SSB externally-modulated DMT signals,
achieved by means of the 25-GHz WSS optical filtering in the
MC node, we obtain a similar behaviour in terms of transmitted
capacity, as shown in Fig. 8. For OSNRs between 30 dB and
37 dB, the capacity increases with the OSNR, as it mainly
depends on the noise introduced by the SOA, without the bias
current influence. However, for SSB modulation, we reach a
50-Gb/s capacity for 33 dB OSNR while for DSB modulation
the capacity is nearly 60 Gb/s: this is due to the impact of
signal-signal beating interference (SSBI) [26]. For higher OS-
NRs, i.e., higher input powers, the deeper saturation conditions
induce the clamping of the obtained capacities especially for
higher bias currents. The maximum rate capacity reduction is
comparable with the one obtained with DSB DMT modulation,
i.e., respectively around 15% for DSB and 14% for SSB DMT.

C. Directly-Modulated Sources

Novel MAN transmitters can take advantage of VCSEL direct
modulation [27], thus it is worth performing the analysis for
DMT-based directly-modulated sources. The direct modulation
of a laser, in fact, generally introduces an additional phase
term to the optical field. The phase term is the derivative of
the instantaneous frequency variation Δν(t), which is strictly
related to the generated optical power by the relation

Δν(t) =
α

4π

(
1

P (t)

∂P (t)

∂t
+ κP (t)

)
, (3)

where α is the linewidth enhancement factor of the optical
source, κ is a thermal coefficient depending on laser geometry,
andP (t) is the optical power emitted by the source. The presence
of such frequency chirp leads to a spectral broadening and
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Fig. 9. Transmitted capacity for DM-VCSEL modulated with a 20-GHz DSB
DMT signal in function of the SOA input power and on the OSNR (0.1-nm
resolution) measured at the receiver. The secondary x-axis corresponds to the
input power measured for a bias current of 175 mA.

to a detrimental interplay with the fiber chromatic dispersion;
however, since the proposed MAN architecture is based on
the exploitation of coherent detection, also after propagation in
hundreds of SSMF kilometers the chirp interplay with CD can
be neglected, thanks to the standard digital CD compensation
processing. On the other hand, the spectral broadening is deter-
mined by the specific adiabatic and transient chirp parameters
and by the modulation depth [28]. Since the chirp parameters
are intrinsic properties of the source and no adjustment can be
performed, to mitigate the impact of spectral broadening in case
of tight filtering we optimized the modulation depth both for
the DSB and SSB modulations, in order to achieve the best
performance in terms of capacity. The optimization has been
performed in absence of the SOA, leading to 11 mA and 8 mA
modulation amplitudes in case of DSB and SSB modulations,
respectively. The modulation depths have been maintained fixed
for all the different SOA bias currents, in order to analyze the
impact of SOA compression effect on chirp-impaired signals.
Fig. 9 shows the dependence of the measured capacity on the
SOA bias current and OSNR in case of DSB modulation. The
capacity increases with the measured OSNR (i.e., with the input
optical power) till a given OSNR value of approximately 42 dB
(corresponding to an input optical power around −3 dBm) for
bias currents higher than 150 mA. When the power is further
increased, the capacity decreases. The maximum rate capacity
reduction of 22% is obtained at 225 mA. This percentage dimin-
ishes with the bias current, due to gain compression efficiency
in different working conditions.

For input powers higher than −6 dBm (i.e., OSNR values
higher than 39 dB), the best performance of DSB DMT modula-
tion is achieved for 125 mA, because it allows an adequate trade-
off between gain compression and OSNR. For lower powers
instead, the most impacting factor on the achievable transmitted
capacity is the noise introduced by the amplifier, as visible in

Fig. 10. Measured SNRs for 225-mA (a) and 100-mA (b) bias currents and
−1 dBm input power along with the corresponding curves without the SOA
(green curve) for DSB direct modulation. (c) Bit-loading without SOA (green),
for a SOA bias current of 225 mA (red), and 100 mA (blue) at 40-dB OSNR
measured at the receiver.

Fig. 9 where all the curves superimpose on the green one, i.e.,
without the SOA. The reference capacity of 50 Gb/s can be
achieved for OSNRs higher than 38 dB, corresponding to input
powers around −7 dBm, for all the bias currents except for
225 mA, which faces a not negligible gain compression even
for lower powers.

Fig. 10 shows the impact of the SOA compression on the
SNR obtained when loading all the DMT 256 subcarriers with
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Fig. 11. Optical spectrum at the output of the SOA for an input power of
0 dBm and a bias current of 225 mA for the DM-VCSEL with a 20-GHz DSB
DMT signal.

QPSK modulation. In particular, the SNR behavior in presence
of the SOA is compared with the reference SNR achieved
without SOA amplification maintaining the same OSNR value,
in order to fairly compare the performance of the DMT channel.
Moreover, such comparison is performed at two different SOA
bias currents (225 mA and 100 mA reported in Fig. 10(a)
and (b), respectively) for −1 dBm input power, in order to
highlight the effect of different gain compression regimes on the
DMT frequency components. An evident frequency dip arises
in the 225 mA condition, for which a reduction of about 10 dB
appears in the low-frequency region. By comparing the green
and red curves in Fig. 10(c), which display the actual DMT
signal bit loading, it is evident that this SNR condition allows to
load the first-GHz subcarriers just with a 16-QAM modulation
instead of the 64-QAM one, transmitted in the SOA absence.
The measured SNR is impaired by the SOA presence up to
13 GHz, from where no substantial difference with respect to
the reference curve can be noticed and similar constellations can
be thus used (Fig. 10(c)). The strong perturbation of the SNR
profile in case of the high-bias regime causes the severe capacity
reduction of more than 17 Gb/s with respect to the unamplified
condition. On the other hand, in case of a lower bias current,
no significant deviation from the reference SNR curve can be
noticed. Only few subcarriers have to face a slight reduction,
with a maximum drop of 3 dB for the first subcarriers, corre-
sponding to the transmission of 32-QAM instead of 64-QAM
constellations (Fig. 10(c)). Comparing the external modulation
to directly-modulated sources, an evident decrease of the total
supported capacity appears in the latter case. This reduction is
mainly caused by the lower electro-optical bandwidth of the
VCSEL source with respect to the external modulator one. Its
effect is evident on the SNR curves, which in case of DM show
values below 15 dB for subcarriers higher than 10 GHz, which
limits the transmitted constellations to 8-QAM.

Fig. 11 shows the optical spectrum of the SOA output signal
for a bias current of 225 mA and 0-dBm input power. Contrarily
to what shown in Fig. 7, the DMT signal is still DSB. This
phenomenon is due to the compensation of the SOA-induced

Fig. 12. Transmitted capacity for DM-VCSEL modulated with a 20-GHz SSB
DMT signal in function of the SOA input power and on the OSNR (0.1-nm
resolution) measured at the receiver. The secondary x-axis corresponds to the
input power measured for a bias current of 175 mA.

chirp performed by the VCSEL chirp, which avoids the energy
transfer between the sidebands.

Fig. 12 depicts the measurements performed in case of
SSB optical filtering of the DMT directly modulated VCSEL,
achieved by the MC node WSS, showing the dependence of the
transmitted capacity on the measured OSNR. As for DSB-DMT
signals, a peak in the transmitted capacity is reached for OSNRs
around 42 dB. Again, from Fig. 12 it is evident that the capacity
depends on the gain saturation for high input powers (i.e.,
high OSNRs), while the predominant impairment for low bias
currents is the ASE noise generated by the SOA. The curves
for OSNRs up to 38 dB highlight that the measured capacity is
comparable for every bias current, while for higher saturation
conditions lower bias currents can achieve higher capacities,
the OSNR level being the same. The maximum rate capacity
reduction in case of SSB DMT modulation is 18%.

D. Discussion

A different effect of SOA crossing of signals generated
with direct and external modulation (EM) is observed. Fig. 13
compares the normalized SNRs, i.e., the curves obtained by
subtracting the SNRs achieved without and with SOA ampli-
fication at equal bias current, input power and OSNR, for (a)
DSB modulation and (b) SSB modulation with a bias current of
225 mA and 0-dBm input power. EM (blue curves) in presence
of a highly-saturated SOA, shows a difference mainly in the
SNR of subcarriers below 4 GHz for both DMT variants. On the
other hand, with the VCSEL DM (red curves), the low-frequency
dip is more pronounced for DSB modulation. As already stated,
the main difference between EM and DM is related with the
interplay between the chirp associated with DM and absent in
case of EM and the SOA high-pass filtering. This is confirmed
by the evaluation of the peak-to-peak signal amplitude at the
SOA output, which is reduced of 0.77 dB for DM at equal input
peak-to-peak signal amplitude.
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Fig. 13. Normalized SNRs for bias current of 225 mA and input power of
0 dBm for: (a) DSB modulation; (b) SSB modulation.

This behaviour reflects also on the obtained capacities which
are higher with SSB DM than with DSB DMT DM. As already
discussed, for high saturation conditions, SSB-DM DMT signals
show up to 40% less SNR reduction in the low-frequency subcar-
rier range with respect to DSB modulation. At low input powers
SSB DMT capacity is around 30% higher than the DSB-DMT
one, and the target capacity of 50 Gb/s is reached for all the bias
currents with SSB DMT between 34 dB and 35 dB OSNR with
respect to the range 37-39 dB of DSB modulation. A reduction
of only 8 Gb/s is faced when the OSNR is around 30 dB. When
the normalized SNRs for DSB and SSB direct modulations are
compared, the effect of SOA crossing is less detrimental in case
of SSB modulation. SSB DM, in fact, is more robust to source
frequency chirp [28] and it is also more resilient towards SGM,
which is related with the carrier-to-signal power ratio (CSPR).
The CSPR is defined as the ratio between the power of the CW

TABLE I
CSPR [IN dB] FOR DIFFERENT SOA OPERATING CONDITIONS ALONG WITH

THE UNAMPLIFIED MEASUREMENT

carrier and the power of the modulated signal [26]:

CSPR =
Es

2

σ2
Es

, (4)

where Es indicates the mean of the modulated optical signal Es

and σ2
Es

is the signal variance, which essentially depends on its
RF components. In fact, we measured a lower CSPR in case of
SSB DM with respect to DSB DM, due to the partial filtering
of the optical carrier along with an increase of the signal power,
which compensates for the suppression of one sideband. Table I
shows that at 225 mA and 0 dBm, the CSPR variation due to the
SOA crossing is 1.5 dB higher in case of DSB DM with respect to
SSB DM, as a result of a more signifıcant impact of SOA SGM,
which has a high-pass transfer function. When the saturation
conditions are lower (i.e., for lower bias currents and/or input
powers) the CSPR values approach the ones obtained in absence
of the SOA, and this confırms a reduced impact of the SOA SGM.

The study is useful to define the SOA operation conditions
when exploited as WBL in MA and MC nodes. In particular
the proper bias current has to be chosen to reduce the impact
of the SOA in terms of signal distortion due to the high-pass
filtering and of the output OSNR, as a trade off with respect to
the provided gain which actually allows to compensate for PIC
losses.

IV. MULTI-CHANNEL MULTI-HOP TRANSMISSION WITH A

SOA-BASED MA-LIKE NODE

The analysis performed in the previous sections is helpful to
choose the right bias current for the SOAs employed in an exper-
imental setup used to evaluate the transmission performance in a
MAN based on add-drop lossless switch nodes. In particular this
section investigates the multi-hop, multi-channel transmission
performance in presence of three DMT-based high-capacity
channels: the multi-hop transmission includes a 100-GHz WBL
MA node, two 25-GHz MC ROADM aggregators, and medium-
reach propagation in SSMF. The experimental setup is shown in
Fig. 14. A VCSEL emitting at 1535 nm is directly modulated
with a DSB DMT signal composed of 256 subcarriers in 20-GHz
bandwidth, with a CP of 2.1%. The presence of a MA ring
(indicated with a dashed light-blue line) [29] is emulated by
the cascade of a L2 = 9 km SSMF span, the MA node, and
another L3 = 6 km SSMF span. The optical power reaching
the SOA is −10.5 dBm, and, from previous section evaluations,
a bias current of 200 mA was chosen to recover the losses in
the MA link without introducing gain saturation impairments.
The two other channels at 25-GHz spacing are added after the
MA node, and aggregated with a programmable optical filter
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Fig. 14. Schematic of the network architecture with MA and MC node (top) along with the experimental setup (bottom).

(Waveshaper WS4000S) emulating the transfer function of a
25-GHz WSS [19], which performs the SSB filtering of all
the channels as well. The channels propagate along two SSMF,
L4 = 50 km-long spans. At each span the per-channel launch
power is set to 0 dBm. After the crossing of a programmable opti-
cal filter (Waveshaper WS1000S) emulating the transfer function
of a DEMUX 25-GHz WSS [19], the signal is detected by a
Tektronix OM4245 coherent receiver. Due to DM, the received
signal is just intensity modulated and then a simplified adaptive
off-line DSP can be used. The digital processing provides CD
compensation, then the square moduli of the recovered I and
Q components are performed and summed up to obtain the
originally transmitted intensity signal. This approach avoids the
use of phase and frequency recovery, reducing the complexity of
the receiver DSP, but cancels the coherent detection advantages
in terms of BER as a function of SNR with respect to DD [30].
Finally, the DSP performs the same functionalities described
in Section III-A using a target BER of 4.6 · 10−3; moreover
the distortions due to nonlinear multichannel propagation are
mitigated with a 3rd order Volterra equalizer [31].

In order to evaluate the effects of node filtering and of the
SOA presence on DMT transmission, the capacities of a single
channel in several conditions have been measured:

1) in BTB with the DEMUX WSS both with and without the
2 MA AWGs, without the SOA;

2) considering the entire MA ring, both with and without the
SOA, with only the DEMUX WSS;

3) taking into account the whole MA ring, with both the add
and the drop stages, i.e., with both the 25-GHz WSS filters;

4) crossing the entire setup depicted in Fig. 14, with an overall
propagation length of 116 km.

The multichannel propagation has been analyzed with the
entire setup.

In Table II the measured capacities are summarized. The BTB
DMT-DM SSB capacity with 25-GHz spectral occupancy is
68.3 Gb/s, which is taken as a reference. A capacity reduction
of 4 Gb/s is faced when the two 100-GHz AWGs forming the
MA node are crossed. The propagation along 16 km introduces
a reduction of other 2 Gb/s with respect to the BTB case.
The single-channel capacity is further reduced to 55.9 Gb/s in
presence of the SOA, as it lowers the OSNR to 38 dB. The
addition of the MC aggregation stage limits the capacity to

TABLE II
TRANSMITTED CAPACITIES WITH THE SETUP SHOWN IN FIG. 14

54 Gb/s due to the tight filtering performed by the cascade of
two 25-GHz WSSs. In the single-channel case, in the emulated
multi-hop configuration constituted of a MA ring, add and drop
MC node stages, and an overall propagation in 116-km of SSMF,
a capacity of 52.5 Gb/s can be reached. Thanks to DSP CD
compensation the propagation in additional 100 km SSMF only
slightly limits the capacity with respect to the 16-km propaga-
tion mainly due to an OSNR reduction. At last, a capacity of
52.3 Gb/s can be achieved in presence of three 25-GHz spaced
channels. The 3rd order Volterra equalizer allows to control the
NL impairments having only a reduction of 1.7 Gb/s with respect
to 16-km single-channel propagation and to only 200 Mb/s with
respect to 116-km single-channel propagation.

These measurements demonstrate that the VCSEL-based S-
BVT approach previously introduced allows to achieve more
than 50 Gb/s per channel even in presence of three 25-GHz
spaced channels for propagation distances of more than 100 km,
typical of MAN networks. However, it is important to properly
choose the operation condition of the SOA, i.e., its bias current,
depending on the input power to the network nodes, in order
to avoid distortions introduced by the SOA SGM. Moreover,
the employment of a coherent receiver is mandatory for such
propagation distances, so that the CD can be compensated and
preferably nonlinear impairments can be mitigated with the
implementation of equalization algorithms.

V. CONCLUSION

This paper has studied the impact of SOA-based MAN MA
and MC network nodes on high-capacity DMT signals. The
analysis has been performed for both external and direct DMT
modulation in DSB and SSB variants to study the interplay
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between DMT-modulated channels and SOA crossing. The SOA
SGM causes the amplifier to behave as a high-pass filter, causing
a distortion in the low-frequency subcarriers of the DMT signal.
The analysis and the performed experiments evidenced that
the presence of a SOA-based WBL has the greatest impact on
the DSB DM-DMT signals. The laser chirp interplay with the
SGM of the SOA in fact enhances the subcarrier suppression
and, in case of DSB DMT DM, the SNR of the subcarriers
is reduced for a wider spectral range and for a higher extent
with respect to the external modulation. Even in presence of
a deeply saturated SOA, DMT direct modulation of state of
the art VCSELs guarantees that the target capacity of 50 Gb/s
can be achieved for OSNR higher than 38 dB in case of DSB
modulation, and higher than 34 dB for SSB modulation.

This preliminary analysis has allowed to investigate the im-
pact of different SOA saturation conditions, depending on both
the amplifier bias current and the optical input power, in order
to properly set the operation conditions of the SOAs to be
used in WBLs for low-cost MA and MC MAN nodes. The
proposed solution has been validated in an experimental test-bed
in a multi-hop, multi-channel, hundred-km MAN scenario. A
target capacity of more than 50 Gb/s per channel has been
demonstrated up to 116 km transmission by a DMT DM VCSEL
based transmitter with three 25-GHz spaced channels crossing
a MA SOA-based node and two MC add/ drop stages.

REFERENCES

[1] H. Adams, “Trends in metro optical networks,” IHS Markit Technol. Rep.
Excerpts, pp. 1–4, Mar. 2018.

[2] M. S. Moreolo et al., “Modular SDN-enabled S-BVT adopting widely
tunable MEMS VCSEL for flexible/elastic optical metro networks,” in
Proc. Opt. Fiber Commun. Conf. Expo., 2018, pp. 1–3.

[3] N. Calabretta, K. Prifti, N. Tessema, X. Xue, B. Pan, and R. Stabile,
“Photonic integrated WDM cross-connects for optical metro and data
center networks,” in Proc. Metro Data Center Opt. Netw. Short-Reach
Links II, 2019, Art. no. 1094603.

[4] A. Gatto, M. Rapisarda, P. Parolari, and P. Boffi, “Discrete multitone
modulation for short-reach mode division multiplexing transmission,” J.
Lightw. Technol., vol. 37, no. 20, pp. 5185–5192, 2019.

[5] M. S. Moreolo et al., “SDN-enabled sliceable BVT based on multicarrier
technology for multiflow rate/distance and grid adaptation,” J. Lightw.
Technol., vol. 34, no. 6, pp. 1516–1522, 2016.

[6] C. Xie et al., “Single-VCSEL 100-Gb/s short-reach system using discrete
multi-tone modulation and direct detection,” in Proc. Opt. Fiber Commun.
Conf. Exhibit., 2015, pp. 1–3.

[7] A. Gatto, P. Parolari, C. Neumeyr, and P. Boffi, “Beyond 25 Gb/s directly-
modulated widely tunable VCSEL for next generation access network,” in
Proc. Opt. Fiber Commun. Conf. Expo., 2018, pp. 1–3.

[8] F. Karinou, N. Stojanovic, A. Daly, C. Neumeyr, and M. Ortsiefer,
“1.55-m long-wavelength VCSEL-based optical interconnects for short-
reach networks,” J. Lightw. Technol., vol. 34, no. 12, pp. 2897–2904, 2016.

[9] P. Boffi et al., “Multi-Tb/s sustainable MAN scenario enabled by VCSEL-
based innovative technological solutions,” in Proc. Metro Data Center
Opt. Netw. Short-Reach Links III, 2020, Art. no. 113080G.

[10] N. Andriolli, S. Faralli, X. J. M. Leijtens, J. Bolk, and G. Contestabile,
“Monolithically integrated all-optical regenerator for constant envelope
WDM signals,” J. Lightw. Technol., vol. 31, no. 2, pp. 322–327, 2013.

[11] K. Prifti, A. Gasser, N. Tessema, X. Xue, R. Stabile, and N. Calabretta,
“System performance evaluation of a nanoseconds modular photonic
integrated WDM WSS for optical data center networks,” in Proc. Opt.
Fiber Commun. Conf. Exhibit., 2019, pp. 1–3.

[12] N. Tessema et al., “SDN enabled dynamically re-configurable low-cost
ROADM nodes for metro networks,” in Proc. 24th OptoElectron. Com-
mun. Conf. Int. Conf. Photon. Switching Comput., 2019, pp. 1–3.

[13] N. Calabretta et al., “Nanosecond wavelength and space optical crosscon-
nect switches for high performance optical switches,” in Proc. 18th Int.
Conf. Transp. Opt. Netw., 2016.

[14] R. Stabile, N. Tessema, K. Prifti, D. W. Feyisa, B. Shi, and N. Calabretta,
“Photonic integrated nodes for next-generation metro optical networks,”
in Proc. Metro Data Center Opt. Netw. Short-Reach Links IV, 2021,
pp. 55–60. [Online]. Available: https://doi.org/10.1117/12.2578846

[15] J. Renaudier et al., “Recent advances in 100 nm ultra-wideband fiber-optic
transmission systems using semiconductor optical amplifiers,” J. Lightw.
Technol., vol. 38, no. 5, pp. 1071–1079, 2020.

[16] M. Rapisarda et al., “Add-drop lossless switch node in multi-hop multi-
Tb/s metropolitan area networks,” in Proc. Opt. Fiber Commun. Conf.
Exhibit., 2021, pp. 1–3.

[17] K. Prifti, X. Xue, N. Tessema, R. Stabile, and N. Calabretta, “Lossless
photonic integrated add-drop switch node for metro-access networks,”
IEEE Photon. Technol. Lett., vol. 32, no. 7, pp. 387–390, Apr. 2020.

[18] N. Tessema et al., “Modularly and hybrid integrated SiPh/InP wavelength
blocker switch for metro networks,” in Proc. Eur. Conf. Opt. Commun.,
2020, pp. 1–4.

[19] C. Pulikkaseril, L. A. Stewart, M. A. Roelens, G. W. Baxter, S. Poole,
and S. Frisken, “Spectral modeling of channel band shapes in wavelength
selective switches,” Opt. Exp., vol. 19, no. 9, pp. 8458–8470, 2011.

[20] S. Spiga, D. Schoke, A. Andrejew, G. Boehm, and M.-C. Amann, “Effect
of cavity length, strain, and mesa capacitance on 1.5-m VCSELs perfor-
mance,” J. Lightw. Technol., vol. 35, no. 15, pp. 3130–3141, 2017.

[21] P. S. Chow, J. M. Cioffi, and J. A. Bingham, “A practical discrete mul-
titone transceiver loading algorithm for data transmission over spectrally
shaped channels,” IEEE Trans. Commun., vol. 43, no. 2–4, pp. 773–775,
Feb.-Apr. 1995.

[22] A. Alvarado, D. J. Ives, S. J. Savory, and P. Bayvel, “On the impact of
optimal modulation and FEC overhead on future optical networks,” J.
Lightw. Technol., vol. 34, no. 9, pp. 2339–2352, 2016.

[23] K. Sato and H. Toba, “Reduction of mode partition noise by using semicon-
ductor optical amplifiers,” IEEE J. Sel. Topics Quantum Electron., vol. 7,
no. 2, pp. 328–333, Mar./Apr. 2001.

[24] T. G. Silveira, A. L. Teixeira, A. P. Ferreira, and P. M. Monteiro,
“All-optical vestigial sideband generation using a semiconductor optical
amplifier,” IEEE Photon. Technol. Lett., vol. 18, no. 21, pp. 2212–2214,
Nov. 2006.

[25] G. P. Agrawal and N. A. Olsson, “Self-phase modulation and spectral
broadening of optical pulses in semiconductor laser amplifiers,” IEEE J.
Quantum Electron., vol. 25, no. 11, pp. 2297–2306, Nov. 1989.

[26] D. Pilori, C. Fludger, and R. Gaudino, “Comparing DMT variants in
medium-reach 100 G optically amplified systems,” J. Lightw. Technol.,
vol. 34, no. 14, pp. 3389–3399, 2016.

[27] P. Parolari, A. Gatto, C. Neumeyr, and P. Boffi, “Flexible transmitters
based on directly modulated VCSELs for next-generation 50 G passive
optical networks,” J. Opt. Commun. Netw., vol. 12, no. 10, pp. D78–D85,
2020.

[28] M. Rapisarda et al., “Impact of chirp in high-capacity optical metro net-
works employing directly-modulated VCSELs,” Photonics, vol. 5, no. 4,
2018, Art. no. 51.

[29] D. Larrabeiti et al., “All-optical paths across multiple hierarchical levels in
large metropolitan area networks,” in Proc. Asia Commun. Photon. Conf.,
2019, pp. 1–3.

[30] P. Parolari et al., “Preliminary assessment of photonic solutions based on
C-band VCSELs for multi-Tb/s metro networks,” in Proc. 22nd Int. Conf.
Transp. Opt. Netw., 2020, pp. 1–5.

[31] N.-P. Diamantopoulos, H. Nishi, W. Kobaya-shi, K. Takeda, T. Kakitsuka,
and S. Matsuo, “On the complexity reduction of the second-order Volterra
nonlinear equalizer for IM/DD systems,” J. Lightw. Technol., vol. 37, no. 4,
pp. 1214–1224, 2019.

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on December 22,2023 at 10:31:09 UTC from IEEE Xplore.  Restrictions apply. 

https://doi.org/10.1117/12.2578846


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


