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Abstract—We investigated through simulations the performance
of Nyquist-WDM Terabit superchannels implemented using po-
larization-multiplexed phase shift-keying based on 2 (PM-BPSK)
and 4 (PM-QPSK) signal points or polarization-multiplexed
quadrature amplitude modulation based on 8 (PM-8QAM) and
16 (PM-16QAM) signal points. Terabit superchannels are ob-
tained through the aggregation of multiple subcarriers using the
Nyquist-WDM technique, based on a tight spectral shaping of each
subcarrier which allows very narrow spacing. We first studied
the optimum transmitter/receiver filtering in a back-to-back
configuration. Then we investigated the maximum reach for
different spectral efficiencies, after nonlinear propagation over
uncompensated links with lumped amplification. Performance for
systems based on both standard single-mode fiber (SSMF) and
large effective area non-zero dispersion-shifted fiber (NZDSF) has
been analyzed. Assuming SSMF with 25-dB span loss, we found
that PM-BPSK can reach 6480 km at a net capacity of 4 Tb/s
across the C band. Conversely, PM-16QAM can deliver 27 Tb/s,
but over 270 km only. Note that a lower span length, the use of
Raman amplification and/or pure silica-core fibers (PSCFs) can
significantly increase the maximum reach, but without changing
the hierarchy among the performance of modulation formats. We
also show that the maximum reachable distance is approximately
2/3 of the one achievable in linear propagation at the optimum
launch power, regardless of the modulation format, spacing and
fiber type. As additional results, we also verified that the optimum
launch power per subcarrier linearly depends on the span loss,
varies with the fiber type, but it is independent of the modulation
format, and that the relationship between the maximum reachable
distance and the span loss is almost linear.

Index Terms—Coherent detection, nonlinear propagation,
Nyquist-WDM, PDM-BPSK, PDM-QPSK, PDM-8QAM,
PM-BPSK, PM-QPSK, PM-8QAM, PM-16QAM, PDM-16QAM,
superchannel.
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I. INTRODUCTION

C URRENT conventional optical communications systems
can operate at a maximum bit-rate of 40 Gb/s and are

based on incoherent detection and wavelength-division multi-
plexing (WDM) with 50 GHz channel spacing, thus achieving a
spectral efficiency (SE) of 0.8 bit/s/Hz. The increasing demand
for data transmission capacity is however requiring to better ex-
ploit installed optical links operating in the C-band, fostering
the search for transmission techniques with higher spectral ef-
ficiencies. A promising solution, already implemented in a first
generation of commercial products [1], is the use of multilevel
modulation formats based on polarization multiplexing (PM)
and coherent detection that permit to increase the SE up to sev-
eral bit/s/Hz [2]. Thanks to their limited bandwidth occupation
such modulation formats can operate at channel spacing close
to the baud-rate and can be combined in “superchannels”. A su-
perchannel is a set of very tightly spaced channels, that are typ-
ically termed “optical subcarriers”. The superchannel is meant
to go through routing devices as a single entity and its overall
bit-rate can be in the Terabit per second range. Therefore, it
could constitute a technology for implementing a future “Ter-
abit Ethernet” [3]–[11].

Examples of Terabit superchannels can already be found
in the literature. In [3] and [4] the subcarriers were electri-
cally OFDM (Orthogonal Frequency-Division Multiplexing)
modulated and the Terabit superchannels reached 600 and 400
km, respectively. In [5], 24 carriers were modulated using
conventional PM-QPSK at 12.5 Gbaud each. Baud-rate sub-
carrier spacing was possible thanks to optical Coherent OFDM
(Co-OFDM). A remarkable transmission distance of 7 200 km
was reached.

In [6]–[8], instead of Co-OFDM, the Nyquist WDM con-
cept was exploited. According to this principle, the subcarriers
are spectrally shaped so that they occupy a very small band-
width, close or equal to the Nyquist limit for inter-symbol inter-
ference-free transmission, which coincides with the baud-rate.
Such narrow subcarriers can then be multiplexed at the trans-
mitter (Tx) with spacing close or equal to the Baud-rate, with
limited inter-subcarrier crosstalk. A theoretical comparison of
the concept of Nyquist-WDM versus Co-OFDM can be found
in [11]. In [7] and [8], 9 000 and 10 000 km Nyquist-WDM
transmission was demonstrated, respectively, with rather dif-
ferent overall system features. These experiments suggest that
Terabit superchannel transmission with Nyquist-WDM may be
practically possible with trans-oceanic performance.
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In this work, we concentrate on the study of superchannels
obtained using the Nyquist-WDM technique, which, being
more flexible to changes in the subcarrier spacing, is suitable
to a study aimed at identifying a trade-off between capacity
and reach. Since today’s technology allows sampling up to
about 60 GSamples/second [12], in this paper we assume to
operate at a baud-rate equal 27.75 Gbaud for all formats.
We also assume an analog-to-digital converter (ADC) working
at 2 samples per symbol (SpS), i.e., 55.5 GSamples/s. Such
baud-rate corresponds to a net throughput of 25 Gbaud: the
11% overhead comprises a 4% due to the Ethernet protocol and
a 7% for forward error correction (FEC) [13].

This work extends the results previously published in [14],
where only three modulation formats and a single fiber type
were analyzed. We compare here the performance of Terabit
superchannels based on four modulation formats, all exploiting
polarization-multiplexing (PM): binary phase shift-keying
(PM-BPSK) [15], quaternary phase shift-keying (PM-QPSK)
[16], quadrature amplitude modulation with 8 (PM-8QAM
[17]) and 16 (PM-16QAM [18]) constellation points, having
bit-rates equal to 55.5 Gb/s, 111 Gb/s, 166.5 Gb/s and
222 Gb/s, respectively. For each format, we analyzed through
simulation nonlinear propagation over a multi-span link based
on standard single-mode fiber (SSMF) and large effective-area
non-zero dispersion-shifted fiber (NZDSF) with lumped er-
bium-doped fiber amplifiers (EDFAs). The purpose was to
assess the maximum transmission distance ensuring a bit
error-rate (BER) below the FEC threshold of [13], as
a function of spectral efficiency and total capacity. With this
aim, for each format we derive for different values of
subcarrier spacing , starting from the standard 50 GHz
grid down to 27.75 GHz, i.e., down to a subcarrier spacing
equal to the baud-rate .

The paper is structured as follows. In Section II, we introduce
the concept of Terabit superchannel and its applications in fu-
ture optical communication systems. Then, in Section III, we
describe the system setup used to obtain the simulative results
presented in the subsequent sections. Section IV shows the re-
sults of the back-to-back optimization of the bandwidths of the
Tx optical filter and the receiver (Rx) electric filter, as a func-
tion of the subcarrier spacing. The long-haul transmission re-
sults are shown and commented in Section V, where, for each
modulation format and fiber type, a spectral efficiency versus
maximum reach curve is derived. Several plots are also shown
which highlight the dependence of performance on various rele-
vant parameters of the transmission system, such as the average
launch power per subcarrier, the maximum reach and the span
loss, and give further insight into the impact of nonlinearities on
system performance. Finally, in Section VI, we comment on our
results and draw conclusions.

II. THE CONCEPT OF TERABIT SUPERCHANNELS

Research has recently started to consider data aggregation by
targeting 1 Tb/s per channel transmission. Even assuming the
future availability of 100 GSamples/s ADCs (today’s state-of-
the-art is 60 GSamples/s), sending 1 Tb/s over a single carrier
would require the use of PM-1024QAM. Such format would
pose daunting problems, such as very poor sensitivity, extreme

Fig. 1. Pictorial description of 1 Tb/s superchannel made up of 10 subcarriers
(a) and comb of superchannels separated by a guard band in order to allow
routing through OADMs and WSSs as a single entity. Depending on modu-
lation format, the “delta” appearing at each subcarrier center frequency may or
may not be present. In figure, the delta is shown just as a visual aid. (a) 1 Tbps
Superchannel, (b) Aggregated Superchannels.

phase noise requirements, intolerance to non-linearity, hardware
bandwidth problems, need for ultra-fast digital-to-analog con-
verters (DACs) at the Tx and, ultimately, very short reach: less
than few tens of km, even considering soft decoding FEC codes.

Terabit per channel transmission must then be tackled differ-
ently. A very recently emerged strategy is that of assembling a
1 Tb/s per channel by compounding a suitable number of “sub-
carriers” [3]–[11]. The Terabit channel so formed is actually
called a superchannel and it is assumed to be routed through
optical add-drop multiplexers (OADMs) and wavelength selec-
tive switches (WSSs) as a single entity. As an example, a 1
Tb/s superchannel can be obtained using 10 subcarriers, each
carrying 100 G PM-QPSK. Subcarriers must be very densely
packed in frequency to attain the highest possible spectral ef-
ficiency, which is one of the main challenges of superchannel
transmission.

A pictorial description of the superchannel concept is dis-
played in Fig. 1. As stated in Section I, subcarrier aggrega-
tion can be obtained using either the Co-OFDM technique or
the Nyquist-WDM technique. Co-OFDM uses an efficient sub-
carrier spacing exactly equal to the baud-rate, but it needs a
large Tx/Rx electric bandwidth that is difficult to obtain with
the state-of-the-art electronic equipment [10], [11]. Hence, such
a technique is presently more suitable to lower baud-rate trans-
mission [9]. With a baud-rate as high as 27.75 Gbaud, it seems
more convenient to employ the Nyquist-WDM technique [11],
that is based on reducing intra-subcarrier crosstalk by spectrally
shaping the subcarrier at the Tx side and allowing a tradeoff be-
tween capacity and performance by extending or reducing the
subcarrier spacing.

For practical reasons, the number of subcarriers in a super-
channel should be kept reasonably low. Though integration is
expected to greatly help, each subcarrier clearly needs a separate
modulator, albeit perhaps integrated on a single chip with others.
At the Rx, some devices could handle all subcarriers together,
such as the 90-degree hybrid, and some integration can in fact
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take place [19], but nonetheless essentially separate receivers for
each subcarrier, at least at the digital signal processing (DSP)
level, would be needed anyway.

Due to these practical constraints, a reasonable number of
subcarriers is equal or less than ten. According to this guide-
line, a 1 Tb/s superchannel including FEC overhead could be
made up of 10 subcarriers using PM-QPSK, operating at 27.75
Gbaud, carrying 111 Gb/s each. Also very interesting, though
more challenging, is the possibility of achieving the same ca-
pacity by using fewer subcarriers, still operating at 27.75 Gbaud
but resorting to a higher-order modulation format. For instance,
only 5 subcarriers using PM-16QAM, delivering 222 Gb/s each,
are needed to achieve the same raw capacity. Intermediate solu-
tions using 7 subcarriers are possible with PM-8QAM. A pre-
liminary simulative investigation of these three alternatives has
been presented in [14] while a successful experiment of trans-
mission of 10 subcarriers using PM-QPSK is described in [6]. In
this paper, we include also the analysis on PM-BPSK as a per-
formance reference for the other formats, even though it may not
be a practicable option for generating 1 Tb/s superchannels, due
to the high number of subcarriers (20) required to reach such ca-
pacity. Nevertheless, thanks to its good performance PM-BPSK
may be an interesting option for a 400-Gb/s solution.

Nyquist-WDM superchannel complexity and overall bit-rate
are clearly key aspects, but a third very important one is band-
width efficiency. For the superchannel concept to make sense,
subcarriers need to be very closely spaced. Having compact-
bandwidth superchannels, and therefore high overall average
spectral efficiency, is an essential target, that will be addressed
in the following sections.

Note that the concept of Nyquist-WDM would require the
use of very specific optical spectral shaping, i.e., of very spe-
cific optical filters, as discussed in [11]. Alternatively, ideal
Nyquist-WDM can also be obtained by electrically shaping
the modulator driving signals through a Tx DSP with dig-
ital-to-analog converters (DACs). In this paper, we chose to
refrain from extremes and rather concentrate on technologies
that are commercially available today. As a result, the Tx optical
shaping filters are assumed to be fourth-order supergaussian fil-
ters. This clearly leads to somewhat suboptimum performance
but conservatively shows what could be realistically done at
present.

III. SYSTEM SETUP

The system scenario we analyzed is shown in Fig. 2(a). For all
modulation formats, we used standard I-Q transmitters based on
nested Mach–Zehnder modulators driven by non-return-to-zero
(NRZ) signals. Each modulated subcarrier is spectrally shaped
by a 4th-order Super-Gaussian optical filter, whose dB band-
width was optimized (see Section IV). The optical link is
periodical and composed of spans. Each span is com-
posed of 90 km of transmission fiber followed by a variable
optical attenuator (VOA) and by an erbium-doped fiber ampli-
fier (EDFA) with noise-figure dB that completely re-
covers the span loss . As transmission fibers, we consid-
ered both standard single-mode fiber (SSMF) and large effective
area non-zero-dispersion fiber (NZDSF). The SSMF parame-
ters are: loss coefficient dB/km, dispersion coeffi-

Fig. 2. Layout of the analyzed optical link (a) and of the coherent DSP based
Rx used for the demodulation of a single subcarrier (b). SMF: single-mode
fibre, VOA: variable optical attenuator, EDFA: erbium-doped fiber amplifer,
LO: local oscillator, PBS: polarization beam splitter, BPD: balanced photo-de-
tector, TIA: trans.impedance amplifier, LPF: low-pass filter, ADC: analog to
digital converter, EDC: electronic dispersion compensator, LMS: least-mean
square, MIMO: multiple-input multiple-output.

cient ps/nm/km and nonlinear coefficient
1/W/km. For the NZDSF, we used: dB/km,
ps/nm/km and 1/W/km. We assumed no in-line disper-
sion compensation, because this has been shown to be the best
configuration for polarization-multiplexed coherent modulation
formats [20]–[22]. The total loss of each span is due to
two contributions. One is the loss of the fiber, 19.8 dB for both
SSMF and NZDSF, and the other is the loss of the VOA.

The Rx structure for each subcarrier is described in Fig. 2(b)
and it is the same for the four considered modulation formats. It
includes a local oscillator (LO), that is mixed with the incoming
signal in two 90-degree hybrids [23], one for each polarization,
in order to implement a polarization diversity Rx. No optical fil-
tering is present at the Rx: the subcarrier is selected by changing
the frequency of the LO. The alignment of the LO to the subcar-
rier center frequency is assumed ideal. Four balanced photo-de-
tectors (BPD) are used to detect the received signal components.
The signals are then filtered by a 5th-order low-pass Bessel filter
(LPF), with optimized dB bandwidth (see Section IV).
The power level of the signal at the input of the Rx guarantees
the operation in the regime limited by amplified spontaneous
emission (ASE) noise [24].

After detection and low-pass filtering each signal is sampled
by an analog-to-digital converter (ADC), which is assumed to
operate at 2 SpS. We also assumed infinite ADC resolution,
so that there is no quantization penalty. After sampling, dis-
persion is fully and ideally compensated by the DSP. Then,
the four signal components are processed by a MIMO (mul-
tiple-input multiple-output) equalizer [25], which consists of
four complex 15-tap FIR filters. Besides state-of-polarization
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(SOP) alignment, the butterfly equalizer is meant to recover
other phenomena characterized by temporal “memory”, such
as residual chromatic dispersion and polarization mode disper-
sion. The equalizer FIR filter coefficients are estimated using
the least mean square (LMS) algorithm, first using a training
sequence, then operating on the base of the decided bit string in
decision-directed mode. For each modulation format, a different
LMS error function is applied taking into account its own signal
constellation and bit mapping. The signals out of the equalizer
can be used for decision and BERs were evaluated using direct
error counting.

Simulations were carried out transmitting a full pseudo-
random bit sequence (PRBS) of degree 16, for each data
stream at 27.75 Gbaud on each subcarrier, corresponding to a
total of 131072 simulated bits for PM-BPSK, 262144 bits for
PM-QPSK, 393216 bits for PM-8QAM and 524288 bits for
PM-16QAM. Different and uncorrelated PRBSs were used for
each data stream of each subcarrier. PRBSs were also different
from one subcarrier to another.

We simulated the propagation of 10 subcarriers employing
20 SpS: BER performance was probed on the center-left sub-
carrier (the 5-th). Fiber propagation was simulated using a full-
band time-domain split-step method to solve dual-polarization
Schrödinger equations.

IV. BACK-TO-BACK TX/RX OPTIMIZATION

The first step of the analysis was the study of back-to-back
performance in an ASE noise limited scenario, in order to assess
the impact of the subcarrier frequency spacing on each mod-
ulation format. The performance was evaluated in terms of op-
tical signal-to-noise ratio (OSNR), defined over a 0.1 nm noise
bandwidth, required to achieve the target .

For each modulation format we considered a subcarrier
spacing varying from the standard WDM spacing
GHz down to the baud-rate, i.e., GHz.
For every considered setup we performed a joint Tx/Rx opti-
mization by varying the dB bilateral bandwidth of the
spectral shaping Tx optical filter and the dB bandwidth
of the Rx low-pass electric filter, which has the double purpose
of filtering noise and limiting the aliasing induced by the ADC
sampling. For every pair we searched for the
OSNR value corresponding to . An example
of the results, obtained for PM-QPSK with GHz, is
shown in Fig. 3, where the contour plot of the required OSNR
(in dB) is shown as a function of the normalized bandwidths

and . Similar results have been obtained
for all and for all analyzed modulation formats. The per-
formance optimum always fell at approximately
and . Such optimum values of filter bandwidths
were used in both the subsequent back-to-back analysis and in
all non-linear propagation investigations.

An explanation for such general behavior of the optimum
bandwidth of the Tx optical filter is that a value of
generates a shape of the transmitted signal spectrum corre-
sponding to an optimum tradeoff between inter-subcarrier
crosstalk and intra-subcarrier inter-symbol interference (ISI).
Regarding the Rx electric filter, the value is
the closest to the optimum information theory “matched filter”

Fig. 3. Contour plot of the minimum OSNR (in dB) granting��� � � ���
in the Cartesian plane �� ��� 	 � �� 
 for PM-QPSK modulation and
�� � ���� GHz. Back-to-back setup with noise loading.

Fig. 4. Required OSNR granting ��� � � � �� versus �� using optimum
filtering. Back-to-back setup with noise loading (solid lines). Dotted lines refer
to single subcarrier performance with ideal Rx based on matched filter.

condition [26]. Moreover, tight electrical filtering helps in
reducing the unwanted aliasing effects in the ADC [11].

Fig. 4 shows the back-to-back performance for all modulation
formats, in terms of OSNR needed to achieve ,
as a function of . The OSNR requirements at
GHz, where the impact of cross-talk is negligible, are 9 dB
for PM-BPSK, 12 dB for PM-QPSK, 16.1 dB for PM-8QAM
and 19 dB for PM-16QAM. While PM-BPSK and PM-QPSK
show a limited OSNR penalty of less than 1.5 dB when de-
creasing down to the baud rate (27.75 GHz), for PM-8QAM
and PM-16QAM keeping the penalty to within 1.5 dB requires
higher values of (29 GHz and 30 GHz, respectively).

Fig. 5 shows the BER behavior with respect to OSNR for the
four modulation formats and two values of subcarrier spacing
( and GHz) together with single subcar-
rier performance with ideal Rx, as a reference. Focusing on the
target , we can notice that the penalty with
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Fig. 5. BER versus OSNR in 0.1 nm for the three considered modulation for-
mats. Back-to-back with noise loading, optimum filtering. Solid lines refer to
�� � ���� GHz. Dashed lines refer to �� � �� GHz. Dotted lines refer to
single subcarrier ideal Rx based on matched filter.

Fig. 6. Scattering diagrams for the PM-BPSK (a), PM-QPSK (b), PM-8QAM
8c) and PM-16QAM (d) in back-to-back setup with noise loading. optimum
filtering. �� � ���� GHz. ��� � 	 � 
� .

respect to the single subcarrier case increases with the constel-
lation cardinality, as shown in Table I.

Finally, as qualitative results, in Fig. 6 we show the scat-
tering diagrams on a single polarization for the four analyzed
modulation formats obtained in back-to-back when
GHz and . Fig. 7 shows the spectrum of a
PM-QPSK superchannel at (corresponding to

dB) plotted with a resolution bandwidth of 0.1
nm. Similar spectra are obtained for all modulation formats.

V. MAXIMUM REACH VERSUS CAPACITY

After identifying the OSNR sensitivity of the modulation
formats under analysis, we proceeded by studying the effects
of nonlinear propagation on the system setup described in

Fig. 7. Spectrum of a PM-QSPK superchannel with�� � ����GHz.��� �

	 � 
� corresponding to ��
� � 
��
 dB. The spectrum resolution band-
width is 0.1 nm.

Fig. 2(a). For each modulation format, we varied the trans-
mitted power per subcarrier from up to dBm
and propagated a comb of subcarriers over the link described
in Section III. We carried out this analysis for different values
of , starting from 50 GHz down to the minimum tolerable
subcarrier spacing, defined as the value of with a penalty
lower than 1.5 dB with respect to the single subcarrier case,
corresponding to 27.75 GHz for PM-BPSK and PM-QPSK
and 29 GHz for PM-8QAM. For PM-16QAM we also used 29
GHz, with a penalty slightly higher than 1.5 dB.

Decreasing implies a reduction in bandwidth occupa-
tion, corresponding to an increase in spectral efficiency:

, where is the number of bit/symbol of the con-
stellation on each polarization and Gbaud is the net
payload baud-rate. Values of SE vary from 1 up to 1.8 bit/s/Hz
for PM-BPSK , 2 up to 3.6 bit/s/Hz for PM-QPSK

, from 3 up to 5.2 bit/s/Hz for PM-8QAM
and from 4 up to 6.9 bit/s/Hz for PM-16QAM .

In order to express the results in terms of capacity, as well,
we defined a total available bandwidth , equal to approxi-
mately 4 THz (32 nm) in the C-band when using EDFAs. Con-
sequently, the total link capacity is . Note that
we have neglected guard-bands between superchannels, essen-
tially because any choice would have been arbitrary. This way,
the overall capacity is slightly overestimated. However, this is
true for all formats and in any case the impact of this approxi-
mation is small. Note also that the maximum reachable distance
was evaluated simulating the propagation of 10 subcarriers only.
When extrapolating the results to the entire C-band, we implic-
itly assume that the nonlinear influence of subcarriers beyond

away from the center channel is negligible.
For each modulation format and value of we were able

to assess the maximum reachable distance , for a defined
span loss , still granting . From this anal-
ysis we can estimate the robustness to nonlinearity of each ana-
lyzed modulation format over both considered fibers. Figs. 8–10
show a sub-set of these results obtained when GHz.



58 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 29, NO. 1, JANUARY 1, 2011

Fig. 8. Maximum reach with ��� � � � �� � � � �	 dB and 
� �

���� GHz for the four considered modulation formats: PM-BPSK (crosses),
PM-QPSK (diamonds), PM-8QAM (squares) and PM-16QAM (circles). Solid
(SSMF) and dashed (NZDSF) lines are obtained using LMS fitting of simulation
results. Linear propagation performance is shown as reference (dashed lines).

Similar curves have been obtained for all other values of subcar-
rier spacing, so that the comments we propose regarding these
results can be considered to be quite general and essentially in-
dependent of subcarrier spacing.

In Fig. 8 we show the results of versus with
GHz, for a value of dB, that is typical

for terrestrial links. From a qualitative analysis of this picture,
we can deduce that, for both fiber types, the optimum trans-
mission power corresponding to the maximum reach

is practically the same for all four modulation formats:
about dB for NZDSF and 1 dB for SSMF. For comparison,
the behavior in the linear regime is plotted as well (dashed
lines labeled ‘LIN’). We call the distance reachable
in the linear regime using . We can then define the
nonlinear penalty for each considered scenario as the ratio
between the maximum reach in the nonlinear and linear regime:

. In Table II we report the value of the nonlinear
penalty for the eight analyzed scenarios. We point out that the
nonlinear penalty is very similar (close to 2/3) in all cases.
This circumstance suggests that there may be a fundamental
explanation for this common behavior of all four formats and
further investigation is currently underway.

The optimum transmitted power per subcarrier does not de-
pend on the modulation format, but it depends on the fiber type
and on the span loss, as shown in Fig. 9, where the optimum
transmitted power is plotted versus for

GHz. It can also be observed that the optimum transmitted
power grows linearly with respect to span loss. The slope of such
a growth can be estimated as close to 1/3 dB/dB and applies to
both fiber types. The gap between the values related to SSMF
and the ones related to NZDSF is therefore independent of the
modulation format and of the span loss and its value can be es-
timated about 2 dB. Clearly, the better performance of SSMF
is due to its smaller nonlinear coefficient (1.3 1/W/km with re-
spect to 1.5 1/W/km), but also to its larger dispersion coefficient

Fig. 9. Transmission power versus � needed for the maximum reach with
��� � � � �� and 
� � ���� GHz for PM-BPSK (crosses), PM-QPSK
(diamonds), PM-8QAM (squares) and PM-16QAM (circles). Solid (SSMF) and
dashed (NZDSF) lines are obtained using LMS fitting of simulation results.

Fig. 10. Maximum reach with ��� � � � �� and 
� � ���� GHz versus
� for PM-BPSK (crosses), PM-QPSK (diamonds), PM-8QAM (squares)
and PM-16QAM (circles). Solid (SSMF) and dashed (NZDSF) lines are ob-
tained using LMS fitting of simulation results.

(16.7 ps/nm/km with respect to 3.8 ps/nm/km). In fact, higher
dispersion appears to mitigate nonlinear impact [27], [28].

The larger the span loss, the larger is the optimum trans-
mitted power, because the maximum reach decreases and a
larger power value can be tolerated. Such a behavior is depicted
in Fig. 10 where the maximum reachable distance is
plotted versus the span loss at the optimum transmitted
power for GHz. In Fig. 10, it can be
observed that the behavior of maximum reach on a logarithmic
scale versus the span loss expressed in dB is linear for all
the considered scenarios and the slope is the same: it can be
estimated as being close to dB. The lines
are shifted in the vertical direction depending on the modu-
lation format because of their different respective sensitivity.
Moreover, the lines are vertically shifted according to fiber type
because of their different nonlinear behavior [27], [28].
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Fig. 11. Maximum reach with��� � ���� versus Capacity in the C-band (bottom axis) and Spectral efficiency (top axis) for PM-BPSK (crosses), PM-QPSK
(diamonds), PM-8QAM (squares) and PM-16QAM (circles). Lines are obtained connecting simulation results. Solid lines refer to SSMF and dashed lines refer to
NZDSF. The corresponding values of �� in GHz are shown at the SSMF points.

A plot summarizing the overall results presented in this
paper is shown as Fig. 11, where for all the modulation formats
and for both analyzed fiber types the maximum reachable
distance at and dB is
presented as a function of both spectral efficiency and ca-
pacity. For each format, markers correspond to (left to right)

. For PM-BPSK and
PM-QPSK, the rightmost dot is . The corresponding
values of in GHz are indicated in figure at the SSMF points.

A key result of our analysis is the emergence of a prohibited
region in the upper right part of the versus capacity
Cartesian plan, that cannot be reached by the considered setups.
In other words, in this region BER values are beyond the target
value of . As it could be expected, requiring a greater
capacity decreases the maximum reachable distance. If the
capacity requirement in the C-band is limited to 4 Tb/s, then
PM-BPSK with subcarrier spacing 50 GHz can be used, and
the maximum reach is 6480 km for SSMF and 4140 km for
NZDSF. If the capacity requirement increases, PM-BSPK can
transport up to 7.2 Tb/s, corresponding to subcarrier spacing
27.75 GHz, but in this case the maximum reach is 4410 km for
SSMF and 2880 km for NZDSF.

If more capacity is needed, the complexity of the transmitted
constellation must forcedly grow. PM-QPSK can be used for a
capacity up to 14.4 Tb/s ( GHz), then PM-8QAM
up to 20.7 Tb/s ( GHz) and PM-16QAM up to 27.6
Tb/s ( GHz).

The values of maximum reach for these systems are displayed
in Table III. The maximum reach hierarchy between the two
considered fiber types is maintained for the four analyzed mod-
ulation formats, showing a reduction factor that is between 1.4

TABLE I
BACK-TO-BACK PENALTY AT ��� � � � �� WITH RESPECT TO THE SINGLE

SUBCARRIER CASE FOR THE ANALYZED SCENARIOS

TABLE II
NONLINEAR PENALTY (RATIO BETWEEN THE MAXIMUM REACH IN NONLINEAR

AND LINEAR REGIME) FOR THE ANALYZED SCENARIOS

and 1.75 using NZDSF with respect to SSMF (see Table III).
Of course, lowering the span loss, using Raman amplification
and/or PSCF fibers, significantly larger distances can be reached
[7], [8]. However, the general structure and hierarchy of Fig. 11
is preserved.

Since one of the paramaters currently used to measure the
performance of long-haul WDM transmission experiments is
the SE-distance product [5] (or, equivalently, the capacity-dis-
tance product [16]), we report in Fig. 12 a plot of the SE-dis-
tance product achievable with each modulation format over
SSMF as a function of the subcarrier spacing. This plot can
be directly derived from the curves of Fig. 11. It is interesting
to note that the best performing format is PM-QPSK (with
9 000 b/s/Hz km), followed by PM-BPSK (8 500 b/s/Hz km),
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TABLE III
MAXIMUM REACH AT THE HIGHEST CAPACITY FOR EACH MODULATION

FORMAT. THE LAST COLUMN SHOWS THE RATIO BETWEEN THE

MAXIMUM REACH WITH SSMF AND NZDSF

Fig. 12. Maximum SE-distance product at ��� � � � �� versus subcarrier
spacing for PM-BPSK (crosses), PM-QPSK (diamonds), PM-8QAM (squares)
and PM-16QAM (circles) over SSMF. Lines are obtained connecting simulation
results.

PM-8QAM (4 800 b/s/Hz km) and PM-16QAM (3 000
b/s/Hz km). Again, either lowering the span length and/or using
Raman amplification and/or PSCF fibers, significantly larger
SE-distance products can be reached [7], [8]. However, the
general structure and hierarchy of Fig. 12 is preserved.

VI. CONCLUSION

We investigated the long-haul performance of Nyquist-WDM
superchannels composed of PM-BPSK, PM-QPSK, PM-8QAM
or PM-16QAM subcarriers, operating over SSMF or NZDSF
uncompensated and amplified fiber links in the C-band. Our
analysis shows the trade-off between maximum reach and
capacity, and how such trade-off depends on the modulation
format. In fact, only PM-BPSK can exceed 5000 km, reaching
6480 km of SSMF at a net capacity of 4 Tb/s (equivalent to
4 superchannels at 1 Tb/s) across the C band. At the other
extreme, PM-16QAM can achieve a total capacity as high as 27
Tb/s (equivalent to 27 superchannels at 1 Tb/s), but the reach
is then limited to 270 km only.

Other outcomes of our simulative analysis were derived from
the processing of the complete set of results. They are:

• The Tx/Rx filters back-to-back optimization indicates a
general law, independent of the modulation format, for the
optimum bandwidth of the Tx optical filter and

of the Rx electric filter, i.e., and
.

• At the optimum transmitted power, the value of the max-
imum reachable distance is approximately equal to
2/3 of the maximum reachable distance in linear regime,
for all formats and fibers. Thus, the OSNR penalty due
to fiber nonlinearity at the optimal signal launch power is

dB, that is .
• In the considered scenarios, based on the same baud-rate

for all formats, we found that the optimum transmitted
power per subcarrier depends on fiber type and linearly on
span loss, but it is essentially independent of the modula-
tion format.

• We verified that linearly decreases as the span loss
is increased, with a slope equal to dB,
independently of the modulation format and of the fiber
type.

• We also showed that NZDSF links experience a reduction
in maximum reach of a factor of about 1.5 with respect to
SSMF links, because of the higher nonlinear effects due to
its larger nonlinear coefficient and also to its lower chro-
matic dispersion ( ps/nm/km compared to

ps/nm/km), in accordance to what argued
in [27], [28].

In conclusion, the results presented in this paper appear to
confirm the good performance of Terabit superchannel trans-
mission using tightly spaced subcarriers. Since available tech-
nology was assumed, Terabit superchannels could realistically
become an attractive option for the next generation of ultrahigh
capacity long-haul systems.
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