2038

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 33, NO. 10, MAY 15, 2015

Performance Comparison of Single-Sideband Direct
Detection Nyquist-Subcarrier Modulation and OFDM

M. Sezer Erkiling, Student Member, IEEE, Stephan Pachnicke, Senior Member, IEEE,
Helmut Griesser, Member, IEEE, Benn C. Thomsen, Member, IEEE, Polina Bayvel, Fellow, IEEE, Member, OSA,
and Robert 1. Killey, Member, IEEE

Abstract—Direct detection transceivers offer advantages, in-
cluding low cost and complexity, in short- and medium-haul
links. We carried out studies seeking to identify the signal for-
mats which offer the highest information spectral densities and
maximum transmission distances for direct detection links. The
performance of two spectrally efficient optical signal formats,
single-sideband (SSB) Nyquist pulse-shaped subcarrier modula-
tion (SCM) and SSB orthogonal frequency-division multiplexing
(OFDM), are compared by means of simulations. The compari-
son is performed for a range of wavelength-division multiplexing
(WDM) net information spectral densities up to 2.0 b/s/Hz by vary-
ing the signal bandwidth, modulation cardinality, and WDM chan-
nel spacing. The signal formats’ tolerance to signal-signal beating
interference, resulting from square-law detection, is investigated,
and the Nyquist-SCM format is found to suffer lower penalties
from this nonlinearity at high information spectral densities. In
7 X 28 Gb/s WDM transmission at 2.0 b/s/Hz (with electronic pre-
distortion and EDFA -only amplification), Nyquist-SCM signals can
be transmitted over distances of up to 720 km of standard SMF
in comparison to a maximum of 320 km with the OFDM signal
format.

Index Terms—Digital signal processing, direct detection, elec-
tronic pre-distortion, Nyquist pulse shaping, optical communi-
cation, orthogonal frequency division multiplexing, signal-signal
beating interference, subcarrier modulation, wavelength division
multiplexing.

I. INTRODUCTION

HE demand for high bit-rate transmission using cost-
T effective solutions is continuously increasing, especially
in short and medium reach optical links. In order to meet this
demand, multilevel modulation techniques achieving spectrally-
efficient transmission are attractive and have started to be uti-
lized in the last decade [1], [2]. The highest information spectral
densities (ISDs) have been achieved using polarization multi-
plexing and coherent detection, enabling full recovery of the
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optical field, and such systems have become the standard in
long and ultra-long transmission links. However, due to their
potentially lower complexity and cost, single polarization and
direct detection transceivers may be an attractive solution for
shorter distances, such as in short reach optical links, e.g., data
centers and interconnect applications, typically up to 10 km,
and medium reach optical links, e.g., access and wireless back-
haul links as well as metro and regional distances, typically up
to 800 km. The cost could be significantly reduced due to the
lower number of optical components required, relaxation of the
laser linewidth requirements, and the lower complexity of digi-
tal signal processing (DSP) at the receiver. A key question then
is, what signal formats offer the highest ISDs and maximum
transmission distances in direct detection links.

A variety of formats have been proposed to achieve high ISD,
including pulse amplitude modulation (PAM), optical duobinary
(ODB), subcarrier modulation (SCM) (e.g., Nyquist-subcarrier
modulation (Nyquist-SCM) and orthogonal frequency divi-
sion multiplexing (OFDM)) and carrierless amplitude phase
(CAP) modulation. PAM is the simplest format but suffers from
low receiver sensitivity [3]. ODB transmission has been demon-
strated at ISDs of 0.8 b/s/Hz [4] and 1 b/s/Hz [5], but it is funda-
mentally limited to 1 b/s/Hz. Hence, we focus on single sideband
(SSB) SCM formats (Nyquist-SCM and OFDM) with quadra-
ture amplitude modulation (QAM) of the RF-subcarrier(s),
which are detected by beating with the optical carrier. They
enable ISDs greater than 1 b/s/Hz with a good optical signal-
to-noise ratio (OSNR) performance. Unfortunately, the receiver
sensitivity performance of direct detection SCM formats de-
grades due to the nonlinear square-law detection, resulting in
signal-signal beating interference (SSBI), sometimes referred
to as intermodulation distortion.

In this paper, we investigate the transmission performance of
SSB Nyquist pulse-shaped SCM and SSB OFDM using direct
detection in the presence of SSBI. Their tolerance to SSBI is di-
rectly compared by varying the spectral guard band between the
optical carrier and sideband in both single channel and wave-
length division multiplexing (WDM) system architecture. We
consider the use of electronic pre-distortion (EPD), sometimes
referred to as electronic dispersion pre-compensation to miti-
gate the dispersion accumulated along the fibre link, for both
formats. In the case of OFDM, bit loading is applied to minimize
the penalty due to the SSBI. Their performance in back-to-back
operation, and in transmission over standard single mode fibre
(SMF) links (both single channel and WDM) is assessed by
simulations. The comparison is performed at a symbol rate of
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7 GBaud with QAM modulation to achieve per-channel bit rates
of up to 28 Gb/s and, WDM net ISDs of up to 2.0 b/s/Hz assum-
ing the use of hard-decision forward error correction (HD-FEC).

II. DESCRIPTION OF NYQUIST-SCM AND OFDM TECHNIQUES

The direct detection system architecture considered in this
paper is shown in Fig. 1. In the direct detection SCM tech-
nique, a single or multiple subcarrier(s), also referred to as
RF-subcarrier(s), is/are used to transmit data over a fibre link.
High-order modulation is achieved by applying QAM to the
subcarrier(s) and using linear optical field modulation. At the
receiver, the channel of interest is optically demultiplexed by an
optical band-pass filter (OBPF) and optical-to-electrical conver-
sion is achieved by a single-ended photodiode, beating between
the optical carrier and the sideband during the square-law pho-
todetection. Then, the electrical signal is digitized using a single
ADC, as depicted in Fig. 1.

However, the photodetection process generates unwanted ad-
ditional components, referred to as signal-signal beating prod-
ucts, which interfere with the desired signal, referred to as
carrier-signal beating products. This effect is termed as SSBI.
One approach to reduce the associated performance degrada-
tion is the use of SSBI estimation/cancellation. There are some
proposed estimation/cancellation techniques to reduce this in-
terference. However, they result in degradation in receiver sen-
sitivity due to high carrier-to-signal power ratio (CSPR) [6], [7],
increased DSP complexity [8], [9], optical complexity or over-
heads [10], [11]. An alternative approach is to use a spectral
guard band between the sideband and the optical carrier with
bandwidth, B, (see Fig.2). Since the signal—signal beating prod-
ucts bandwidth is equal to the signal bandwidth (B;), the guard
band bandwidth must be set such that B, > B, to avoid any
spectral overlap between the carrier-signal and signal-signal
beating products. However, this results in a reduction of the ISD
by a factor of two and inefficient use of the available bandwidth
of RF components used in the system [12]. Alternatively, the
bandwidth of the guard band may be set to a lower value, i.e.,
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Fig. 2. Spectrum of detected SCM signals (a) non-overlapping and (b) over-

lapping case. Total bandwidth (B;) is equal to 2B — B, where B is the
signal bandwidth, and B, is the overlapping bandwidth between the signal
and signal-signal beating products. B, is the spectral guard band between the
optical carrier and sideband.

B, < B, to achieve the desired ISD/OSNR penalty trade-off
depending on the overlap between the sideband and signal-
signal beating products [13]. In the following, to quantify the
amount of overlap between the sideband and signal-signal beat-
ing products, we use the overlapping ratio parameter, defined as
the ratio of the overlapping bandwidth (B, ) and B;, as depicted
in Fig. 2(b).

In this paper, we considered two types of spectrally-efficient
direct detection SCM formats: SSB OFDM, and SSB single
SCM with Nyquist pulse shaping. OFDM is widely used in dig-
ital communication systems to achieve high ISD [14]. It is a
multi-SCM technique in which a data stream is encoded onto
multiple densely-spaced orthogonal subcarriers in the frequency
domain using the inverse discrete Fourier transform. Although
it allows increased ISD with a simple receiver structure, the re-
ceiver sensitivity is affected by the high peak-to-average power
ratio (PAPR) of the signal, caused by high peaks in signal wave-
form. They occur due to the constructive addition resulting from
the phase alignments of the subcarriers [15]. High PAPR results
in an increase in the required CSPR, nonlinear distortion, and
also the required dynamic range of the DACs/ADCs used in the
transceiver, causing increased converter quantization noise. The
alternative SCM format we considered, single SCM, in which a
QAM signal is electrically modulated onto a single subcarrier,
potentially has lower PAPR compared to OFDM since it uti-
lizes only one subcarrier and avoids the problem of constructive
addition of multiple subcarriers. The subcarrier frequency (fs.)
and roll-off factor of the pulse shaping filter (o) are selected
according to the required optical ISD and receiver sensitivity re-
quirements. To maximize the ISD, the RF-subcarrier frequency
should be set to a value close to half of the symbol rate, and
the pulse shaping filter should have a roll-off factor close to
zero. Single-cycle SCM quaternary phase-shift keying (QPSK)
and 16-QAM in which f,. was set equal to the symbol rate (f;),
were demonstrated in [16]. In addition to single-cycle, half-cycle
(fse = fs/2) Nyquist-SCM 16-QAM was also demonstrated
back-to-back and in transmission over 4 km of standard SMF in
[17] to achieve ISD approaching log, (M) /2 for M-QAM. The
very close spacing between the optical carrier and subcarrier is
enabled by using Nyquist pulse shaping filters with root raised
cosine (RRC) transfer function and « of < 0.4 [18]. For both
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Fig. 3. (a) Nyquist-SCM and (b) OFDM system diagram. Single channel optical spectra for (c) Nyquist-SCM and (d) OFDM signals, and WDM spectra before

and after the OBPF for (e) Nyquist-SCM and (f) OFDM signals with a B; of 14 GHz and a Awv,, of 19 GHz (non-overlapping case). Single channel optical
spectra for (g) Nyquist-SCM and (h) OFDM signals, and WDM spectra after the OBPF for (i) Nyquist-SCM and (j) OFDM signals with a B; of 8.75 GHz and a
Av,j, of 13 GHz (overlapping case). Note that frequency scales in optical spectra are relative to the optical carrier frequency of the central channel.

the OFDM and Nyquist-SCM signal formats considered in this
study, the ISDs are increased by digitally suppressing one of
the sidebands, referred to as SSB signalling, to achieve ISD ap-
proaching log, (M). The trade-off between « and f;. for SSB
single SCM was investigated in [19] and it was shown that a
RRC filter roll-off factor of 0.3 with f;. = 0.75 f; provides a
good compromise between the ISD and receiver sensitivity. A
transceiver design using these parameters was experimentally
demonstrated to achieve WDM SSB Nyquist pulse-shaped sin-
gle SCM QPSK transmission over standard SMF links of up to
800 km at an ISD of 1.3 b/s/Hz [19].

In this study, the performance of OFDM and single SCM
formats with equivalent ISDs are compared; the symbol rate of
the signals is kept constant at 7 GBaud, with gross bit-rates per
channel of 14 and 28 Gb/s, respectively. The ISD is varied by
varying the guard band (B,) between the optical carrier and
the sideband (hence changing the overlapping ratio parameter,
B,,/Bs;), and the WDM channel spacing (Av,,). The perfor-
mance of the signal formats is compared in terms of the required

optical signal-to-noise ratio (OSNR) in back-to-back operation,
and the maximum transmission distance over standard SMF
links (including the effects of EDFA noise, fibre dispersion and
nonlinearity). No digital or optical SSBI estimation/cancellation
is carried out to avoid significant additional transceiver
complexity.

III. NYQUIST-SCM AND OFDM SYSTEM MODELS

The system diagrams for WDM Nyquist-SCM and OFDM
signal generation, transmission and detection, that were mod-
elled in MATLAB, are shown in Fig. 3(a) and (b) with the single
channel and WDM optical spectra for the cases of channel
bandwidths (B;) of 14 and 8.75 GHz. Transmission simulations
using the split-step Fourier method to solve the nonlinear
Schrodinger equation were carried out for a range of values
of B, and consequently, B, and Awv,,. For the Nyquist-SCM
simulations, a 7 GBaud conventional QPSK/16-QAM signal
was generated using two/four de-correlated 2!® de Bruijn bit
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sequences. Subsequently, a pair of 256-tap RRC filters with a
stop-band attenuation of 40 dB were applied to the in-phase (I)
and quadrature (Q) components separately to achieve Nyquist
pulse shaping as shown in Fig. 3(a). Then, the Nyquist pulse-
shaped signals were up-converted to the subcarrier frequency
and added to each other to obtain a double sideband Nyquist-
SCM QAM signal. Following this, a sideband filter was applied
digitally to obtain the SSB signal. In back-to-back operation,
there was no need to apply clipping for the Nyquist-SCM
signal since its PAPR value was equal to 7.8 dB which was
sufficiently low. The PAPR of a complex signal is defined as

max|[s(t)s*(t)]
Els(t)s*(t)]

where s(t) is the complex signal, ¢ is the time index and
E[s(t)s*(t)] is the expected value of the signal power. Note that
PAPR value was found to be almost the same for both QPSK
and 16-QAM. Finally, EPD [20], [21] and clipping [22] were
applied in transmitter DSP to mitigate the chromatic dispersion
accumulated at the targeted distance with a minimum penalty.
The clipped signal can be formalized as

s(t), if |s(t) <A

Sclipped (t) = ) 2
o {mwmw,ﬁm@>A

PAPR = and PAPR4p =10log,,(PAPR) (1)

where sclipped (t) represents the clipped signal, A is the
maximum amplitude value after clipping and arg{s(t)} is the
phase of s(t). The clipping ratio is commonly defined as the
ratio of the maximum to the average output power [23].

The OFDM signal generation is shown in Fig. 3(b). 128
data subcarriers were first modulated, and multiplexed using
a 256-point inverse fast Fourier transform (IFFT) (an oversam-
pling ratio of 2). Then, a 2% cyclic prefix (CP) was added as a
guard band to avoid the inter-symbol interference due to filter
delays introduced by electrical and optical filters in the sys-
tem. Unlike Nyquist-SCM, clipping (first-stage) was applied to
back-to-back OFDM signal (prior to EPD) to optimize its per-
formance. Its PAPR was reduced from 14.8 to 11.3 dB. After
clipping, similar to the Nyquist-SCM signal, EPD and clip-
ping (second-stage) were applied to the OFDM signal in the
frequency domain to mitigate the dispersion with a minimum
penalty (rather than using a longer CP) in order to operate at
the same ISD as the Nyquist-SCM signal. The resolution of
the DACs operating at 28 GSa/s was assumed to be 5 bits for
both Nyquist-SCM and OFDM systems which was sufficient to
avoid significant penalties (<0.5 dB) due to the quantization
noise. It is expected that the use of high sampling rate DACs
and ADCs will be acceptable in future low-cost systems, as the
performance of silicon complementary metal oxide semicon-
ductor (CMOS) technology continues to increase, and the cost
and power consumption reduce. The electrical bandwidth of the
transmitter and receiver were emulated using fifth-order Bessel
low-pass filters (LPFs) with an optimized bandwidth of 0.8 f.
The optical carriers were added at the 1Q-modulators being
biased close to their quadrature points to achieve approximately
linear mapping from the electrical to the optical domain with the
desired optical carrier power. To model WDM transmission, all
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seven WDM channels each carrying 28 Gb/s SSB Nyquist-SCM
16-QAM or the equivalent adaptively modulated OFDM signal
were decorrelated by more than 17 ns (one symbol period is
140 ps).

The total bandwidth of a single channel (B5;) is the sum of
B, and B, as shown in Figs. 2(a) and 3(c). To compare the ISD
of modulation techniques fairly, B, was kept the same for both
techniques. When the overlapping ratio was equal to 0, B, was
set to 7 GHz at 7 GBaud, as can be seen in Fig. 3(c) and (d). In
the case of non-zero overlapping ratio (B,, > 0 GHz so B; <
14 GHz), the SSBI decreases towards higher frequencies, so
that the subcarriers close to the optical carrier are more signif-
icantly affected than those further away from the carrier. If the
same constellation scheme is used for all subcarriers, the error
probability is severely affected since it is dominated by the sub-
carriers with the highest distortion. To overcome this issue, and
consequently, optimize the system performance, each subcarrier
can be modulated with an optimally chosen format cardinality
(also termed bit loading), so that similar bit error probabilities
are experienced by all the subchannels. This bit loading can be
adapted, according to the frequency dependent signal-to-noise
ratio (SNR), and this technique is referred to as adaptively mod-
ulated OFDM. In the system considered in this paper, bit loading
was applied depending on the SNR of each subcarrier using a
“water-filling” approach with M-QAM modulation used for M
bits/symbol [24]. For the bit loading, the Levin—Campello al-
gorithm was utilized since it provides an optimum discrete bit
distribution (finite granularity) assuming the information gran-
ularity is the same for all subchannels which is usually the case
[25]. The bits were allocated to the subcarriers by comparing
the SNR threshold values for conventional modulation formats,
e.g., BPSK, QPSK etc., and their received SNR values which
were obtained from the receiver. Since their received SNR val-
ues also depend on the CSPR, the optimum bit allocation was
found by applying an exhaustive search for the CSPR value to
achieve the best OSNR performance. For instance, to achieve a
bit-rate of 28 Gb/s (requiring an average number of bits/symbol
of 4 for the 7 GBaud signal), as the subcarriers overlapping with
the signal—signal beating products had lower SNR values than
the non-overlapping ones (see Fig. 4(a)), they were allocated
lower numbers of bits per symbol (0, 1, 2 and 3 bits/sym). On
the other hand, the subcarriers that did not overlap with the
beating products were allocated with higher bits/symbol (4, 5
and 6 bits/sym) depending on their SNR values as shown in
Fig. 4(b). The power was kept uniform across the subcarriers.
The bit loading algorithm stopped when the desired bit-rate was
achieved. Although bit loading significantly increases the re-
ceiver sensitivity compared to uniform modulation, it requires a
feedback from the receiver to the transmitter to obtain the SNR
values of each subcarrier [25], [26].

SNR, bit allocation and BER values per subcarrier at an
OSNR of 26 dB, a CSPR of 13 dB and a B; of 8.75 GHz are
shown in Fig. 4. At this By, 97 subcarriers (first subcarrier
is the closest one to the optical carrier) overlapped with the
signal-signal beating products. Since the distortion caused by
the SSBI gradually decreased towards the higher frequencies
due to the superposition of the subcarriers, each subcarrier was
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Fig. 4. OFDM bit loading for the case of a CSPR of 13 dB, an OSNR of

26 dB, and a B; of 8.75 GHz at the HD-FEC limit. (a) SNR in decibel per
subcarrier, (b) bit allocation per subcarrier to achieve 28 Gb/s and (c) BER
values per subcarrier.

distorted by different amount of SSBI as shown in Fig. 4(a). The
subcarriers that were distorted severely (57 subcarriers) were al-
located with less than 4 bits per symbol. The ones that manage to
maintain high SNR or do not even overlap with the beating prod-
ucts were allocated with the highest possible bits per symbol in
order to achieve the desired bit-rate, that is 28 Gb/s. The BER
for each subcarrier varied between ~1 x 1073 and 8 x 1073,
For the best receiver sensitivity performance, BER on each sub-
carrier should be the same. To equalize BER on each subcarrier,
power loading in addition to the bit loading can be also ap-
plied instead of allocating the power equally across subcarriers.
Nevertheless, at the same bit-rate, the system performance that
utilizes power-and-bit loading is not significantly different than
systems utilizing only bit loading [26]—[28].

For the case of the Nyquist-SCM system, « was varied from
0to 0.3 and f,. was adjusted accordingly whilst ensuring that
Nyquist-SCM and OFDM signals had equal B; values as shown
in Fig. 3(e) and (f). Table I shows the optical bandwidth (BW)
and ISD values considered in the simulations. In both cases,
Awv,j, was chosen such that there was negligible linear crosstalk
penalty between the channels and net ISD is calculated assuming
16-QAM and a 7% HD-FEC overhead.
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TABLE I
OPTICAL BW AND ISD VALUES USED IN THE SIMULATIONS

B, (GHz) B, (GHz) B, (GHz) B,, (GHz) Aw.;, (GHz) NetISD (b/s/Hz)
14 7 7 0 19 1.37
8.75 7 1.75 5.25 13 2.0

The transmission link considered in the simulations was un-
compensated standard SMF and the fibre parameters o, D, v,
Erbium-doped fibre amplifier (EDFA) noise figure and span len-
gth were chosen as 0.2 dB/km, 16.8 ps/(nm - km), 1.2 W1
km~', 5 dB and 80 km, respectively. The EDFA was set to
compensate the fibre loss over each span which had 16 dB
attenuation. All amplified spontaneous emission (ASE) noise
generated by the EDFAs was added inline to model nonlinear
signal-ASE beating noise interaction. The single channel and
WDM signal transmission in the fibre was modelled using the
symmetric split-step Fourier method [29] and the step sizes were
empirically chosen as 1 and 0.4 km, respectively at a bandwidth
of approximately 200 GHz.

A third-order super-Gaussian OBPF with a bandwidth of
17 GHz (Av., = 19 GHz) and 11 GHz (Awv.;, = 13 GHz)
was utilized to demultiplex the central WDM channel for B; =
14 and 8.75 GHz, respectively. Then, the filtered channel was
detected by a single-ended photodiode with a responsitivity of
1 A/W. The resolution and sampling rate of the ADC were as-
sumed to be 5-bit and 28 GSa/s, respectively. The DACs/ADC
resolution and the bandwidth of the Bessel LPFs for both modu-
lation formats were chosen such that the implementation penalty
was kept within 1 dB for both single channel and WDM trans-
mission. After the detection, the normalized Nyquist-SCM sig-
nal was split into two branches and down-converted to I and Q
baseband signals. Following this, a pair of matched RRC filters
(av = 0.3) was applied to the baseband signals. For optimum
sampling, a 5-tap equalizer using least mean squares (LMS)
adaptation was applied as shown in Fig. 3(a). The equalizer
first utilized the constant modulus algorithm (CMA) as a cost
function to update the filter taps for fast convergence and then,
switched to decision directed LMS.

In the OFDM case, the digitized detected signal was first
converted from serial to parallel, and consequently, the CP was
removed from the received signal. Note that no symbol/frame
timing synchronization algorithm was applied in our OFDM
simulation model for simplicity since the sampling rate of DACs
and ADC kept the same. Following this, a 256-point FFT was ap-
plied and the channel estimation was performed using a single-
tap equalizer to cancel the phase errors and distortions incurred
along the transmission path as shown in Fig. 3(b). Training sym-
bols have the same data sequence compared to the data used.
They were inserted periodically, every 63 data symbols leading
to a 1% overhead, a technique also referred to as block-type
channel estimation. The estimation was based on a least-square
method so that the coefficients of the single-tap equalizer were
derived by comparing the received training symbols with the
transmitted ones [30]. To improve the channel estimation perfor-
mance, a polynomial fit was applied to the derived coefficients.
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Fig. 5. Back-to-back BER with respect to OSNR with different values of
signal bandwidth (B; ) for (a) Nyquist-SCM QPSK and the equivalent adaptively
modulated OFDM signals at 14 Gb/s and (b) Nyquist-SCM 16-QAM and the
equivalent adaptively modulated OFDM signals at 28 Gb/s.

Finally, the received signal was multiplied with the inverse of
the estimated channel response to restore the transmitted signal.
After equalization, the symbol-to-bit demapping was performed
and BER was calculated by counting the errors using 2% bits in
both setups. The simulation results are discussed in Section I'V.

IV. RESULTS AND DISCUSSIONS
A. Back-to-back

First, back-to-back single channel Nyquist-SCM QPSK/16-
QAM and the equivalent adaptively modulated OFDM signals
were simulated to determine the receiver sensitivities as shown
in Fig. 5. Then, at the HD-FEC limit assuming 7% overhead,
the signals were compared at different values of signal band-
width (B;), presented in Fig. 6. Note that, no bit-loading was
applied for OFDM signal and o was set to 0 for Nyquist-SCM
signal when B,, was set to 0. However, with B, set to less than
14 GHz, « for the Nyquist-SCM signal was relaxed from 0 to
0.3 to achieve a better OSNR performance through increasing
its tolerance to SSBI due to averaging the distortion across the
signal bandwidth, and reducing its PAPR while adjusting the RF-
subcarrier frequency to keep B; and the ISDs identical to those
of the equivalent adaptively modulated OFDM signal. When
Nyquist-SCM QPSK is used at a B; of 14 GHz, the required
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Fig. 6. Required OSNR with respect to B; at the HD-FEC limit for Nyquist-

SCM QPSK/16-QAM and the equivalent adaptively modulated OFDM signals.

OSNR for Nyquist-SCM is very similar to (approximately
0.8 dB lower than) the equivalent OFDM signal. This per-
formance difference is due to the higher PAPR value of the
OFDM signal. With the PAPR of the OFDM signal optimized
(by clipping and minimizing the required OSNR) for a 5-bit
DAC resolution, its value is still 3.3 dB higher than the PAPR
of the Nyquist-SCM signal, calculated using Eq. 1. This differ-
ence leads to a higher required optical carrier power to avoid any
clipping upon photodetection for the OFDM signal, and hence,
the higher required OSNR.

It was found that the performance difference between
Nyquist-SCM and OFDM signals at B; > 8.75 GHz does not
differ significantly until the highest ISD is reached. However,
when B; is less than 8.75 GHz, the required OSNR values for
the two signal formats diverge significantly. The Nyquist-SCM
format required an OSNR of 12.0 dB at B; = 7 GHz, while
the corresponding value for the OFDM signal was found to be
16.1 dB, 4 dB higher than Nyquist-SCM signal (see Fig. 6).
When the Nyquist-SCM modulation format was switched from
QPSK to 16-QAM (and the bit distribution on the OFDM sub-
carriers also increased to achieve equivalent ISD values), they
had similar OSNR requirements for B; > 10.5 GHz. How-
ever, at B; = 8.75 GHz, the required OSNR difference between
Nyquist-SCM and OFDM signals became again approximately
4 dB. With B, set to 7 GHz, at which point the gross ISD,
4 b/s/Hz, is close to log, (M), neither system was able to achieve
the HD-FEC limit BER of 3.8 x 107%.

The performance difference between the two formats can be
explained by two reasons: 1) Nyquist SCM signal averages the
distortion due to the SSBI in the entire signal bandwidth whereas
the subcarriers in OFDM signal overlapping with the beating
interference are severely affected even though they are modu-
lated adaptively. 2) The Nyquist-SCM signal format has lower
PAPR than the OFDM format which reduces the required CSPR
value, and hence, the required OSNR for optimum detection.
It is worth noting that the slope of the BER versus OSNR curves
for QPSK/16-QAM case in Fig. 5 changes when B, is less than
8.75/10.5 GHz due to the SSBIL.
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In direct detection systems, optimizing the CSPR is essential
to achieve a trade-off between signal-ASE beating noise and
SSBI. When B, = 14 GHz, at the OSNR values giving a BER
of 3.8 x 103, the optimum CSPR values for both QPSK and
16-QAM were found to be —5 and 0 dB for Nyquist-SCM and
OFDM signal formats, respectively. The difference in CSPR val-
ues is explained by the difference in PAPR of the signals after
clipping. On the other hand, in the case where the signal overlaps
with the signal—signal beating products (i.e., B; < 14 GHz), the
carrier-signal beating products have to be large enough com-
pared to the SSBI to be recovered. Thus, the optimum CSPR
value increases with reducing B;. At B; = 8.75 GHz, the opti-
mum CSPR value in the case of 16-QAM was found to increase
to 6 and 13 dB for the Nyquist-SCM and OFDM signals, re-
spectively, at the HD-FEC limit. This increase in CSPR directly
translates into the penalties in the required OSNR as seen in
Figs. 5 and 6.

It should be noted that better performance of Nyquist-SCM
at high ISD was also observed in [31]. Single channel vestigial
sideband Nyquist-SCM was compared with OFDM in back-
to-back and transmission performance over 100 km, although
without considering any adaptive bit loading for the OFDM
signal or EPD to mitigate the chromatic dispersion.

B. Transmission Results

Following the back-to-back simulations described above,
both single channel and seven-channel WDM transmission sim-
ulations at 28 Gb/s per channel were carried out. In each case,
the WDM channel spacing (Awv,j,) was chosen such that a neg-
ligible penalty (<0.5 dB) resulted due to linear inter-channel
crosstalk. Initially, the signal bandwidth B; was set to 14 GHz
(Bs = By =7GHzso that B,, =0GHz) and a Av,), of 19 GHz
was chosen (resulting in a net ISD of 1.37 b/s/Hz assuming 7%
HD-FEC overhead). Fig. 7(a) shows the range of launch powers
at which the pre-FEC BER was < 3.8 x 107>, Due to the low
crosstalk between channels, the transmission performance of
single channel and WDM are very similar in the linear regime.
However, in the non-linear regime in single channel transmis-
sion, the lower maximum launch powers indicate that OFDM
is more sensitive to self-phase modulation than Nyquist-SCM.
Nyquist-SCM has 2 dB greater margin compared to the OFDM
signal. This margin was reduced to 0.8 dB in WDM transmis-
sion. At B,, =0GHz or B; = 14 GHz, the maximum transmis-
sion distance of Nyquist-SCM and OFDM signal formats were
quite similar, (1880 km versus 1720 km, respectively) which
was expected from the result, shown in Fig. 6.

Next, B; was reduced from 14 to 8.75 GHz and consequently,
it was possible to reduce Av.;, from 19 to 13 GHz, resulting
in an increase in the net ISD from 1.37 to 2.0 b/s/Hz. The sin-
gle channel and the WDM transmission results at this ISD are
presented in Fig. 7(b). In both single channel and WDM trans-
mission cases, Nyquist-SCM offered a maximum transmission
distance approximately two times larger than the OFDM signal.
This difference is mainly due to ~4 dB difference in the re-
quired OSNR observed in back-to-back operation between the
Nyquist-SCM and the OFDM formats as shown in Figs. 5(b)
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Fig. 7. At BER = 3.8 x 1073, single channel and WDM transmission per-
formance of 28 Gb/s Nyquist-SCM 16-QAM and the equivalent adaptively
modulated OFDM signals at net ISD of (a) 1.37 b/s/Hz (B; = 14 GHz and
Awv.;, = 19 GHz) and (b) 2.0 b/s/Hz (B; = 8.75 GHz and Av.;, = 13 GHz.)
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Fig.8. Maximum transmission distances of single channel and WDM systems

for 28 Gb/s Nyquist-SCM and OFDM signals at net ISD of 1.37 b/s/Hz (left)
and (b) 2 b/s/Hz (right).

and 6. Accordingly, the WDM Nyquist-SCM signal could be
transmitted over distances of up to 720 km of standard SMF
whereas the maximum distance with WDM OFDM was just
320 km. The maximum transmission distances of single chan-
nel and WDM systems for the Nyquist-SCM 16-QAM and the
equivalent adaptively modulated OFDM signals are summarized
in Fig. 8.

Further studies are required comparing the performance of
Nyquist-SCM with other spectrally-efficient modulation tech-
niques, such as asymmetrically clipped optical OFDM [32],
and CAP modulation [3], [33]. Additionally, the use of DSP-
based SSBI mitigation methods, which can provide further
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performance improvements, needs detailed investigation [8],
[13], [34].

V. SUMMARY AND CONCLUSION

We compared two direct detection modulation formats,
Nyquist-SCM and OFDM. Both techniques can be used to
achieve high ISD (>1 b/s/Hz) transmission. The aim of the
comparison in this paper was to assess their tolerance to SSBI at
high ISDs as the spectral guard band between the optical carrier
and sideband was varied. The roll-off factor of the pulse shap-
ing filter and RF-subcarrier frequency were optimised for the
Nyquist-SCM signal whereas bit loading was carried out with
the OFDM signal to optimise their tolerance to the SSBI. The
performance comparison using QPSK and 16-QAM signalling
operating at 7 GBaud per channel for the back-to-back case
showed similar required OSNR values for Nyquist-SCM and
OFDM signal formats, at the HD-FEC limit of 3.8 x 10~ when
a large spectral guard band (B, > 2.75/5.5 GHz, or B, >
8.75/10 GHz for QPSK/16-QAM signal) between the optical
carrier and sideband was used. However, the Nyquist-SCM
QPSK/16-QAM signal outperformed the equivalent adaptively
modulated OFDM signal when the total bandwidth was lower
than 8.75/10.5 GHz, leading to, respectively, ~75%/50% over-
lap between the signal-signal beating products and sideband.
This can be explained by the averaging of the nonlinear dis-
tortion caused by the beating interference over the entire sig-
nal bandwidth and the lower PAPR of the Nyquist-SCM sig-
nal. Following the assessment of back-to-back performance,
single channel and WDM transmission performance of the
Nyquist-SCM and OFDM signals were compared by sim-
ulations at net ISDs of 1.37 b/s/Hz (B; = 14 GHz) and
2.0 b/s/Hz (B; = 8.75 GHz). The results showed that the single
channel and WDM system performance of both signal formats
were very similar at the lower ISD. However, their performance
diverged at 2 b/s/Hz. Seven-channel WDM Nyquist-SCM and
OFDM signals can be transmitted over standard SMF distances
of up to 720 and 320 km, respectively. Direct detection Nyquist-
SCM appears to have a higher tolerance to the SSBI and has
the potential to offer the combination of higher ISD, and longer
transmission distances with low complexity transceiver design
for metro, regional, access and back-haul applications.
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