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Abstract. A theoretical analysis and a numerical investigation of 3-dB peak-to-average power ratio electrical
constant envelope over orthogonal frequency-division multiplexing (OFDM) signals in coherent-detection optical
(CO) systems are proposed. A 100-Gb∕s optical system is studied to increase the nonlinear tolerance (NLT) to
both Mach–Zehnder modulation and optical propagation impairments. Simulation results show that, with 16- and
64-QAM subcarrier modulations, the proposed system outperforms a conventional CO-OFDM system, if an opti-
cal modulation index OMI ¼ 2.5 and an electrical phase modulation index 2πh ¼ 3 are simultaneously adopted.
The achieved NLT denoted by a performance gain of 24 dB is attractive after propagation through 1200 km of
dispersion-uncompensated standard single-mode fiber, especially for 10-dBm fiber input power and despite the
intrinsic bandwidth enlargement of PMs. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.56.6
.066101]
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1 Introduction
Orthogonal frequency-division multiplexing (OFDM) has
become the standard modulation technique for many wireless
communication systems due to its high spectral efficiency,
robustness against multipath propagation, and simplified fre-
quency-domain equalization.1 Many researchers have shown
that OFDM is also a promising technology for coherent-
detection optical (CO-OFDM) communication systems.2–5

CO-OFDM brings many benefits that are critical for high
data rate fiber transmission systems. First, it is extremely
robust against chromatic dispersion (CD) and polarization
mode dispersion.2,6 Second, the spectral efficiency is
improved, since it eliminates the need for a guard band
between the optical carrier and the information-bearing
signal.7 Third, adaptive data rates and different modulation
formats can be supported using software-defined solutions
according to the optical channel condition, without any
hardware changes in the transmitter and receiver.7 Fourth,
phase estimation can be done without an optical phase-
locked loop.8

However, it is a well-known fact that coherent-detection
systems are susceptible to impairments, such as frequency
offset and phase noise, caused by imperfections in the pho-
tonic components. However, advances in electronics and
signal processing enable these degradations to be compen-
sated digitally using digital signal processing techniques.7

Moreover, the OFDM system’s primary drawback is the large
amplitude fluctuation of the modulated waveform that produ-
ces high values of peak-to-average power ratio (PAPR).1,7

Hence, devices, such as digital-to-analog and analog-to-
digital converters, power amplifiers, and optical modulators,
must have a wide linear dynamic range. Otherwise, a series

of undesirable interference, such as out-of-band radiation
and intermodulation distortions, are generated when the peak
signal reaches nonlinear region of such devices.9,10

Several PAPR reduction techniques, such as coding, tone
reservation, clipping, peak windowing, and partial transmit
sequence, have been proposed in the literature.11–15 These
techniques provide different degrees of effectiveness and
there are trade-offs that may include increased complexity,
reduced spectral efficiency, and performance degradation.
In Ref. 16, we proposed a PAPR reduction scheme based
on a constant envelope (CE) OFDM approach for improving
the tolerance toward Mach–Zehnder modulator (MZM) and
fiber nonlinearities in intensity-modulation and direct-detec-
tion optical systems. Initially proposed in Ref. 9 to achieve
efficient power amplification in wireless OFDM systems,
this technique reduces the PAPR to 3 dB using phase modu-
lation (PM) in the electrical domain.

In the last several years, the same idea has been used by
many researchers to demonstrate its effectiveness to combat
the nonlinearities in CO-OFDM systems. In Ref. 17, CE is
used to reduce the sensitivity of OFDM signals to nonlinear
effects and phase noise in coherent systems. Using minimum-
shift keying in the data subcarriers, the concept was
employed to reduce intercarrier interference produced by the
higher-order terms of phase modulated signals in Ref. 18. A
theoretical study on CE-OFDM based on Hartley transform
has been validated through numerical simulation to improve
sensitivity by modulator driving voltage in Ref. 19, whereas
in Ref. 10 the authors proposed the same scheme to mitigate
fiber and inline dispersion compensation-induced nonlinear-
ities. Meanwhile, in Ref. 20, an experimental demonstration
proves the fiber nonlinearity and phase noise tolerance of
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a W-band OFDM based on PM. More recently, a theoretical
description and an experimental investigation show the
robustness of a mean-phase-compensation method to improve
the performance of a CE CO-OFDM system affected by the
laser phase noise.

However, in all of those CO-OFDM works, optical phase
modulators were used to generate the CE signals. A tech-
nique to also counteract the PAPR problem in MZM is
essential to avoid the nonlinear distortions induced by
OFDM signal clipping. In this paper, theoretical analysis
and numerical investigations are presented to introduce
electrical CE signals, generated by an electrical phase modu-
lator, in optical intensity modulation and coherent-detection
OFDM systems. Implemented as described in Ref. 16, the
transformation method is proposed to increase nonlinear tol-
erance (NLT) to both Mach–Zehnder modulation and optical
propagation impairments, without the computational efforts
required in the scheme reported in Ref. 21. Simulation results
show that the proposed 100-Gb∕s CO-CE-OFDM system
outperforms a conventional CO-OFDM system due to the
well-designed values of electrical PM and optical modula-
tion indices (OMIs). Performance gains up to 26 dB were
obtained after propagation through 1200 km of dispersion-
uncompensated standard single-mode fiber (SMF), for fiber
input power of 10 dBm and subcarrier mapping of 16- and
64-QAM.

2 Theoretical Background
Adopted in optical systems as described in Ref. 16,
CE-OFDM is a modulation format where an electrical
carrier is phase modulated by conventional OFDM wave-
forms, which results in CE signals with PAPR ¼ 3 dB.
Therefore, an OFDM information-bearing waveform
xðtÞ¼C

PNs−1
k¼1 fR½XðkÞ�cosð2πktT Þ−I½XðkÞ�sinð2πktT Þg, with

fXðkÞgNs−1
k¼1 as the M-QAM data symbols, T ¼ N

Fs
is the

OFDM symbol time, N ¼ 2Ns þ 2 is the fast-Fourier trans-
form (FFT) length, Fs is the sampling rate, and C is a con-
stant, modulates the phase of an electrical carrier resulting in
a bandpass CE signal given as

EQ-TARGET;temp:intralink-;e001;63;315cðtÞ ¼ A cos½2πf0tþ ϕðtÞ�
¼ A cos½2πf0tþ θn þ 2πhCNxðtÞ�; (1)

where A is the signal amplitude, f0 is the carrier frequency,
ϕðtÞ is the phase signal during the n’th signal interval
nT ≤ t < ðnþ 1ÞT, θn is a memory term designed to
make the modulation phase continuous (when θn ¼ 0, the
modulation is memoryless), h is referred to as the electrical
PM index, and CN is a constant that is used to normalize
the variance of the message signal xðtÞ.9 Without loss of
generality, the CE signal cðtÞ given by Eq. (1) can be rewrit-
ten as cðtÞ ¼ A cos½w0tþ sðtÞ�, where sðtÞ ¼ 2πhxðtÞ for
w0 ¼ 2πf0, CN ¼ 1, and θn ¼ 0.

The optical field at output of a conventional single arm
MZM characterized by its switching voltage Vπ and biased
by Vbias is a bandpass signal centered at frequency wc ¼
2πfc given as

EQ-TARGET;temp:intralink-;e002;63;110EMZMðtÞ ¼ cos

�
πcðtÞ
2Vπ

−
πVbias

2Vπ

�
·

ffiffiffiffiffiffi
2P

p
cosðwctÞ; (2)

where P is the power of the continuous wave laser signal
fed into the MZM optical input. Biased at its null point
(Vbias ¼ Vπ), the MZM output signal can be rewritten as

EQ-TARGET;temp:intralink-;e003;326;719

EMZMðtÞ ¼ sin

�
πcðtÞ
2Vπ

�
·

ffiffiffiffiffiffi
2P

p
cosðwctÞ

¼
ffiffiffiffiffiffi
2P

p
· sin½FðtÞ� · cosðwctÞ; (3)

where FðtÞ ¼ πcðtÞ
2Vπ

. After optical preamplification with gain
G, the balanced receiver input signal can be written as

EQ-TARGET;temp:intralink-;e004;326;629

EsðtÞ ¼
ffiffiffiffiffiffiffiffiffiffi
2GP

p
· sin½FðtÞ� · cosðwctÞ

þ niðtÞ cosðwctÞ þ nqðtÞ sinðwctÞ; (4)

where niðtÞ and nqðtÞ are the in-phase and quadrature com-
ponents of the amplifier noise with power spectrum density
given by NASE∕2 and variance σ2n ¼ NASE · Bo, with Bo the
bandwidth of the optical filter at its output.

If we describe the optical field of the local oscillator
(LO) source as ELO ¼ ALOejwLOtþjθLO , then RfELOg ¼
ALO cosðwLOtÞ for ELO is its amplitude, wLO is its frequency,
and θLO is the laser phase, which is zeroed for the sake of
simplicity. The beating of the optical signal and the LO at
the 90-deg optical hybrid results in two photocurrents
from the balanced photodiodes (PDs) defined as I1ðtÞ ¼
RjRf 1ffiffi

2
p ðES þ ELOÞgj2 and I2ðtÞ ¼ RjRf 1ffiffi

2
p ðES − ELOÞgj2,

for R is the PD responsivity and R is the real part.22

Hence, I2ðtÞ can be expressed as

EQ-TARGET;temp:intralink-;e005;326;418

I2ðtÞ ¼
R
2

n
2GP sin2½FðtÞ�cos2ðwctÞ þ n2i cos

2ðwctÞ
þ n2q sin2ðwctÞ þ A2

LO cos2ðwLOtÞ
þ2

n ffiffiffiffiffiffiffiffiffiffi
2GP

p
sin½FðtÞ�cos2ðwctÞni

þ
ffiffiffiffiffiffiffiffiffiffi
2GP

p
sin½FðtÞ� cosðwctÞ sinðwctÞnq

þ ninq sinðwctÞ cosðwctÞ
− ALO cosðwLOtÞ

n ffiffiffiffiffiffiffiffiffiffi
2GP

p
sin½FðtÞ� cosðwctÞ

þ ni cosðwctÞ þ nq sinðwctÞ
ooo

: (5)

Using the same mathematical description in I1ðtÞ
current, the resulting electrical current can be expressed as
follows:

EQ-TARGET;temp:intralink-;e006;326;224

IðtÞ ¼ I1 − I2

¼ 2RALO cosðwLOtÞ
n ffiffiffiffiffiffiffiffiffiffi

2GP
p

sin½FðtÞ� cosðwctÞ

þ ni cosðwctÞ þ nq sinðwcÞ
o
: (6)

Therefore, assuming that the LO is frequency locked to
the received signal ðwLO ¼ wcÞ, the current at the balanced
photoreceiver output can be written as
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EQ-TARGET;temp:intralink-;e012;63;748

IðtÞ ¼ 2RALO

n ffiffiffiffiffiffiffiffiffiffi
2GP

p
sin½FðtÞ�cos2ðwctÞ

þ ni cos2ðwctÞ þ nq sinðwctÞ cosðwctÞ
o

¼ RALO

n ffiffiffiffiffiffiffiffiffiffi
2GP

p
sin½FðtÞ�½1þ cosð2wctÞ�

þ ni½1þ cosð2wctÞ� þ nq sinð2wctÞ
o
: (7)

After low-pass filtering, this signal can be expressed as

EQ-TARGET;temp:intralink-;e008;63;643IðtÞ ¼ RALO

n ffiffiffiffiffiffiffiffiffiffi
2GP

p
sin½FðtÞ� þ ni

o
; (8)

EQ-TARGET;temp:intralink-;e009;63;603IðtÞ ¼ RALO

n ffiffiffiffiffiffiffiffiffiffi
2GP

p �
πcðtÞ
2Vπ

�
þ ni

o
: (9)

Considering the first-order Taylor’s expansion that allows
sin½FðtÞ� ¼ sin

�πcðtÞ
2Vπ

�
≈ πcðtÞ

2Vπ
and substituting FðtÞ and Eq. (1)

into Eq. (9), the received bandpass signal becomes

EQ-TARGET;temp:intralink-;e010;63;526IðtÞ ¼ RALO

ffiffiffiffiffiffiffiffiffiffi
2GP

p
π

2Vπ
· A cos½w0tþ sðtÞ� þRALO · ni: (10)

Finally, if we apply the Hilbert transform and signal
downconversion in Eq. (10), the baseband CE-OFDM signal
can be recovered as follows:

EQ-TARGET;temp:intralink-;e011;326;752

HMfIðtÞge−jw0t

¼ K1 cos½w0tþ sðtÞ�e−jw0t þ K2nie−jw0t

þ jfK1 sin½w0 þ sðtÞ�e−jw0t þ K2Hfnige−jw0tg

¼ K1

ej½w0tþsðtÞ� þ e−j½w0tþsðtÞ�

2
e−jw0t þ K2nie−jw0t

þ j
n
K1

ej½w0tþsðtÞ� − e−j½w0tþsðtÞ�

2j
e−jw0t þ K2Hfnige−jw0t

o

¼ K1

ejsðtÞ þ e−j½2w0tþsðtÞ�

2
þ K2nie−jw0t

þ j
n
K1

ejsðtÞ − e−j½2w0tþsðtÞ�

2j
þ K2Hfnige−jw0t

o

¼ K1ejsðtÞ þ K2nie−jw0t þ jðK2Hfnige−jw0tÞ
¼ K1 cos½sðtÞ� þ K2½ni cosðw0tÞ þHfnig sinðw0tÞ�
þ jfK1 sin½sðtÞ� þ K2½−ni sinðw0tÞ þHfnig cosðw0tÞ�g:

(11)

From the above equation, the CE-OFDM signal is derived as

EQ-TARGET;temp:intralink-;e012;326;502ŝðtÞ ¼ arctan

�
IfHMfIðtÞge−jw0tg
RfHMfIðtÞge−jw0tg

�
; (12)

or equivalently by

EQ-TARGET;temp:intralink-;e013;63;435ŝðtÞ ¼ arctan

	
K1 sin½2πhxðtÞ� þ K2½−ni sinðw0tÞ þHfnig cosðw0tÞ�
K1 cos½2πhxðtÞ� þ K2½ni cosðw0tÞ þHfnig sinðw0tÞ�



; (13)

with K1 ¼ RALO

ffiffiffiffiffiffiffi
2GP

p
πA

2Vπ
, K2 ¼ RAL0, and the Hilbert transform is

used to generate a complex signal according to the definition
HM∶R → C, HM∶gðtÞ → ½gðtÞ;HfgðtÞg�. It should be noticed
from Eq. (13) that in the absence of noise ŝðtÞ ¼ sðtÞ ¼
2πhxðtÞ. To recover the OFDM information-bearing waveform
xðtÞ at the receiver, a discrete phase demodulator is implemented
by an arc tangent processor that simply calculates its argument,
followed by a phase unwrapper, which compensates for the
effect of phase ambiguities.

3 Electrical Domain CE-OFDM for Optical
Coherent-Detection Systems

The CO-CE-OFDM system model and the effect of the OMI
in its performance are described and discussed in this sec-
tion. The performance is evaluated in terms of bit-error-
rate (BER) for different values of OMI ¼ VRMS

Vπ
× π, where

VRMS is the root-mean-square (RMS) value of the electrical
CE-OFDM signal at MZM input and Vπ is the MZM switch-
ing voltage.7 It should be stressed that for CE-OFDM the
VRMS ¼ A∕

ffiffiffi
2

p
, where A is the signal amplitude.

Figure 1 shows a block diagram of the proposed
100-Gb∕s CO-CE-OFDM model for long-haul optical
systems. The CE-OFDM model is exactly the same as we
proposed in Ref. 16 and experimentally demonstrated in
Refs. 23 and 24. As described in Ref. 16, at the first glance,
the 3-dB PAPR signals are generated to combat the MZM
nonlinear distortions. Unlike conventional OFDM systems
in which the bandpass signals are obtained after an amplitude

modulation, in this approach, a phase modulator with carrier
frequency f0 is employed to generate CE signals. Therefore,
the PM index 2πh is an important parameter in the spectral
efficiency (see inset Fig. 1) and system performance (see
Fig. 2 in Ref. 16) trade-off.

As shown in the spectra depicted in Fig. 1, one single-
sideband optical signal is transmitted over amplified
dispersion-uncompensated spans of standard SMF. [We
assume that the erbium-doped fiber amplifiers have high
gain so that amplified spontaneous emission (ASE) is the
dominant noise source in the system.] After optical bandpass
filtering, the optical waveforms are detected by a simple bal-
anced photoreceiver preceded by a hybrid composed by an
optical coupler that adds a 180-deg phase shift to either the
waveform or the LO field. The phase demodulator is imple-
mented by an arc tangent that simply extracts its argument,
followed by a phase unwrapper to minimize the effect of
phase ambiguities.16,23,24 The transmitter inverse operations
are implemented at the OFDM receiver.

3.1 Optimum OMI for CO-CE-OFDM Systems

To analyze the effect of the OMI in the system performance,
we conduct Monte Carlo simulations of the system depicted
in Fig. 1. The electrical parameters used in all conducted
simulations are summarized in Table 1. The BER is evalu-
ated by counting the number of different bits between at least
764,000 transmitted and received bits. The ASE noise is
assumed to be dominant over thermal and shot noises, and
it is modeled as an additive white Gaussian noise (AWGN).
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We have considered standard SMF with loss of α ¼
0.2 dB∕km, dispersion of D ¼ 17 ps∕ðnm:kmÞ, effective
area Aeff ¼ 8 × 10−11, and nonlinear coefficient of γ ¼
1.365 1∕ðW:kmÞ at λ ¼ 1550 nm.

The results in Fig. 2 show a performance comparison
between conventional CO-OFDM and the proposed CO-
CE-OFDM systems for several values of OMI and different
PM indices 2πh. As expected, the performance of both sys-
tems decreases with the optical index. The CO-CE-OFDM
system tolerates higher values of OMI due to its intrinsic
CE characteristics. Thereby, it is less sensitive to signal clip-
ping induced by the MZM.

Figures 2(a) and 2(c) show that, for 16-QAM subcarrier
mapping, CO-CE-OFDM outperforms the conventional CO-
OFDM system in all values of OMI, for 2πh ¼ 3.5, in both
back-to-back (B2B) and after 1200 km of SMF. However, for
2πh ¼ 2.5 and 3.0, this is true for OMI ⪆3.2 and 2.0, respec-
tively. Figures 2(b) and 2(d) show that, for 64-QAM subcar-
rier mapping, CO-CE-OFDM outperforms the conventional
system in all considered values of 2πh, for OMI ≥2, in both
B2B and after propagation through 1200 km of standard
SMF. It also can be seen that, for higher modulation levels,
performance penalties increase with the aforementioned
optical index.

Aiming to increase spectral efficiency, low PM indices
should be considered, as shown in the spectra depicted in
the inset of Fig. 1. However, for low values of 2πh, the sim-
ulation results illustrate bad performance, as suggested by
the trade-off between performance and bandwidth imposed
by PM schemes. Therefore, for the rest of the performance
analyses, we preferred to use OMI ¼ 2.5 as an optimal value
of OMI for the CO-CE-OFDM approach.

4 Performance Simulation Results and Discussion
Numerical simulations have been conducted to assess
the BER as a function of optical signal-to-noise ratio
(OSNR) to compare the performance of both conventional
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CO-OFDM and CO-CE-OFDM systems. Here, the ASE is
assumed to be dominant, and it is modeled as an AWGN.
Figures 3 and 4 show the performance comparison in
B2B and after 1200 km of standard SMF, respectively,
obtained for fiber input power of 0 dBm and OMI ¼ 2.5.

Figure 3(a) shows that for high values of OSNR, the
CO-CE-OFM performance gain increases with the 2πh
parameter. In this case, the best performance occurs for
2πh ¼ 3.5, at a cost of a spectral broadening (see inset
Fig. 1). The BER floors occurred for 2πh ¼ 2 and 2.5 are
explained by the fact that such CE signals with a smaller
PM index are more vulnerable to noise.16

The performance gains are prominent for higher modula-
tion levels as shown in Fig. 3(b). In this situation, the best
performance was obtained for 2πh ¼ 3.0. We conjecture that
the floor, which emerged at 2πh ¼ 3.5, is due to the intrinsic
nonlinear characteristics of such PM. In this case, the signal
is strongly affected by noise, and the phase jumps that may
occur at the output of the arc tangent demodulator degrades
the performance.9

In addition to an OSNR penalty around 0.5 dB, a similar
behavior occurred after propagation through 1200 km of
SMF, as depicted in Fig. 4(a). It is clear from Fig. 4(b)
that, for 64-QAM, the performance is almost the same for
2πh ¼ 3.0 and 3.5. For OSNR ¼ 36 dB, the conventional
CO-OFDM obtained a BER close to 10−1 while for the
CO-CE-OFDM this metric reaches 10−5 as illustrated by
the scatterplot shown in Fig. 4(b).

Furthermore, we also conducted Monte Carlo simulations
to estimate the performance of both systems under the influ-
ence of fiber nonlinearity impairments. Simulation results
generated by varying the fiber input power Pin show the
NLT of the proposed 100-Gb∕s system. In the numerical
simulations, we employed the split-step Fourier method
for the signal propagation modeled by the generalized non-
linear Schrödinger equation, including fiber CD and Kerr
effects7,16 In this case, the performance was measured in
terms of error vector magnitude (EVM) given as described
in Ref. 25. We preferred to evaluate the EVM for extreme
values of OMI to emphasize the performance gains measured
in the comparison, which is impossible in the BER evalu-
ation due to error-free measurements obtained in the CO-
CE-OFDM system.

Table 1 Main parameters of the CO-CE-OFDM system.

Parameter Value

Raw bit rate Rb 100 Gb∕s

Nominal bit rate Rn ≈120 Gb∕s

Subcarriers mapping 16- and 64-QAM

Bandwidth Bw ¼ Rn∕ log2ðMÞ ≈30 and ≈20 GHz

Cyclic prefix duration T cp ≥ D · Bw · C
f 2c

4.62 and 3.08 ns

Symbol duration Ts 255.53 and 191.65 ns

FFT size N 8192 and 4096

Number of data subcarriers Ns 3820 and 1910

Central frequency f 0 25 GHz

0 5 10 15 20 25 30
−5

−4

−3

−2

−1

0

OSNR (dB)

(a)

L
og

10
 (

B
E

R
)

0 10 20 30 40
−5

−4

−3

−2

−1

0

OSNR (dB)

(b)

L
og

10
 (

B
E

R
)

CO-OFDM

CO-CE-OFDM 2πh = 2.0

CO-CE-OFDM 2πh = 2.5

CO-CE-OFDM 2πh = 3.0

CO-CE-OFDM 2πh = 3.5

Fig. 3 BER as function of OSNR in B2B: (a) 16-QAM and (b) 64-QAM subcarrier mapping.
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Fig. 4 BER as function of OSNR after 1200 km of SMF: (a) 16-QAM and (b) 64-QAM.
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Indeed, the results shown in Figs. 5(a) and 5(b) reveal that
the proposed CO-CE-OFDM system outperforms conven-
tional coherent-detection OFDM systems for Pin ≥ 0 dBm.
Figure 5(a) shows that, for 16-QAM, a gain around 24 dB
was obtained when OMI ¼ 0.5, 2πh ¼ 3, and Pin ¼
10 dBm. However, for a higher optical index (OMI ¼
3.5), this gain reduces to 13 dB. The results also show that
the NLTof the proposed system decreases for Pin ≥ 10 dBm.

It can be seen from Fig. 5(b) that, for OMI ¼ 3.5, an
almost similar behavior takes place when 64-QAM is
used. However, the same performance observed in Fig. 5(a)
for the two considered PM index (2πh ¼ 3 and 2πh ¼ 3.5)
in the CO-CE-OFDM system does not manifest when
OMI ¼ 0.5 is employed. Instead, when compared to the
conventional CO-OFDM system, a performance gain around
26 dB is registered for Pin ¼ 10 dBm.

5 Conclusion
A low PAPR CO-OFDM system has been proposed and dis-
cussed to increase tolerance toward MZM and fiber nonli-
nearities. Based on CE signals (PAPR ¼ 3 dB) obtained
after electrical PM, the denominated CO-CE-OFDM scheme
outperforms conventional optical coherent-detection OFDM
systems, in some specific circumstances. The simulation
results showed that the proposed 100-Gb∕s system with
16- and 64-QAM subcarrier modulation outperforms a con-
ventional CO-OFDM system if an OMI ¼ 2.5 and an elec-
trical PM index 2πh ¼ 3 are adopted. Despite the signal
bandwidth enlargement, the achieved large NLT is attractive
for fiber input power greater than 0 dBm, after propagation
through 1200 km of dispersion-uncompensated standard
SMF. A performance gain up to 26 dB was achieved for
10-dBm optical power, OMI ¼ 0.5, 2πh ¼ 3, OSNR ¼
40 dB, and 64-QAM subcarrier mapping.
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