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Phase Noise Effects on High Spectral Efficiency
Coherent Optical OFDM Transmission

Xingwen Yi, William Shieh, Member, IEEE, and Yiran Ma

Abstract—There are three major advantages for coherent op-
tical orthogonal frequency-division multiplexing (CO-OFDM)
transmission using digital signal processing. First, coherent detec-
tion is realized by digital phase estimation without the need for
optical phase-locked loop. Second, OFDM modulation and demod-
ulation are realized by the well-established computation-efficient
fast Fourier transform (FFT) and inverse FFT. Third, adaptive
data rates can be supported as different quadrature amplitude
modulation (QAM) constellations are software-defined, without
any hardware change in transmitter and receiver. However, it is
well-known that coherent detection, OFDM, and QAM are all
susceptible to phase noise. In this paper, theoretical, numerical,
and experimental investigations are carried out for phase noise
effects on high spectral efficiency CO-OFDM transmission. A
transmission model in the presence of phase noise is presented.
By using simulation, the bit error rate floors from finite laser
linewidth are presented for CO-OFDM systems with high-order
QAM constellations. In the experiments, the phase noise effects
from both laser linewidth and nonlinear fiber transmission are
investigated. The fiber nonlinearity mitigation based on receiver
digital signal processing is also discussed.

Index Terms—Coherent communication, common phase error
(CPE), dispersion, intercarrier interference (ICI), intersymbol
interference (ISI), optical fiber communication, orthogonal
frequency-division multiplexing (OFDM), phase estimation,
phase noise, quadrature amplitude modulation (QAM), signal
processing.

I. INTRODUCTION

IGITAL signal processing has been revolutionizing com-

munication networks. However, the applications of digital
signal processing to optical transmissions were hampered by
the complexity of high-speed operations. Recent advances of
microelectronics, such as analog-to-digital converters (ADCs),
digital-to-analog converters (DACs), and digital signal proces-
sors, have enabled various applications of digital signal pro-
cessing of optical signals at 10 Gb/s [1], [2]. These applications
take advantage of the sophistication and flexibility of software
to enhance optical transmissions.
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Fig. 1. Conceptual diagram of software-enhanced optical transmission. DSP:
digital signal processor.

Fig. 1 shows the conceptual diagram of software-enhanced
optical transmission (SEOT). A salient difference to conven-
tional optical transmissions is the presence of DAC/ADC and
digital signal processors. For optimization and application
purposes, there are low-speed interactions among digital signal
processors, DAC or ADC, and the front end in Fig. 1. SEOT is
best understood from the development of electronic dispersion
compensation (EDC). For instance, for conventional front ends
of intensity modulation/direct detection (IM/DD) systems,
maximum-likelihood sequence estimation (MLSE) can be
used [2]; for an optical in-phase/quadrature (IQ) modulator
and direction detection, precompensation can be used [1]; for
a coherent detection front end, digital phase estimation can
be used to replace conventional optical phase-locked loops
(OPLL) [3]; for an optical IQ modulator and coherent detection
front end, coherent optical OFDM (CO-OFDM) can be realized
[4]. In these examples, their front ends are quite different, but
they all take advantage of digital signal processing to achieve
significant performance enhancements of chromatic dispersion
tolerance. However, the capabilities of SEOT are far beyond
dispersion compensation.

CO-OFDM is a typical example of SEOT to leverage
the capabilities of digital signal processing [5]. In a generic
CO-OFDM system, the transmitter front end includes an optical
IQ modulator and the receiver front end includes a coherent
receiver. Consequently, the transmitter fully controls the optical
carrier and the receiver accesses all the optical information,
which significantly enhance the capabilities of digital signal
processing. Its detailed architecture, digital signal processing,
and system performance have been reported in [4], [6]-[8].
By running different software in a digital signal processor,
CO-OFDM presents numerous flexibilities and advantages.

* Without any hardware change, each subcarrier can have

different modulation formats, including quadrature ampli-
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tude modulation (QAM). In essence, the channel data rate
can be adjusted according to the optical channel condition.

* Some hardware imperfections of the front end can be ad-
dressed by software, such as the laser phase drift [7] and the
nonlinear transfer function of the optical modulator [9].

» The transmission channel characteristics can be monitored
by means of receiver signal processing [10]. Subsequently,
all the OFDM parameters, from subcarrier number to in-
dividual subcarrier modulation format, can be optimized
[11].

» The fiber linear dispersion and nonlinear phase noise can
be mitigated by digital signal processing [8].

Note there are some other varieties of optical OFDM [12],
[13], which may have simpler front ends. However, they do
not have all the advantages of CO-OFDM owing to coherent
detection.

Unfortunately, it is commonly accepted that coherent detec-
tion, OFDM, and QAM are all susceptible to phase noise. Prior
to this work, the discussions of phase noise on coherent detec-
tion and QAM are focused on single-carrier optical transmis-
sion systems and most of them are for OPLL [14], [15]. Phase
noise on OFDM is mainly in the context of wireless transmis-
sions [16]-[19]. Therefore, it is of great interest to investigate
phase noise on CO-QAM-OFDM transmissions.

This paper is organized as follows. In Section II, a CO-OFDM
transmission model in the presence of phase noise is presented
with an emphasis on digital signal processing, and the ter-
minologies in this paper are introduced. In Section III, the
bit error rate (BER) performance limited by additive white
Gaussian noise (AWGN) and laser phase noise is separately
investigated. The BER performance in AWGN is presented
in terms of optical signal-to-noise ratio (OSNR). The BER
floors of different M-QAM-OFDM contributed by laser phase
noise are presented with extensive simulations. In Section IV,
phase noise effects on CO-QAM-OFDM systems are investi-
gated by two experiments, in which the effective bit rates of
16-QAM-OFDM and 64-QAM-OFDM are 10.59 and 15.89
Gb/s, respectively. Without polarization multiplexing, their
spectral efficiencies are 2.8 and 4.2 bit/s/Hz, correspondingly.
In the first experiment, phase noise effects from laser phase
noise on 16-QAM-OFDM and 64-QAM-OFDM are experi-
mentally measured and compared to the simulation results.
In the second experiment, nonlinear phase noise effects from
a single-span transmission with high launch power and a
multi-span long haul transmission, up to 1000 km, are shown
and discussed. The fiber nonlinearity mitigation based on
receiver digital signal processing is also discussed.

II. TRANSMISSION MODEL OF CO-OFDM USING
DIGITAL SIGNAL PROCESSING

There are many varieties of coherent detection, OFDM, and
QAM. Consequently, phase noise effects can vary significantly
for them. In this work, coherent detectionis realized through dig-
ital phase estimation and compensation by pilot-aided phase es-
timation described in [7]. Data-aided phase estimation is not
considered here due to the implementation difficulties when
QAM formats are used [20]. M-QAM stands for square QAM
with gray coding and rectangle decision areas. M-QAM may not
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Fig. 2. OFDM demodulation.

be the optimum constellation in the presence of phase noise, but
it is the most practical one, especially for higher order constel-
lations [20], [21]. The principle of OFDM transmission is well-
discussed in [11] and [22], and the architecture of CO-OFDM
is detailed in [4] and [5]. The following description aims to in-
troduce the transmission model using digital signal processing
and the terminologies used in this paper.

The receiver front end in this work is a coherent optical re-
ceiver and digital signal processing starts from a sampled se-
quence with an ADC at a time interval of 7. When hetero-
dyne coherent detection is used, the sampled signal needs to be
software down-converted to baseband, which involves interme-
diate frequency (IF) synchronization [4]. Fig. 2 shows OFDM
demodulation by fast Fourier transform (FFT). The time dura-
tion of one OFDM symbol and guard interval are 75 and T,
respectively. The guard interval is the so-called cyclic prefix
(CP) to eliminate intersymbol interference (ISI). The CP ratio,
rep = Ty/Ts, is used to describe the overhead of CP since it
carries no additional information. By digital signal processing,
the FFT window is located and N, sampling points are sub-
sequently selected to perform FFT, or OFDM demodulation.
FFT length is N, which is the total number of subcarrier. The
sampling speed is 1/T, and therefore the FFT window period
isTy, — Ty, = N,T. In practice, part of subcarriers, so-called
virtual subcarriers, are set to zeros to obviate the aliasing noise
during sampling or to facilitate electrical filtering.

By using digital phase estimation, the coherent detection is
realized after digital phase estimation and compensation, even
though the local laser is free-running. As a result, the sampling
sequence before OFDM demodulation includes laser phase
noise. The transmission model of CO-OFDM can be found
in [7], which is a parallel multiple subcarrier transmission
model. By assuming a perfect FFT window synchronization,
the CO-OFDM transmission model is given by

Yir = Tixhiee? '+ e + g 1

2 L Zeﬂ’(n) )

where ;5 and y;;, are the M-QAM modulated data of the kth
subcarrier in the sth OFDM symbol before and after transmis-
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sion, hy, is the transmission channel response at kth subcarrier,
®(n) is the laser phase noise sampling sequence with the T
time interval, m;; is complex white Gaussian noise. e is
intercarrier interference (ICI) and is generally treated as white
Gaussian noise when a large number of OFDM subcarriers are
used. The expression of €;; can be found in [17]. ®§ is common
phase error (CPE) and is contributed either by the laser phase
drift or the phase noise during optical fiber transmissions.
Note the transmission channel for each subcarrier starts from
OFDM modulation (inverse FFT) in transmitter and terminates
at OFDM demodulation (FFT) in receiver. As a result, the
transmission channel response Ay includes not only the optical
channel but also the front ends and ADC/DAC.

The laser phase noise sequence ®(n) is generally treated as
a zero-mean Gaussian process. For the small phase change, ®f
is linearly related to ®(n), and consequently is also zero-mean
Gaussian process. The variance of phase difference is related to
laser linewidth and used to indicate the strength of phase noise,
defined as

2_ L
(& Nf

o S (@ - ¢ 4)* = 20 pT, 3)
where (3 is the combined linewidth of transmitter and receiver
lasers, Ny is the number of OFDM symbols used to calculate
the variance.

In (1), CPE & is independent of subcarrier and can be esti-
mated and compensated by using several pilot subcarriers de-
scribed in [7]. The channel response in optical transmission
is slowly varying and therefore hj is independent of OFDM
symbol within a block of OFDM symbols. In this work, some
OFDM symbols are used as the preamble to estimate hy. After
CPE and transmission channel response estimation, the recov-
ered transmitted data are

Tl = it - e 7P B/ |

=z + (eik + nix) - e 7 BE /|2 4)

The recovered data of each subcarrier are corrupted by a noise
term. With some assumptions, the performance after compensa-
tion may be approximated [ 18], [19], but the accurate evaluation
has to employ numeric simulations, especially for high-order
QAM formats.

For convenience, the mathematical symbols used in this paper
are summarized in Table I.

III. BER PERFORMANCE DUE TO GAUSSIAN
NOISE AND LASER PHASE NOISE

In CO-OFDM transmission systems, three main noise sources
are additive white Gaussian noise from amplified spontaneous
emission (ASE) noise, laser phase noise from transmitter and re-
ceiver lasers, and nonlinear phase noise from optical fiber trans-
missions. The BER performance is separately discussed for the
first two noises in this section. The third noise is discussed in
Section IV.

A. BER Performance in AWGN

The BER performance of M-QAM-OFDM has been doc-
umented in [11], [20], and [22] in terms of SNR (per bit
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TABLE 1

LIST OF MATHEMATICAL SYMBOLS
T sampling time interval of ADC
Ts time duration of OFDM symbol
Ty time interval of cyclic prefix
Tep ratio of Ty to T
7 index of OFDM symbol
k index of OFDM subcarrier
Tk transmitted data at :ith OFDM symbol and kth subcarrier
Yik received data at sth OFDM symbol and kth subcarrier
hi optical channel response at kth subcarrier
Nse number of subcarriers

Nscu  number of used subcarriers

Np number of pilot subcarriers

®(n) laser phase drift sequence

¢ common phase error sequence

I6] combined laser linewidth of transmitter and receiver lasers
r ratio of combined laser linewidth to symbol rate

a? phase variance of &

Nk additive complex white Gaussian noise

Eik inter-carrier interference

M constellation points of square QAM

Rs SNR per symbol
Ry, SNR per bit

Spectral efficiency log,M (bit/s/Hz)

L s S

OSNR (dB)

4 16 64
Constellation points M

256

Fig. 3. Required OSNR at 10—2 and 10—> BER for CO-QAM-OFDM at a
fixed total bit rate of 10 Gb/s. The curve with triangles is for 102 BER, and
the curve with squares is for 10~ BER.

unless otherwise stated). However, OSNR is widely used in the
optical community. If the total transmission bit rate is fixed,
it is of interest to know the BER performance of different
M-QAM-OFDM in terms of OSNR. Note the BER perfor-
mance versus SNR is bit-rate independent whereas the BER
performance versus OSNR depends on bit-rate and spectral
efficiency because OSNR is defined in 0.1-nm bandwidth. In
this work, SNR and OSNR are linearly related due to coherent
detection.

Fig. 3 shows the required OSNR at 10~3 and 10~° BER
for CO-QAM-OFDM systems at a fixed 10-Gb/s total bit rate
with ideal conditions. For simplicity, there is no guard interval,
or T, = 0, and the detection corresponds to direct down-con-
version or homodyne detection. The BER performance of
M-QAM-OFDM is calculated by (12) in the Appendix. The
BER performance of BPSK is also included. As shown in
Fig. 3, the lowest OSNR is achieved with 4-QAM-OFDM and
BPSK-OFDM. Compared with conventional IM/DD systems
[2], 16-QAM-OFDM still has a better OSNR performance.
Therefore, both 4-QAM-OFDM and 16-QAM-OFDM are
favorable for optical transmissions. Note the results in Fig. 3
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are linearly scalable to higher bit-rate systems. For instance, the
OSNR curves can be shifted 6 dB upward for 40-Gb/s systems.

In practical CO-QAM-OFDM implementations, cyclic prefix
and pilot subcarriers are necessary overheads and require more
bandwidth. Consequently, there is an OSNR penalty in addition
to the results in Fig. 3. The penalty in the linear scale can be
written as

NSCU
Np)(l - TCP)

where N, is used subcarriers for data transmission and pilot,
N,, is the number of pilot subcarriers.

Pen = )

(Nscu -

B. Simulation Results of Laser Phase Noise Effects

The laser phase noise is characterized by its linewidth. There-
fore, the system design of CO-OFDM systems has to take ac-
count of laser linewidth. Specifically, the constraints in terms
of the number of subcarriers Ny. and the constellation points
M need to be investigated for a specific laser linewidth. On the
other hand, it may be advantageous to have large values of these
parameters for ISI tolerance and high spectral efficiency. The
trade-off of these two considerations has to be made to choose
appropriate N, and M for a specific application, which is the
aim of this section.

T, is used to combat ISI but wastes bandwidth. Therefore, 7},
should be small to limit the overhead. In this work, 7., is fixed as
(1)/(17), and therefore T}, is proportional to Ng.. N, is related
to tolerable chromatic dispersion D, and ratio of combined laser
linewidth to subcarrier symbol rate I as [5]

¢ | D¢l TopNseT
W o Tepfsed 6
2T 77 1—rgy ©
N T
r—pn, =" %
1—rep

where c is light speed and f is optical carrier frequency. Note
(1)/(T) is the total bandwidth of N, subcarriers and (1)/(T%)
is the subcarrier symbol rate. The ISI source is limited to chro-
matic dispersion in this work. The PMD induced ISI is simply a
substitution of the left side by maximum DGD in (6). The ratio
of combined laser linewidth to subcarrier symbol rate defined
by (7) determines the BER performance of M-QAM-OFDM.
As per the discussion of (4), the evaluation of BER perfor-
mance of M-QAM-OFDM in the presence of phase noise is
complicated by two facts: the noise distribution on each con-
stellation point is non-Gaussian; the same phase noise has dif-
ferent effect for different constellation points. Therefore, ex-
tensive Monte Carlo simulations are carried out. To isolate the
phase noise effect, no ASE noise is added in the simulations.
Fig. 4 shows the BER floors of varying laser linewidth and
QAM constellation. The OFDM frame and digital signal pro-
cessing of the simulation are almost identical to those used in the
following experiment. In simulation, the OFDM trace from the
transmitter program is directly sent to the receiver program. In
our experiment, the OFDM trace from the transmitter program
is sent to the waveform generator, and the sampling trace from
the scope is fed to the receiver program. The laser phase noise is
simulated by white Gaussian frequency noise. Each BER point
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Fig. 4. BER floors of M-QAM-OFDM from finite laser linewidth. Subcarrier
number is 128. Symbol rate for each subcarrier is 73.5 MSymbol/s.

TABLE II
REQUIRED LASER LINEWIDTH FOR M-QAM-OFDM
M B «Hzy / T |pB (kHz) [/ T
(BER=10"9) (BER=10"%)

1700 /2.3 x 10~2
322 /4.4 %103
69.6 /9.5 x 10™4
146 /1.9 x 1074

4 4100/ 5.6 x 10~2
16 | 956/ 1.3 x 102

64 | 222/3.0x10°3
256 | 61.1 /8.3 x 104

is recorded where there are more than 100 errors. The main pa-
rameters are N,. = 128, r., = (1)/(17). The symbol rate for
each subcarrier is fixed to 73.5 MSymbol/s. The rest of the pa-
rameters will be described in the experimental setup description
in Section IV.

Given a BER floor, I' or laser linewidth of different
CO-QAM-OFDM can be found in Fig. 4. At the same time,
the number of subcarriers may be changed according to (6) and
(7). Table II reports the values with 73.5 MSymbol/s for each
subcarrier.

From Table II, 16-QAM-OFDM requires a combined
laser linewidth of 322 kHz at 10~° BER. Since the com-
mercially available semiconductor lasers can have linewidth
about 100 kHz [23], coherent optical 16-QAM-OFDM seems
feasible.

OSNR penalty has been widely used to evaluate the system
performance. Therefore, it is of interest to study OSNR penalty
due to laser phase noise. Although accurate evaluation relies
on numeric simulation, there are a few analytical estimation
methods [16], [20]. An approximation in linear scale is given
below [16]

Pen =1+ 02R, 3)
=1+ 2nB1, R, ©
R. = k- OSNR (10)

where SNR per symbol R; is linearly dependent on OSNR by
the coefficient k because of coherent detection. Under ideal con-
ditions, k is the ratio of 12.5 GHz (0.1-nm OSNR resolution)
to the receiver electrical bandwidth. In practical systems, k de-
pends on various detection parameters but can be obtained em-
pirically since the parameters are generally unchanged. SNR per
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Fig. 5. Experimental setup. Dual Mach—Zehnder modulator. Arbitrary wave-
form generator. Time-domain scope. Optical band-pass filter.

symbol R is related to SNR per bit R, by (11) in the Appendix.
Note the OSNR penalty depends on the OSNR value and is pro-
portional to the OSNR value, which means that phase noise is
more problematic for the high-order modulation that requires
high OSNR.

IV. EXPERIMENTAL INVESTIGATIONS OF PHASE NOISE EFFECTS

The phase noise in CO-QAM-OFDM transmissions are
mainly contributed from laser sources, optical amplifiers, and
nonlinear effects in optical fibers. The ASE-induced phase noise
is well-behaved as AWGN and is not discussed here. Therefore,
the experimental investigations are separated into two parts for
laser phase noise and nonlinear phase noise, respectively. This
section is the extension of the previous work in [24]. The main
addition is the discussion on the effectiveness of fiber nonlinear
phase noise mitigation based on receive signal processing.

A. Experimental Setup

The experimental setup is similar to the previous work
[8], and Fig. 5 is a simplified illustration with an emphasis
on hardware structure. Due to the advantage of SEOT, the
experimental structures of transmitter and receiver are for any
M-QAM-OFDM. Recall the conceptual diagram in Fig. 1. The
transmitter front end in this experiment includes an external
cavity laser, an optical IQ modulator, and its radio-frequency
(RF) amplifiers. The receiver front end includes another ex-
ternal cavity laser, two polarization beam splitters (not shown
in Fig. 5) and two optical couplers, and two balanced receivers
with built-in RF amplifiers. The DAC is emulated by an ar-
bitrary waveform generator (AWG) operated at 10 GSa/s per
channel while the ADC is emulated by a time-domain sampling
scope (TDS) at 20 GSa/s due to the heterodyne detection. The
DAC in AWG and ADC in TDS both have eight-bit resolution.
The digital signal processors are substituted with a computer.

All the major changes to the previous work are in software
to accommodate the M-QAM-OFDM format. M-QAM modu-
lation uses gray coding and demodulation uses rectangular de-
cision areas. The pilot-aided phase estimation is based on the
description in [7] with a modification of QAM modulated pilot
subcarriers.

In this work, 128 OFDM subcarriers are used, N;. = 128
(or FFT length), but only 36 subcarriers are used for data
transmission. Eight more subcarriers, N, = 8, are reserved as
pilot subcarriers for laser phase drift estimation [7], and the
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Fig. 7. (a) Constellations of 16-QAM-OFDM and 64-QAM-OFDM.
(b) Back-to-back transmission performance. The solid lines without symbols
are for zero-linewidth lasers. The curves with crosses are simulated results with
101-kHz combined linewidth. The curves with squares are experimental results.

remaining subcarriers are padded with zeros to avoid aliasing
noise. The time duration of one OFDM symbol is Ts = 13.6 ns,
and the guard interval is T, = 0.8 ns. Note the 44 subcarriers
only occupy 3.5-GHz bandwidth, and the 36 data subcarriers
correspond to 2.65 GSymbol/s. Therefore, the effective bit
rates of 16-QAM-OFDM and 64-QAM-OFDM are 10.59 and
15.89 Gb/s, respectively. Without polarization multiplexing,
their spectral efficiencies are 2.8 and 4.2 bit/s/Hz, corre-
spondingly. Consequently, CO-QAM-OFDM can achieve high
spectral efficiency. In addition, since 44 subcarriers are less
than half of 128 subcarriers, the system can also be considered
as oversampling, which is used to avoid the aliasing noise.

B. Laser Linewidth Effects

The recirculating loop in Fig. 5 is bypassed to investigate the
laser linewidth effects. Fig. 7(a) shows the constellations from
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14400 QAM symbols. The SNR per symbol is about 25 dB for
both constellations. The combined linewidth 3 of transmitter
and receiver lasers can be estimated by (3). Fig. 6 shows the his-
togram of estimated laser phase drift. The measured results are
close to a Gaussian fit. From several measurements, the com-
bined laser linewidth (3 is estimated as about 101 kHz, which
is almost half of the specification of the lasers. The estimated
linewidth is subsequently used in the simulation, and the re-
sultant BER curve is compared with the experiment results in
Fig. 7(b). The BER curves of ideal lasers with zero-linewidth
are also included. Compared with the results in Fig. 3, the ideal
laser bounds in Fig. 7(b) increase about 4.1 dB to account for
the heterodyne detection and the OSNR penalty described by
(5). The heterodyne detection in this work is without image re-
jection filters, and it is expected that the system performance can
be improved by 3 dB if narrow optical filters are applied to reject
the image noise. The received OSNR is 11.1 dB at 10~3 BER for
16-QAM-OFDM from the experimental result. Note this result
shows that 16-QAM-OFDM can achieve similar OSNR perfor-
mance to conventional IM/DD systems [2]. 64-QAM-OFDM is
strongly limited by the laser phase noise and has an apparent
BER floor, confirmed by both the simulation and experiment.
In Fig. 7(b), the experimental curves become closer to the sim-
ulation curves for the higher OSNR. The main reason is that
the estimated 101-kHz linewidth includes small frequency jit-
ters, so-called 1/f frequency noise, which is also confirmed
by the imperfect Gaussian curve fitting in Fig. 6. This kind of
noise leads to overestimation of the laser linewidth but does not
degrade BER in high-bit-rate systems [25]. Therefore, the ac-
tual combined linewidth of the two lasers in this work should
be smaller than 101 kHz. In other words, the simulation BER
curves should be lower.

In Table II, it has been predicted that at 10~ BER, 16-QAM-
OFDM and 64-QAM-OFDM (73.5 MSymbol/s per subcarrier)
require a combined laser linewidth of 322 and 69.6 kHz, respec-
tively. The prediction is partially verified in Fig. 7(b), which
shows that 16-QAM-OFDM can have a BER lower than 10~°
whereas 64-QAM-OFDM cannot.

C. Nonlinear Phase Noise From Optical Fiber Transmissions

From Fig. 7(b), 64-QAM-OFDM is strongly limited by the
laser phase noise. Therefore, only 16-QAM-OFDM is used to
investigate the nonlinear phase noise from optical fiber trans-
missions in this work. The nonlinear optical fiber transmissions
include two scenarios: 1) single-span transmission with high
launch optical power; and 2) multi-span transmission with long
distance. The two scenarios are investigated in the following two
experiments.

In the single-span transmission, 50-km standard single-mode
fiber (SSMF) is used to investigate the nonlinear phase noise
arising from high launch powers. The experimental setup is
based on Fig. 5, but the recirculating loop is replaced with
the 50-km SSMF fiber. Fig. 8 shows the Q-factor and phase
drift variance versus launch optical power. The phase drift
variance is defined in (3). Fig. 8 also shows the nonlinear phase
noise mitigation results. The mitigation method is the same as
described in [8].
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For the high-order M-QAM, the Q-factor is converted from
BER by (14) in the Appendix. There are two ways to calcu-
late the BER, consequently Q-factor. The first way is based
on AWGN assumption and calculated from SNR by (12) in
the Appendix, which is essentially the constellation spreading
[10], [21]. Note this calculation method inherits the well-docu-
mented QAM performance to calculate the Q-factor; otherwise
it would involve the discussion of probability density functions
and decision areas [21], [26]. This method also guarantees a
fixed mapping between Q-factor and BER in AWGN, which is
independent of modulation format and is the same as conven-
tional optical transmission systems [26]. The second way is the
result of data decision and error computation. The resultant two
Q-factors are both plotted in Fig. 8. For clarity, the Q-factor from
the BER decision is named calculated-Q, and the Q-factor from
noise spreading, monitored-Q.

In Fig. 8, the Q-factors barely change from —6 to 0 dBm
despite the varying received OSNR. This is because the system
performance is capped by the electrical components. When the
launch power is higher than 0 dBm, the phase drift variance
begins to increase while the Q-factor decreases. The difference
between two Q-factors is obvious, but they both show the
correct trend. It is apparent that the system is corrupted by
the phase noise and cannot be approximated by AWGN. The
Q-factor based on AWGN overestimates the system perfor-
mance. The accurate system performance analysis needs to
include the phase drift variance. However, the validity of (8) is
compromised by the fact that phase noise and Gaussian noise
are not distinguishable in this experiment. The performance
evaluation of CO-QAM-OFDM in the presence of strong phase
noise is under further study. The calculated-Q is not shown
for the low launch power because it is difficult to obtain the
meaningful BER when it is low. For the same reason, Q-factor
is still used in the following experiment, even though it may
overestimate the system performance. The fiber nonlinearity
mitigation improves the system performance significantly,
manifested by the difference between the curves with solid and
open symbols. The phase drift variance is reduced and Q-factor
is increased about 3 dB. The tolerable launch power into fiber
is also shifted to about 5 dBm.

In Fig. 8, the optimum launch power is about 3 dBm per
channel with negligible fiber nonlinearity. Therefore, the op-
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Fig. 9. (a) Q-factor and Q penalty versus transmission distance. The Q penalty
curves with squares is after fiber nonlinearity mitigation. (b) System perfor-
mance at 500 and 1000 km.

timum launch power for ten loops can be roughly estimated
as —7 dBm. In the multi-span long-haul transmission, the
launch power into SSMF fiber is —6.6 dBm. Fig. 9(a) shows
the Q-factor evolution with the distance up to 1000 km. The
Q-factor at the same OSNR in the back-to-back transmission is
also recored as the reference to compute system penalty. The
Q-factor is mainly decided by the OSNR when the transmission
distance is short. However, the nonlinear phase noise occurs
after 500 km and the Q-factor penalty at 1000 km becomes
significant. As a result, there is an error floor at 10—* BER. The
improvement of the fiber nonlinearity mitigation is not apparent
because the nonlinearity in the system is week due to the low
launch power. Furthermore, as explained in [8], the mitigation
method in this work is accurate for the single span transmission
but only an approximation for the multi-span transmission.
More advanced signal processing techniques are needed to
mitigate the fiber nonlinearity for the multi-span transmission.

Fig. 9(b) shows the BER performance after 500- and
1000-km transmissions. The inset is the spectrum of the OFDM
signal after 1000-km transmission. The spectrum is still tightly
bounded within 3.5 GHz. The OSNR penalties at 103 BER
for 500-km and 1000-km transmissions are 0.1 and 2 dB,
respectively. The fiber nonlinearity mitigation results are not
shown in Fig. 9(b) because the improvements are insignificant,
as explained in Fig. 9(a).

V. CONCLUSION

Software-enhanced optical transmission (SEOT) exploits
digital signal processing to enhance the performance of op-
tical transmissions. Coherent optical OFDM (CO-OFDM) is
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a typical example of SEOT, showing many advantages and
flexibilities due to software capabilities.

Phase noise is a main impairment for high spectral efficiency
CO-OFDM systems. In this paper, a transmission model with
an emphasis on digital signal processing was reviewed. It was
shown that laser linewidth is an important parameter to design
such systems. By using simulation, the BER floors from finite
linewidth laser sources were presented. Consequently, optimum
subcarrier number and M-QAM constellation point could be se-
lected under the constraint of a specific laser linewidth. 4-QAM-
OFDM and 16-QAM-OFDM were shown favorable for optical
fiber transmissions since they could be realized by available
laser sources with lower OSNR requirements than conventional
IM/DD optical transmission systems.

The phase noise effects were further investigated in two ex-
periments, in which the effective bit rates of 16-QAM-OFDM
and 64-QAM-OFDM were 10.59 Gb/s (2.8 bit/s/Hz spec-
tral efficiency) and 15.89 Gb/s (4.2 bit/s/Hz spectral ef-
ficiency), respectively. In the back-to-back measurement,
64-QAM-OFDM was strongly limited by laser phase noise
whereas 16-QAM-OFDM had little phase noise effect. In the
second experiment, the nonlinear phase noise effects from
optical fiber transmission were investigated for single-span
and multi-span transmission. With —6.6-dBm launch power
into the transmission fiber, the OSNR penalties at 10~2 BER
for 500- and 1000-km transmissions were 0.1 and 2 dB, re-
spectively. Finally, the fiber nonlinearity penalty reduction
after the receiver-based signal processing was significant in the
single-span transmission, but insignificant in the multi-span
transmission.

APPENDIX

The SNR per symbol R, of coherent optical OFDM (CO-
OFDM) can be calculated from the noise spreading of constel-
lation points as described in [10]. The SNR per symbol and SNR
per bit are related by

p— RS
~ logy M

(1)

In the AWGN channel, single carrier and OFDM have
about the same performance in terms of SNR, and the BER of
M-QAM-OFDM is given by [20], [21]

-2 e (Vi)
log, M
ooe_tz/th

P. = 12)

Qx) = (13)

1
V2T /z
where M = 2% and k is an even number. Note (12) is a tight

upper bound of a more accurate expression in [20].
The Q-factor can be calculated from BER P, by

Qf—\/_erf (1-2P,)

f/

y =erf(z

x = erf !

(14)
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