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Abstract In this paper, we reviewed our common phase
error (CPE) and intercarrier interference (ICI) compensa-
tion methods for coherent optical orthogonal frequency
division multiplexing (CO-OFDM) system. We first
presented a unified CPE estimation framework combining
decision-aided (DA), pilot-aided (PA) and decision feed-
back (DF) algorithms. The DA method is used to estimate
the CPE of the current OFDM symbol based on the
decision statistics of the previous symbol. DA + PA helps
increase the phase noise tolerance of DA and reduce the
overhead of PA, while DA + DF reduces the overhead to
zero, achieving best performance with one more step of
estimation, compensation and demodulation. We also
described a modified time-domain blind intercarrier
interference (BL-ICI) mitigation algorithm over non-
constant amplitude formats. The new algorithm is derived
from the BL-ICI algorithm over constant amplitude format
for wireless networks. A new power estimation scheme
was proposed for the BL-ICI algorithm to adapt to non-
constant amplitude format. It has the same order of
complexity with frequency domain decision-aided ICI
(DA-ICI) compensation method and does not suffer from
symbol decision errors. The effectiveness of both CPE and
ICI compensation algorithms were demonstrated in a
simulated 56-Gbit/s CO-OFDM system with various
modulation formats.
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1 Introduction

Coherent optical orthogonal frequency division multi-
plexing (CO-OFDM) offers advantages such as its
dispersion tolerance, ease of frequency domain equaliza-
tion and high spectral efficiency [1]. Several experiments
on CO-OFDM transmission [2—4] have proved it as a
suitable candidate for the 100 Gb/s Ethernet transport.
Moreover, several 1 Tb/s and beyond (per channel) CO-
OFDM experiments have been carried out in Refs. [5-8].

One of the major challenges in coherent detection is to
overcome carrier phase noise when using a local oscillator
(LO) to beat with received signals to retrieve modulated
information. Carrier phase noise is generated by both
transmitter laser and receiver local oscillators. An optical
phase-locked loop (PLL) is one solution to track the carrier
phase with respect to the LO carrier in early days of
coherent optical communication. However, an optical PLL
operating at optical wavelengths in combination with
distributed feedback lasers is quite difficult to implement
[9]. With the availability of high-speed analog-to-digital
converters (ADCs), the carrier phase estimation can be
done in high-speed digital signal processing (DSP) units
rather than using an optical PLL for carrier phase tracking,
allowing for free-running LO laser [10]. Due to its longer
symbol duration, OFDM is more sensitive to linear phase
noise compared to a single carrier system. Moreover, as the
OFDM symbol is modulated in the frequency domain,
algorithms like M-th power cannot be applied in the time
domain before Fast Fourier transform (FFT). Uncompen-
sated phase noise will cause common phase error (CPE)
and intercarrier interference (ICI) to the received signal
after FFT. Thus, a compensation method before FFT is
preferred as it allows removing ICI. Works in Refs. [11-
13] showed inserting an unmodulated RF-pilot tone in the
middle of the OFDM band and a guard band around it
provides the required reference for phase estimation and
compensation. In this case, the power allocated to the pilot
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tone must be carefully selected with a tradeoff between
phase estimation accuracy and energy wasted for pilot
tone. Alternatively, phase estimation can be done in the
frequency domain after the FFT block. In this case,
compensation works include CPE compensation only [14—
17] or CPE + ICI compensation methods [18-24] with
much higher computational complexity.

The CPE compensation methods can be categorized into
two groups: pilot-subcarrier aided (PA) and decision-
feedback (DF) methods. A PA phase compensation method
is first introduced in Refs. [14,15], it estimates the CPE
based on a few pilot-subcarriers inserted into the OFDM
spectrum. DF methods have also been proposed in the
literatures [15,18,19]. The proposed decision-directed
phase estimation (DDPE) method in Refs. [18,19] uses
the initial decisions of the current symbol to re-estimate the
phase noise, re-compensate and demodulate again, which
involves two steps of estimation, compensation and
demodulation. Thus, the DDPE method is more compu-
tationally intensive than the pilot-tone or pilot-subcarrier
aided method, yet it suffers from decision errors as it is
purely decision directed.

However, the correction of the CPE does not always
suffice, especially for larger laser linewidth and higher-
order modulation format. Methods have been proposed to
estimate the higher spectral components of phase noise
thus reducing ICI in either wireless [18—20] or optical [21—
24] domain. Works presented in Refs. [18,19,21] compen-
sate for CPE using pilots and make hard decisions first. In
Ref. [24], the authors proposed to replace the pilots in Ref.
[21] with pseudo-pilots to achieve higher spectral
efficiency. ICI is then estimated based on the initial
decisions, which will suffer from falsely detected symbols.
In Ref. [23], the researcher discards pilots and estimates
both CPE and ICI in a decision-aided manner by running
multiple iterations. Those decision-aided ICI (DA-ICI)
compensation methods will suffer from decision errors,
resulting in performance degradation. The matched filter-
ing approach in Ref. [22] uses adaptive equalization based
on an FIR filter which cancels the phase noise. However, it
requires as many as 2N (N is the DFT size) iterations to
converge and the calculation also involves decision
statistics. A blind ICI compensation scheme over constant
amplitude modulation was proposed in Ref. [20] for
wireless communication. The authors partitioned one
received OFDM symbol into sub blocks and used the
approximate average phase noise over each sub block to
cancel ICL

In this paper, we reviewed our proposed algorithms for
combating both CPE [25,26] and ICI [27]. We first
presented a unified CPE compensation framework [26],
which combines PA, decision-aided (DA) [25] and DF
algorithms. The DA method was initially proposed for the
single carrier system [28,29], which estimates the CPE of
the current symbol from the decisions of the previous
symbols. We compared the efficiency and effectiveness of

PA, DA, DF methods and their combinations in a
simulated 56-Gb/s back-to-back CO-OFDM system. The
combination of DA and PA is shown to improve phase
noise tolerance compared to DA while reducing overhead
compared to PA. The combination of DA and DF offers
better tolerance to linear phase noise compared to DA and
other purely decision-directed methods.

We also presented a modified time-domain blind ICI
(BL-ICI) mitigation method for non-constant amplitude
modulation format, e.g., M-QAM [27]. To calculate the
actual signal power in BL-ICI algorithm, we proposed
three schemes: 1) use the average power; 2) use the
approximate power; 3) use the average power for lst
iteration and approximate power for 2nd iteration. The
modified algorithm was demonstrated to be effective in
mitigating ICI for a simulated 56-Gb/s CO-OFDM system
over various non-constant amplitude modulation formats:
8-QAM, 16-QAM, 32-QAM and 64-QAM. Furthermore,
it shows superior performance with the same complexity
compared to DA-ICI compensation algorithm at larger
laser linewidth, especially for higher-order modulation
format.

In reduced guard-interval (RGI) CO-OFDM systems,
different subcarriers will experience different phase
rotations because of local oscillator laser phase noise and
the relatively large walk-off between subcarriers. Refer-
ences [30,31] investigate and compensate for this disper-
sion-enhanced phase noise (DEPN) effects in RGI CO-
OFDM system. However, this effect is negligible in
conventional CO-OFDM systems as the symbol duration is
much longer than the dispersion induced walk-off. Thus,
we did not deal with DEPN effects in our investigated
conventional CO-OFDM system.

2 System model

Figure 1 shows the simulation model of our CO-OFDM
system. We denote by X ;, the frequency-domain complex
modulation symbol associated to the k-th subcarrier and i-
th OFDM symbol, with £=0,1,...,N— 1. The discrete time-
domain samples are obtained by discrete Fourier transform
(DFT):

1Nl -
Xyein = 3 > K. (1)
k=0

With perfect window and frequency synchronization,
the received OFDM signal y,, at sampling time instant n7;
is expressed as

L-1
Yn = e’d’”Zh,x,,,, + Wy, (2)

=0

where x,, y,, h, and w, denote the transmitted signal,
received signal, channel impulse response and additive
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Fig. 1 Simulation setup for coherent optical orthogonal frequency division multiplexing (CO-OFDM) system. S/P: serial to parallel;
P/S: parallel to serial; DAC: digital to analog converter; ADC: analog to digital converter; Mod.: modulator; EDFA: erbium doped fiber

amplifier

white Gaussian noise (AWGN), respectively. The linear
phase noise ¢, is a Wiener-Levy process described by
Gni1 = ¢, + A, where Ag, is a set of independent and
identically distributed, zero-mean Gaussian random vari-
ables, each with variance of 0> = 2nvT}. v is the combined
laser linewidth. After removing cyclic prefix and taking N-
point FFT, the resulting frequency domain signal is given

by

N-1
Yoo =loHiXe+ > Loy X+ Wi (3)
1=0,l7#k
1 N-1 , y
_ jPni A—j2mmn/N
L= N;e e : )

where X, ;, Y;;, Hy and W, ; are the frequency domain
representations of x,,, y,, #, and w,, respectively. The time
subscript i in H;; is dropped as channel distortion that
could be considered constant throughout a certain OFDM
window. The term /;; could be written as |IO’,»|ej‘Df, where
®; is defined as CPE for i-th symbol. The second additive
term in Eq. (4) is defined as ICI. Assuming the channel
distortion is removed first based on preambles as in Refs.
[14,32], the simplified model becomes

N-1
Vio = ol Xi+ Y LoyiXi+ Wi (9)
1=0,/#k

3 Methodology: CPE compensation

In this section, we only compensate for CPE by assuming
that the ICI term is approximated as AWGN and |IOJ-| ~ 1.

(6)

where W,;J includes both AWGN (W, ;) and ICI term.
Similar to the single carrier case in Ref. [29], we introduce
a complex phasor VP4 based on the decision statistics of
previous symbols for M-ary phase shift keying (PSK)
OFDM system:

Y ki = ech,iji + Wi,

i—1
ot =" YD )
j=i—L

where Dy ; is the receiver’s decision for the symbol Yy ;,
and L is defined as the memory length. Because the phase
rotation is common for different subcarriers, we can get a
more accurate phase reference V; by averaging across all
the subcarriers. Due to the longer symbol duration in
OFDM than in single carrier case, the optimum memory
length L is found to be 1. The DA phasor for M-ary PSK
OFDM system is defined as

13 .
VPt =) Vi iDiior ®)
k=0

Similar to the DA method, we define a new phasor V™
based on the pilot subcarriers for the PA method:
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1 N, -1
A DI (o ©)
P k=0

where N, is the number of pilot subcarrers. To combine the
DA and PA method, we define /P *P* as the weighted
sum of VP* and V™.

I/iDA—H)A — 'YV}DA + (1 77) V}PA, (10)

where y is the weight factor defined over (0,1). Thus, CPE
is estimated from the complex phasors as

L VPA, DA method,
;=< £VPA, PA method, (11)
L VPATPA T DA + PA method.

A decision-feedback stage is added after DA, PA or DA
+ PA method with one extra step of residual phase noise
estimation, compensation and demodulation. Figure 2
shows the combined phase estimation scheme of DA, PA
and DF.

Different from M-ary PSK system, the DA and PA
phasors are normalized by the energy of the decisions for
M-QAM system:

1A 25 .
Pt = ﬁz LIS (YRY2 (12)
k=0

351
1 N,-1
,2/\ *
it = D Xl X (13)
P k=0

Table 1 compares the computational complexity of
different methods by listing the number of complex
multiplications and demodulation times. From the table,
we can sort the methods from the most computationally
intensive to least intensive as: DDPE > DA + DF > DA +
PA > DA > PA.

4 Methodology: ICI compensation

In this section, we will introduce our blind ICI mitigation
algorithm for CO-OFDM systems over non-constant
amplitude modulation format, e.g., 16-QAM [27]. As
given by Eq. (5), the frequency-domain received signal is

N-1
Yi=DhXi+ Y L X+ W,
107k

omitting the time subscript. One received OFDM symbol is
partitioned into Ng subblocks with equal length S=N/Ng
in the time-domain, while the time-average of the phase
noise at each subblock is defined as ¢,(0<g<Ng—1).In
the high signal-to-noise (SNR) region, a relation between
the squared magnitude of the channel gain multiplied by

DF

1) (1)
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Fig. 2 Phase estimation algorithm of DA + PA (D{).0<y<1), DA + DF (D{?,y = 1), PA + DF (D{”),y = 0) and DA + PA + DF

P

+7,0<7<1) (Comp: compensation; Demod: demodulation)

Table 1

Complexity comparison of different methods: DA [25,26], PA [14], DA + PA [26], DA + DF [26] and DDPE [17]

method complex multiplications for phase complex multiplications for phase total complex multiplications demodulation
estimation compensation

DA N N 2N 1 time

PA N, N N+ N, 1 time

DA + PA N +N, N 2N + N, 1 time

DA + DF 2N 2N 4N 2 times

DDPE 3N 2N 5N 2 times
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the data symbol and the time averages @ can be
established as follows [20]:

Np—1 2
— 2nqSk
HEWE = |3 e(-if)exn (-7, )|
q=0

(14)

where Cy, is the N-point DFT of the received samples at
the gth subblock with zero padding. For constant
amplitude modulation, e.g., M-ary PSK, a constant signal
power E, is assigned to |X;|* [20]. To extend the blind
estimation method to non-constant amplitude modulation
format, e.g., 16-QAM, we assign £, = |X;|* with either the
average signal power equal to E; or approximate signal
power equal to R? where i= argminj‘ |Yk|27R]2|. As
depicted in Fig. 3, each received symbol Y, can be
approximately located on one of the three rings from 16-
QAM constellation, and its approximate power equals the
squared ring radius. Exploiting the relationship in Eq. (14),
the blind ICI mitigator then calculates the differences d, =

$y— ¢ by [20]

d :[511,212,...,51NB,1}T =(A"a) 'A"r, (15
Ng—1 ,
Iy = |Hk|2Ek_ Z |Ck,q|
q=0
Ng—1 Ng—1
—2 Z Z ‘Cksql ‘ ‘Ck,lh |COS (ekaql’th)’ (16)
q1=0 g2=q,+1

Ng—1
Am,n = 2{ Z |Cm,n+l | |Cm,q|Sin (em,n+l,q)

q=n+2

72 |Cm,n+1 | |Cwm,q’Sirl (em,q,nJrl)}? (17)

q=0

where 4,,, is the (m,n) th entry of matrix 4 and

9"4]1:‘12 = /£ Ck,q, — Lck,qz —+ 27I(q2*q1)Sk/N To further
improve the performance, we could run two iterations of
the algorithm (Eq. (15)) using average power for the 1st
iteration and approximate power for the 2nd iteration.
After ICI compensation in the time domain, the pilot-
subcarrier aided (PA) method [14] is applied to remove the
CPE in the frequency domain.

5 Simulation results

We simulated a CO-OFDM system based on the setup in
Fig. 1 using MATLAB. The original 56-Gbit/s data are
modulated onto 640 subcarriers with QPSK (or 16-QAM,
64-QAM) modulation, which, together with N, pilot
subcarriers, are transferred to the time domain with a
FFT/IFFT size of 1024. The other subcarriers are zero
padded for oversampling purpose and the filling ratio is
62.5%. A cyclic prefix of 256 samples is added to each
symbol, resulting in an OFDM symbol size of 1280
samples. The discrete samples are converted to real-time
waveform by 56-Gsample/s or 28-Gsample/s or ~19-
Gsample/s DAC for QPSK or 16-QAM or 64-QAM,
respectively. Each OFDM frame consists of 20 payload
symbols and 2 training symbols. The given laser linewidth
value is single laser linewidth for both Tx and Rx laser and
the combined laser linewidth would be double of the value
given.

5.1 CPE compensation

In the first part of simulation, we demonstrated the
performance of our unified CPE compensation framework,
which combines DA, PA and DF algorithms. In this case,
we only consider linear phase noise and back-to-back
transmission. DDPE [17], which is a purely decision
directed scheme, is included for comparison with our
unified CPE compensation framework. y (for both DA +
PA and DDPE) is optimized for each data point by
sweeping over all possible values from 0 to 1 with a step-
size of 0.1.

average

blind ICI
mitigator:

calculate 4, r, d

Fig. 3 Blind ICI mitigation algorithm for non-constant amplitude format using average signal power or approximate signal power
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Fig. 4 BER curves of PA2/4/8, DDPE, DA, DA + PA?* DA + DF and coherent (no phase noise) for (a) QPSK, 100-kHz laser linewidth;

(b) 16-QAM, 20-kHz laser linewidth

Figure 4(a) shows the BER performance versus the
effective energy per bit to noise power spectral density
ratio (£,/Ny) for 100-kHz (QPSK) laser linewidth in the
case of PA**, DDPE, DA, DA + PA** and DA + DF. PA"
means PA with n pilot subcarriers. The coherent case (with
no linear phase noise) is plotted as baseline for
comparison, which always performs the best. DA + PA
with 2 (or 4) pilot subcarriers require almost the same
Ey/Ny as PA with 4 (or 8) pilot subcarriers to achieve a BER
value of 10°, while the overhead is reduced by 50%.
Moreover, the performance of PA/DA/(DA + PA) in
combination with DF converges to the same BER curve,
which is the best among all. Thus, we only consider DA +
DF because it has zero overhead.

Figure 4(b) plots the BER versus effective E/N, for 16-
QAM signal with 20-kHz laser linewidth. With the same
bit rate, 16-QAM CO-OFDM is less tolerant to laser
linewidth than its QPSK counterpart (Fig. 4(a)), due to its
longer symbol duration and denser constellation diagram.

To investigate the required number of pilot subcarriers
N,, for both PA and DA + PA method, we plot the total
Ey/Ny (BER= 10 or 10*) against N, in Fig. 5(a) for
QPSK with 100-kHz laser linewidth. We define the
effective SNRy, as the average signal energy over N,
while the total SNRy, is defined as the average of the signal
energy and pilot-subcarrier energy per bit over Ny. The
total SNR,, takes the overhead introduced by pilot-
subcarrier into consideration:

{Eb/No }iotar[dB]
= 10log;o[1 + Np/Naata] + {Es/No Jes[dB].

DA + PA reduces the total required Ey/N, significantly
when the number of pilot subcarriers is small. For example,

DA + PA** requires almost the same Ey/N, as PA*%.

Figure 5(b) shows the total required E,/Noy (BER = 107%)
of PA**® DDPE, DA, DA + PA** and DA + DF against
laser linewidth for QPSK. DDPE and DA fail to achieve
BER of 103 within 10-dB E./N, when the laser linewidth
is beyond 120 kHz due to error propagation. Our proposed
DA + DF performs best and is more tolerant to phase noise
than DDPE with the same overhead and lower complexity.
This is because the filtering window for phase noise in DA
+ DF is smaller than DDPE. DA + PA? (or DA + PA%)
requires almost the same or even less £y/N, than PA* (or
PA®) for v < 120 kHz. The required E,/N, of DA increases
quickly as the laser linewidth increases. This is because the
phase variance between consecutive OFDM symbols (6> =
2nv) will increase with the increase of laser linewidth. And
the reliability of /’°*, which is calculated from the previous
OFDM symbol, will decrease. Thus, DA is performing
better with smaller laser linewith.

5.2 Blind ICI compensation

In this section, we will evaluate the performance of our
BL-ICI algorithm for 16-QAM CO-OFDM system. Six
pilot subcarriers are inserted for CPE compensation. A
frequency-domain decision-aided ICI (DA-ICI) mitigation
method [18,19] is included for comparison. Compared to
the method employed in Refs. [18,19], the optical methods
in Refs. [21,23,24] are based on the same frequency-
domain model and follow quite similar procedure by
calculating the ICI components up to a degree L using hard
decisions. Thus, we only compare our time-domain BL-ICI
mitigation algorithm with one implementation of the
frequency-domain method for simplicity. Table 2 lists the
computational complexity comparison between BL-ICI
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Table 2 Computational complexity comparison between BL-ICI (average) and DA-ICI

BL-ICI (average)

DA-ICI

N-point DFT
demodulation

matrix inversion

Vs—Dx(Vp—1)

Ng + 1 1

2
Qu+ 1) xQu + 1)

(average) and DA-ICI. As matrix inversion is the most
complex operation (O(L*)), we conclude that BL-ICI
(average) and DA-ICI have the same order of complexity
with Ng— 1 =2u + 1. Note that BL-ICI (2 iterations) needs
two times of operation for N-point DFT and matrix
inversion as compared to BL-ICI (average).

Figure 6 shows the approximation on a realization of the
phase noise for different knowledge of E;: (a) perfect, (b)
average, (c) approximate and (d) 2 iterations. The perfect
knowledge case treated the transmitted symbol as known
and is shown as an upper limit of performance. As depicted
by the figure, both average and approximate cases can
greatly remove ICI while the two iterations case is almost
as good as the perfect case.

In the first case, back-to-back system was simulated. In
Fig. 7(a), the required effective E,/N, versus laser
linewidth curves (BER = 10?) are plotted using different
knowledge of E; in 16-QAM CO-OFDM system. For laser
linewidth beyond 50 kHz, approximate result becomes
worse than average result, because lager laser phase noise
will introduce larger ICI, which makes the approximate
result less accurate. However, running two iterations will
greatly improve the performance as approximate results are
much closer to the actual power waveform at 2nd iteration.
It is observed that the 2 iterations method exhibits less than
0.5-dB SNR,, penalty compared to the perfect case, for

laser linewidth smaller than 300 kHz. Figure 7(b) shows
the BER performance of different M-QAM formats at 100-
kHz laser linewidth. 2Iter-BL-ICI and Avg-BL-ICI achieve
the best and second best performance among the three
methods for higher-order modulation formats (16-QAM to
64-QAM).

In the second case, we simulated 2-span transmission of
80-km SSMF (attenuation: 0.2 dB/km, dispersion: 17 ps/
nm/km, nonlinear coefficient: 0 W™'-km™) and EDFA
(noise figure = 6 dB) without optical dispersion compensa-
tion for 16-QAM and 64-QAM. Laser phase noise is added
at both transmitter and receiver. We implemented the intra-
symbol frequency-domain averaging based channel esti-
mation [32]. The parameters for both algorithms (Ng, u)
are set to (4, 1) such that DA-ICI and Avg-BL-ICI share the
same order of complexity and further increasing Ny or u
will not noticeably improve the performance under current
circumstances. Figures 8(a) and 8(b) shows the required
OSNR versus laser linewidth using different methods: PA
CPE compensation only, DA-ICI and BL-ICI with average
power for 16-QAM (BER = 107) and 64-QAM (BER =
3.8x107°, 7% FEC threshold), respectively. DA-ICI per-
forms slightly better than our BL-ICI for v < 120 kHz (or
40 kHz), yet it suffers from an error floor and fails to reach
the required BER beyond 200kHz (or 60kHz) laser
linewidth for 16-QAM (or 64-QAM). From Fig. 8, we
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conclude that our time-domain BL-ICI method with
average power is performing better compared with
frequency-domain DA-ICI at larger laser linewidth,
especially for higher-order modulation format. This is
because in DA-ICI, the estimation of higher spectral
components will suffer from falsely detected symbols,
especially for larger laser linewidth or higher-order
modulation format.

6 Conclusions

In this paper, we presented carrier recovery algorithms in
coherent receiver of optical OFDM system. We reviewed
our compensation algorithms for two effects caused by
linear phase noise in CO-OFDM system: common phase
error and intercarrier interference. We first presented a
unified CPE compensation framework, which combines
pilot-aided, decision-aided and decision-feedback meth-
ods. Furthermore, we presented our modified time-domain
blind ICI mitigation algorithm for non-constant amplitude
modulation formats. New power estimation methods were
introduced for the BL-ICI algorithm to adapt to non-
constant amplitude modulation formats in CO-OFDM
system.

The effectiveness of both CPE and ICI compensation
methods were demonstrated in a simulated 56-Gb/s CO-
OFDM system with various formats. DA + PA is able to
reduce the overhead of PA while improve the phase noise
tolerance of DA. DA + DF was demonstrated to be
performing the best among all the phase estimation
schemes with zero overhead. The modified BL-ICI
algorithm was demonstrated to be effective in mitigating
ICI over various non-constant amplitude modulation
formats: 8-QAM, 16-QAM, 32-QAM and 64-QAM.
Furthermore, it showed superior performance with the

same complexity compared to the decision-aided ICI
compensation algorithm at larger laser linewidth, espe-
cially for higher-order modulation format.
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