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ABSTRACT Recently, dynamic optical network has attracted wide concern for its high efficiency and
flexible configurations. Known for high spectral efficiency and flexible allocations of frequency resources
orthogonal frequency-division multiplexing offset-quadrature amplitude modulation (OFDM/OQAM) is
a promising scheme for future dynamic networks. Phase noise estimation (PNE) and compensation are
key technologies for maintaining the performance of coherent optical OFDM/OQAM system. In this
paper, a simplified phase noise (PN) model for OFDM/OQAM under channel effect is deduced according
to distribution feature of intrinsic interference. Some blind PNE methods are studied and their specific
implementation process for OFDM/OQAM are presented. Based on PN model and Kalman filter theory,
we propose a new adaptive extended Kalman filter (AEKF) blind scheme to meet the demand of flexibility
in dynamic networks. Numerical results show that AEKF can adjust the implementation complexity of PNE
according to the varying laser linewidth.When the commercial laser linewidth is 200 kHz, its time complexity
is only 1/3 of that of modified blind phase search with feedback loop. Besides, AEKF can achieve a stable
and reliable PNE performance under varying subcarrier allocation. AEKF can achieve a stable normalized
linewidth tolerance over 1.5× 10−3 under different subcarrier allocations.

INDEX TERMS Phase noise estimation, coherent communication, orthogonal frequency division multiplex-
ing offset quadrature amplitude modulation (OFDM/OQAM), extended Kalman Filter (EKF), flexibility.

I. INTRODUCTION
Optical network traffic has seen explosive growth over the
last few decades. Fueled by a series of new technology,
including internet of things and virtual reality, the commu-
nication services are gradually evolving to high capacity,
high efficiency and flexible configurations. Orthogonal
frequency-division multiplexing offset-quadrature amplitude
modulation (OFDM/OQAM) is a promising candidate for
future optical communications and has received wide con-
cern [1]–[8]. As a multi-carrier system, OFDM/OQAM per-
mits flexible allocations of frequency resources [1]. By using
advanced filter banks, OFDM/OQAM can realize near
Nyquist transmission rate and achieve higher spectral effi-
ciency (SE) compared to orthogonal frequency-division mul-
tiplexing (OFDM) [2]. Based on the excellent time-frequency
(TF) localization property of prototype filter, OFDM/OQAM
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can control a lower out-of-band leakage than OFDM [3].
Besides, the SE is further improved in OFDM/OQAM by
canceling the necessary CP in OFDM because of the sup-
pression of inter symbol interference and inter carrier inter-
ference (ICI) by filter bank in OFDM/OQAM [4]. However,
the orthogonal conditions of OQAM only hold in real
field because of the intrinsic interference (IMI) that induc-
ing by filter banks [5]. Compared to OFDM system,
OFDM/OQAM system has longer symbol duration and IMI
due to filter banks. And the system performance is sus-
ceptible to laser-induced phase noise [6]–[8]. Therefore,
Phase noise estimation (PNE) is indispensable and very
important for application of coherent optical OFDM/OQAM
(CO-OFDM/OQAM).

The objective of PNE is suppressing the effect of symbol
interference induced by phase noise (PN). And it is important
to analyze the characteristic and effect of PN, which has been
extensively studied. In [9], [10], laser PN is modeled as a
time-domain continuous Weiner process. In [11], PN effect
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in OFDM system is divided into two parts: common phase
error (CPE) and ICI where CPE’s effect is symbol rotation
in complex domain and ICI is a Gaussian term. In [12],
PN is approximated power series expansion. In [13], PN is
assumed to vary linearly in the symbol duration and thus
can be interpolated. In [14]–[16], PN is approximated by
a set of discrete Fourier transform basis according to its
low-pass nature. In [17], symbol duration is partitioned into
several sub-blocks in time domain and PN in each sub-block
is assumed to be constant. In [18], theWeiner model and CPE
are adopted in filter bank multi-carrier (FBMC) system and
CPE’s effect is considered to cause a leakage of IMI on the
symbol. In [19], PN’s impact on bit error ratio (BER) perfor-
mance is mathematically analyzed in OFDM/OQAM system.
However, in practical digital signal processing (DSP), chan-
nel estimation (CE) is implemented before PNE and residual
channel effect may interfere PNE performance. So far, studies
have been down to analyze the PN model of OFDM/OQAM
under imperfect CE.

Normally, PNE schemes can be classified into two cate-
gories according to the usage of pilot or not: pilot-aidedmeth-
ods and blind estimation methods. Pilot-aided methods often
insert known pilot symbols into transmitted symbols to record
PN [20]–[23]. For example, a PN suppression method based
on orthogonal basis expansion was proposed for wireless sys-
tem in [20] which supported reliable PNE at the cost of 7.3%
Spectral efficiency (SE) loss. In [21], a pseudo-pilot coding
based phase estimation method was proposed for coherent
optical FBMC system, achieving a reliable performance at the
cost of 3.1% SE loss. In [22], a pilot-based extended Kalman
filter (PEKF) was proposed for coherent optical FBMC sys-
tem and achieved 1.2 × 10−2 normalized linewidth (NLW)
tolerance with 2.34% SE loss. In [23], a special pseudo pilot
structure was proposed for FBMC system with lower SE loss
of 1.2%. The pilot aided methods in [20]–[23] all cause SE
loss because of pilot symbol insertion. In addition, the perfor-
mance of pilot aided methods relies on high power allocation
of pilot symbol which may cause power degradation of effec-
tive signal. By contrast, blind methods are popularly used
for PNE without additional SE loss [19], [24]–[30]. In [24],
a blind phase search (BPS) with feedback loop (BPS-FL)
was proposed for OFDM system. Author in [25] proposed
a modified blind phase search (MBPS) and in [26] further
proposed a low complexity MBPS (LC-MBPS) in FBMC
system. In [27], a BPS scheme based on dichotomy was pro-
posed which uses a multi-stage search to reduce complexity.
BPS based methods [24]–[27] all have relatively high imple-
mentation complexities due to 2-dimensional search in both
symbol domain and phase domain. With proper searching
set, the BPS based methods can work well under a wide
NLW range at the cost of computation effort. In [28], a
modified extended Kalman filter (MEKF) was proposed for
offset quadrature amplitude modulation (OQAM) Nyquist
wavelength division multiplexing system. Compared with
BPS based methods, MEKF can only work under a low
NLW with lower complexity. In [29], principal component

analysis (PCA) method and PCA-BPS hybrid method were
proposed to balance performance and complexity. Besides,
Maximum likelihood (ML) based estimator and maximum
a posteriori (MAP) based estimator were proposed in [19].
Similar to MEKF, ML and MAP estimators cannot work
with large NLW. In [30], a Kullback-Leibler (KL) divergence
based recursive algorithm was proposed. Complexity of KL
based method is reduced by employing look up table. So far,
studies have been down to explore the blind PNE methods
with low complexity and high performance inOFDM/OQAM
system.

In this paper, we analytically study the PN model of
CO-OFDM/OQAM under fiber channel effect. According to
the simplified model, we further focus on blind PNEmethods
and compare their performance on the basis of flexibility
and complexity. Flexibility of transceiver and DSP is an
important evaluation factor for dynamic networkswhichmea-
sures the ability to cope with varying noise, reach, spectral
occupancy or other configurations [31], [32]. To my best
knowledge, few studies have focused on the flexibility of
PNE in OFDM/OQAM. By numerical comparison, MEKF
possesses low complexity but weak flexibility while MBPS
with feedback loop (MBPS-FL) has high complexity.We pro-
pose a new adaptive extended Kalman filter (AEKF) blind
PNE method. AEKF scheme can adapt itself to process
uncertainty to enhance stability [33], [34]. The proposed
AEKFmethod has strong stability against varying subcarrier-
allocation, channel effect and laser linewidth, thus meeting
the flexibility demand in dynamic networks. Besides, AEKF
has moderate lower complexity than other blind schemes
mentioned.

The rest of the paper is organized as follows. In section
II, the PN model of OFDM/OQAM under fiber channel
effect is studied. In section III, the principles of extended
Kalman filter (EKF) based blind methods are introduced and
their implementation processes in OFDM/OQAM are pre-
sented. Besides, a new AEKF scheme is proposed for PNE.
In section IV, the performance and complexity of different
schemes are analyzed. In section V, this paper is summarized.

II. PHASE NOISE ANALYSIS IN OFDM/OQAM
The OFDM/OQAM system model is shown in Fig. 1. At the
transmitter side, the transmitted bit sequence is first divided
into M parallel sequences, corresponding to M subcarriers.
After quadrature amplitudemodulation (QAM)mapping, one
complex symbol on each subcarrier is divided to two OQAM
symbols which are respectively real part and imaginary part
of complex symbol. Let T be the QAM symbol duration, and
the OQAM symbol duration is T/2. Then by offset module,
real part OQAM symbol delays for T/2 compared to imagi-
nary part. In order to keep signal orthogonality, the OQAM
symbols are multiplied with pre-built phase codes. After that,
inverse fast Fourier transform and filter banks constitute the
so called poly-phase network, and transform the symbols into
time domain signals. The discrete time-domain modulated
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TABLE 1. IMI coefficients with negative sign ignored.

FIGURE 1. OFDM/OQAM system diagram. S/P: serial to parallel
conversion. P/S: parallel to serial conversion. Gm: the m-th filter in
filter bank.

signals can be expressed as:

s(l) =
∑
k

M∑
m=1

dk,mg(l − k
M
2
)e−j2π

m
M le

j
2π (k+m) (1)

where l is the sample time index, k the symbol time index,
and m the subcarrier index. dk,m denotes the k-th OQAM
symbol on the m-th subcarrier. g(l) is the impulse response
of the prototype filter with a finite time duration of Lg = KT ,
where K is the overlapping factor.

Define gk,m(l) = g(l − k M2 ) exp(−j2π
m
M l +

jπ
2 (k + m))

as the shifted version of g(l) in both time and frequency
domains. In order to keep an orthogonal condition, the filter
shape g(l) should be specifically designed [3]. In this paper,
PHYDYAS filter with overlapping factor 4 is used.

After passing through fiber channel, the signal is distorted
by chromatic dispersion, PN and ASE noise. At the receiver
side, the demodulated symbol in frequency domain can be
expressed as:

yk,m ≈ Hm
∑

l
exp(jϕk )s(l)g∗k,m(l))+

∑
l
w(l)g∗k,m(l)

= Hm exp(jϕk )dk,m

+ jHm
∑

(k1,m1)6=(k,m)

exp(jϕk1 )ξ
k1,m1
k,m dk1,m1

+

∑
l
w(l)g∗k,m(l) (2)

where Hm denotes channel frequency response of the
m-th subcarrier. ϕk is the CPE of the k-th OQAM symbol.

CPE is modelled as a Weiner process. And ϕk − ϕk−1 ∼
N (0, 2π1vT/2).1v denotes the combined linewidth of car-
rier generator and local oscillator. The product of linewidth
and symbol duration1vT/2 is called NLW. The difference of
adjacent CPE values obeys zero-mean Gaussian distribution
whose variance is proportional to NLW. w(l) denotes ASE
noise. jξ k1,m1

k,m =
∑

l gk1,m1 (l)g
∗
k,m(l) is the IMI coefficient

between TF location (k,m) and (k1,m1). Table 1 gives the
44-neighboring IMI coefficients of symbol (k,m). For sym-
bol dk,m, large IMI coefficients are mostly distributed in
its neighboring symbols due to the well TF localization of
prototype filter. We define power ratio between neighboring
interference and out-of-neighborhood interference (NOIR)
as:

NOIR = 20× log(

|
∑

(k1,m1)∈�
ξ
k1,m1
k,m dk1,m1 |

|
∑

(k1,m1)/∈�
ξ
k1,m1
k,m dk1,m1 |

) (3)

where � denotes neighboring area. The average NOIRs of
8-neighborhood �8, 14-neighborhood �14 and 20 neighbor-
hood are shown in Table 1. And �14 cover all TF locations
where IMI coefficients beyond 0.1. Therefore, we can make
an assumption that:

|

∑
(k1,m1)∈�14

ξ
k1,m1
k,m dk1,m1 | � |

∑
(k1,m1)/∈�14

ξ
k1,m1
k,m dk1,m1 | (4)

Besides, according to the slowly-varying feature of PN,
we further assume that:

| cos(ϕk1 − ϕk )| > | sin(ϕk1 − ϕk )|, (k1,m1) ∈ �14 (5)

Based on (4) and (5), demodulated symbol in frequency
domain can be rewritten as:

yk,m = Hm exp(jϕk )(dk,m

+ j
∑

(k1,m1) 6=(k,m)

cos(ϕk1 − ϕk )ξ
k1,m1
k,m dk1,m1 )

+χk,m

= Hm exp(jϕk )(dk,m + jη)+ χk,m (6)

where the accumulated noise χk,m is expressed as:

χk,m =
∑

l
w(l)g∗k,m(l)

−Hm exp(jϕk )
∑

(k1,m1) 6=(k,m)

sin(ϕk1−ϕk )ξ
k1,m1
k,m dk1,m1

(7)
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Note that accumulated noise χk,m is the combined noise
of ASE noise and part of PN. Practically, the channel
response cannot be accurately estimated. After imperfect CE,
the equalized symbol can be expressed as:

yk,m =
Hm exp(jϕk )(dk,m + jη)+ χk,m

Hm +1H
= exp(jϕk )(dk,m + jη)+ εk,m (8)

where 1H denotes estimation error of channel response.
The PN effect in OFDM/OQAM can be divided into three
terms. First, η =

∑
(k1,m1)6=(k,m)

cos(ϕk1 − ϕk )ξ
k1,m1
k,m dk1,m1 is

the modified imaginary interference (MII) which combines
effect of PN and IMI. Second term, CPE term exp(jϕk ),
causes the rotation of both data symbol and MII in complex
domain and thus causes a leakage of MII on data symbol.
Mainly because of CPE and MII, the real-field orthogonal-
ity of OFDM/OQAM is destroyed. And the third, εk,m =
(χk,m − 1H exp(jϕk )(dk,m + jη))/(Hm + 1H ), is equaliza-
tion enhanced additive noise (EEAN) which contains ASE
induced interference, minor PN effect and residual channel
effect. Therefore, the performance of PNE is affected by
residual channel effect, which is explored in section IV.

For PNE in OFDM/OQAM, CPE and MII are both
unknown variables and nearly uncorrelated. To achieve PN
estimation and compensation, both CPE and MII should be
suppressed or cancelled.

III. EKF BASED BLIND PN ESTIMATION AND
COMPENSATION SCHEMES
The PN can seriously degrade the system performance,
and thus effective PNE schemes should be investigated.
Fig. 2 presents the influencemodel of PN (EEAN is neglected
here). As shown in Fig. 2(a), CPE only changes with time
index, uncorrelated with subcarrier frequency and data sym-
bol. At every time index k , OQAM symbols (six pointed star)
on all subcarriers suffer from the same CPE.

FIGURE 2. Influence model of PN. d: transmitted symbol. y: demodulated
symbol. ϕ: PN value; η: modified imaginary interference.

From Fig. 2(b), demodulated symbol (hexagon) is rotated
version of OQAM symbol (star) and its MMI η. And the
rotation angle is equal to CPE. Let symbol vector Dk =
[dk,0, dk,1, . . . , dk,M−1]T, ηk and Ek are the correspond-
ing MMI and EEAN vector respectively, the demodulated

symbol vector Yk = [yk,0, yk,1, . . . , yk,M−1]T can be
expressed as:

Yk = exp(jϕk )Dk + j exp(jϕk )ηk + Ek (9)

EKF is initially proposed for estimation of discrete-time
noisy process. The filter is effective extensively even if the
precise nature of noise is unknown [35]. EKF can be applied
for PNE with low computation complexity [28]. For EKF
based blind PNE methods, the OQAM constellation and
Weiner model of PN are often used as priori information.
In MSE sense, the cost function of EKF can be expressed
as:

JEk (ϕ,D) =
∑k

i=1
λk−i||<(Yi exp(−jϕ))− D||2 (10)

where superscript E denotes EKF. D denotes undetermined
OQAM vector.λ denotes the forgetting factor. || ∗ || denotes
2-norm of vector. < is the real operator. Note that λ is
proportional to the variance of EEAN, and often set to a small
constant. Cost function of EKF at time k is a weighted sum
in history. And PNE can be converted to double-dimensional
optimization problem.

[D̂k , ϕ̂k ] = argmin
D∈OM

min
ϕ∈[−π,π ]

JEk (ϕ,D) (11)

To derive the EKF recursive algorithm, we firstly con-
sider a simplified condition that transmitted OQAM symbol
Dk is given. Therefore, double-dimensional problem min
[JEk (ϕ,D)] is simplified to one-dimensional min[JEk (ϕ,Dk )].
And conventional recursive algorithm can be derived.

Pk|k−1 = Pk−1 + π1νT

Bk = jDk exp(jϕ̂k−1)

Gk = Pk|k−1BHk /(BkPk|k−1B
H
k + λ)

Pk|k = (1− GkBk )Pk|k−1

ϕ̂k = ϕ̂k−1 + Gk (Yk − D̂k exp(jϕ̂k−1))

(12)

where k|k-1 denotes prior estimation. And k|k (or k) denotes
a posteriori estimation.Bk ,Gk ,Pk are intermediate parameter
in EKF process. Note that Bk , Gk , Pk are all functions of
symbol Dk which are unknown in blind PNE. Therefore,
symbol Dk needs to be roughly estimated in process of EKF
based PNE.

A. MODIFIED EKF
Practically, cost function is assumed to vary slowly in phase
domain and fast in symbol domain. Therefore, assumptions

are made that
∂JEk (ϕ̂k−1,Dk )

∂ϕ
≈ 0 and ||

∂JEk (ϕ̂k−1,Dk )
∂D || = α � 0.

Under such assumptions, the cost function near minimum
zone equals to:

JEk (ϕk−1,D) ≈ JEk (ϕk ,Dk )+ α||D− Dk ||
2 (13)
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Based on (13), a prior estimation of symbol Dk can be
obtained by previous CPE estimation value.

D̂k|k−1 = argmin
D∈OM

JEk (ϕ̂k−1,D)

≈ argmin
D∈OM

||<(Yk exp(−jϕ̂k−1))− D||2

= decision[Yk exp(−jϕ̂k−1)] (14)

where decision is hard symbol decision operator. Decision
is implemented by comparing the real part of rotated sym-
bol with OQAM symbols and choosing the closest one.
Equations (12) and (14) combine the MEKF algorithm of
OFDM/OQAM, as shown in table 2 [27].

TABLE 2. MEKF algorithm.

B. ADAPTIVE EKF
The performance of MEKF highly relies on the validity of
assumption (see (13)). Once if the CPE difference is rela-

tively large or EEAN cannot be neglected, |
∂JEk (ϕ̂k−1,Dk )

∂ϕ
| =

β > 0 cannot be ignored. And equation (13) cannot stand.
Therefore, the cost function near phase ϕk−1 zone can be
approximated as

JEk (ϕ,D) ≈ JEk (ϕk ,D
′)+ α||D− D′||2 + β||ϕ − ϕk ||2

(15)

where D′ denotes a wrong concave point, different from
desired symbol Dk . In (15), the cost function is bivariate and
priori estimation ofDk may not be correctly acquired by (14).
Therefore, the error caused by priori estimation propagates
in recursive loops and degrades the PN compensation perfor-
mance. In EKF theory, intermediate parameter Pk reflects the
variance of CPE difference at time index k , expressed as

ϕk − ϕ̂k−1 ∼ N (0,Pk ) (16)

whereN denotes Gaussian distribution. Based on the feature
of Gaussian distribution, we further assume that current CPE
belongs to adaptive range ϕk ∈ [−NPk + ϕ̂k−1,NPk + ϕ̂k−1]

where N is a predetermined integer. Therefore, priori estima-
tion of Dk can be modified, D̂k|k−1 = argmin

D∈OM
min
ϕ∈φk
||<(Yk exp(−jϕ))− D||2

φk = [−NPk + ϕ̂k−1,NPk + ϕ̂k−1]
(17)

where φk denotes the limited phase range. Note that φk is
proportional to Pk , thus adaptive to varying laser linewidth.
Therefore, φk is called adaptive range here. Normally, a sub-
set of test phases are uniformly sampled in the adaptive range
for practical implementations.

φk = {i1+ ϕ̂k−1|i ∈ Z ,−NPk < i1 < NPk} (18)

Here, 1 is search interval and Z denotes integer set. The
search interval is decided by symbol order, which has been
studied in [25]. For 16 OQAM, the search interval is chosen
π/32. N is a variable which decides the adaptive range.
If N equal to 0, there is no adaptive range and the pro-
posed AEKF is equal to MEKF. Theoretically, the perfor-
mance of AEKF improves with the increase of N . While
range parameterN and search interval1 both predetermined,
the implementation complexity of (17) only changes with
intermediate parameter Pk and thus is adaptive to fluctuated
laser linewidth.
In EKF theory, forgetting factor λ is proportional to the

variance of measurement noise. For PNE in OFDM/OQAM,
λ can be expressed as:

λ =
1
KM

∑
k
[Yk − Dk exp(jϕk )] · [Yk − Dk exp(jϕk )]H

(19)

In implementation of MEKF, λ is initialized by experience
and may deviate from its real value. To avoid the initializa-
tion error of λ, AEKF updates the parameter according to
innovation-based adaptive estimator [34].

λk = (1− α)λk−1 + α
|Yk − Dk exp(jϕk )|2

M
(20)

where α is the update constant rate and set to 0.3.
The details of AEKF are shown in Table 3. The main

process of AEKF is similar to EKF. Compared to MEKF,
we replace simple pre-decision in line 4 of table 2 with adap-
tive pre-decision in lines 3-6 of Table 3. Besides, the factor λ
is updated with learning rate of 0.3 to improve robustness.
Additionally, the compensation decision to recover symbols
is cancelled, replaced by the optimal pre-decision (line 14).

In ideal condition, both MEKF and proposed AEKF
are approximate solutions of (12). Through adaptive pre-
decision, AEKF has a better robustness against varying
laser linewidth, thus achieving a better performance in our
expectation.

IV. RESULTS AND DISCUSSIONS
To evaluate the performance of above schemes, a 20 Gbaud
16-QAM CO-OFDM/OQAM system is numerically simu-
lated in Monte-Carlo method. The simulation platforms are
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TABLE 3. AEKF algorithm.

Matlab andVPI. Over 218 randombits are used as information
sources. After 16-ary QAM, the data symbols are mapped
onto TF plane. In optical domain, the center frequency of
lasers is 193.1 THz and Standard Single Mode Fiber (SSMF)
is used for transmission. At receiver side, the signal is firstly
demodulated by analysis filter bank. Then Modified Least
Square-2 (M-LS-2) method with 9 time-slot train sequence is
used for CE [36]. After CE, PNE and compensation recover
OQAM symbol. And then symbol de-mapping recovers the
bits. The recovered bits are compared with transmitted bits
to estimate bit error rate (BER). The performances of three
blind methods (MBPS-FL [24], MEKF [28], AEKF) and one
pilot-aidedmethod (PEKF [22]) are compared. 4 pilot subcar-
riers pilot-aided are loaded with randomOQAM symbols and
their 8 neighboring subcarriers are loaded with zero-symbol
to cancel MMI in PEKF scheme.

Before we compare the performance of different PNE
schemes, we first study the effect of adaptive range on AEKF.
Fig. 3 shows BER of AEKF at different adaptive ranges,
at linewidth of 500 kHz, optical signal to noise ratio (OSNR)
of 20 dB, in back to back (BTB) configuration. φk =
[−0Pk , 0Pk ] + ϕ̂k−1 means no adaptive range, under such
condition AEKF similar to MEKF. As adaptive range extends
from [−0Pk , 0Pk ] to [−20Pk , 20Pk ], BER of AEKF shows
a ladder-type decent. This is because the set of test phases is
extracted by discretizing the adaptive range.When the change
of adaptive range is less than discrete phase interval 1,
the number of test phases in (18) cannot increase and the
BER stays unchanged. Once the change of adaptive range
exceeds phase interval, the number of test phases increase and
the BER performance shows a sudden improvement. From
Fig. 3, AEKF can provide its best performance with adaptive
range higher than [−10Pk , 10Pk ]. To ensure a reliable perfor-
mance under a larger linewidth, we choose an ample range of
[−14Pk , 14Pk ] for following simulations.

FIGURE 3. BER versus adaptive range ([-N × P, N × P]), at 20 dB OSNR,
linewidth of 500 kHz.

FIGURE 4. OQAM symbol constellation comparisons in the PNE process.
(a) before PNE (b) after PNE.

To eliminate the effect of fiber, we then study PNE per-
formance in BTB transmission. Fig. 4 shows the changes of
constellation in AEKF PNE process which directly proves
the PNE’s effect for symbol recovery. Before PNE, the
16-OQAM symbols overlap each other due to PN-caused
rotation and EEAN noise. After PNE, the symbols are
mostly separated and relatively easy to classify. Fig. 5 further
gives the performance comparison of AEKF and other EKF
schemes in terms of BER against OSNR under different
linewidth. Three subfigures 5(a), 5(b) and 5(c) correspond to
200 kHz, 500 kHz and 1 MHz, respectively. In all the three
figures, the ‘Theory’ curves, that the best performance of our
simulation system, are based on referential system configu-
ration without PN. The short dash lines denote 7% Forward
Error Correction (FEC) limit (3.8×10−3). When BER under
the limit, the system is considered to achieve a reliable com-
munication. The theoretical OSNR required for FEC limit
is about 14.1 dB. In Fig. 5(a) and 5(b), the performance of
AEKF is similar to MBPS-FL. With OSNR increasing, BER
of AEKF decreases to 7% FEC limit at about 15 dB, faster
than those of PEKF andMEKF.When linewidth up to 1MHz
(Fig. 5(c)), the performance of MEKF rapidly degrades. The
BER is almost unchanged and cannot reach 3.8×10−3. When
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FIGURE 5. BER versus OSNR at linewidth (a) 200 kHz (b) 500 kHz (c) 1MHz.

FIGURE 6. OSNR penalty against NLW with different number of subcarriers (a)64 (b)128 (c)256.

OSNR is lower than 13 dB, the BER of MBPS-FL fluctuates
over 0.2 and BER of AEKF is also higher than PEKF. This
is because AEKF and MBPS-FL cannot well average the
EEAN’ influence. Large EEAN cause estimation error which
propagates in recursive loops, thus leading to a damage to
BER. At OSNR higher than 14 dB, AEKF still provides a
better performance, achieving a 3.8 × 10−3 BER at about
15 dB. The result shows the superiority of AEKF at high
linewidth without fiber.

Further we evaluate the flexibility of schemes by com-
paring PN tolerance under different subcarrier allocations.
Fig. 6 shows the OSNR penalty of all methods versus
NLW with different number of subcarriers. Here, OSNR
penalty is the extra OSNR with respect to theoretical OSNR
needed to achieve BER of 3.8 × 10−3. As shown in Fig. 5,
the required OSNR is 14.1 dB. NLW is equal to 1vT/2.
Fig. 6(a) is OSNR penalty versus NLW of 64 subcarriers,
Fig. 6(b) 128 subcarriers and Fig. 6(c) 256 subcarriers. All the

subcarrier numbers are selected powers of 2 for efficient fast
Fourier transform based modulation. Note that the symbol
rate keeps constant while subcarrier number changes. In all
the three figures, the dash horizontal lines denote 1 dB OSNR
penalty, which is accepted as PN tolerance threshold for com-
parison. With subcarrier number increasing, PN tolerance of
MEKF increases from 1×10−5 of 64 subcarriers to 4×10−4

of 256 subcarriers. This is mainly because, in every recursive
loop, the equalization of MEKF becomes stronger with more
data symbols used. The PN tolerance of PEKF is decreasing
from 6×10−4 of 64 subcarriers to 2×10−4 of 256 subcarriers
because the pilot to subcarrier ratio decreases from 4/64 to
4/256. In all the three figures, there is a sub-peak the OSNR
penalty of AEKF at NLW of 2 × 10−4. This is because the
set of test phases is extracted by discretizing the adaptive
range. As NLW increases to 2 × 10−4, the adaptive range
is also increasing because adaptive range is proportional
to intermediate parameter Pk in (17) and Pk is positively
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correlated to NLW. However, the increase of adaptive range
is less than discrete phase interval 1 and the OSNR penalty
increases with NLW. As NLW exceeds 2× 10−4, the change
of adaptive range exceeds phase interval and the number
of test phases increase. Therefore, the performance shows
a sudden improvement and OSNR penalty shows a decent
at NLW of 3 × 10−4. Obviously, the tolerances of AEKF
and MBPS-FL outperform those of MEKF and PEKF, stable
around 1.5× 10−3. This fact further shows the advantage of
AEKF in terms of PN tolerance.

Next, we simulate the PNE performance at 80 Km trans-
mission of SSMF. Fig. 7(a) shows the BER evolution with
OSNR at 200 kHz linewidth (NLW of 6.4 × 10−4). The
five-star curve denotes the performance only with CE. when
there is no PN. The CE method cannot fully compensate the

FIGURE 7. PNE performance at 80Km transmission (a) BER versus OSNR
at 200 kHz (b) OSNR penalty caused by PNE versus NLW.

effect of SSMF channel, causing a OSNR penalty of 2.7 dB.
Among the four PNEmethods, AEKF andMBPS-FL provide
the best performance with additional 0.8 dB OSNR penalty
while MEKF with 2.3 dB OSNR penalty. And PEKF cannot
achieve reliable transmission below 25 dB OSNR. Fig. 7(b)
shows the additional OSNR penalty caused by PNE at differ-
ent NLWs. The NLW tolerances of four methods all degrade
compared to BTB transmission in Fig. 6(b). The tolerance of
MBPS-FL is 7× 10−4, AEKF 8× 10−4, MEKF 1.5× 10−5

and PEKF 4× 10−5.
Then we analyze the robustness of different PNE schemes

against fiber dispersion. The fiber loss is perfectly compen-
sated by EDFA. Fig. 8 shows the BER versus transmission
fiber length with different PNE schemes at OSNR of 25dB.
The black line denotes performance only with CE at 0 Hz
linewidth. Obviously, with M-LS-2 CE method employed,
the system can support the longest transmission distance
of 550 Km. However, residual channel effect and laser PN
certainly lead to a reduction of the transmission distance.
Here, the reduction of transmission distance with respect to
theoretical distance is called transmission distance penalty.

FIGURE 8. PNE performance versus transmission length at OSNR of 25dB.

At linewidth of 200 kHz, AEKF and MBPS-FL have the
best robustness against fiber effect with 60 Km transmission
distance penalty while MEKF with 200 Km penalty. The
PEKF (with 4 pilot subcarriers and random pilot symbols)
is sensitive to fiber and cannot support fiber transmission
over 80 Km. At linewidth of 500 kHz, transmission distance
penalties of AEKF and MBPS-FL further degrade to 160 Km
and 180 Km.

Finally, we compare the computation complexity of all
schemes. Normally, the complexity of PNE is measured by
counting the number of real multiplications, real additions
and decision operators per OQAM symbol. And decision
operator is a major factor for complexity. Table 4 gives
complexity analysis in terms of both estimation and com-
pensation. The complexity of PEKF is the lowest because
only two pilot symbol are used in every loop. Complexity of
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TABLE 4. Complexity comparison by operator. B: number of test phase;
M: number of subcarriers.

FIGURE 9. Complexity comparison by the time consumption.

MBPS-FL is much higher due to extensive search in phase
domain and symbol domain. Complexity of MEKF lies in
the middle. However, the complexity of AEKF cannot be
directly compared by operator number because it is highly
correlated to NLW. Therefore, time consumptions of different
schemes are compared. Over 400 repeated implementations
for each schemes are executed in the samemachine onMatlab
platform. Fig. 9 shows the evolution of time consumption at
different NLWs. The averaging time consumption of PEKF
is 0.0065 s, used as the unit. At NLW lower than 3 × 10−4,
complexity of AEKF remains nearly unchanged between that
of PEKF andMEKF. As NLW continues increasing, the com-
plexity of AEKF increases like a linear process. At NLW of
5× 10−3 (linewidth of 700 kHz), the complexity of AEKF is
equal to that of MBPS-FL. Fig. 9 still shows the advantage of
AEKF in terms of reasonable usage of computation power.

V. CONCLUSION
In this paper, the performances of MBPS-FL, MEKF, PEKF
and the proposed AEKF are demonstrated by numerical anal-
ysis. The results show that the BER performance of AEKF
is better than that of MBPS-FL and MEKF at high OSNR.
Under different subcarrier allocation (64, 128, 256 subcarri-
ers), AEKF has a stable NLW tolerance over 1.5× 10−3 and
possesses a lower computation complexity than MEKF and
MBPS-FL when NLW lower than 1 × 10−3. At commercial
laser linewidth of 200 kHz, AEKF’s time complexity is about

1/3 of MBPS-FL’s complexity, lower than MEKF’s complex-
ity. Besides, AEKF has strong tolerance against fiber effect,
supporting longer distance transmission than MEKF. In con-
clusion, AEKF algorithm makes CO-OFDM/OQAM system
strong in robustness against fiber effect, subcarrier allocation
and laser linewidth. Therefore, AEKF is a promising PNE
scheme for CO-OFDM/OQAM system in dynamic networks
to providemoderate high flexibility and low complexitywhile
assuring reliable performance.
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