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Flexible Phase Synchronization for Wireless Optical
Coherent Communication System With Adaptive
Fractionally-Spaced Blind Equalization Combined
With Adaptive Kalman Filter

ShuPeng Zhang

Abstract—Wireless optical coherent communication can be used
as the backbone supporting technology of air-space-ground-sea-
integrated network. In wireless optical coherent communication,
the information can be demodulated from the carrier correctly
only when the phase synchronization is accurate. Operating in
different systems and diverse environments presents challenges for
phase synchronization, especially lasers with different line-widths
and atmospheric turbulence channels that cause scintillation and
wave-front distortion. We propose a combination of adaptive
fractionally-spaced blind equalization and adaptive kalman filter
to realize phase synchronization under different line-widths and
different scintillation and wave-front distortion. This combination
which changed the limitation that the original settings of each part
is not directly applicable to atmospheric channel combines spatial
diversity in a natural way, jointly removes amplitude noise and
phase noise more thoroughly with the optimal bandwidth, and can
realize phase synchronization under time-varying conditions. The
signal quality of the proposed scheme with constant parameter
output can be improved 1-2dB in both mean square error (MSE)
and symbol to error ratio (SER) compared to traditional equal
gain combining (EGC) followed by Viterbi-Viterbi phase estima-
tion (VVPE) and the proposed constant parameter scheme has
more laser line-width options. The proposed scheme with noise
parameter corrected by Autoregressive method outperforms the
constant parameter scheme 1-2dB at both MSE and SER and has
higher and wider line-width selections. With this design, phase
synchronization can be more flexible to adapt to dynamic changes,
which will be more suitable for future applications of wireless
optical networks with dynamic,noisy, diverse environment.

Index Terms—Adaptive Kalman filter, atmospheric turbulence,
coherent communication, fractionally-spaced dual-mode blind
equalization, free space optical communication.

I. INTRODUCTION

ERIAL-spatial-terrestrial-marine integrated network is
A the trend, involving various terminal platforms, various
relay systems and different distance routing and working en-
vironment [1]. Recently, many fundamental works have been
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conducted focusing on the FSO communication system in deep
space [2], [3], [4], and provided fruitful results and helpful
insights for future deep space communication. Wireless optical
coherent communication, with its high communication rate and
high sensitivity, has greater advantages in the communication
rate distance product [5], and should become an important tech-
nical option and component of aerial-spatial-terrestrial-marine
integrated network. However, wireless optical coherent commu-
nication requires phase synchronization to properly demodulate
information [6], which is a challenge in different systems, and di-
verse environments, especially in laser with varying line-width,
randomly varying atmospheric channels and dynamic alignment
links. The line-width variation causes the phase of the optical
signal to rotate [7]. The laser links are sensitive to the randomly
inhomogeneous atmosphere and become unstable. The changing
atmosphere leads to wave-front distortion and scintillation [8],
[9]. The varying misalignment in the line-of-sight optical beam
between the transmitter and receiver called pointing errors and
also brings amplitude fluctuations [10], [11].These effects make
the noise of the received signals constantly changing, which
brings challenges to phase synchronization, makes the phase
synchronization designed according to prior knowledge unreli-
able, will cause greater deviation, and even cause out-of-step.

Viterbi-Viterbi (VV) algorithm and its variants and blind
phase search (BPS) algorithm are traditional phase estimating
method [12], [13]. The accurate of the former is strongly de-
pendent on the length of employed symbols [14]. The latter
restores the symbol phase with a finite set of phases, and then
compares their distances to the constellation points, the closest
as aresult [15]. We find that the traditional method adopts either
fixed length or finite set, which is equivalent to using fixed
bandwidth or limited variable bandwidth to deal with noise. Such
approaches create a trade-off between steady-state accuracy and
tracking speed.

We also find another limitation that the previous methods only
consider the effect of phase noise, but do not fully consider
the effect of amplitude noise. In fact, the magnitude of the
amplitude has an impact on the performance. The scintillation in
atmospheric channel will bring amplitude noise, and the smaller
the amplitude is, the easier it is close to the decision threshold
under phase noise, which will increase the probability of error.
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A combination of Viterbi-Viterbi phase estimation and linear
kalman filter (LKF) was presented to improve estimating accu-
racy in low signal-to-noise case [16]. However, this combination
algorithm used linear approximation could discard the nonlinear
components and did not take the amplitude noise into account.

A third limitation is that atmospheric channels are time-
varying, which makes it difficult for some methods originally
using constant statistics. In particular, the scintillation caused
by atmospheric turbulence makes the signal amplitude no longer
constant. An improved adaptive square-root unscented kalman
filter (ASRUKF) was proposed to compensation phase noise
[17], in addition, it used the block amplitude mean value to nor-
malize the receiving signal to ease the atmospheric turbulence
problem. Precisely reducing amplitude noise could produce a
more precise result.

In a time-varying environment, the model constructed by
prior knowledge does not match the actual working state due
to unexpected changes in dynamic system and statistical distri-
bution. The inaccuracy of the system model and the statistical
distribution of noise results in the deviation from the optimal
estimation and even the non-convergence. To obtain the optimal
phase noise estimation by kalman filter requires comprehensive
and accurate prior knowledge of the optical coherent system
and atmosphere channel, which cannot be done in practice.
Considering the random fluctuations of channel state, a problem
that needs to be addressed for kalman filter based algorithm that
how to make assumptions about the process noise covariance
and the measurement noise covariance consistent with their
theoretical covariance at any time. This is an area that needs
improvement of using kalman filter based algorithm to achieve
phase synchronization. Embedding on-line estimation of noise
statistics, the measurement noise and system noise parameters
of kalman filter are corrected is a way to make the kalman
filter consistent with the actual operating state. There are four
classes on-line estimation of Gaussian process covariance esti-
mation methods [18].They are maximum likelihood estimation,
correlation method estimation, Bayesian estimation, covariance
matching method. Covariance matching is one of the most com-
mon methods, and its basic idea is to make estimated innovation
covariance consistent with their theoretical covariance [19]. An
innovation based process noise variance estimation and a resid-
ual based measurement noise variance estimation use covariance
matching method to make assumed variances consistent with
their theoretical covariance [17]. In the literature reviewed so
far, almost all of them use covariance matching method in
phase synchronization. The basic idea of correlation methods
is to correlate innovations. A set of equations is derived relating
the systems parameters to the observed autocorrelation function
and these equations are solved simultaneously for the unknown
parameters [20]. Both the maximum likelihood method and the
Bayesian method can give relatively accurate estimates, but the
calculation amount of the two methods is large, and they are
based on the assumption that the dynamic deviation is time
invariant, and do not match the operating conditions [21].

Wireless coherent optical communication systems need ac-
curate phase synchronization to meet the coherent conditions,
recover information correctly from the carrier, and maximize
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the advantages of coherent communication. In the past, phase
synchronization methods only consider phase noise, but in at-
mospheric channel, scintillation makes amplitude noise more
serious, so the consideration of amplitude noise becomes partic-
ularly important. Due to the scintillation, low SNR will occur.
The pre-decision needs to be based on certain performance,
otherwise the pre-decision will cause a large number of false
symbol decisions, resulting in inaccurate estimation and filter
divergence, so the modified extended kalman filter (MEKF)
cannot be directly applied in atmospheric channels. As the atmo-
spheric channel is time-varying, the performance of the constant
value statistics method in the time-varying channel will become
unreliable, so the fractionally-spaced blind equalization also
cannot be used directly. Additionally, the noise of atmospheric
channel is time-varying, so is the compound of all kinds of
noise. The kalman filter designed with prior knowledge may
not be consistent with the actual working state. Setting low
constant parameter will cause the estimate to deviate from the
optimal estimate, and setting high parameter will cause the filter
to diverge.

In this paper, a combination of fractionally-spaced dual-mode
modified constant modulus algorithm (MCMA) and directed
decision (DD) blind equalization (FSE-MCMA+DD) and adap-
tive kalman filter (AKF) is proposed. The FSE-MCMA+DD
equalization preliminarily was used to reduce amplitude and
phase noise with updating its weight coefficients adaptively
with the receiving signals changing according to the real-time
situation. The output was prepared to optimize the following
pre-decision which part they shared used in sequential modified
extended kalman filter (MEKF) which more thoroughly elimi-
nated amplitude and phase noise. FSE-MCMA+DD equaliza-
tion improves the performance of pre-decision, enabling MEKF
to work directly in atmospheric channel at low signal-to-noise
ratio. At the same time, more accurate feedback of MEKF can
more thoroughly reduce the influence brought by time-varying
channel. This makes the steady state error of FSE-MCMA+DD
lower, the convergence faster, and the FSE-MCMA+DD can be
directly used in the atmospheric channel according to the orig-
inal design. The combination constitutes a virtuous circle. And
then we will respectively use covariance matching (CM) method
and Autoregressive (AR) method to estimate the variance of the
noise, especially AR method, has not been seen in literature for
phase synchronization in wireless optical communication. The
estimated result is used to update the noise parameter of AKF
that makes the parameter of the AKF match the actual noise
state. The AKF will be better to adapt to the time-varying noise
brought by the atmospheric channel and optical communication
system, so that the adaptive kalman filter is more accurate and the
system with adaptive parameter scheme has larger and wider line
width selection compared with the constant parameter design,
and is more suitable for the dynamic channel conditions.

The remained of this paper is organized as follows. In
Section II, the system model, channel statistics are introduced.
In Section III, a combination of FSE-MCMA-+DD and AKF
implementing is proposed and its principle of operation is
described. In Section IV, the simulation results are discussed.
Finally, conclusions are provided in Section V.
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Fig. 1. Schematic of free space coherent optical communication system.

II. SYSTEM CONSTITUTION AND CHANNEL STATISTICS

Four receiving apertures wireless optical coherent communi-
cation system with Pi/4-QPSK modulation is considered in this
paper. The QPSK modulated signal is radiated via a single aper-
ture transmitter, propagating through the atmospheric channel
and received by four receiving apertures to be coherent with the
same local oscillator. Schematic diagram of system is shown in
Fig. 1.

The transmitted QPSK signal can be expressed as

Erx (t) = /Prexp (j (2mvet + @ (t) + du (1)) + 1 (1)
(D

Where transmitted optical power Pr, carrier frequency v,
and modulated phase ®(¢), and additive white Gaussian noise
(AWGN) n(t). The phase noise ¢y, (t) is caused by the line-
width of laser and can be modeled by two random walk processes
with a step size that varies according to a normal distribution
[22].

The signals propagating through atmospheric channel are
received by four apertures which are mutually uncorrelated, one
of which at /th aperture can be described as

I, = 2R\/§ Erx (t)

Where & = 44+ ® E5¢; 1s intensity fluctuation, £,4; is the
constant loss due to divergence and &.; is the random irradiance
fluctuation caused by atmospheric turbulence scintillation and
n;(t) is the AWGN. The most common statistical model for the
atmospheric turbulence scintillation is log-normal distribution
[23]. That means that the distribution of logarithm of intensity
fluctuation is Gaussian distribution. Rytov variance, 0%,,,,is
used to describe scintillation when using the Kolmogorov spec-
trum and is also used to divide the atmospheric turbulence
conditions, such as U%ytw < 1 for weak turbulence.

)+ ()

Ohyton = 1.23C2ET/CL1/6 3)

Where C?2 is atmospheric structure constant which also is a
measure for scintillation strength. In this paper, we choose 0.05,
0.25, 0.55 as the values of Rytov variance, and the correspond-
ing value of C? are 2.51 x 107 5m 2/, 1.25 x 10~ 14m 253,
2.76 x 10~ *m 2/, Listhedistance, k = 27 /A is wave number.

The received signal is mixed with local oscillator (LO) laser in

0° optical hybrid. The output signals are converted to electrical
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signals by two balanced photodetectors (BPDs), and the in-phase
(I) and quadrature (Q) baseband signal outputs can be expressed
as

t)=4R+\/Ps (t) Pr, cos (2rAvt+® (t)+ ¢y, (t))+nr (1)
(4)

P (t) Prosin 2rAvt+® (t)+o¢, (1)) +ng (t)
)

Where Pr, is the output average power of LO laser, R is
the detector responsivity, Av is the difference between the
carrier frequency and LO laser frequency, ¢,,(t) is the phase
noise including the term ¢y, (t) caused by the line-width of the
transmitted and local lasers Av,. and phase noise term ¢,,q(t)
caused by atmosphere turbulence. The phase fluctuation ¢4
caused by the atmospheric turbulence can be modeled by zero
mean normal distribution [24]. In order to study phase distortion
caused by atmosphere, the classic statistics of phase variance
oi is extended to consider model compensation. In the model
compensation, Zernike polynomials is used to denote residual
phase variance [25]. It is well known that the residual phase
variance after model compensation of J Zernike polynomial
terms is described as

ro (t)=4R

= Cy(D/ro)*? (6)

Where C'; is about the order of the correction of phase distor-
tion by adaptive optical system. When no terms are corrected
by active model compensation, the coefficient C'; = 1.0299.
D is the diameter of receiver aperture, and rq is Fried pa-
rameter. For plane waves and Kolmogorov turbulence, ro =
(0.423k2C2L) %" 126].

From above, the homodyne detecting received signal can
represent as

r(t) =rr(t) +jrq (t)

=2R\/Ps (t) Proexp (j

J@rAft+ én (1)) +n(t)
@)

In the ideal situation, the deviation of the transmitter and
receiver is set zero, Af = 0. The noise term n(t) is divided
into the In-phase component 7 and the Quadrature component
n. The received power can represent as

Py (t) =& ®)

And the amplitude h can be expressed as
h = 2R\/&\/P.Pr, )

t) = 2R\/&V/ P Pro exp (jdn (£)) + 1 (t)
= (h(t)+7n(t))exp (j (¢n (t) +7(1)))

From the above equation, the amplitude noise and the phase
noise combine as hybrid noise, which pollutes the received
signal, and at the meanwhile we can consider amplitude noise as
multiplicative noise. From the constellation, we will observe that
(cos(®(t)),sin(P(t))) changes to ((h+it) cos(P(t)+ ¢y, (t)+n),
(h47n) sin(®(t)+ ¢, () + 7)) because of the hybrid noise.

(10)
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Fig. 2. Combination of FSE-MCMA+DD and MEKF.

If the signal is only polluted by amplitude noise, its coordinate
can be expressed as (hcos(®(t)), hsin(®(t))), and the multi-
plicative noise does not interface the decision of symbol. But
the shorter the radius is, the closer it is to the decision threshold.
The presence of additive noise will increase the probability
of decision mistakes, and that will magnify the symbol error
ratio. Therefore, we can reduce the hybrid noise, especially
the amplitude noise, to improve the accuracy of decision and
degrade symbol error ratio (SER).

Through analog-to-digital conversion of I and Q photocur-
rents of each branch, baseband digital signals are obtained.
Frequency deviation and delay are eliminated through frequency
recovery and timing synchronization. Then the baseband signals
will be send into FSE-MCMA+DD equalization, and then AKF.
After these, the outputs are sent for symbol decision to get the
final performance.

III. PRINCIPLE OF OPERATION

A combination of FSE-MCMA-+DD and MEKF is introduced
in Fig. 2.

The part of the “L” type green background is the spatial
diversity fractionally-spaced blind equalizer, while the part of
the “7” type red background is the modified extended Kalman
filter, and the part without background in the middle is the part
shared by them.

The FSE-MCMA+DD equalization preliminarily was used
to reduce amplitude and phase noise with updating its weight
coefficients adaptively with the receiving signals changing ac-
cording to the real-time situation. The output was prepared
to optimize the following pre-decision which part they shared
used in sequential modified extended kalman filter which more
thoroughly eliminated hybrid noise.

In atmospheric channel, the existence of multiplicative ampli-
tude noise which aggravates the instability of channel will lead
to the emergence of low signal-to-noise ratio (SNR), and the
modified extended kalman filter needs to use pre-decision, while
low SNR will cause the pre-decision to be unreliable, resulting
in impossible to estimate exactly and even filter divergence.
Therefore, the modified extended kalman filter cannot be directly
applied in atmospheric channel. At the same time, the phase
noise caused by wave-front distortion and laser line-width is also
time-varying, so the processing method using constant statistics
isalso limited. As aresult, fractionally-spaced blind equalization
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also cannot be directly applied in atmospheric channel. But
combining them together can change these unable to use and
achieve better performance.

FSE-MCMA+DD equalization is used to eliminate symbol
and channel interference to the signal. It can be divided into
two parts, the first part is the reception of fractionally-spaced
signal, and the second part is the realization of equalization
algorithm to adjust the taps. The equalization of symbol rate can
only eliminate the inter-symbol interference due to the close
proximity of the spectrum, while the frequency spectrum of
fractionally-spaced equalization has the channel information, so
the influence of the channel on the signal can be reduced [27].
Since the change of atmospheric turbulence is slow relative to the
signal rate, the signal is correlated in time. Therefore, using four
apertures spatial diversity to receive instead of time diversity is
equivalent to oversampling, and the reception of uncorrelated
fractionally-spaced signal is input of equalization. Spatial di-
versity can be combined in a natural way by fractionally-spaced
equalization. Then MCMA and DD dual-mode equalization
algorithmis used to adjust the taps according to the error between
the output of equalization and the expectation or desired signal.
Actually it is not accurate to directly use the expectation and the
desired signal in time-varying situation, because they are always
changing in atmosphere channel. A solution to ease the effect
of time-varying channel by using input signals dividing their
modulus in the cost function [28], it also adds much complexity
when calculate the derivative. The combination approach to
address the effect of time-varying channel will be explained
later.

In order to estimate hybrid noise to compensate the received
signal rand recover the transmitted signal sy, extended kalman
filter is used. Lowercase k represents time instant. Unlike tradi-
tional phase estimation algorithm, only partial phase distortion
and additive noise damage are recovered and unlike amplitude
attenuation in fiber [29], there are not only phase distortion
0, but also multiplicative noise related to signal amplitude
|sx|e'°8"*in atmosphere channel, hj, representing the scintil-
lation in amplitude. In order to compensate the amplitude and
phase noise damage as far as possible, the phase estimate is
changed from the original real value ¢y, to the complex valuet)y.
Complex phase 1, can include phase noise and amplitude noise
resulted from atmosphere turbulence and the optical system,
such as the noise caused by the line-width effects and shot
noise. The design of MEKF is based on extended kalman filter
with state variable changed from the original real value ¢, to
the complex valuev,. The extended kalman filter is obtained
by using kalman filter to linearize the nonlinear part through
Taylor series expansion. Kalman filter can provide a general
framework for the optimal estimation of signal phase deviation,
which evolve according to a given dynamical system model.
Therefore, the extended kalman filter can adaptively use an
optimal bandwidth to balance the steady-state accuracy and
tracking capability so that the mean square error between the
estimated signal phase error and the actual phase error of the
received signal is minimized. The state variable turns to complex
phase, the real part represents phase noise, the imaginary part
represents amplitude noise, and the phase and amplitude noise
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are considered at the same time. Through iterative process, the
optimal estimate of the complex phase is output, which is then
used to reduce the amplitude and phase noise more completely
in wireless channel.

In the middle, FSE-MCMA-+DD and MEKF share a pre-
decision part. The pre-decision is used to adjust the DD taps and
as measurement coefficient in MEKF measurement equation.
More accurate pre-decision will make FSE-MCMA+DD have
accurate steady state error and improve tracking capability and
also will enables MEKF to obtain more accurate complex phase
measurement and keep uncertainty of measurement of MEKF in
proper level. But MCMA only has limited phase recovery capa-
bility, while DD is sensitive to phase noise, and it is mentioned
before that in atmospheric channel, direct application of MCMA
and DD is inaccurate. To solve this problem, the average of latest
complex phase estimates of a certain length from MEKF is used
to restore the output of the equalizer to mitigate the effect of
atmospheric channel, because these complex phase are output
of MEKEF tracking the changing channel. This behavior not only
improves the phase recovery ability of the equalizer, but also
enables the equalizer to use the expectation or expected signals
to calculate the error as originally designed.

In the real situation, the noise parameters of system noise and
measurement noise set by prior knowledge may not match the
actual working state. Especially when the signal-to-noise ratio
span is large and there is effect of atmospheric turbulence at
the same time, it is difficult to include so many states with the
same parameter to make each state have better performance.
Often taking into account the low signal-to-noise ratio, then the
condition of the high signal-to-noise ratio is no longer corre-
sponding to the working range of the same parameter setting,
and there is a performance deviation. Another situation is that the
line-widths of transmitter laser and local oscillator laser become
larger. Larger line-widths require greater tracking capability.
Constant parameter limits steady-state error and tracking ability.
In order to solve this problem, we use the innovation series that is
deviation between measurement and prediction to fit AR model,
and estimate the noise variance by this model. Then the variance
is used to update measurement equation noise parameter of
MEKE. It allows MEKF to adapt to the working state at any time.
It is worth mentioning that this noise is a virtual noise concept,
because it includes the bias caused by inaccurate system models
and noise distribution and real noise variation.

The above process will be described by the following flow:

The baseband signals after frequency recovery and tim-
ing synchronization at each branch will be send into FSE-
MCMA+DD equalization. The source symbol sequence {Si}
with period T is transmitted through atmosphere channel with
impulse response h. r is the received baseband signal interfered
by additive noise w, which can be expressed as

Lh
T = E h;si—i +wy

1=0

(1)

The impulse response of the sub-channel ! (I = {1,2,3,4})1is
obtained from the channel vector h, where L;, + 1 is the length
of the impulse response of the sub-channel.
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The output of fractionally-spaced blind equalization can be
described as

Ly
ye =Y flrii=f"ry (12)
i=0

Where f; representing the baud rate the column vector com-
posed of the i th tap of each sub-equalizer,i = 0,1, 2,..., Ly and
the length of the tap coefficient vector of the fractionally-spaced
blind equalizer is I x (L + 1), in this paperL ; = 6. H denotes
conjugate transpose.

Then, the signal is input into the dual mode blind equalizer
which is core principle to control the tap f. In order to allevi-
ating the influence of time-vary channel and improving phase
compensation ability, phase recovery is added. (ﬁk is the average
value of the past estimates of a certain length that is fed back by
subsequent MEKEF, in this paper, N = 10. g;, is the output after
phase recovery.

. 1 .
o = i ;%/1ka (13)

Gk = Yk - €Xp (_jék) (14

MCMA or DD is used to achieve equalization. Their taps
updating equations because of adding phase recovery will be
express as

Jre1 = fx — BMCMA - €rTOT NG A Yk - €XD (*jd)k)
(15)
Where pnronra is the update step-size parameter and is set
to 103, errori oy 4 is the conjugate of the error of MCMA.

fo+1 = fx — upp -errorpp - yi - €xp (—jék) (16)

Where ppp is the update step-size parameter and is set to
10°.

The received eye pattern is usually of low quality at the
beginning, in this case the algorithm may not converge due to
the high probability of wrong decision. Therefore, MCMA blind
equalization algorithm based on the statistical characteristics of
symbols is first adopted, but MCMA has a large steady-state
error [30]. In order to overcome this shortcoming, the directed
decision (DD) algorithm based on the instantaneous characteris-
tics of symbols is used to reduce the steady-state error of MCMA.
The switching between the two blind equalization algorithms
is through a decision circle. The MCMA algorithm is used to
update the tap coefficient when the mean square error (MSE) is
outside the decision circle, and when the mean square error is
inside the decision circle, the DD algorithm is used to update
the tap coefficient (17) shown at the bottom of the next page.

Where d = 0.4 is the decision threshold for switching and
0 < d < (L/2)? is satisfied, where L is the minimum distance
between QPSK constellation points.

An MSE estimator with forgetting factor is introduced to

estimate the MSE in the iterative process in real time:
MSE), =% -MSE, 1+ (1—1)|gr — 8> (18)

Where the forgetting factor A is 0.99.
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After equalization, the following MEKF is used to phase
recovery. The output of blind equalization y;, is the input of
MEKEF. The system equation and measurement equation of
modified extended Kalman filter:

19)
(20)

Y = Pr-1 + wg
TE = §k€jwk + vk

Where ¢y, is the complex phase, the real part represents phase
noise, the imaginary part represents amplitude noise, and the
phase and amplitude noise are considered at the same time. 7
is the received signal. 5, is the pre-decision of original symbol
Sk. wi and vy, are assumed zero mean Gaussian noise and their
variances are (i, Rj. Under Gaussian noise assumption, MEKF
performs optimal filtering [31]. In this paper, the variances of
noise wy, and vy, are set to be 102 and 10" in MEKF respectively.

In order to make the kalman filter consistent with the actual
operating state, we use CM and AR methods to update measure-
ment noise parameter respectively. The innovation vy, of kalman
filter is the difference between measured and predicted values.

Vi =Tk — §k€jwk/k’1 (21)

Where v/, is the predicted complex phase noise. 7 is
the measurement value. Sy, is the pre-decision of the transmitter
symbol that is not known. Using the real measurement symbol
minus the transmitter symbol we determined by certain rules
with predicted amplitude and phase noise, we can obtain the in-
novation viabout fresh information and calculate its covariance
in CM methods.

1 m—
== Z vp_iviL, (22)
m i=0

The statistical average of the square of the innovation covari-
ance matrix can be viewed as statistical smoothing through a
window of length m.

Through the following relationship, we will get the estimated
variance of measurement noiseRk. Use Rk to update the vari-
ance of measurement equation noisevg.

Ry=0C, — Hkpk/kAH;f

=0y — Hy, (F1 P B+ Qi) HE (23)

Or we can use another way. After MEKF has been running
for some time, in AR methods, an innovation based time series
with length M can be obtained vy, V1, + , Up—(ar—1). Firstly,
the autocorrelation function is calculated.
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The general AR (1) model for a discrete innovation sequence
vy, 1s specified by the recursion.
Vg = Q1,1Vk—1 + Mk (25)
Where 7, is a white Gaussian noise sequence with variance
0727. And the coefficient o1 ; and the variance (7727 can be obtained
through the Yule-Walker equations using the autocorrelation
function R, (m) [32]. Final prediction error criterion function
value FPE (1) also can be calculated.
Final prediction error (FPE) criterion function is used to
decide the order of the AR model.

o M+ (P+1)

FPE(P) = PM (P+1)

(26)

The order P corresponding to the minimum value will be the
order of the model. 0% is the estimate of the prediction error
power of the P-order AR model. M is the number of data.

Then, according to the Levinson-Durbin (L-D) algorithm,
the iterative operation is carried out and the coefficients and
variances of every order of AR model is obtained until the final
prediction error criterion function reaches the minimum value,
and the order P is determined. Then the AR(P) model can be
determined, and the variance of the noise Rk can be estimated
to update the variance Ry, of measurement noise vy. The MEKF
is upgraded to AKF. The optimal estimation complex phase
from AKF will be used to recover the transmitted symbol more
accurately.

S = rkefj’/;’“ 227

IV. SIMULATION RESULTS

In this section, Pi/4-QPSK based FSO system is considered.
The system and channel models adopted in the simulations were
shown in Section II. The distance between each receiver aperture
is assumed greater than the coherent length of atmosphere,
so each sub-channel is assumed affected by i.i.d. Log-Normal
atmospheric turbulence. 20 sweep iterations were done for the
same signal-to-noise ratio to ensure that a relative accurate SER
can be obtained; for each iteration, 2'# symbols pseudo random
symbol sequence are generated for SER test, and a constant
channel fading is considered over the duration of a frame of
symbols (Coherent time), changing to a new independent value
from one frame to the next. First of all, the application scope
of each scheme will be found according to the selection of
line-width, and the performance will be compared under which
line-width according to the conclusion. Then, the performance
of each scheme will be compared under the presence or absence

M—1—|m|
R, (m 1 Z (n+m),|m|<M—1 (24) of atmospheric conditions. Other parameters presented in the
0 simulations are summarized in Table I.
2 2 . 2 2
E (real(gk) - 73) + (zmag(gk) - fyl) MSE >d
Jp = (17

E [(Qk - Si

']

MSE <=d
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TABLE I
PARAMETERS FOR SIMULATION

Parameter Value Parameter Value
Wavelength 1550nm Symbol Rate 1G Baud
Line-width 2- Coherent time 1x10°Cs
15kHz
Constant loss 3dB Rytov variance 0.05,0.25,0.55
Aperture Scm Wave-front 0.07,0.13,0.2
diameter distortion variance
Distance 1000m
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Fig.3. SER performance versus Line-widths 2kHz-12kHz.

Four schemes, Equal Gain Combining followed by
Viterbi-Viterbi Phase Estimation, FSE-MCMA+DD, FSE-
MCMA-+DD-MEKF and FSE-MCMA+DD-IEKEF, are firstly
considered. For single input multiple outputs (SIMO), EGC is
the most commonly used combining technique because equal
gain combining is close to Maximal Ratio Combining (MRC) in
performance and it is simple in implementation [33]. Through
coherent receiving of multiple signals and the light of local
oscillator laser, the performance close to MRC performance
can be obtained by EGC in the electrical domain, and then
can be further improved by the following VVPE. VVPE is
also most commonly used phase compensation technology. The
other three schemes are FSE-MCMA+DD, FSE-MCMA+DD-
MEKEF, and FSE-MCMA+DD-IEKF. The difference of the
former two schemes is that compensating phase is the mean
of latest estimates of a certain length or the optimal estimate
from MEKF. The difference of the latter two schemes is that
using pre-decision or the transmit symbol as measurement co-
efficient. Secondly, the combination of FSE-MCMA+DD-AKF
improved by CM or AR method is respectively compared with
FSE-MCMA+DD-MEKEF in different conditions.

Atfirst, we examine the options based on the line-width factor.
This will make the limitations of constant parameter schemes
clearer.

InFig. 3, The SER performance of FSE-MCMA+DD-MEKF
compared with that of Equal Gain Combining (EGC) and
Viterbi-Viterbi phase estimation (VVPE) as the line-width of
the laser changes from 2kHz to12kHz. EGC+V VPE is added as
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Fig. 4. SER performance versus Line-widths 10kHz-15kHz.

a comparative item in order to illustrate that FSE-MCMA+DD-
MEKF with constant parameter also has certain steady-state
error accuracy and tracking ability. With SER = 1072 as the
boundary, EGC+VVPE almost exceeds the boundary at 3kHz,
while FSE-MCMA+DD-MEKF will not exceed until 8kHz,
which indicates that FSE-MCMA+DD-MEKEF has better track-
ing and phase compensation capabilities. If more than 3kHz,
there is almost no comparison between the two, so in order to
observe the performance comparison between the two, 3kHz is
selected as the line- width for research firstly.

Despite MEKF has better performance, constant parameter
limits its application, for example, it can only be used when
the line-width is less than 8 kHz. In Fig. 4, the selection range
of line-width is extended to 15 kHz, and the performances of
the scheme with noise parameter corrected and the constant
parameter scheme are compared. It can be seen from the figure
that the performances of the adaptive scheme AKF-CM and
AKF-AR are better than that of the fixed parameter setting
MEKEF. Still using SER = 1072 as the performance boundary,
MEKF can only work to 8kHz, but AKF can be extended
to 12kHz, which shows that through adaptive adjustment of
parameters, the original working range can be extended to meet
the harsher working conditions. Therefore, in order to better
compare the performance of AKF and MEKEF, the line-width
will be then expanded to 12kHz.

InFig. 5, in comparison, without atmospheric turbulence, only
line-width effects and constant attenuation are considered. The
figure shows the condition of each scheme at 3kHz line-width.
It can be seen from the SER analysis that compared with the
performance of single-channel reception, the performance of
multi-channel reception can be improved by the combining in
the electrical domain after coherent with the local oscillator.

From the above SER, it can be found that the performance
trend of FSE-MCMA+DD and FSE-MCMA+DD-MEKEF is
consistent with that of EGC+VVPE. All decreased with the
increase of SNR. For the same SER, the performance of
FSE-MCMA+DD-MEKEF is nearly 2dB better than that of
EGC+VVPE, and the performance of FSE-MCMA-+DD-IEKF
is 3-4dB better than that of EGC+VVPE.
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In Fig. 6, the constellation with SNR of 10dB, the constella-
tion points of each symbol are clearly separated, and the ampli-
tude and phase noise reduction of FSE-MCMA+DD-MEKEF is
more thorough than that of EGC+VVPE, so it is easy to find
that the signal quality of FSE-MCMA+DD-MEKF is better. To
better illustrate the performance of the combined scheme, the
changes in performance can be seen more clearly through MSE.

In Fig. 7, firstly, the overall performance can be ranked,
from high to low performance, FSE-MCMA+DD-IEKF>FSE-
MCMA+DD-MEKF>EGC+VVPE>FSE-MCMA+DD. Sec-
ondly, after stabilization, the MSE of FSE-MCMA+DD-MEKF
is 1-2dB lower than that of EGC+VVPE at the same SNR.
Thirdly, by comparing MSE, it can be found that the performance
of FSE-MCMA+DD-MEKEF is improved compared with that of
FSE-MCMA-+DD, and FSE-MCMA+DD-MEKEF is reduced
to the same MSE performance level faster, which indicates
that FSE-MCMA+-DD and MEKF combination optimizes the
steady-state accuracy and the speed of convergence of FSE-
MCMA-+DD.

In Fig. 8 and 9, different Rytov variances and wave-front
distortion phase variances are selected to investigate the perfor-
mance changes of several schemes under different turbulence
conditions.
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MSE comparison at SNR=10dB
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Fig. 8 illustrates the performance of the system under three
different Rytov variances. The performance hierarchy is FSE-
MCMA + DD-IEKF > FSE-MCMA + DD-MEKF > EGC +
VVPE, where IEKF has a 2dB improvement over MEKF in the
same SER, and MEKF has a 1-2dB over EGC+VVPE.

Fig. 9 shows the performance of the system under three phase
variance conditions of different wave-front distortions. It can
be found that the trend of several schemes is similar to that
without turbulence, and SER will decrease with the increase of
SNR. However, when the phase variance of wave-front distortion
increases, the performance will get worse. As the phase variance
of wave-front distortion changes from small to large, it can be
seen that the performance area of SER shifts upward. It can be
found that EGC+VVPE only has SER lower than 10 under the
condition of the lowest wave-front distortion phase variance and
high SNR, while MEKF can obtain a performance lower than
SER = 1072 under the condition of medium wave-front distortion
variance and high SNR, and the performance is getting better and
better with the increase of SNR. Only IEKF can achieve this at
high wave-front distortion variance.
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SER simulation results with wavefront distortion
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Fig. 10. MSE at SNR = 10dB.

Through the above simulation, it can be seen that the proposed
FSE-MCMA+DD-MEKF scheme improves the MSE by 1-2dB
compared with EGC+VVPE, and has higher tracking capability
and can handle a lager range of line-width. In addition, the
comparison of constellation also shows that the combination
can improve the signal quality. The effect of amplitude noise
and phase noise reduction is achieved, and MEKF is also 1-2dB
better than EGC+VVPE at SER.

Then, according to the conclusion of line-width before, in
order to better compare the performance of AKF and MEKEF,
the line-width will be then expanded to 12kHz. MEKF was
improved respectively by means of covariance matching method
and autoregressive method, and two AKF schemes, FSE-
MCMA-+DD-AKF-CM and FSE-MCMA+DD-AKF-AR, were
formed. The performance of FSE-MCMA+DD-MEKF and
FSE-MCMA+DD-AKEF are compared to explain the character-
istics of AKF. The performance of FSE-MCMA +DD-AKF-CM
and FSE-MCMA+DD-AKF-AR was compared at the same time
to understand the characteristics of different adaptive methods.
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Fig. 11.  SER simulation results at line-width 12kHz.

In Fig. 10,with MSE we can see the performance changes
more clearly and can sort the performance:FSE-MCMA+DD-
AKF-AR>FSE-MCMA+DD-AKF-CM >FSE-MCMA+DD-
MEKF>FSE-MCMA+DD.It can be seen that the performances
of the combination schemes of AKF with using the updated
noise variance estimation are improved compared with that of
the original MEKF. In addition, AKF-AR performs slightly
better than AKF-CM, because the CM method uses the average
of the covariance to estimate the variance of the noise, which is
equivalent to AR with only constant terms. AKF-AR uses L-D
method to get the estimated variance of each order recursively,
and then uses FPE to determine the optimal order, and takes the
corresponding variance as the final output. Since the optimal
order is not necessarily order zero, the performance of AKF-AR
will be better than that of AKF-CM.

In Fig. 11, after expanding the line-width, the performance
of each scheme of FSE-MCMA+DD-AKEF is better than that of
FSE-MCMA+DD-MEKEF, and the SER performance of AKF is
1-2 dB better than that of MEKF. This shows that the adaptive
algorithm can achieve better performance under more stringent
conditions by adjusting the original fixed parameters, so that the
system can adapt to larger working conditions.

In Figs. 12 and 13, different Rytov variances and wave-front
distortion phase variances are selected to investigate the perfor-
mance changes of several schemes under different turbulence
conditions.

In Fig. 12, Rytov variance from low to high, all schemes
show a trend of lower symbol to error ratio with the increase
of SNR, and SER performance will gradually deteriorate with
the gradual increase of Rytov variance. In general, the SER
performance regions corresponding to small and large Rytov
variance can be distinguished. The performance level of AKF
scheme and MEKF scheme can be clearly distinguished, and
AKF scheme is better than MEKF scheme. MEKF can only
receive the performance below SER = 1072 under the condition
of the lowest Rytov variance and the maximum SNR, and the
overall performance area is worse than SER = 102, while the
scheme of AKF, with the same Rytov variance, receives better
and better performance than SER = 107 after the signal-to-noise
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Fig. 13.  SER simulation results with wave-front distortion phase variances.

ratio of 8dB. In other Rytov variances, AKF can also gain better
performance than SER = 1072 when the signal-to-noise ratio
is high. In Fig. 13, it can be found that the trend of these
schemes is similar to that of scintillation conditions, but the
SER performance deteriorates with the increase of the phase
variance of wave-front distortion. The performances of FSE-
MCMA+DD-AKF-AR and FSE-MCMA+DD-AKF-CM are
basically the same and better than FSE-MCMA-+DD-MEKF.
It can be observed that only when the phase variance of the
wave-front distortion is low and medium, and the SNR is high,
can the AKF schemes achieve performances lower than SER
= 1072, and the following SER performances decrease with
the increase of the SNR, which reflects that the influence of
wave-front distortion on the receiving performance is relatively
serious.

V. CONCLUSION

In this paper, we have a research of the phase synchronization
of pi/4-QPSK modulated wireless optical coherent communi-
cation system in Log-Normal atmospheric turbulence channel.
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The phase synchronization performance of FSE-MCMA-+DD-
MEKF and EGC+VVPE schemes under 3kHz line-width and
the phase synchronization performance of FSE-MCMA+DD-
AKF and FSE-MCMA+DD-MEKF under 12kHz line-width are
simulated respectively. At 3kHz line-width, FSE-MCMA+DD-
MEKEF can effectively improve the signal quality, compared to
EGC+VVPE, optimized 1-2dB at both SER and MSE, and with
higher tracking capability, can handle a larger range of line-
width. Better signal quality is also shown on the constellation
through reducing the impact of amplitude noise and phase noise.
By using the AR algorithm, MEKF is updated to AKF, so that
FSE-MCMA+DD-AKEF can work under the 12kHz line-width
that FSE-MCMA+DD-MEKF cannot reach, and the SER per-
formance of FSE-MCMA+DD-AKF is 1-2dB better than that of
FSE-MCMA+DD-MEKE. Better performance are all obtained
under different conditions of atmospheric channel scintillation
and wave-front distortion.

Based on the above, we propose a solution, by using adaptive
fractionally-spaced blind equalization combined with adaptive
kalman filter, under the minimum mean square error standard,
the amplitude noise and phase noise are removed with the
optimal bandwidth under time-varying conditions, so as to
realize the phase synchronization of wireless coherent optical
communication system in atmospheric channel. This method
can be combined with spatial diversity in a natural way by
fractionally-spaced equalization, so that the design not only
uses the fusion of spatial diversity, but also has flexibility to
make the system more adaptable to dynamic changes. Flexible
phase synchronization can be more adaptable to future wireless
optical network applications with dynamic, noisy, and diverse
environments.
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