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Abstract—Instability of the local oscillator causes phase

noise – a phenomenon that is a disadvantage and is considered

to be a major obstacle in the functioning of coherent optical

orthogonal frequency division multiplexing (CO-OFDM) sys-

tems. An attempt has been made in this paper to reduce the

effects of common phase errors generated by phase noise. In

this paper, a least mean square (LMS) based algorithm is pro-

posed for estimation of phase noise. Using this proposed algo-

rithm, the major problem of phase ambiguity caused by cycle

slip is avoided and the bit error rate is greatly improved. Fur-

ther, there is no requirement for modifying the frame struc-

ture of OFDM using this algorithm. A CO-OFDM system with

the 8-PSK technique is used to implement the algorithm con-

cerned. Furthermore, the algorithm, using the 8-PSK modu-

lation technique, is analyzed and compared with the existing

QPSK technique and with other algorithms. The investiga-

tions reveal that 8-PSK outperforms existing LMS algorithms

using other techniques and significantly reduces the bit error

rate.

Keywords—coherent optical-orthogonal frequency division mul-

tiplexing (CO-OFDM), common phase error, least mean square

(LMS), phase noise.

1. Introduction

Orthogonal frequency division multiplexing (OFDM) is an

emerging technique for communicating through transmis-

sion channels characterized by frequency selective fading.

Frequency selective fading is very difficult to handle in

conventional communication receivers, as the design of the

receiver becomes complex. Channel bandwidth is utilized

efficiently using these multiplexing techniques just by divid-

ing the total channel capacity into several low bandwidth

channels [1]. OFDM alleviates this problem by conver-

sion of a complete channel with frequency selective fad-

ing into several narrowband channels with flat fading, in-

stead of mitigating the entire frequency selective fading.

OFDM is a modulation technique in which a stream with

a high data rate is divided into several closely spaced nar-

row bandwidth orthogonal subcarriers that are modulated

at a lower bit rate. Such an approach makes this technique

immune to frequency selective fading [2]. A conventional

modulation scheme, such as phase shift keying (PSK), is

used to modulate each subcarrier. OFDM is standardized in

communications [3] under broadband wireless access sys-

tem, LTE (4G), Wi-max (IEEE 802.16e), HIPERLAN and

IEEE 802.11a standards (WLAN) [4]. Comparison with

transmission schemes that use a single carrier shows that

OFDM is effective in eradicating intersymbol interference

(ISI) produced by multipath fading of the channel. It also

provides a high transmission data rate and high efficiency

of the spectrum. Moreover, it offers flexibility for adding

and dropping optical signals. Therefore, it is suitable for

future wireless communications operating at high speeds.

However, the main limiting factor in using the orthogonal

frequency division multiplexing technique is its sensitivity

to phase noise. Phase noise is generated in a coherent opti-

cal OFDM system at both transmitter and receiver ends. At

the transmitter side, this noise is induced by lase. On the

other hand, at the receiver side, phase noise is formed by

the local oscillator that is an essential element of receiver

needed to produce local frequencies and to offer synchro-

nization. Therefore, in order for the system to work effi-

ciently, phase noise should be eliminated, which is consid-

ered to be a major degradation factor in the performance

of a CO-OFDM system.

In this paper, an effort has been made to tackle the errors

produced by phase noise with the help of the proposed

algorithm that uses the CO-OFDM system in conjunction

with the phase shift keying mechanism (8-PSK).

The paper is organized in the following manner. A brief

description of OFDM is given in Section 1, followed by an

explanation of the basic concepts of CO-OFDM and phase

noise given in Section 2. In Section 3, the proposed algo-

rithm is presented and explained. Investigations results and

simulations are illustrated in Section 4. Finally, conclusions

are presented in Section 5.

2. Analysis of CO-OFDM System with

Phase Noise

Although OFDM was standardized in wireless communi-

cations a long time ago, CO-OFDM was first presented by

researchers in 2008 and is considered to be the latest model

used in optical communication systems. The coherent op-
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tical OFDM (CO-OFDM) is a technique in which input

data is modulated using light frequency, and demodula-

tion is performed in a coherent mode [5]. Two techniques

of coherent detection and OFDM are combined in CO-

OFDM. This scheme has many advantages in comparison

to traditional techniques, with high electrical and spectral

efficiency being one of them. Moreover, this technique is

resistant to optical dispersion and shows high sensitivity

at the receiver end. However, the phase noise produced

by laser is a major drawback in the performance of the

CO-OFDM system and must be compensated for. An effi-

cient compensation mechanism is required in OFDM sys-

tems due to their long symbol sequences. Phase noise is

generated in this system by laser used at the transmitter end

and by the local oscillator used at the receiver end. Non-

linearity of optical fiber is a major source of phase noise

as well [6]. The transmitter and the receiver of an OFDM

system with phase noise are shown in Figs. 1 and 2, respec-

tively. The OFDM scheme is based on dividing the high

data rate stream into many lower data rate streams that can

be transferred to orthogonal subcarriers. Each subcarrier is

modulated using any traditional modulation scheme, such

as the phase shift keying (PSK) technique or the quadrature

amplitude modulation (QAM) scheme.

Fig. 1. Transmitter of an OFDM system.

Fig. 2. Receiver of an OFDM system including phase noise.

At the transmitter, the OFDM system uses the source sym-

bol in the frequency domain. These source symbols are

used as inputs to IDFT block that converts the frequency

domain into time domain. OFDM converts the incoming

symbols into N signals of a lower rate. These signals mod-

ulate the subcarriers that are orthogonal to each other, using

IDFT. The time-domain signals are obtained from IDFT [7].

The carrier signal obtained is represented as:

c(t) = Ac(t)ej|wst+Øct| , (1)

where Ac(t) denotes the amplitude of the carrier.

Complex signal Cs(t) is given by:

cs(t) =
1
N

n=N−1

∑
n=0

At(t)e j[wnt+Ønt] . (2)

After sampling the above signal, the signal is given by:

Ss(kt) =
1
N

n=N−1

∑
n=0

Ane j[(w0t+n∆w)kt+Øn] . (3)

The phase noise produced actually destroys the main fea-

ture of orthogonality among the subcarriers, which leads to

a reduction in the system’s performance [8]. Phase noise

causes the symbols transmitted to be rotated by a small

angle – the phenomenon is known as common phase er-

ror (CPE) [9]. Using a CPE-sensitive constellation, many

errors result due to uncompensated CPE. Hence, there is

a need to compensate for the phase error before detection

of the symbols [10]–[12] at the receiver end.

An OFDM system having N subcarriers, and characterized

by the symbol duration T and cyclic prefix length Ng (to

eliminate ISI caused by multipath fading) is considered in

this paper. For n-th subcarrier of the m-th symbol phase,

noise is:

Øm(n) = Øm−1(N −1)+
n=N

∑
n=−Ng

u
[

m(N +Ng)+ i
]

, (4)

Øm(n) =
i=m(N+Ng)+Ng+n

∑
i=0

u(i) . (5)

Here, u(i) denotes the mutually independent random vari-

ables having a Gaussian probability density function with

a zero mean.

The correlation function value of Øm(n) between the same

symbol is given as:

E
[

Øm(n).Ø∗
m(I)

]

=

(

2πBT
N

)∗

min
[

m(N +Ng)

+n,m(N +Ng)+ I
]

. (6)

From Eqs. (4)–(6), it is implied that phase noise is basi-

cally a random process that is non-stationary, with a time

varying correlation function. CPE causes rotation of the

signal constellation by a specific angle, and is worked out

as:

Ø0 =
1
Ts

∫ Ts

0
j(t).dt . (7)

3. Proposed Algorithm

Out of many phase noise estimation algorithms used in

OFDM systems, the use of feedback-adaptive estimation

based on LMS seems to be one of the best choices. In this

estimation algorithm, phase-related information from the

previous symbols is used to generate an estimate for the

present symbol. Nevertheless, the bit error rate (BER) pro-

duced by this algorithm is rather high. It uses a modulation
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scheme of QPSK and has an ambiguity of 90◦ in phase. If

the instantaneous phase error is greater than 45◦ due to the

combined effects of line-widths and noise, the carrier will

be recovered back from the lock point that is 90◦ away from

the phase of the current pulse, thereby inducing the error

rate in coherent detection. This is the problem of cycle

slip which is a major obstacle affecting performance of the

system [14] when this specific technique is used.

Figure 3 shows a schematic representation of the proposed

algorithm. In the first stage, pilot symbols are utilized to

track the phase of the signal. The received sequence is

then multiplied by the complex conjugate part of the pilot

sequence, which is taken as zero-padded. Further interpo-

lation filters are used to obtain the resultant sequence.

Fig. 3. Diagram of the proposed algorithm.

The argument of the samples is then taken for the phase cor-

rection at the output of the interpolation filter. The residual

phase offset is then corrected by the adaptive LMS estima-

tion algorithm, which does not suffer from ambiguity in

phase [15]. This implies that only a small phase-offset is

obtained from the sequence which is at the input of the

second stage. The estimation of phase produced by it lies

within the range of −π/4 to +π/4. Earlier, the system

was designed by using an adaptive algorithm which was not

able to demonstrate good performance due to a low SNR

value. Performance of this system was degraded mainly

by cycle-slips that were produced by the carrier frequency

signal slipping to the next lock point location. Then, the

CO-OFDM system was designed and demonstrated, using

the QPSK technique. Using this technique, the problem

of cycle slip was resolved by limiting the value of phase

offset to a pre-decided range. The BER was not improved

significantly, however. The proposed algorithm shows a re-

markable difference in the value of SNR at the same BER.

Furthermore, due to a limited rotation angle range, no cy-

cle slip is observed in this algorithm. Moreover, this algo-

rithm does not introduce any changes to the OFDM frame

structure.

4. Results and Discussions

Matlab is used for generating the OFDM signal and for an-

alyzing system performance. A 256-size IFFT/FFT is used,

comprising of 1 pilot symbol and 255 OFDM subcarriers.

8-PSK and QPSK modulation techniques are used in sim-

ulating the algorithm. By using M-ary schemes, i.e. when

a signal is represented to map by more than a single bit,

bandwidth efficiency is achieved. A phase change of 180◦

represents digital data of 1 and 0 in BPSK modulation.

2 bits are mapped on each signal in QPSK by a phase shift

of 90◦. By employing several phases in M-ary PSK, more

than 2 bits may be mapped. In QPSK, data is encoded by

utilizing four distinct shifts of phase, i.e. 45◦, 225◦, 135◦,

and 315◦. However, in the 8-PSK, scheme, eight distinct

phase-shifts, i.e. 0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦ and

315◦ are used for encoding the data. In 8-PSK modula-

tion, the complete coordinate system is evenly divided into

8 angle sectors representing 8 constellation symbols. One

symbol is formed by mapping 3 bits in 8-PSK modulation.

Various algorithms that deal with the phase noise error are

compared on the basis of BER and SNR. The techniques

that are implemented and compared include adaptive LMS,

theoretical QPSK, improved 2-stage and the proposed tech-

nique of LMS with 8-PSK. Performance metrics, such as

constellation diagram, BER and SNR, are used to evaluate

the system’s performance.

Fig. 4. Constellation points of 8-PSK before compensation.

Figure 4 shows the constellation diagram of 8-PSK before

compensation of phase noise. It may be clearly seen in

the figure that noise has fully contaminated the system,

adversely affecting its performance.

Fig. 5. Constellation points of 8-PSK after compensation in the

first stage.
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Fig. 6. Constellation points of 8-PSK after compensation in the

second stage.

Figures 5–6 show the constellation points of 8-PSK after

compensation of phase noise in the first and second stage,

respectively. Pilot symbols are used to correct the con-

stellation points in the first stage and then in the second

stage. These constellation points are corrected and phase

noise is compensated using the LMS phase estimation al-

gorithm.

Fig. 7. Constellation points of QPSK after compensation in the

first stage.

Fig. 8. Constellation points of QPSK after compensation in the

second stage.

The QPSK constellation points after phase noise compen-

sation performed in the first stage using pilot symbols and

in the second stage using the LMS-based algorithm, are

depicted in Figs. 7–8.

Finally, Fig. 9 demonstrates a comparative analysis of the

bit error rate, between the algorithms proposed, using

8-PSK modulation scheme and the existing algorithms us-

ing QPSK and other approaches. Performance of the adap-

tive LMS algorithm, the improved two stage algorithm with

Fig. 9. Comparative analysis of BER between proposed algo-

rithm and other algorithms.

QPSK and the improved two stage algorithm with 8-PSK

is compared. The results show that the curve of adaptive

LMS is distant from the theoretical curve of QPSK. In-

vestigation reveals that the improved 2-stage algorithm with

8-PSK performs better than the adaptive LMS algorithm

and is closer to the theoretical curve. The proposed algo-

rithm relying on 8-PSK modulation outperforms the exist-

ing LMS algorithm using the QPSK modulation technique

and significantly reduces BER by 8%.

5. Conclusion

In this paper, phase error generated by phase noise in the

CO-OFDM system is reduced. To accomplish this goal

a phase noise estimation algorithm with 8-PSK modulation

technique is proposed and implemented to reduce phase er-

ror. BER values of the adaptive LMS algorithm, improved

2-stage algorithm with QPSK and improved 2-stage algo-

rithm with 8-PSK are compared. The improved 2-stage

algorithm with 8-PSK significantly outperforms the adap-

tive LMS algorithm. This algorithm with 8-PSK reduces

the bit error rate by 8% when compared with the exist-

ing adaptive LMS algorithm. Moreover, the problem of

cycle slips is avoided using this algorithm. Investigations

revealed that the proposed algorithm with the 8-PSK mod-

ulation technique is capable of providing a lower BER than
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the existing algorithms used for reducing phase noise in

CO-OFDM systems.
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