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ABSTRACT 

In recent years, optical orthogonal frequency division multiplexing (OOFDM) has 

emerged as a dominant research and development area in the field of high-speed optical 

communications. OFDM is a potential candidate as the most promising next-generation 

optical networks such as passive optical networks and optical transport networks, due 

to their simple configuration based on low cost, high speed data rates, high spectral 

efficiency, high quality of service and robustness against narrow band interference, 

frequency selective fading, and chromatic dispersion. However, intensity modulation - 

direct detection (IM/DD) OOFDM is known to be susceptible to high peak-to-average 

power ratio (PAPR) and chromatic dispersion (CD).  When the optical launch power is 

relative high, high PAPR will cause distortion in both electrical and optical devices, 

resulting in the fiber nonlinear effects. 

In this thesis, we propose three IM/DD optical OFDM systems and develop some 

algorithms to reduce the fiber nonlinearity through reducing the high PAPR of the 

optical OFDM signal. Our innovation works are as follows: 

Firstly, a new spreading code is proposed to reduce the PAPR in intensity 

modulation direct detection optical OFDM system. The new spreading code with low 

cross-correlation and high auto-correlation can be capable of supporting 2N+1 users. It 

means that 2N+1 users or data symbols are able to be transmitted over only N sub-

carriers. The new spreading code can be used to reduce PAPR and expand the capable 

of channel in spread OFDM systems. The experimental results showed that, after 

transmission over 70 km single-mode fiber (SMF), at the bit error rate (BER) of 1×10
-3

 

for 1.726 Gb/s BPSK new spreading signal and 1.718 Gb/s 4QAM original signal, the 

receiver sensitivity of new spreading signal can be improved by 2.1 dB, with fiber 

launch power of 2.75 dBm. Meanwhile the PAPR can be reduced by about 4.6 dB, 

when compared with the original OFDM signal at a CCDF of 10
-4

. The results also 

prove that new spreading code has low cross correlation and has better orthogonality 

property proportional to the high number of subcarrier. 

Secondly, a new hybrid method based on Carrier Interferometry (CI) codes and 

companding transform is proposed in the IM/DD optical OFDM system. The CI codes 

can spread each of the N low-rate symbol streams across all N subcarriers and 

orthogonal CI spreading codes are used before the IFFT stage. Thus, it has frequency 
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diversity benefits for each symbol stream, which can lead to good BER performance. 

Additionally, the use of orthogonal CI spreading codes can eliminates high peaks of 

power distribution, resulting in alleviating PAPR concerns. To get more efficient 

performances of system, the companding technique is adopted after the IFFT stage. The 

companding technique can reduce PAPR and improve BER performance with the 

simple implementation and low computational complexity. Subsequently, we 

experimentally demonstrated the new hybrid method in an IM/DD OOFDM system, 

and the experiment results show that the proposed method can not only reduce PAPR 

but also obtain the better BER performance. The PAPR of hybrid signal has been 

reduced by about 5.7 dB when compared to the original system at a CCDF of 10
-4

. At a 

bit error rate (BER) of 10
-4

 for 1.718 Gb/s 4QAM OFDM signals, after transmission 

over 100 km single mode fiber (SMF), the receiver sensitivity is improved by 3.7, 4.2, 

and 5 dB with launch powers of 3, 6, and 9 dBm, respectively. 

Finally, a novel binary particle swarm optimization (NBPSO) method based on 

dummy sequence insertion (DSI) is proposed and experimentally demonstrated for 

PAPR reduction in the IM-DD OOFDM system. The dummy sequence is inserted for 

only PAPR reduction. The most important feature of DSI method is finding the 

qualified dummy sequence. The new binary particle swarm optimization (NBPSO) 

method can generate high-quality solution within shorter calculation time on getting 

more qualified dummy sequence. The experiment results show the effectiveness of the 

proposed scheme. The PAPR of proposed scheme has been reduced by about 2.8 dB 

when compared to the regular system at a CCDF of 10
-4

. At a BER of FEC 3.8x10
-3

 for 

6.23Gb/s 16QAM OFDM signals, after transmission over 100 km single mode fiber 

(SMF), the receiver sensitivity is improved by 1.9 and 3.2 dB with launch powers of 2 

and 8 dBm, respectively. 

 

Keywords: IM/DD, Optical OFDM, Carrier Interferometry Codes , New Spreading 

Code, PAPR, New Binary Particle Swarm, Dummy Sequence Insertion, Single Mode 

Fiber. 
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详细中文摘要 

近年来，在高速光通信系统中，光正交频分复用（OOFDM）技术已成为人

们主要的研究方向和发展趋势。OFDM 技术是无源光网络及光传输网等下一代光

网络中最有潜力的技术之一，这是由于 OFDM 技术具有成本低、高传输速率、

高频谱效率、高服务质量等优势，同时具有很强的鲁棒性来抵抗窄带串扰、频率

选择性衰落和色散。然而，众所周知，强度调制/直接检测 OOFDM 系统对高峰

均功率比和色散十分敏感。当光发射功率相对高，高 PAPR 使信号在电子及光学

器件中产生失真，同时导致光纤中的非线性效应。 

在本论文中，我们提出了三种 IM/DD 光 OFDM 系统，同时提出一些算法通

过降低光 OFDM 信号的高 PAPR 来减少光纤的非线性效应。创新性工作如下： 

首先，在强度调制直接检测光 OFDM 系统中提出了一种新的扩频码，以降低

PAPR。新扩频码具有低互相关和高自相关性，能够支持 2N+1 个用户。也就是说

可以只通过 N 个子载波发送 2N+1 个用户或数据符号。新扩频码可用于降低

PAPR，扩展扩频 OFDM 系统的信道容量。实验结果表明，在单模光纤中传输  

70 km 后，当误码率为 1×10
-3时，1.726 Gb/s 的 BPSK 新扩频信号的接收灵敏度

比 1.718 Gb/s 的 4QAM 信号的接收灵敏度提升了 2.1 dB，光纤发射功率为      

2.75 dBm。同时当 CCDF 为 10
-4时，与原始 OFDM 信号相比较，PAPR 可降低约

4.6 dB。研究结果还证明新的扩频码具有较低的互相关性，以及当子载波数量较

大时，具有良好的正交性。 

其次，在 IM/DD 光 OFDM 系统中，提出了基于载波干涉（CI）码和压扩变

换的新的混合方法。载波干涉码可以使每段 N 个低速比特流在所有 N 个子载波

中延展，且正交的 CI 扩频码是在进行 IFFT 之前使用。因此对每个符号数据流可

以进行频率分集，使得具有更好的误码性能。另外，使用正交 CI 扩频码可以消

除高功率峰值，缓解 PAPR 的问题。在 IFFT 后采用压扩技术可以使系统获得更

高的效率和性能。该压扩技术可以降低 PAPR，同时实现简单，具有较低的计算

复杂度，改善误码性能。随后，我们用实验在 IM/DD OOFDM 系统中验证了新

的混合方法，实验结果表明，该方法不仅可以降低 PAPR，而且获得了较好的误

码性能。当 CCDF 为 10
-4时，与原始系统相比，采用混合方法的信号 PAPR 降低
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了约 5.7 dB。当误码率为 10
-4时，1.718 Gb/s 的 4QAM OFDM 信号在单模光纤中

传输 100 km 后，对应发射功率分别为 3、6 和 9dBm 时，接收机灵敏度分别提升

了 3.7、4.2 和 5 dB。 

最后，在 IM/DD OOFDM 系统中，提出了一种基于虚拟序列插入（DSI）的

新型二元粒子群算法（NBPSO）方法，并采用实验验证了该方法对降低 PAPR 的

可行性。虚拟序列的插入仅用于降低 PAPR。DSI 方法的最重要的特征是找到符

合条件的虚拟序列。新的二进制粒子群算法（NBPSO）可以在更短的时间内获

得更符合条件的虚拟序列的高质量的解决方案。实验结果表明该方案具有有效性。

与常规系统相比，当 CCDF 为 10
-4时，提出方案的 PAPR 可以降低约 2.8 dB。在

单模光纤中传输 100 km 后，FEC 误码率门限值达到 3.8x10
-3

 6.23 Gb/s 的 16QAM 

OFDM信号，当发射功率分别为 2 和 8 dBm 时，接收机灵敏度分别提高了 1.9 和

3.2 dB。 

 

关键词：强度调制/直接检测，光正交频分复用，载波干涉码，新的扩频码，

PAPR，新型二元粒子群，虚拟序列插入，单模光纤 

。 
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Chapter 1: INTRODUCTION 

1.1 Optical OFDM 

Orthogonal frequency division multiplexing (OFDM), an efficient multi-carrier 

modulation scheme with numerous advantages, has been employing in a wide variety 

of wired and wireless communication standards including wireless LAN networks 

(HIPERLAN/2, IEEE 802.11a, IEEE 802.11g); Worldwide Interoperability for 

Microwave Access (WiMax - IEEE 802.16); Digital Subscriber Line (DSL) and Digital 

Audio and Video Broadcast (DAB, DVB). 

OFDM, having been established as the physical interface of choice for these 

communication standards, has only recently made a transition to the optical 

communications community 
[1, 2]

. A major hindrance to this transition has been the 

differences between conventional OFDM systems and conventional optical systems. In 

conventional OFDM systems, the signal is bipolar and the information is carried on the 

electrical field while in a typical optical system, the signal is unipolar and the 

information is carried on the intensity of the optical signal. 

However, advancements in silicon technology supported by Moore’s law, together 

with increased demand for higher data rates across long fiber distances have facilitated 

the emergence of OFDM in optical communications 
[3]

. 

For optical communications, OFDM has demonstrated resilience to transmission 

impairments arising from fiber polarization mode dispersion and chromatic dispersion. 

It has been shown that provided the delay spread caused by chromatic dispersion is less 

than the cyclic prefix interval, OFDM can easily compensate for dispersion-induced 

impairments 
[4]

. This is no trivial advantage when one considers the fact that as data 

rates increase, chromatic dispersion increases with the square of the data rate while 

polarization mode dispersion (PMD) increases linearly with the data rate 
[5]

.  

Consequently, at such high data rates, the computational requirements involved in 

electronic dispersion compensation for serial modulation formats may become 

impractical, particularly in access networks 
[6]

. Another important advantage of OFDM 

worthy of note is the increase in spectral efficiency that can be obtained from using 

higher modulation formats 
[7]

. 
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By being able to apply the afore-mentioned advantages of OFDM into the optical 

domain, OFDM has demonstrated research potential for a wide variety of applications 

in the core, metro and access networks. 

The research about Optical OFDM is mainly classified into two main categories: 

coherent detection 
[8]

 and direct detection 
[9, 10]

 according to their underlying techniques 

and applications. 

In coherent detection systems, the detection of the optical OFDM signal is carried 

out using coherent mixing between the incoming signal and a local oscillator. Coherent 

optical OFDM has great sensitivity and spectral efficiency and also susceptible to 

polarization mode dispersion (PMD). Unfortunately, these great benefits of CO-OFDM 

are accompanied by high-cost installations, including narrow line-width laser sources, 

local oscillators, 90
0
 optical hybrids, and extra signal processing accounting for the 

phase and frequency offset estimations 
[11, 12]

. 

In IM/DD optical OFDM systems, the signal is usually transmitted with intensity 

modulation, and then received with square law detection. The DDO- OFDM can be 

accommodated with a low-cost DFB laser of megahertz-level line-width 
[6]

, eliminates 

the local oscillators and optical hybrids, and need not estimate the phase and frequency 

offsets, therefore making the DDO-OFDM quite convenient to be implemented. 

Consequently, compromising the installation complexity and the transmission 

performance, the DDO-OFDM would be an alternative format for optical transmission. 

The IM/DD optical OFDM is one of the most promising candidates for the next-

generation optical networks such as passive optical networks 
[13]

 and optical transport 

networks 
[14]

.  

Comparing with coherent optical OFDM, the IM/DD Optical OFDM is 

advantageous in terms of complexity and easy configuration. Simple direct detection 

significantly reduces the system complexity and tolerates the fiber dispersion. IM/DD 

optical OFDM is one of the promising candidates for cost-sensitive optical access 

networks. However, IM/DD optical OFDM is known to be susceptible to high peak-to-

power ratio (PAPR) and chromatic dispersion (CD). High PAPR will cause distortion 

in electrical and optical devices and introduce fiber nonlinear effects when the power 

traveling through the fiber transmission is very high in IM/DD Optical OFDM. Thus, it 

is necessary to focus on the IM/DD optical OFDM transmission limits in presence of 

high PAPR and chromatic dispersion. Furthermore, it is in public interest to develop 
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algorithms and techniques and propose new experimental setups to reduce the high 

PAPR, to decrease the fiber nonlinearity effects. Therefore, this thesis focuses on topics 

in relation to high spectral efficiency IM/DD optical OFDM over SMF link.  

1.2 Thesis organization 

A common structure is used throughout this thesis. Each chapter begins with an 

introduction where the aims and contents of the chapter are highlighted, and is 

concluded with a summary of the main contributions of the chapter.  

The organization of this thesis is given as follows: 

Chapter 2  

This chapter intends to give an introduction on OFDM modulation, from its 

fundamentals mathematical modeling to the transmitter and receiver compositions. A 

briefly review of the concept Optical OFDM is presented. The key optical components 

used in optical OFDM systems are discussed and the two major variants of optical 

OFDM such as coherent optical OFDM and IM/DD optical OFDM are been described. 

Chapter 3 

In this chapter a novel technique based on new spreading code is proposed to reduce 

the high PAPR in IM/DD optical OFDM. Using the proposed system, the fiber 

nonlinearity can be decreased when comparing with original system. An experimental 

setup is proposed to verify the theoretical investigations. 

Chapter 4 

In order to improve the received sensitivity of the system, in this chapter we 

propose a new hybrid based on carrier interferometry codes and companding technique 

to reduce PAPR and impair the nonlinearity of components in optical OFDM system. 

The experimental results show the nonlinearity of components improvement when fiber 

launch power increases. 

Chapter 5 

As well as chapters 3, and 4 focus on PAPR reduction in the IM/DD OOFDM 

system, in this chapter we propose a novel can reduce the PAPR while decreasing the 

complexity of system. This novel is new binary particle swarm optimization (NBPSO) 

on dummy sequence insertion (DSI) method for PAPR reduction in an IM/DD optical 
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OFDM system without any side information. Experimental demonstration show better 

performance.  

Chapter 6 

This chapter summarizes the thesis and gives new directions for future work. 

1.3 Contribution of the thesis 

The contributions of this thesis are presented in chapter 3-6 and listed as follows: 

Chapter 3:  

A novel technique for PAPR reduction in IM/DD optical OFDM system based on 

new spreading code is proposed. The new spreading code with low cross-correlation 

and high auto-correlation while capable of supporting 2N+1 users or data symbols is 

investigated. The proposed technique is experimentally demonstrated over 70 km 

single-mode fiber (SMF) transmission with number of subcarrier is 256 and 512. The 

results shown that, the proposed technique can reduce the PAPR and improve the 

received sensitivity compared with original system. The result also prove that new 

spreading code has better orthogonality property proportional to the high number of 

subcarrier. With the same subcarrier, at the bit error rate (BER) of 1×10
-3

 for 1.726 

Gb/s BPSK proposed signal and 1.718 Gb/s 4QAM original signal, the receiver 

sensitivity of proposed signal can improve by 2.1 dB, when fiber launch power of 2.75 

dBm. The PAPR can reduce by about 4.6 dB, when compared with the original OFDM 

signal at a complementary cumulative distribution function (CCDF) of 10
-4

. 

Chapter 4: 

A new hybrid method is proposed for PAPR reduction in IM/DD optical OFDM 

system. This hybrid based on Carrier Interferometry (CI) codes combined with 

companding transform. The brief structure of CI codes and companding transform are 

presented, and an end to end signal processing is mathematically investigated. The 

effect of our proposed hybrid in the BER performance of the system has been 

experimentally demonstrated over 100 km SMF with different launch powers. At a 

CCDF of 10
-4

, the PAPR of OFDM signal with the hybrid method is reduced by 5.7 dB, 

while with the CI codes and the companding technique are reduced by 3.1 and by 2.8 

dB, respectively comparing with the original OFDM. The experimental results show 

that, at the same fiber launch power, the receiver sensitivity of optical OFDM signal 
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with the hybrid method is better than signal with CI codes, with companding technique 

and with the original OFDM. At the BER of 10
-4

 for 1.718 Gb/s 4QAM OFDM signal, 

the received power of optical OFDM signal with hybrid method is more sensitive than 

the original OFDM by 3.7, 4.2, and 5 dB in case of 3, 6, 9 dBm fiber launch power, 

respectively. It can be clearly seen that the proposed system can improve the received 

sensitivity when the optical launch power is increasing. 

Chapter 5: 

A novel binary particle swarm optimization (NBPSO) method based on dummy 

sequence insertion (DSI) is proposed and experimentally demonstrated for PAPR 

reduction in the IM-DD OOFDM system. The specified dummy sequence is inserted 

only for PAPR reduction and without any side information. The key to enhance its 

performance is creating more qualified dummy sequence. The novel binary particle 

swarm optimization method can find more qualified dummy sequence.  In this way, it 

can be used to mitigate the PAPR problem in OFDM system effectively. The 

experiment results show that, at the BER of FEC 3.8x10
-3

 for 6.23 Gb/s 16QAM 

signals after transmission over 100 km SMF, the received power with proposed 

technique is more sensitive than the original by 1.9 and 3.2 dB in case of 2, and 8 dBm 

fiber launch powers, respectively. At the CCDF of 10
-4

, the PAPR reduced by more 2.8 

dB compared to conventional system. 
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Chapter 2: OPTICAL OFDM SYSTEM 

2.1 Introduction 

As stated in Chapter 1, an increase in demand for high data rates has been an important 

factor in the emergence of OFDM in the optical domain, with a wide variety of 

solutions developed for the next generation network. This emergence has been 

facilitated by the intrinsic advantages of OFDM such as its high spectral efficiency, 

ease of channel and phase estimation; and robustness against delay 
[15]

. 

This chapter gives an overview of optical OFDM system from the basic concept of 

OFDM to its robust applications. A history and applications of OFDM will be 

discussed, and then the fundamentals of OFDM including its basic units will be 

presented. After a brief discussion about the advantages and disadvantages of OFDM, 

the basic concept of the integration of OFDM in optical communications will be 

presented including the optical transmission link, the optical and electrical devices used 

according to the detection process such as coherent detection or direct detection. 

Finally a comparison between coherent optical OFDM and IM/DD optical OFDM will 

be shown. 

2.2 OFDM review 

2.2.1 History of OFDM and its applications 

Figure 2.1 shows the historical development for both theoretical basis and practical 

application of OFDM across a range of communication systems 
[16]

. The first proposal 

to use orthogonal frequencies for transmission appears in a 1966 patent by Chang of 

Bell Labs 
[17]

. The proposal to generate the orthogonal signals using an FFT came in 

1969 
[18]

. The cyclic prefix (CP),which is an important aspect of almost all practical 

OFDM implementations, was proposed in 1980 
[19]

. These are the three key aspects that 

form the basis of most OFDM systems. The breakthrough papers by Telatar and 

Foschini on multiple antenna systems fuelled another wave of research in OFDM 
[20, 21]

. 

Although the capacity gains of these multiple-input–multiple-output (MIMO) systems 

do not theoretically depend on any particular modulation scheme, the ability to combat 

dispersion and the good scalability of OFDM become even more important in this 

context. OFDM began to be considered for practical wireless applications in the mid–
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1980s. Cimini of Bell Labs published a paper on OFDM for mobile communications in 

1985 
[22]

, while in1987, Lassalle and Alard 
[23]

 based in France considered the use of 

OFDM for radio broadcasting and noted the importance of combining forward error 

correction (FEC) with OFDM. Because of this interrelationship, OFDM is often called 

Coded OFDM (C-OFDM) by broadcast engineers. The application of OFDM for wire 

line communications was pioneered by Cioffi and others at Stanford who demonstrated 

its potential as a modulation technique for digital subscriber loop (DSL) applications 

[24]
. OFDM is now the basis of many practical telecommunications standards including 

wireless local area networks (LAN), fixed wireless 
[25]

 and television and 

radiobroadcasting in much of the world 
[26]

. OFDM is also the basis of most DSL 

standards, though in DSL applications the baseband signal is not modulated onto a 

carrier frequency and in this context OFDM is usually called discrete multi-tone (DMT). 

The application of OFDM to optical communications has only occurred very recently, 

but there are an increasing number of papers on the theoretical and practical 

performance of OFDM in many optical systems including radio over fiber wireless 
[27]

, 

signal mode optical fiber 
[28]

, multimode optical fiber 
[29]

, plastic optical fiber 
[30]

, and 

real time optical systems 
[31]

. 

 

Figure 2.1 History of OFDM 
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2.2.2 OFDM principles 

The OFDM system is a multi-carrier modulation system such as frequency division 

multiplexing (FDM) systems; the modulated carrier occupies only a fraction of the total 

bandwidth. In such systems, the transmitted information at a high data rate is divided 

into N lower-rate parallel streams, each of these streams simultaneously modulating a 

different subcarrier. If the total data rate is Rs, each parallel stream would have a data 

rate equal to Rs/N. This implies that the symbol duration of each parallel stream is N x 

Ts  times longer than that the serial symbol duration; and much greater than the channel 

delay spread τ. These systems are thus tolerant to ISI and are increasingly being 

employed in modern communication systems where high data rates are used and saving 

of limited spectrum is of utmost importance.  

The OFDM system is the orthogonality of the subcarriers. A set of subcarriers, 

given by sn(t) = e
j(2fnt)

 where n = -N/2 + 1,…, N/2 and 0 ≤ t ≤ T are said to be 

orthogonal in the time domain if the following equation holds: 

 

* 2 ( )

,

0 0

( ), ( ) ( ), ( )

T T

j k l ft

k l k l k lS t S t S t S t dt e dt T       (2.1) 

Where k,l is the Kronecker delta defined by: 

 
,

1,   

0,   
k l

if k l

if k l



 


 (2.2)  

In order for the orthogonality to exist between the subcarriers, the following 

conditions are necessary: 

 The frequency of each subcarrier must be chosen such that each subcarrier has an 

integer number of cycles within the OFDM symbol duration.  

 The difference in the number of cycles per OFDM symbol for adjacent subcarriers 

must be one.  

For these two conditions to be met, the frequency separation between adjacent 

subcarriers has to be the inverse of the OFDM symbol duration T . 

Figure 2.2 shows the conceptual diagram of multicarrier modulation transmission 

system. Data symbol is transmitted into N parallel channels with different frequencies. 

At the receiver, an analogue low-pass filter is used to recover the individual subcarriers. 
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Figure 2.2 Diagram conceptual of Multicarrier transmission, S/P: serial-to-parallel, P/S: 

Parallel-to-serial, LPF: Low-Pass Filter. 

In FDM systems, in order to prevent one subcarrier’s spectrum from interfering 

with another, and to ensure accurate individual demodulation of subcarriers using filters, 

its require guard bands between the modulated subcarriers. The use of these guard 

bands results in poor spectral efficiency 
[32]

. OFDM is a special case of FDM which 

makes use of orthogonal subcarriers. The FDM signal and OFDM signal in the 

frequency domain are shown in Figure 2.3. 

In OFDM, the spectra of the subcarriers are overlap, resulting in saving of bandwidth. 

Guard Band

bandwidth saving

1

3

4 5 6 7 8
FDM

OFDM

Frequency

Frequency

2

1 2

3

4 5 6 7 8

 

Figure 2.3: OFDM Spectrum versus FDM spectrum 
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1. Mathematical representation of an OFDM signal  

The complex envelope of an OFDM signal, ignoring the cyclic prefix, can be 

represented mathematically as:  

 

2

,

1
2

( ) ( )

Nsc

n k n
Nsck

n

S t a g t kT



 

    (2.3)  

 

2
1

( ) ,  t [0,T]
nt

j
T

ng t e
T



   (2.4)  

where an,k is the complex symbol transmitted on n
th 

the OFDM subcarrier at the k
th 

signaling interval, gn(t-kT ) is the complex subcarrier, T is the OFDM symbol period, 

and Nsc is the total number of OFDM subcarriers. 

For each OFDM symbol, the n
th 

recovered complex symbol, ân,k at the k
th 

signaling 

interval is given by:  

 

^
*

,

0

1
( ). ( )

T

n k na r t g t kT dt
T

   (2.5)  

where r(t) is the received OFDM signal, the superscript “*” carries out the complex 

conjugation operation, and all other terms are as defined in section 2.2.3. Equation (2.5) 

shows that each complex symbol is recovered by multiplying the OFDM symbol by the 

complex conjugate of the particular subcarrier and integrating over the signaling 

interval.  

2. OFDM system implementations  

An OFDM system can be implemented both in continuous time and discrete time. The 

continuous-time implementation of OFDM makes use of a bank of oscillators, one 

oscillator for each subcarrier. At the transmitter, the incoming information stream is 

mapped into symbols depending on the modulation format used (n-PSK or n-QAM) 

and then fed into a serial-to-parallel conversion block. Each parallel stream at the 

output of the serial-to-parallel conversion block is used to modulate the corresponding 

subcarrier simply by multiplication with that particular subcarrier. As stated in section 

2.2.2, the frequencies of adjacent subcarriers must differ by 1/T to maintain 

orthogonality. At the receiver, the received signal is correlated by the same subcarriers 

to give the original transmitted symbols. The OFDM symbol with four subcarriers in 

Frequency domain and Time domain are shown in Figure 2.4 
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As we can see in Figure 2.4, the spectra of the subcarriers are sinc-shaped and 

overlap, where the sinc function is defined as:  

 

sin( )
sin ( )

x
c x

x




  (2.6)  

(a)

(b)
 

Figure 2.4: OFDM symbol with four subcarriers: (a): Frequency domain, (b): Time domain 

As seen in figure 2.4 (a), we can note that each OFDM subcarrier has significant 

side lobes over o frequency range which includes many other subcarriers. In OFDM 

system, the signal is mathematically orthogonal over one OFDM symbol period. The 

orthogonality between subcarriers can be also explained as the peak of each subcarrier 

spectrum being of the position of a zero value of the other subcarrier spectrum. 
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Therefore, compared with others multicarrier Modulation scheme, OFDM is better in 

low complexity and high spectral efficiency. 

On the other hand, the discrete-time OFDM implementation extends the ideas 

introduced by the continuous-time model into the digital domain by making use of the 

Discrete Fourier Transform (DFT) and the Inverse Discrete Fourier Transform (IDFT). 

The concept of using the IDFT and DFT to carry out OFDM modulation and 

demodulation was first proposed by Weinsten and Ebert in 1971 
[33]

.  

The DFT is defined on the N-long complex sequence x=(xj, 0≤j≤N ) as
[34]

: 

 

1
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n
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NN
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
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The IDFT is defined as: 
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Thus, it can be said that the discrete value of the transmitted OFDM signal, F(x) is 

merely a simple N-point IDFT of the information symbol, xn . In reality, due to the 

large number of complex multiplications involved in computing the DFT and the IDFT, 

OFDM modulation and demodulation are accomplished more efficiently with the 

Inverse Fast Fourier Transform (IFFT) and the FFT. By using the IFFT and FFT, the 

number of complex multiplications is reduced from N
2
 to (N/2).log2(N) using radix-2 

algorithm and form N
2
 to (3/8).N.log2(N-2) using a radix-4 algorithm 

[32]
. 

Compared to the oscillator-based OFDM implementation, the discrete-time 

implementation is less complex because a large number of orthogonal subcarriers can 

be easily modulated and demodulated by using the IFFT and FFT without having to 

resort to having a huge bank of oscillators. The discrete-time OFDM architecture is 

shown in Figure 2.5. Figure 2.5 shows a block diagram of an OFDM system including 

an OFDM transmitter, and OFDM receiver and a Channel.  

As shown in figure 2.5, at the transmitter, a high digital data stream is split into N 

parallel streams using a serial-to-parallel converter. Then, each data stream is mapped 

into a symbol stream using some modulation schemes such as QPSK, n-QAM, n-PSK. 

IFFT is used to modulate the symbols onto subcarriers and transform the symbol from 

frequency domain to time domain. The data streams are converted back to one high 

data stream using parallel-to-serial converted. Cyclic prefix is added to the OFDM 
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symbol to overcome the inter symbol interference (ISI). A digital-to-Analogue 

converter is used to put the signal in an analogue form. The baseband signal from the 

output of the DAC is then up-converted in frequency and transmitted into the channel. 

 

Figure 2.5: Block diagram of an OFDM transceiver. IFFT: Inverse Fast Fourier Transform. 

DAC: Digital-to-analogue converter. ADC: Analogue-to-digital converter. FFT: Fast Fourier 

Transform 

At the receiver, signal is down-converted to baseband signal and then converted 

from analogue to digital using and analogue to digital converter (ADC). After removing 

the CP, a serial-to-parallel converter is used to divide the high data stream to N low 

data steam. Then the samples pass through a FFT block. After the conversion into 

frequency domain by FFT, an equalization process is used before de-mapping. Finally 

data are detected and converted to a high data stream. 

1.1 Serial-to-parallel and parallel-to-Serial conversion 

In OFDM system, to makes optimal use of the frequency spectrum, each channel can be 

divided into various subcarriers. Serial-to-parallel converter is used to convert the high 

data stream into several parallel low data streams. On the other hand, the parallel-to-

serial converter is used to convert back the low data streams into one high data stream. 

Once the low data stream has been divided among the individual subcarriers, each 

subcarrier is modulated. 
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1.2 Modulation/Demodulation techniques 

The modulation technique can be defined as a mapping of data to a real and imaginary 

constellations, also called In phase and Quadrature (I/Q) constellations. Figure 2.6 

shows some examples of digital modulation technique. For example for a subcarrier 

modulation of BPSK each subcarriers carries 1 bits of data, QPSK have 2 bits of data, 

8-QAM carries 3 bits of data,  16-QAM has 4 bits of data. Each data is mapped into one 

unique location in the constellation. In the demodulation process, the received IQ 

symbol is DE mapped back to data word. 

BPSK QPSK 8-QAM 16-QAM

 

Figure 2.6: Example of digital modulation techniques 

1.3 IFFT/FFT implementation in OFDM 

IFFT Block at the transmitter and FFT block at the receiver are the main components of 

the OFDM system. At the transmitter, IFFT is used to modulate data from frequency 

domain to time domain.  

FFT is used in the receiver to recover the original data i.e. to convert back the signal 

into frequency domain. IFFT and FFT are the blocks which can distinguish the OFDM 

system from single carrier system. 

The input of an IFFT block is a complex vector given by: 

 
0 1 2 1[ , , , ., ]T

NX X X X X    (2.9)  

where N is the IFFT size and 𝑋𝑘 is the data to be carrier in the k
th

 OFDM subcarrier. 

The output of the IFFT is complex vector x=[x0, x1, x2, . .,xN-1]
T
 which can be obtained 

using the inverse discrete Fourier transform given by: 
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The forward FFT corresponding to (2.10) is  
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The advantage of IFFT/FFT transform is that the discrete signal at the input and the 

receiver has the same total energy and same average power for each OFDM symbol. 

1.4 Cyclic Prefix 

OFDM Symbol 1 OFDM Symbol 1

OFDM Symbol 1 OFDM Symbol 2

InterSymbol Interference

InterSymbol Gap

OFDM Symbol 2OFDM Symbol 1

Copy/past Copy/past

Cyclic Prefix

OFDM Symbol 1 OFDM Symbol 2

 

Figure 2.7: Steps of cyclic prefix generation 

In order to eliminate the ISI and the ICI, the concept of cyclic prefix was propose 
[35]

. 

Let’s consider two consecutive OFDM symbols; Figure 2.7 shows the insertion of a 

cyclic prefix. As shown in figure 2.7, the waveform of the CP is an identical copy of 

the end of the same OFDM symbol. Section 2.3.4 shows how IFFT generates each 

OFDM symbol. A sequence of symbol will be transmitted. To denote different OFDM 

symbols, let extend the notation to add a time index. Therefore the output of the IFFT 

block in the  i
th

 OFDM symbol can be rewritten as a:    

 
1 2 1( ) [ ( ) ( ) ( )....... ( )]T

o Nx i x i x i x i x i  (2.12)  



Hunan University PhD Thesis 

16 

 

CP CP

G samples from the end of the symbol

 copied to the beginning of the symbol

G samples from the end of the symbol

 copied to the beginning of the symbol

1 2 1( ), ( ),.., ( ),.... ( ), ( )o n N Nx i x i x i x i x i  1 1( 1), ( 1),.. ( 1),...., ( 1)o n Nx i x i x i x i   

1( )... ( )N G Nx i x i 

…. ….

….….

i-th OFDM symbol (i+1)-th OFDM symbol

time

Figure 2.8: time domain sequence of OFDM symbols with CP 

Figure 2.8 shows the time domain of N OFDM symbols with CP. Instead of 

transmitting the sequence x(i)=[x0(i)x1(i)...xN-1(i)]
T
, CP is added. G samples from the 

end of each symbol are copied to the beginning of the symbol and the sequence          

x(i) = [xN-G(i)..xN-1(i),x0(i)x1(i)...xN-1(i)]
T
  is transmitted. 

1.5 DAC/ADC 

In figure 2.5, it can be clearly seen that a DAC is required to convert the discrete value 

of sample to continuous analogue value, and an ADC needs to convert back the 

received signal to discrete sample. 

2.2.3 Advantages of OFDM 

OFDM is implemented in many emerging communications protocols because of its 

advantages over others traditional modulation techniques. Comparing with FDM, 

OFDM system has high spectral efficiency, reduces the inter-symbol interference and 

solves the multi-path distortion problem. The advantages of OFDM are: High spectral 

efficiency, resilience to multi-path distortion, reduced inter-symbol interference, 

efficient implementation using FFT, robust against narrow band co-channel 

interference, and low sensitivity against to time synchronization errors. 

2.2.4 Majors drawbacks of OFDM 

As well as known that OFDM has many advantages, it also has a number of drawbacks. 

The major drawbacks of OFDM systems are the high Peak-to-power average ratio 

(PAPR) and the sensitivity to phase noise and frequency offset  

1. Peak-to-Average Power Ratio (PAPR) 

Since OFDM has a multicarrier nature, the various subcarriers that make up the OFDM 

signal combine constructively. Consequently, since we are summing several sinusoids, 
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the OFDM signal in the time domain has a high PAPR. Because of this high PAPR, any 

transmitter nonlinearities would translate into out-of-band power and in-band distortion. 

Despite the OFDM signal having relatively infrequently occurring high peaks, these 

peaks can still cause sufficient out-of-band power when there is saturation of the output 

power amplifier or when there is even the slightest amplifier non-linearity 
[36]

. Figure 

2.9 shows high peaks generations by adding four sinusoidal with different frequencies 

and phase shifts. 

 

Figure 2.9: High peaks generated by summing four sinusoids 

For a given OFDM signal ( )x t defined above where N subcarriers are added. If N

is large, the samples of the OFDM signal have approximately Gaussian distributions 

according to the central limit theorem (CLT) 
[32]

.  

The PAPR can be defined as the ratio of the maximum instantaneous power to the 

average power: 
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[ ( ) ]n N

x t
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E x t  
  (2.13)  

where [.]E is the expectative operator. In wireless communication, the high PAPR will 

produce signal excursions into nonlinear region of power amplifier (PA) at the 

transmitter level which leads to nonlinear distortions and spectral spreading 
[37]

. In 

optical communications, EDFAs are employed. These amplifiers are characterized by a 
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slow response time, making them linear regardless of the input signal power. 

Nevertheless, the high PAPR of OFDM is still a challenge because of the non-linearity 

of the external modulator, the ADC and the optical fiber 
[3]

 when the OFDM signal is 

transmitted over fiber. The statistics for the PAPR of an OFDM signal can be given in 

terms of its complementary cumulative distribution function (CCDF). The CCDF of 

PAPR is defined as the probability that the PAPR of the OFDM symbols exceeds a 

given threshold PAPR0. The CCDF for an OFDM signal is expressed as 

 
CCDF = P(PAPR>PAPR0) (2.14)  

In wireless communication, high PAPR drives the PA into saturation which leads to 

BER performance degradation and spectrum corruption. In optical fiber communication, 

if PAPR is high, the nonlinear effect of the Mach–Zehnder modulator (MZM) and 

digital-to-analog converter/analog-to-digital converter (DAC/ADC) will also introduce 

nonlinear distortion. To solve these problems, the PAPR needs to be reduced. Many 

techniques have been proposed. These techniques can be divided into two groups: The 

first group intends to reduce the occurrence of large signals before multicarrier 

modulation, the second group processes the OFDM signals directly. 

1.1 Reduction the occurrence of large signals 

The well know techniques of this group are: Selective mapping (SLM) 
[38, 39]

, partial 

transmit sequence (PTS) 
[40-42]

, spreading code 
[43, 44]

, dummy sequence insertion (DSI) 

[45]
, pre-code 

[46, 47]
, coding 

[48-50]
, active constellation extension (ACE) 

[51]
, Tone 

Reservation 
[52]

...  

1.2 Process the OFDM signals directly 

The well know techniques of this group are: conventional clipping and filtering 
[37, 53]

, 

Bayesian clipping recovery 
[54]

, companding 
[55-58]

, peak windowing 
[59]

 and peak 

cancellations 
[60]

... 

A novel new hybrid method PAPR reduction technique based on carrier 

interferometry codes combined with companding technique and a novel new binary 

particle swarm (NBPSO) based on DSI method have proposed in this thesis. Detailed 

discussions are offered in chapter 4 and chapter 5, respectively. 

2. Frequency Offset and Phase Noise 

In OFDM, information is transmitted over orthogonal subcarriers in each OFDM 

symbol. The differences in the frequency and the phase of the receiver local oscillator 
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and the carrier of the received signal can result in system degradation. These 

impairments are usually classified in terms of their, for example, frequency offset 

between transmitter and receiver local oscillator 
[61]

, Doppler spread in channel 
[62]

,and 

variety of phase models with characteristics that depend on the mechanisms of carrier 

recovery at the receiver 
[63, 64]

. 

2.3 Optical OFDM 

The principle of Optical OFDM system has been briefly introduced in section (1.1). 

This section will focuses on the Optical OFDM system from its different components to 

its two major variants: Coherent Optical OFDM and IM/DD optical OFDM. 

After that, a comparison will be made between these two techniques of detection in 

order to present their advantages and disadvantages. 

2.3.1 Key optical components 

This section describes the basic optical components used in an optical transmission 

system. Figure 2.10 shows the end-to-end optical transmission involves both electrical 

and optical signal paths. To perform conversion from electrical to optical domain, the 

optical transmitters are used, whereas to perform conversion in the opposite direction 

(optical to electrical conversion), the optical receivers are used. The optical fibers serve 

as the foundation of an optical transmission system because they are used as a medium 

to transport the optical signals from source to destination. As we know, the optical fiber 

attenuates the optical signal during the transmission, to restore the signal quality, 

optical amplifiers such as, Erbium-doped fiber amplifiers (EDFAs), have to be used. To 

impose the information signal, optical modulators are used. The optical modulators are 

commonly used in combination with semiconductor lasers. The main purpose of the 

optical receiver, terminating the light-wave path, is to convert the signal coming from 

fiber from optical to electrical domain and process appropriately such obtained 

electrical signal to recover the data being transmitted. The optical signal is converted 

into electrical domain by using a photo-detector. 
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Figure 2.10: Typical optical transmission Link 

1. Optical transmitters 

The main roles of the optical transmitters are to generate the optical signal (generally 

via an semiconductor laser) and launch the modulated signal into the optical fiber. It 

can be done by external modulation or direct modulation. The direct modulation of 

semiconductor lasers lead to frequency chirp. For high transmission data rates, external 

modulation provides a better optical modulation solution than direct modulation. This is 

because as data rates increase, the bit durations become smaller and the impact of the 

pulse broadening caused by laser chirp becomes more severe. The external modulator 

used for all experiments in this thesis. The external modulation includes commonly 

semiconductor lasers and Mach–Zehnder modulator (MZM), whereas the 

semiconductor lasers are biased by a dc voltage to produce a continuous wave 

operation. 

1.1 Semiconductor lasers 

Light amplification by stimulated emission of radiation (Laser) produces high powered 

beam of coherent light which contains distinct frequencies. Generally, they are three 

main types of laser used in optical communication. 

 Distributed Feedback Laser (DFB): these kinds of lasers operates at 

longer wavelength (1310 or 1550 nm windows). They are high cost 

and edge emitters. 

 Vertical Cavity Surface Emitting Laser (VCSEL): these laser are 

predominantly multi transversal mode and low cost. They operate at 

850 nm. 

 Fabry Perot Laser (FP): they operate at longer wavelength (1310 or 

1550 nm windows) with multiple longitudinal modes. They are edge-

emitters and moderated cost between VCSEL and DFB lasers. 
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1.2 Mach-Zehnder modulator 

A typical dual-electrode MZM (DE-MZM), as shown schematically in Figure 2.11, is 

made of Lithium Niobate (LiNbO3) and comprises two Y-junctions. Light in the 

waveguide on getting to the first Y-junction is split into two halves. The electro-optical 

properties of enable a phase modulation of the light in both arms depending on whether 

or not an electrical field is applied to the electrodes. With no electrical field applied, 

there is no phase difference between the two arms and the light combines to give an 

intensity maximum at the output of the DE-MZM. An application of an electrical field 

results in a phase difference, which could result in constructive or destructive 

interference. Let V1(t) and V2(t) denote the electrical drive signals on the upper and 

lower electrodes, respectively. If the phase difference is, there’s total destructive 

interference, corresponding to the “off” state for the DE-MZM. An MZM where only 

one of the arms is modulated with a voltage is referred to as a single-electrode MZM. 

With an ideal extinction ratio assumed, and ignoring the insertion loss of the MZM; if 

the D.C. offset voltage at which maximum transmission is obtained is assumed to be 0, 

the output electrical field Eout(t) of the second Y-branch can be related to the input 

optical field Ein(t) by 
[3, 65]
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Figure 2.11: Mach-Zehnder modulator 
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where V is the half-wave voltage (the voltage at which there’s complete suppression 

of the MZM output  V=V1-V2).  

If a DC bias voltage is applied to one of the electrodes of the MZM while the other DC 

terminal is grounded. The output electrical field Eout(t) can be as 
[65]

: 
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where Jn(x) is the Bessel function of the first kind of order n, =VDC/V,  is the phase 

angle of the RF signal, RF is angular frequency of RF signal, c is center angular 

emission frequency of input optical field (Semiconductor lasers).Equation (2.8) 

indicates that the optical signal at the output of the MZM is also a DSB-C signal, made 

up of the optical carrier at the laser center emission frequencyc, and several sidebands, 

located at multiples of the frequency of the modulating RF signal RF. Depending on 

the value of the DC bias voltage, we can end up suppressing the optical carrier and the 

even-order optical sidebands, or the odd-order optical sidebands. To generate the DSB-

C signal, the two arms of the MZM are driven by two RF signals with equal amplitude 

but out of phase by .  

2. Optical fibers 

Optical fibers serve as the foundation of an optical transmission system because they 

transport optical signals from source to destination. The combination of low-loss and 

extremely large bandwidth allows high-speed signals to be transmitted over long 

distances before the regeneration becomes necessary. According to 
[68]

, optical fiber has 

three-low attenuation regions. The first one is centered at 800 nm with an attenuation of 

2.5 dB/Km, the second region is centered at 1300 nm with an attenuation of 0.5 dB/Km, 

and the third region is centered at 1550 nm with an attenuation as low as 0.2 dB/Km. 

The available bandwidth can be measured in terms of either wavelength or frequency 

by using the equation:  

 
2

.c
f






   (2.17)  

where c is the speed of light, is the corresponding wavelength, and f, and  represent 

the bandwidth expressed in terms of frequency and wavelength respectively. 

Considering the 1300 and 1550 nm transmission windows, and taking the usable 

bandwidth in these bands to be the bandwidth over which the loss in dB/km is within a 

factor of 2 of its minimum, from (2.9) the available usable bandwidth is about 35 THz. 

According to the mode of propagation in the fiber, generally two types of fiber can be 

defined: single mode fiber (SMF) and multimode fiber (MMF). Figure 2.12 shows a 

comparison of single mode fiber and multimode fiber. 
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Figure 2.12: Multi-Mode Fiber versus Single Mode Fiber 

If more than one mode propagates through a fiber, it called multimode. The 

advantages of multimode fiber is that its core is large; as a results, the injection of light 

through the fiber can done using inexpensive light sources such as light-emitting diodes 

(LED). It major disadvantage is that multimode fiber introduces the phenomenon of 

intermodal dispersion. 

In single mode fiber just one mode is allowed to be transmitted through the fiber. 

SMF eliminates intermodal dispersion and can support transmission over longer 

distances. With the fact that its core is very small, the use of semiconductor laser is 

needed to generate high concentration light energy to be transmitted through the fiber 

with long distance. 

3. Optical amplifiers 

The purpose of optical amplifier is to restore the signal power level without any 

conversion (electric to optic or optic to electric). As we know the optical signal suffers 

signal degradation when propagated over some distance. Figure 2.13 shows the general 

form of an optical amplifier. 

Optical amplifiers use the principle of stimulated emission. The amplification gain 

G can be defined as a ratio of the output power Pout by the input power Pin of the optical 

amplifier medium G=Pout/Pin. There are two basic types of amplifier such as 

semiconductor laser amplifier and doped-fiber amplifiers in which the most doping 
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element is erbium. Now, the Erbium-Doped Fiber Amplifiers are widely used.  

Conventional EDFAs typically operate in the 1530 to 1570 nm frequency band. 

Substituting =40 nm in (2.9) yields a usable bandwidth of around 5 THz.  
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Figure 2.13: Principle of optical Amplifier 

4. Photo-detector receivers 

The purpose of optical receivers is to convert back the optical signal in an electrical 

form and to recover the transmitted data. 

The basic direct detection device in optical communication network is the 

photodiode. The photodiode absorb photons in incoming optical signal and convert 

them back to the electrical signal. The common photodiodes can be divides into five 

classes: p-i-n photodiodes, p-n photodiodes, avalanche photodiodes (APD) and metal-

semiconductor-metal photodiodes (MSM). The p-n photodiode consists of a reverse-

biased p-n junction. The p-i-n photodiode is based on an intrinsic region between p and 

n junction. The APD is a modified p-i-n photodiode that is operated in a very high 

reverse bias. 

5. Channel Impairments 

This section describes different channel impairments, including fiber attenuation, 

insertion losses, chromatic dispersion, PMD, and fiber nonlinearities. 

1.1 Fiber Attenuation 

Attenuation in optical fiber is a degradation of the signal power as the signal propagates 

over some distance. It can be described by the general relation dP/dz=αP, where α is 

the power attenuation coefficient per unit length (dB/km). Let consider an optical fiber 

with L-km of length, the received optical power Pout after L-km propagation can be 

characterized as: 
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Pout=Pinexp(-αL) (2.18)  

where Pin is power launched  in to fiber. 

1.2 Chromatic Dispersion 

 Chromatic Dispersion can be defined as the wavelength dependent pulse spreading that 

occurs as the optical signal propagates through the fiber. Two factors contribute to the 

chromatic dispersion such as the waveguide dispersion and the dependence of the fiber 

material’s refractive index on the wavelength. 

The pulse spreading due to chromatic dispersion can be given by: 

 

( ). .t D L     (2.19)  

where ( )D   (ps/nm/Km) is the dispersion parameter,  is the spectral width of the 

light source,  L is the optical fiber length. 

The dispersion parameter ( )D   is approximated by
[66]

as: 
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where oS is the zero dispersion, is slope and 0 is the zero-dispersion wavelength. 

2.3.2 IM/DD Optical OFDM 

Figure 2.14 shows the basic diagram of an IM/DD optical OFDM system 
[67]

.  The 

system can be divided into five parts including the OFDM transmitter, the electrical-to-

optical up conversion, the optical fiber link, the optical-to-electrical down conversion 

and the OFDM receiver. 

1. OFDM transmitter 

A streaming data is sent to the transmitter; due to the intensity modulator used for OE 

up conversion, real valued OFDM signals is needed to drive the MZM modulator. To 

produce a real value OFDM, the Hermitian symmetry has to be imposed on the OFDM 

frame before the IFFT operation. The Hermitian symmetry can be expressed as: 

 
*

0 0

1,...., / 2 1

0 / 2

/ 2 1,....., 1

k

N K

k

X k N
Xk

k N

X k N N




 
 


   

 (2.21)  
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An IFFT is then applied to each subcarrier to generate N parallels real value 

symbols before being converted into serial stream data. After CP insertion, the signal is 

converted into an analogue form and achieved as EO up- conversion. 

 

Figure 2.14: Conceptual diagram of IM/DD optical OFDM system 

2. Electrical-to-Optical up conversion 

MZM is used as intensity modulator to transfer the OFDM signal from electrical 

domain to optical domain to create an optical OFDM signal. 

3. Optical fiber link 

Optical fiber link is the medium of transmission. When the optical OFDM system 

launches an optical signal into the optical fiber, after some distance of transmission the 

optical signal is degraded and an optical amplifier is needed to compensate for the link 

loss. 

4. Optical-to-Electrical down conversion 

At the OE stage, the optical OFDM signal is directly detected using a photodiode. 
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5. OFDM receiver 

In the OFDM receiver, after passing through the ADC, the electrical signal is converted 

into original data sequence by the receiver which is the inverse of the transmitter. 

2.3.3 Coherent optical OFDM 

Figure 2.15 shows a typical Coherent optical OFDM system which includes five basic 

functional blocks: OFDM transmitter, the electrical-to-optical up conversion, the 

optical fiber link, the optical-to-electrical down conversion and the OFDM receiver 
[36]

. 

 

Figure 2.15: Conceptual diagram of Coherent optical OFDM system 

Compared with the IM/DD optical OFDM system, the coherent detection optical 

OFDM needs to transfer a complex baseband OFDM signal. The EO up-converter 

converts the complex baseband OFDM signal into optical domain using I/Q modulator 

composed of a pair of MZMs with 90o
phase offset. The converted baseband OFDM 

signal after the EO up-conversion can be given by 

 
1 1 1( ) ( )exp( )out LD LDE t x t j    (2.22)  

where 1LD  and 1LD are the angular frequency and the phase of the transmitter laser 

respectively. Then, the baseband optical OFDM signal passes through the optical fiber 

with impulse response h(t). The received optical signal after some distance of 

transmission can be defined as: 

 
1 1( ) [ ( )exp( )] ( )receiv LD LDE t x t j h t     (2.23)  
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where  is the convolution operator. The received signal is then sent into the OE down-

converter to be converted into an electrical form.  The down converted signal can be 

expressed as: 

 
 21 2 1 ( )( ) ( )exp[ ( ) ( LDDC LD LD LD h tE t x t j         (2.24)  

where (ωLD1 - ωLD2) and (φLD1 - φLD2) are the frequency offset and the phase offset 

between the transmitter and the receiver lasers respectively. 

At the receiver, the down-converted OFDM signal is sampled with two ADCs 

before processing with the receiver which is the inverse of the transmitter. 

2.3.4 IM/DD OOFDM versus Coherent OOFDM 

After discussing the principle of IM/DD optical OFDM system and coherent optical 

OFDM, a brief comparison between these two systems will be made. Table 2.1 shows 

the differences of the two systems in the following points: Modulation technique, 

detection technique, OFDM signals value, complexity and applications. 

Table 2.1: IM/DD optical OFDM versus Coherent optical OFDM 

 IM/DD optical OFDM Coherent optical OFDM 

Modulation Intensity Modulator Optical I/Q modulator 

Detection Square law direct detection Coherent detection with local 

oscillator 

OFDM Signal value Real   complex 

Complexity Low High 

Application MANs, LAN, Access networks Long haul core networks 

2.4 Summary 

In this chapter, the optical OFDM basics are presented for a better understanding of the 

rest of the thesis. A review of the historical perspectives of OFDM and its applications 

are given. After that the basic concept of OFDM transceivers are explained including, 

serial-to-parallel and parallel-to-serial, mapping and de-mapping, IFFT/FFT, cyclic 

prefix and DAC/ADC converters. The advantages and disadvantages of OFDM are 

described with some techniques to overcome the main drawback of the OFDM signal 

such as the PAPR. On the others hand, the key components of optical transmission link, 
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optical lasers transmitter, optical modulator, optical fiber, optical amplifier and the 

photo-detector receivers, are presented and discussed. Finally, the two major models of 

optical OFDM system: IM/DD Optical OFDM and Coherent Optical OFDM have been 

detailed and compared. 
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Chapter 3: A PAPR REDUCTION SCHEME BASED 

ON A NEW SPREADING CODE 

3.1 Introduction 

Due to its ability to combat transmission impairments and its high spectral efficiency, 

orthogonal Frequency Division Multiplexing applied in optical communication such as 

optical OFDM has interested many researchers 
[68]

. Generally speaking there are two 

major variants of Optical OFDM according to the configuration of the receiver: 

intensity modulator and direct detect (IM/DD) optical OFDM 
[10]

 and coherent 

detection optical OFDM 
[8]

. A number of researchers have found that IM/DD optical 

OOFDM is a promising technology for cost sensitive MANs, Access network and LAN 

[69]
 because of it simple configuration, low complexity and its higher tolerance to the 

fiber chromatic dispersion (CD) 
[70]

 and polarization mode dispersion (PMD) 
[71]

. 

IM/DD configuration is advantageous because of its simple receiver configuration 

which needs only one photodiode to convert back the optical signal to electrical signal. 

Comparing to Direct Detection system, the coherent optical OFDM has better 

sensitivity and spectral efficiency. In the coherent detection, an optical local oscillator, 

90
o
 optical hybrids, the high-speed analog/digital convertor and the digital signal 

processing 
[72]

 are needed. These devices increase the complexity and the cost of the 

system 
[73, 74]

. 

IM/DD Optical OFDM system is cost effective because of the simple receiver 

configuration. However, OFDM is not perfect for IM/DD optical OFDM; the main 

drawback of OFDM is it high PAPR. When the optical launch power into the optical 

fiber is very high, high PAPR causes nonlinear effects in the fiber transmission. 

Therefore, PAPR reduction techniques become an important challenge in IM/DD 

optical OFDM transmission systems in order to increase their tolerance to optical 

intensity modulator, digital-to-analog/analog-to-digital convertor (DAC/ADC) and 

fiber nonlinearity 
[40, 75]

. To reduce the PAPR in optical OFDM systems, various 

approaches have been proposed such as Partial Transmission Sequence (PTS) 
[41]

, 

Selective Mapping (SLM) 
[39]

, coding schemes 
[48]

, conventional clipping and filtering 

based on FFT/IFFT 
[37, 53]

, Bayesian clipping recovery 
[54]

, nonlinear companding 

transforms 
[76]

, Hadamard transform 
[77]

, The Carrier Interferometry codes (CI) 
[43]

. All 

These techniques can be used to reduce PAPR, but there are some disadvantages. 
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Conventional clipping causes both in-band distortion and out-of-band distortion, and 

further it causes an increasing of system’s bit error rate. The Bayesian clipping 

recovery scheme can be enhanced the system performance in both the error rate and 

complexity. The scheme utilizes a priori information about the sparsity rate and noise 

variance to improve the system performance, however, it has side information. The 

companding techniques have better performance than conventional clipping schemes, 

however, it does not make the envelope of the OFDM signal constant due to the 

limitation of the BER 
[56]

. The drawbacks of SLM and PTS are high computational 

complexity and bandwidth expansion. The CI code 
[43]

 is one kind of spreading code, it 

can significantly improve BER performance. But CI just results in reordered original 

data, and it is not capable of supporting user. 

To reduce the nonlinear distortion in electrical and optical devices and transmission 

fiber, we propose and experimentally demonstrate a peak to average power ratio (PAPR) 

reduction scheme based on new spreading code in direct detection optical OFDM 

system. The new spreading code 
[44]

 with high auto-correlation and low cross 

correlation while is able to capable of supporting 2N+1 users. That means, 2N+1 users 

or data symbols can be transmitted over only N sub-carriers. Therefore, it can save the 

bandwidth.      

Our experimental results show that new spreading code is able to provide better 

performance in terms of both PAPR reduction and BER for OFDM systems. 

This chapter is organized as follows: Section 3.2 describes the principle of new 

spreading code. Then, we introduce the experimental setup and results in Section 3.3. 

Finally, the concluding remarks are given in Section 3.4. 

3.2 Principle of new spreading code  

3.2.1 OFDM transmitter with new spreading code 

In traditional OFDM each data symbol is modulated onto its own subcarrier and sent 

over the channel. Here, in new spreading OFDM system, each data symbol is 

multiplied by spreading code C(k,n) and then spreads out onto all of the subcarriers as 

shown in Figure 3.1, where n is the subcarrier index and k is data index (or symbol-k) 

of new spreading OFDM system.  
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Figure 3.1:The transmitter of OFDM system with new spreading code 

 

In traditional OFDM system, the base-band OFDM signal is given as: 
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where d is the data symbol, f is the carrier spacing of IFFT, and N is the number of 

subcarriers. 

The signal of new spreading code for real data (d={-1,1}) can be expressed as: 
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where C(k,i) are coefficients of new spreading code, where K=2N+1, and C(k,n) 

structure for N sub-carriers are written by  
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With CI codes 
[43]

, where K=N, and C(k,n) structures for N subcarriers are written 

by: 
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It can be seen from Eq. (3.3) that, new spreading code is able to capable of 

supporting 2N+1 symbols or 2N+1 users used number of sub-carriers is N. It can save 

the bandwidth. 

The PAPR of the OFDM signal with new spreading code can be expressed as: 
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S
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E S
  (3.5)  

where E{·} denotes the expectation. E{|S(t)|
2
} is equal to the variance 2

, since the 

symbols are zero mean. The statistics for the PAPR of an OFDM signal can be given in 

terms of its complementary cumulative distribution function (CCDF). The CCDF of 

PAPR is defined as the probability that the PAPR of the OFDM symbols exceeds a 

given threshold PAPR0. The CCDF for an OFDM signal can be written as 

 CCDF = P(PAPR>PAPR0)  (3.6) 

3.2.2 OFDM receiver with new spreading code 

Figure 3.2 shows the receiver of OFDM system with new spreading code.  

 

Figure 3.2: The receiver of OFDM system with new spreading code 
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The received signal R(t) from the channel passes through the FFT module to obtain the 

frequency domain signal, which is then equalized with coefficient Hi. The equalized 

signals are then de-spread with complex conjugate codes C
*
(k,n). Finally, the hard 

decision device is employed to create a final decision of dˆk. 

In this experiment, the channel estimation and the synchronization symbol are 

realized by using training sequence (TS).  

The basic form of proposed TS is similar to Park's method 
[78]

. The synchronization 

symbol is realized by Chen’s method 
[79]

, only the sign bit of ADC captured sample is 

extracted to realize the synchronization with simple XNOR and bit summation 

operations. The timing metric is defined as: 
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where t(n) is the transmitted training sequence of length Nt= N+Ncp, N is the size of 

IFFT, Ncp is the length of cyclic prefix, r(n) is the received signal, sign[.] stands for 

sign bit extractor, as the input is a positive number, the output is bit '0'; otherwise the 

output is bit '1'. ⊙ is the XNOR operator, V is a threshold value. 

The channel estimation is calculated as Chen’s method 
[80]

. The channel information 

on the even subcarriers can be estimated from the two adjacent odd subcarriers through 

frequency-domain interpolation. The even channel response can be obtained by linear 

interpolation 
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where Heven(i) denotes the channel response on the i
th

 sub-carrier with even index, 

Hodd(i-1) and Hodd(i+1) are the channel response for two adjacent odd subcarriers. 
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3.3 Experimental setup and results 

3.3.1 Experimental setup 

Figure 3.3 describes the experimental setup of the IM/DD optical OFDM transmission 

system. There are four signals in this experiment. Signal of new spreading code is 

BPSK modulated, signal of CI codes and origin are 4QAM modulated. The parameters 

of the experiment setup are shown in Table 1. 

 

Figure 3.3: The experimental setup for the IM-DD OOFDM transmission system with OFDM 

signals. ECL: external cavity laser, ATT: attenuator, PC: polarization controller, DAC: digital to 

analog converter, AWG: arbitrary waveform generator, MZM: Mach–Zehnder modulator, 

EDFA: erbium doped fiber amplifier, PD: photodiode, LPF: low pass filter, and TDS: real-time 

digital storage oscilloscope, ADC: analog to digital converter. 

The pseudo-random binary sequences (prbs) are converted into parallel data by S/P 

converter (the number of parallel signals is 393 for new spreading-OFDM with 512 

subcarriers, 201 for new spreading-OFDM with 256 subcarriers, and 100 for CI-OFDM 

and original OFDM, respectively). The parallel data is mapped into a BPSK modulation 

for new spreading code, 4QAM modulation for CI code and original OFDM, then 
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spread by spreading phase codes C(k,n) (detailed in Section 2.1). After that add GI and 

Hermitain constrains, and then passed through an IFFT block. The IFFT produces a 

complex-valued time domain waveform. After IFFT, the CP is added to mitigate the ISI.  

Table 3.1: The parameters of experiment 

Items Sub items Value 

OFDM (CI and Original 

OFDM) 

FFT size 256 

Sub-carriers for data 200 

CP 32 

The length of prbs 51200 

Modulation 4QAM 

OFDM symbol 256 

OFDM (New spreading) FFT size 256/512 

Sub-carriers for data 200/392 

CP 32/64 

Null sub-carriers 56/110 

Modulation BPSK 

The length of prbs 51456/100608 

OFDM symbol 256 

Training  sequence (TS) Training  sequence 1 

MZM Bias voltage (V) 2.4 

Power output (dBm) -2 

Fiber Fiber length (km) 70km 

Attenuation (dB/km) 

Dispersion (ps/nm/km)  

Dispersion slope (ps/nm2/km)  

Effective area (um2)  

n2 (m
2/w) 

SNR (dB) 

0.19 

16.75 

0.075 

80 

2.6e-20 

15 

AWG 

(AWG710) 

DC bias(V) 2 

Sample rate (Gsample/s) 2.5 

PD 

(83446A) 

Wavelength Range (nm) 1200 to 1600 

Auxiliary Out Bandwidth(MHz) 0.1 to 1500 

ECL 

 

 

Power output (dBm) 14.5 

Wavelength (nm) 1556.26 

Line-width(kHz) ~100 
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LPF 3-dB bandwidth (GHz) 1.1 

EDFA Wavelength range (nm) 

Noise Figure 

1530-1560 

Max. 5dB 

 

A training sequence (TS) is added for channel estimation and symbol 

synchronization. These electrical base-band OFDM signals (the OFDM signals are 

generated offline with Matlab) uploaded into a commercial arbitrary waveform 

generator (AWG). The sample rate of the AWG is 2.5 GSamples/s. The peak-to-peak 

voltage of the signals is 2V. A continuous wave (CW) light wave is generated from an 

external cavity laser (ECL) at a wavelength of 1556.26nm and linewidth of 100 kHz 

with power output of 14.5 dBm. The output power of optical OFDM signals after MZM 

is -2 dBm. The optical OFDM signals are amplified by an erbium doped fiber amplifier 

(EDFA) with fiber launch power of 2.75 dBm and transmitted over 70 km SMF. A 

tunable attenuation (ATT) is used to change the power of the optical signal. At the 

receiver, the optical OFDM signals are converted into electrical signals after PIN 

photodiode (PD-83446A). The electrical OFDM signals are captured by a 10 Gsample/s 

Tektronix (TDS684B) real-time oscilloscope and stored for off-line processing by 

MATLAB program as an OFDM receiver. 

The electrical signal from the real-time oscilloscope is resampled, and then is 

synchronized. And the signal passes through a serial-to-parallel converter and then CP 

is removed. After that, the waveforms are converted to OFDM subcarriers using FFT. 

In the frequency-domain, each channel is estimated by TS so as to compensate the 

distortion, then de-new spreading code. Each BPSK channel is demodulated to produce 

N parallel data channels, and then converted into a single data channel by using the 

parallel-to-serial converter. Finally, we measure the BER performance of the four types 

of OFDM signals. 

3.3.2 Results and discussion 

Figure 3.4 shows the CCDF versus PAPR of OFDM signals. It can be seen that, with 

the same subcarrier and at the CCDF of 10
-4

, the PAPR of new spreading-OFDM signal 

(BPSK) can be improved by 1.5dB and 4.6dB compared with the CI-OFDM signal 

(4QAM), and the original signal (4QAM), respectively. 

The experimental results show that the new spreading code makes signal more stable 

than CI code and original system. Thus, it can decreasingly produces nonlinear noises 
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from the nonlinear components than CI code and original system. Meanwhile, the 

PAPR of new spreading signal with 512 subcarriers is little bigger than that of new 

spreading signal with 256 subcarriers. 

 

Figure 3.4: CCDF versus PAPR of OFDM signals 

The net bit rate with 256 subcarriers is about 1.726 Gbit/s in the BPSK-modulated 

OOFDM system (RBPSK-NEW256 = 256 x 201/((496 + 288 x 257) x 0.4 ) = 1.726). 

The net bit rate with 256 subcarriers is about 1.718 Gbit/s in the 4QAM-modulated 

OOFDM system (R4QAM-CI256 = R4QAM-OFDM256 = 256 x 200/((496 + 288 x 257) x 0.4) 

=1.718). 

The net bit rate with 512 subcarriers is about 1.693 Gbit/s in the BPSK-modulated 

OOFDM system (RBPSK-NEW512 = 256 x 393/((496 + 576 x 257) x 0.4) = 1.693). 

Figure 3.5 shows a comparison of BER performance for 4QAM CI signal, 4QAM 

original signal, and BPSK-new spreading signals, at a fiber launch power of 2.75 dBm 

and length of SMF is 70 km. At the BER of 10
-3

 and with 256 subcarriers, the received 

optical power is about -26, -25.4 and -23.9 dBm for the BPSK new spreading signal, 
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4QAM CI signal, and 4QAM original signal, respectively. The experimental results 

show that the BER performance based on the new spreading signal can be improved, 

although the RBPSK-NEW256/R4QAM-OFDM256=1.005. The received sensitivity optical power 

of the BPSK new spreading signal can be improved by 0.6, and 2.1dB, when compared 

with the case of using 4QAM CI signal, and 4QAM original signal, respectively.  

 

Figure 3.5: BER curves of OFDM signals 

The experimental results also show that, at the BER of 10
-3

, the received optical 

power is about -26.2, and -26 dBm for the BPSK new spreading signal with subcarrier 

of 512 and 256, respectively.  

This result proves that new spreading code with low cross correlation and has better 

orthogonality property proportional to the high number of subcarrier. 

3.4 Conclusions 

In this chapter, we proposed a new spreading code to reduce the high PAPR in IM/DD 

optical OFDM systems. The effect of new spreading code in the BER performance of 

the system was experimentally demonstrated. At a CCDF of 10
-4

, the PAPR of new 

spreading signal was reduced by 1.5 and 4.6 dB, compared with the 4QAM CI signal 
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and 4QAM original signal, respectively, when number of subcarriers was 256. The 

experimental results showed that, the receiver’s sensitivity of optical OFDM signal 

with the new spreading code was better than that of original signals. Meanwhile, the net 

bit rate of signal with new spreading code was bigger than that of original signal. At the 

BER of 10
-3

, the received power of optical OFDM signal with new spreading code was 

more sensitive than the 4QAM CI signal, and 4QAM original signal by 0.6 and 2.1 dB, 

respectively. The result also proves that new spreading code with low cross correlation  

has better orthogonality property proportional to the high number of subcarrier. By 

using new spreading code in IM/DD-OOFDM system, it can not only reduce PAPR, 

but it is also capable of supporting 2N+1 users, thus to obtain better BER performance. 

Although new spreading code can improve BER performance and enhance the 

channel capacity, but BER performance still is limited. Various PAPR reduction 

methods have been developed with trade-off between PAPR reduction capability and 

loss in data rate, degradation of BER performance, increase in signal power and 

augmentation in computational complexity. That’s why a specific PAPR reduction 

scheme can’t be considered as a best solution. To get more efficient performances of 

system, the good approach may be the combination of different schemes. Recently, 

some hybrid techniques tended to be the combination of techniques such as PTS-

clipping 
[81]

, Hadamard - companding transform technique 
[82]

, clipping and filtering 

based on DCT/IDCT 
[83]

, Hadamard - clipping and filtering based on DCT/IDC 
[84]

, 

etc...  

Therefore, next chapter a novel new hybrid peak-to-average power ratio reduction 

technique based on carrier interferometry codes and companding technique for optical 

direct detection orthogonal frequency division multiplexing system is proposed and 

presented in detail. 
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Chapter 4: NEW HYBRID METHOD FOR PAPR 

REDUCTION BASED ON CARRIER 

INTERFEROMETRY CODES AND COMPANDING 

TECHNIQUE 

4.1 Introduction 

Following the discussion on the PAPR reduction technique in chapter 3 which proposed 

a novel new hybrid method PAPR reduction technique based on carrier interferometry 

codes and companding technique for optical direct detection orthogonal frequency 

division multiplexing system
[85]

, this chapter still focus in the same way.  

In case of large transmission distance between two link of the IM/DD Optical OFDM, 

the launch power must be high, it result in excessive nonlinear noise 
[40]

, and the 

reducing high PAPR is necessary.  

This chapter proposes a novel hybrid method to reduce the fiber nonlinearity 

through reducing the high PAPR in IM/DD optical OFDM systems. This method based 

on joint companding technique and CI codes. In here, we use a nonlinear companding 

scheme, which means that there is only companding at the transmitter and no 

expanding at the receiver. The companding at the transmitter is carried out by using of 

µ-law and linear algorithm to keep the output power the same as the origin. 

Our experimental results show that this hybrid method is able to offer better 

performance in terms of both PAPR reduction and BER for OFDM systems. 

The remainder of the chapter is organized as follows. While section 4.2 describes 

the principle of hybrid method, section 4.3 introduces the experimental setup and 

results. Finally, conclusive remarks are discussed in section 4.4. 

4.2 Principle of hybrid method 

In this section, the CI codes, and the companding techniques for PAPR reduction of 

OFDM signal is reviewed. After that the structure of hybrid method in the IM/DD 

optical OFDM transmission system is presented. 
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4.2.1 OFDM with CI spreading 

Figure 4.1(a) describes the OFDM transmitter with CI codes. In CI-OFDM system, 

each parallel data symbol is modulated onto all of the N carriers, and a reparability of 

each parallel data symbol is maintained by using carefully selected phase offsets.  

 

Figure 4.1: Structure of OFDM with CI codes 

The CI-OFDM at Ref. 
[43]

 only BPSK modulation is considered. In this paper, we 

extend CI/OFDM architecture to study its operation with 4QAM constellations as 

suggested by Wu et al 
[86]

, and Ali et al 
[87]

. The signal with CI codes (contain N 

different codes) is expressed as following 

 

 2

(k,i)

1 1
( )

0 0

C
1

S( )
N

j f
N

k

k

i t

i

t d
N

e


 

 


 

 (4.1)

 

where d is the data symbol, f is the carrier spacing of IFFT, and N is the number of 

subcarriers. 

C(k,i) are coefficients of CI codes. C(k,n) structures for N subcarriers are 
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The PAPR of the CI-OFDM signal can be defined as 

  

2

2

max | (t) |

| (t) |

S
PAPR

E S


 (4.3) 

where E{●} denotes the expectation operation. E{|S(t)|
2
} is equal to the variance 

2
, 

since the symbols are zero mean. The statistics for the PAPR of an OFDM signal can 

be given in terms of its complementary cumulative distribution function (CCDF).The 
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CCDF of PAPR is defined as the probability that the PAPR of the OFDM symbols 

exceeds a given threshold PAPR0. The CCDF for an OFDM signal is expressed as  

 CCDF = P(PAPR>PAPR0) (4.4) 

Figure 4.1(b) describes the OFDM receiver with CI codes, the received signal r(t) from 

the channel  is converted into to frequency domain using FFT. The obtained signal is 

de-spread with complex conjugate codes C
*
(k,n), and combined. Finally, the hard 

decision device is employed to create a final decision of dˆ(k ).  

 

Figure 4.2: CCDF versus PAPR of OFDM signals, when µ =2 for different techniques 

Figure 4.2 shows the CCDF versus PAPR of OFDM signals. It’s noticeable that the 

PAPR of the OFDM signal with the CI codes is reduced by 3.1 dB compared with that 

of the original OFDM when the CCDF is 10
-4

. 

4.2.2 Companding technique 

In this section, we review the companding technique for PAPR reduction of OFDM 

signal. The traditional µ-law companding algorithm was first proposed by Wang et al 

[55, 58]
 in speech processing. In traditional companding technique 

[58]
, OFDM signals are 

companded at the transmitter and expanded at the receiver. The amplitudes of the small 

signals are enlarged while those of the large signals remain the same. As the average 
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power is enhanced through enlarging the small signals, so we use a linear companding 

to the OFDM signals for the sake of keeping the signals of equal average power as Ref. 

[55]
. The signal Sout at the end of transmitter using µ-law companding 

[58]
 can be 

expressed as 

 
(S ) ln(1 | S / A |)

ln(1 )

in in
out

A sgn
S





 



 (4.5) 

where Sin is the output signal after N-point IFFT, here is the signal of CI codes, µ is the 

companding coefficient, and A is the peak amplitude of the signal Sin. 

According to Wang et al 
[55]

, when N sufficiently large, with Taylor’s series,           

Sout Sin.µ /ln (µ + l). The average power of the companded signal is amplified by the 

coefficient K = µ /ln (µ + l). Hence, we use a linear companding by multiplying a 

constant coefficient K’ = 1/K to keep the signal power unchanged. The signal at the end 

of the transmitter is then evolved to 

 
(S ) ln(1 | S / A |)

S' in in
out

A sgn 



 
  (4.6) 

 From Eq. (4.6), when µ increases, the reduction rate of the peak power is 

decreasing. But, if µ is big, BER performance will be reduced, so µ must be chosen a 

small value 
[82, 88, 89]

. In this paper, we choose the µ is 2 such as Ref. 
[82, 88, 89]

. 

 According to Hou et al 
[76]

, the system without expanding at the receiver has a better 

BER performance. So in this paper, we take the nonlinear companding scheme, which 

has µ-law companding at the transmitter but lacks de-companding at the receiver. 

It can be seen from Figure 4.2 that the PAPR of nonlinear companding scheme can be 

improved by 2.8 dB compared with the original OFDM system at the CCDF of 10
-4

, 

when µ is 2. 

4.2.3 The structure of hybrid method 

The hybrid PAPR reduction method, proposed in this paper, used CI codes and a 

nonlinear companding scheme. The first PAPR reduction method, which is 

accomplished by transmission of each bit over each of the N carriers through the novel 

use of CI phase codes, and the second PAPR reduction method perform a variable 

attenuation of the signal which depends on its amplitude. 

Figure 4.3 shows the principle of our proposed an IM-DD optical OFDM 

transmission system with hybrid method.  
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Figure 4.3: Principle of the intensity-modulation direct-detection (IM/DD) optical OFDM 

transmission system with hybrid method. LD: laser diode, PC: polarization controller,            

IM: intensity modulation, OA: optical amplifier, PD: photodiode. 

At the transmitter side, the pseudorandom binary sequence (PRBS) data are 

converted into parallel data by S/P converter. The parallel data is mapped onto a 4QAM 

format then spread by CI phase codes (detailed in Section 4.2.1), and the data passed 

through an N IFFT block. The IFFT produces a complex-valued time domain waveform 

containing a superposition of all of the subcarriers. After IFFT, the OFDM symbols 

pass through a nonlinear companding scheme (detailed in Section 4.2.2), and then the 

prefix is added. A digital- to-analog converter (DAC) is used to generate the electrical 

baseband OFDM signal. The training sequence (TS) is used for channel estimation and 

symbol synchronization. The cyclic prefix (CP) is used to mitigate the ISI. Next, the 

electrical baseband OFDM signal converted by a DAC is used to drive an IM to 

modulate the optical carrier of laser diode (LD). The generated optical OFDM signal is 

boosted by an optical amplifier (OA) and transmitted over single mode fiber (SMF).  

At the receiver side, the electrical signal from the photodiode is sent into an ADC to 

produce a digital signal, and then the signal passes through a serial-to-parallel converter 

and the waveforms are converted to OFDM subcarriers using FFT. Once in the 
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frequency-domain, each channel is estimated by TS to compensate for distortion due to 

the optical and electrical paths, then de-spread CI codes. After that, each 4QAM 

channel is demodulated to produce N parallel data channels, and these can be converted 

into a single data channel by parallel-to-serial converter. 

In this chapter, usually the channel estimation and the synchronization symbol are 

realized by using training sequence (TS). Synchronization symbol is used for finding 

the correct symbol start, and auto-correlation algorithm or cross-correlation algorithm 

can be used for this purpose. However, findings from Fort et al 
[90]

, indicate that the 

cross correlation algorithm can provide better performance at a low signal-to-noise 

ratio due to the averaging process of the correlator. Here, the cross-correlation property 

of TS is used to calculate the timing metric function instead of the auto-correlation 

property. The cross correlation is expressed as: 

 

1

0
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tN

k

P(d) t k r k d
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where t(k) is the transmitted TS of length Nt=N+NCP, NCP is length of the cyclic prefix, 

and r(k) is the received signal. The TS is generated by modulating the odd subcarriers 

(excluding the subcarriers at high frequencies) with binary phase shift keying (BPSK) 

symbols, while the even subcarriers and the subcarriers at high frequencies are filled 

with zeros. TS is produced by transmitting BPSK symbols on the odd subcarriers, it can 

reduce the signal-to-signal beating interference (SSBI) in the direct-detection optical 

OFDM receiver 
[91]

. After the optical OFDM signal is detected by a photodiode, the 

BPSK symbols on the odd subcarriers will not be interfered by SSBI. Therefore the TS 

can also be used to estimate the channel responses of all channels without SSBI via 

interpolation. 

In the optical fiber, in a short period of time the channel response can be considered 

approximately as a constant and the difference of channel frequency responses over 

every two adjacent subcarriers is small. Thus, the channel information on the even 

subcarriers can be estimated from the two adjacent odd subcarriers through frequency-

domain interpolation. According to Chen et al 
[80]

, the even channel response can be 

obtained by linear interpolation. It can be expressed as 

 odd odd
even

( 1) ( 1)
(i) ,

2

H i H i
H
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where Heven(i) denotes the channel response on the i
th

 subcarrier with even index, 

Hodd(i-1) and Hodd(i+1) are the channel response for two adjacent odd subcarriers. 

Figure 4.2, indicates that the hybrid technique reduce peak power compared with all 

the others. For example, at the CCDF of 10
-4

 and µ=2, the PAPR of OFDM signal with 

hybrid technique can be reduced by 2.6, 2.9 and 5.7 dB when compared with the 

OFDM signals only with CI codes, nonlinear companding scheme and original OFDM, 

respectively. By comparing the case of using only the CI codes or only a nonlinear 

companding technique, the hybrid method can provide better system performance in 

terms of PAPR reduction. 

4.3 Experimental setup and results 

4.3.1 Experimental setup 

Figure 4.4 describes the experimental setup of the IM/DD optical OFDM transmission 

system. Three types of signal are used in our experimental configuration such as the 

OFDM signals without any technique, with CI codes, with companding technique only 

and with the proposed hybrid method. The parameters of the experiment setup are 

shown in the Table 1. 

The OFDM signal is generated offline with Matlab and uploaded into a commercial 

arbitrary waveform generator (AWG) (OFDM signals with the pseudorandom pattern 

length of 51200). The sample rate of the AWG is 2.5 GSamples/s. The peak-to-peak 

voltage of the signals is 2V. A continuous wave (CW) light wave is generated from an 

external cavity laser (ECL) at a wavelength of 1556.26 nm and line-width of 100 kHz 

with power output of 14.5 dBm. The output power of optical OFDM signals after MZM 

is about 3dBm. The optical OFDM signals are amplified by an EDFA with different 

launch power and transmitted over 100 km SMF. The optical OFDM signals are 

converted into electrical wave signals via PIN photodiode (PD-83446A), then sampled 

and recorded by TDS (TDS-6804B). In the receiver, we use the Matlab program to 

process the waveform recorded by TDS. We measured the PAPR and BER 

performance of the received signals.  

  



Hunan University PhD Thesis 

48 

 

Table 4.1: The parameters of experiment 

Items Sub items Value 

OFDM FFT 256 

Subcarriers for data 200 

CP 32 

GI 56 

PRBS length 51200 

Modulation 4QAM 

OFDM symbol 256 

Training  sequence Training  sequence 1 

ECL Power output (dBm) 14.5 

Wavelength (nm) 1556.26 

Line-width (kHz) 100 

MZM Half-wave voltage (V) 4 

Bias voltage (V) 2.1 

Power output (dBm) 3 

Fiber Fiber length (km) 100 

Attenuation  (dB/km)  0.19 

Dispersion (ps/nm/km) 

Dispersion slope (ps/nm2/km)  

Effective area (um2)  

n2 (m
2/w) 

SNR (dB) 

16.75 

0.075 

80 

2.6e-20 

15 

AWG(AWG710) Sample rate (GSa/s) 2.5 

Vpp (V) 2 

PD(83446A) Wavelength range (nm)  1200 to 1600 

Auxiliary out bandwidth (MHz)  0.1 to 1500 

LPF 3-dB bandwidth (GHz) 1.1 

EDFA Wave length range (nm) 1530-1560 

Noise Figure Max. 5dB 

TDS Sample rate (GSa/s) 10 
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Figure 4.4: The implementation for the IM-DD OFDM transmission system with the hybrid 

method. ATT: attenuator, ECL: external cavity laser, PC: polarization controller, MZM: Mach–

Zehnder modulator, EDFA: Erbium doped fiber amplifier, PD: photodiode, TDS: real-

time/digital storage oscilloscope, and LPF: low pass filter 

4.3.2 Results and discussions 

The net bit rate of 4QAM OFDM signal is about 1.718 Gbit/s (R4QAM=256 x 200/((496 

+ 288 x 257) x 0.4) =1.718). 

Figure 4.5 shows a comparison of BER performance for original OFDM signal, 

companding signal, CI signal and hybrid signal, when µ =2, at a fiber launch power is 

3dBm and length of SMF is 100 km. At the BER of 10
-4

, the received optical power of 

the hybrid signal, CI signal, companding signal and original OFDM signal is about -

25.8, -24.2, -24, and -22.1 dBm, respectively. The results show that the BER 

performance of OFDM signal with hybrid method (µ=2) is the best. The received 

sensitivity optical power of the proposed hybrid method can be improved by 1.6, 1.8, 

and 3.7 dBm when compared with the case of using only CI codes, companding 

technique, and original OFDM, respectively.  
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Figure 4.5: BER curves of OFDM signals at 3 dBm launch power after transmission  

over 100km SMF, when µ =2 

 

Figure 4.6: BER curves of OFDM signals at 6 dBm launch power after transmission  

over 100 km SMF, when µ =2 
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In the same  way of the Figure 4.5, the Figure 4.6 and Figure 4.7 also compared the 

BER performance of original OFDM signal, companding signal, CI signal and hybrid 

signal, when µ =2 with 6 dBm and 9 dBm of fiber launch power and after transmission 

over 100 km SMF. At BER of 10
-4

; when the fiber launch power is 6 dBm, the received 

optical power is about -26.6 dBm for signal with hybrid method, -24.9 dBm for CI 

codes, -24.6 dBm for companding technique and -22.4 dBm for original OFDM; in case 

of fiber launch power of 9 dBm, the received optical power is about -27.6 dBm for 

signal with hybrid method, -25.7 dBm for CI codes, -25.2 dBm for companding 

technique and -22.6 dBm for original OFDM. 

 

Figure 4.7: BER curves of OFDM signals at 6 dBm launch power after transmission over 100 

km SMF, when µ =2 

The results of Figure 4.5, Figure 4.6, and Figure 4.7 show that, when the optical 

fiber launch power increases, the receiver sensitivity of optical OFDM signals also 

increase. But the receiver sensitivity of the optical OFDM signal with the hybrid 

method is better than the others signals. 
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Figure 4.8 shows BER via launch power of optical OFDM signals at received 

power of -26 dBm after transmission over 100 km SMF. At the same launch power, 

BER performance of hybrid method is the best, BER performance of original is the 

worst. When the launch power increases, the BER of hybrid method is faster decreasing 

than other techniques. From the Fig. 4.8, it can be seen that the hybrid method is better 

than that of other methods. The BER of 9dBm to fiber is lower than that of 3dBm to 

fiber, it means that there is no effect of the nonlinear. 

 

Figure 4.8: BER via launch power of OFDM signals after transmission over 100 km SMF, 

when µ =2. 

4.4 Conclusion 

In this chapter, we proposed and experimentally demonstrated a new hybrid method to 

reduce the PAPR of signal in IM/DD optical OFDM systems. The effect of our 

proposed hybrid in the BER performance of the system has been experimentally 

demonstrated. At a CCDF of 10
-4

, the PAPR of OFDM signal with the hybrid method is 

reduced by 5.7 dB, while with the CI codes and the companding technique are reduced 

by 3.1 and by 2.8 dB, respectively comparing with the original OFDM. The 
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experimental results show that, at the same fiber launch power, the receiver sensitivity 

of optical OFDM signal with the hybrid method is better than signal with CI codes, 

with companding technique and with the original OFDM. At the BER of 10
-4

, the 

received power of optical OFDM signal with hybrid method is more sensitive than the 

original OFDM by 3.7, 4.2, and 5 dB in case of 3, 6, and 9 dBm fiber launch power, 

respectively. It can be clearly seen that the proposed system can improve the received 

sensitivity when the optical launch power is increasing. The reason is that the hybrid 

method could reduce the PAPR much more effectively than the other two techniques 

and thus suppresses the nonlinear transmission impairments to the highest degree. 

Compared to PAPR reduction scheme based on new spreading code in chapter 3, 

the hybrid method can significantly reduce the PAPR and can get better BER 

performance than new spreading code method. At the CCDF of 10
-4

, the PAPR of 

OFDM signal with the hybrid method is reduced by 5.7 dB, while with the new 

spreading code method is reduced by 4.6 dB comparing with the original OFDM. The 

experimental results also indicated that, at the smaller BER limit FEC, the receiver 

sensitivity of the optical OFDM signal of the hybrid method is better than of new 

spreading code when compared to origin signal. Meanwhile the computational 

complexity at receiver of hybrid method is less than of new spreading code. Because 

the hybrid is multiplied with a matrix C
*
[N,N], while the new spreading code is 

multiplied with a matrix C
*
[2N+1,N].   

This chapter presented a novel hybrid method to reduce the fiber nonlinearity 

through reducing the high PAPR in IM/DD optical OFDM systems. This hybrid was 

able to offer better performance in term of both PAPR reduction and BER for OFDM 

systems. However, because of using CI codes at the transmitter, so at the receiver had 

to be de-CI codes. Therefore, the hardware at the receiver is more complex than that of 

the original system. To overcome this problem, a novel new binary particle swarm 

based on dummy sequence insertion for PAPR reduction in IM/DD OOFDM system 

without side information will be presented in next chapter.   
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Chapter 5: NEW BINARY PARTICLE SWARM 

OPTIMIZATION ON DUMMY SEQUENCE 

INSERTION METHOD FOR PAPR REDUCTION 

5.1 Introduction 

A novel new binary particle swarm optimization (NBPSO) 
[92]

 method based on dummy 

sequence insertion (DSI) 
[45]

 in this chapter is proposed and experimentally 

demonstrated for PAPR reduction in the IM-DD OOFDM system. The methods for 

PAPR reduction have been used in chapter 3, 4 and its references almost have to use 

side information or cause signal distortion, which make the system more complex or 

produce significantly clipping noise, out of band radiation. 

The DSI 
[45, 93]

 method insert dummy sequence into the transmission data block for 

PAPR reduction before the IFFT stage. In the DSI method 
[45]

, a complementary 

sequence and the combination of the correlation sequence are considered as dummy 

sequence, which will be discarded at the receiver, thus, the side information is not 

necessary. Moreover, compared with the conventional PTS or SLM method, the BER 

performance of the method is better in the case of the errors in the side information 

about the phase rotation. However, in some case the computation is high. In order to 

solve complex computational problems, various heuristic approaches have been 

adopted by researches including Genetic algorithm, Tabu search and PSO. PSO 
[94, 95]

 is 

one of optimization techniques, which can generate high quality solution within shorter 

calculation on some optimization problems. The origin version of the PSO 
[94]

 operates 

in continuous space and the binary PSO (BPSO) 
[95]

 operates on discrete binary 

variables. The PSO technique has been using in many fields such as power systems 
[67, 

96, 97]
, neural network learning 

[98, 99]
, data cluster 

[100]
, FPGA routing 

[101]
, multi-user 

OFDM 
[102]

, and for PAPR reduction in wireless OFDM system 
[93, 103, 104]

. During 

utilization and research PSO and BPSO, some researchers are shown that standard PSO 

and BPSO cannot converge well. To overcome this problem with BPSO, a novel 

NBPSO is proposed. So in this chapter we use propose a novel NBPSO based on DSI 

method to reduce the nonlinearity of equipment in IM/DD OOFDM system.     
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This chapter is organized as follows: Section 5.2 describes the principle of DSI and 

NBPSO. Then, we introduce the experimental setup and results in Section 5.3. Finally, 

the concluding remarks are given in Section 5.4. 

5.2 System Model 

5.2.1 Dummy sequence insertion method 

The DSI method 
[45]

 can reduce the PAPR by inserting a dummy sequence in the 

subcarriers of the OFDM system. Dummy sequence is used for only PAPR reduction 

without any channel information. At the receiver, dummy sequence can be discarded 

after FFT stage. It is different from the conventional PTS and SLM methods. Therefore, 

the DSI method can greatly reduce the complexity of the receiver. And it is 

independent of the dummy sequence error. Figure 5.1 illustrates the structure of the 

DSI data. In this paper, DSI with method 3 of Ref. 
[93]

 is used, and 16QAM format is 

considered. Here, the total number of subcarriers in the OFDM signal is M, and the 

number of subcarriers reserved for the dummy sequence is L; therefore, there are N = 

M – L subcarriers available for data transmission. And the number of dummy sequence 

bit is K=4xL 

 

Figure 5.1: DSI data block using the complementary sequence. 

From Figure 5.1, the output signal of the IFFT can be expressed as follows: 

 y(t)= IFFT([x s]
t
)  (5.1) 

where y=[y1, y2, .. , yM ]
t
, x=[x1, x2, .. , xN ]

t
 is the transmission data sequence and s=[s1, 

s2, .. , sL]
t
 is the inserted dummy sequence. IFFT(z) implies the inverse fast Fourier 

transform of z, and [•]
t
  is a transpose operation. 

The PAPR of the OFDM signal with DSI can be defined as 
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  

2

2

max | ( ) |

| ( ) |

y t
PAPR

E y t


 (5.2) 

Where E{●} denotes the expectation operation. E {|y(t) |
2
} is equal to the variance 

2
, 

since the symbols are zero mean. The statistics for the PAPR of an OFDM signal can 

be given in terms of its complementary cumulative distribution function (CCDF). The 

CCDF of PAPR is defined as the probability that the PAPR of the OFDM symbols 

exceeds a given threshold PAPR0. The CCDF for an OFDM signal is expressed as  

 CCDF = P(PAPR>PAPR0)  (5.3) 

Eq.(5) can be rewritten in vector form and expressed in decibels as 

  

2

10 2

max | ( ) |
10log

mean | ( ) |

y t
PAPR

y t


 (5.4) 

5.2.2 NBPSO scheme based on DSI method 

Similar to evolutionary algorithms, the PSO technique conducts searches using a 

population of particles, corresponding to individuals. Each single solution is a particle 

in the search space. A swarm of these particles moves through the search space to find 

an optimal position. The position and velocity are two parameters to characterize each 

particle.  

In a L-dimensional optimization, the position and velocity of the j
th

 particle can be 

represented as zj={zj,1, zj,2, . ., zj,L} and vj={vj,1, vj,2, . ., vj,L}, respectively. PSO 

algorithm is initialized with a group of random particles and then searches for optimal 

by updating generations. In each iteration, particle updates itself through tracking two 

best positions. The first one is the local best position (p_bestj), which represents the 

position vector of the best solution of this particle has achieved so far. The other one is 

the global best position (g_best), which represents the best position obtained so far by 

any particle. After finding the two best values, the update of velocity and position for 

each particle are described as Eq. (5.6) and Eq. (5.7), respectively. 

 vjk (t+1)=w.vjk(t) + c1.rand()(p_bestjk–zjk) +c2.Rand()(g_bestk – zjk) (5.6) 

 zjk (t+1)=zjk(t) +vjk(t) (5.7) 

In the version of BPSO, the search space is considered as a hypercube in which a 

particle may be seen to move to nearer and farther corners of the hypercube by flipping 

various numbers of bits. The moving velocity is defined in terms of changes of 
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probabilities of that a bit will be in one state or the other. Thus a particle moves in a 

state space restricted to 0 and 1 on each dimension. 

The key point in DSI method is to search out the dummy sequence that minimizes 

the PAPR of an OFDM signal. Form Eq. (5.4), the problem of PAPR reduction using 

DSI method can be modeled as a constrained optimization problem. It is given by 

 minimize PAPR subject to s, PL (5.8) 

where PL is the total power limitation of inserted dummy sequence. 

The NBPSO scheme is adopted to solve this constrained optimization problem, 

which can search out the global optimal dummy sequence to minimize the PAPR of an 

optical OFDM signal. The fitness function in this case is the Eq. (5.4), and it can be 

expressed as 

  

2

10 2

max | y(t) |
( ) 10log

mean | y(t) |
f s 

 (5.9) 

The NBPSO scheme based on DSI method is illustrated in Figure 5.2, it will be 

described in detail as follows: 

 

Figure 5.2: The NBPSO scheme based on DSI method. 

Step 1.  Initialization state 

Firstly, the iteration counter t is reset, i.e. t=0, and P particles is randomly generated 

as [Zj(0), j=1, 2, .., P], where Zj(0)=[ zj,1(0), zj,1(0), . ., zj,K(0)]
t
, and zj,k(0) denotes the k

th
 

bit of j
th

 particle at t=0.  A vector of K bits represents the position of a particle, and 

signifies a probably desired dummy sequence. Then, the initial velocities of all particles 

are set to zero, such as, [Vj(0), j=1, 2, .., P]=0, where Vj(0)=[vj,1(0), vj,2(0), . ., vj,K(0)]
t
.  

Secondly, modulate and evaluate the fitness function of each particle in the initial 

population based on the Eq. (5.9), and we set p_bestj=Zj(0) and Ffnj=Fj(0), j=1, 2, .., P, 



Hunan University PhD Thesis 

58 

 

where p_bestj=(p_bestj1, p_bestj2, .., p_bestjK) and Ffnj register the individual best 

position for the j
th

 particle and its fitness value of the j
th

 particle at t=0.  

Thirdly, we find the best fitness value Fbestfn = min([Ffnj, j=1, 2, .., P]) registering 

the fitness values of all initial  particles, and set the particle of Fbestfn as the global best 

g_best, which has an fitness value Fbestfn.  

Finally, set the initial values of the inertia weigh w and constants c1 and c2, which 

used in velocity updating.   

Step 2. Iteration counter updating state 

Update the generation counter as t=t+1. 

Step 3. Velocity updating state 

In the NBPSO scheme, each vjk represents the probability of bit zjk taking the value 1, 

and vjk must be constrained to the interval [0.0, 1.0]. By defining a function S(vjk) of the 

k
th

 element in the j
th

 particle, it is updated according to the following equation: 

 S(vjk)=2x|(sigmoid(vjk)-0.5)| (5.10) 

with 

1
( )

1 jk
jk v

Sigmoid v
e



  

where c1 and c2 are positive constants, rand() is a quasi-random number selected from a 

uniform distribution in [0.1, 1.0], w is the inertia weight, and vjk is limited in the range 

of [- vmax, vmax].   

Step 4. Position updating state 

Based on the updated velocities, the position of each particle will be changed by the 

following equation: 

 If  rand()< S(vjk(t+1)) then zjk( t+1)=exchange(zjk(t)) else  zjk( t+1) =zjk(t) (5.11) 

Step 5. Individual best updating state 

Each particle is evaluated by fitness function on the renewed position. If there is 

Fj(t)<Ffnj, j=1, 2,..., P, update individual best as P_bestj=Zj(t) and Ffnj=Fj(t), and go to 

the global best updating state. 

Step 6. Global best updating state 
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Searching for the minimum fitness value Fmin from Ffnj, j=1, 2, ..P, where min is the 

index of particle with minimum fitness, i.e., min Є{1, 2, .., P}. If Fmin<Fbestfn, then the 

global best is updated as g_best=Zmin(t), and Fbestfn=Fmin. 

Step 7. Stop criteria checking state 

If the stop criteria are satisfied, the procedure comes to a stop, or else goes to the 

Step 2. 

In this paper, the use of global model in NBPSO is considered, and the parameters 

in (5.10) are set as the same as Ref. 
[92]

. Usually vmax is set to be 6, c1=c2=2 and the 

weight w is decreasing linearly from 0.6 to 0.2. The number of particle (NP) is 20, and 

the length of bit in each particle (P) is 32. The number of iteration (T) is considered to 

be 30, which is the stopping criteria. 

5.3 Experimental setup and results 

5.3.1 Experimental setup 

Figure 5.3 shows the experimental setup of the NBPSO based on DSI method in the 

IM-DD optical OFDM system.  

In the experiment, three types of signal are used such as the original OFDM signal, 

the DSI signal, and the NBPSO based on the DSI signal. The parameters of experiment 

are shown in the Table 1. 

The pseudo-random binary sequence (prbs) is converted into parallel data by S/P 

converter, and then the NBPSO based on DSI method is processed for PAPR reduction. 

The algorithm of NBPSO include a loop: add a dummy sequence into the end of the 

each parallel data, and then they are mapped into 16QAM modulation. After that add 

GI and Hermitain constrains. Then the data symbol is passed through the IFFT, and 

PAPR is calculated. After the NBPSO method implemented, the signal with min PAPR 

is obtained. A complex-valued time domain waveform is produced, meanwhile, the CP 

is added to mitigate the ISI. In addition, a training sequence (TS) can be used for 

channel estimation and symbol synchronization. The electrical base-band OFDM 

signals are generated by offline Matlab, and they are uploaded into a commercial 

arbitrary waveform generator (AWG). The sample rate of the AWG is 5 GSamples/s. 

The peak-to-peak voltage of the signals is 1V. A continuous wave (CW) light wave is 

generated from an external cavity laser (ECL) at a wavelength of 1556.26 nm and line-
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width of 100 kHz with output power of 14.5 dBm. After MZM, the output power of 

optical OFDM signals is 2 dBm. The optical OFDM signals are amplified by the first 

EDFA (EDFA1) before transmitted over 100 km SMF. After transmission over 100 km 

SSMF, the second EDFA (EDFA-2) and a variable optical attenuator (VOA) are 

adopted for controlling the received power. The optical OFDM signals are converted 

into electrical wave signals via a PIN photodiode, then passed through the LPF and 

recorded by real-time digital storage oscilloscope (TDS-6804B). 

 

Figure 5.3: The experimental setup for the IM-DD OFDM system with the NBPSO based on 

DSI method. VOA: variable optical attenuator, ECL: external cavity laser, PC: polarization 

controller, MZM: Mach–Zehnder modulator, EDFA: Erbium doped fiber amplifier, PD: 

photodiode, TDS: Real time/digital storage oscilloscope and LPF: low pass filter. 

At the receiver, the signals are processing as the same as the original OOFDM 

system. The waveform recorded by TDS is processed by offline Matlab. The channel 

estimation and the symbol synchronization are realized by using training sequence (TS). 
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The TS is similar to Park's method 
[78]

. And the synchronization symbol is realized by 

Chen et al 
[79]

, and the channel estimation is calculated by linear interpolation 
[80]

. 

Finally, BER performances of the received signals are calculated. 

Table 5.1: The parameters of experiment 

Items Sub items Value 

OFDM FFT 

Subcarriers for data 

Subcarriers for DSI 

CP 

PRBS length 

Modulation 

OFDM symbol 

256 

184 

16 

32 

94208 

16QAM 

256 

Training  sequence Training  sequence 1 

ECL Power output (dBm) 

Wavelength (nm) 

Line-width (kHz) 

14.5 

1556.26 

100 

MZM Half-wave voltage (V) 

Bias voltage (V) 

Power output (dBm) 

4 

2.4 

2 

Fiber Fiber length (km) 

Attenuation (dB/km)  

Dispersion (ps/nm/km) 

Dispersion slope (ps/nm2/km)  

Effective area (um2)  

n2 (m
2/w) 

SNR (dB) 

100 

0.19 

16.75 

0.075 

80 

2.6e-20 

15 

AWG Sample rate (GSa/s) 

Vpp (v) 

5 

1 

PD Wavelength range (nm)  

Bandwidth (GHz)  

1280 

10 

LPF 3-dB bandwidth (GHz) 2 

EDFA 

 

Wave length range (nm) 

Noise Figure 

1530-1560 

Max. 5dB 

TDS Sample rate (GSa/s) 10 
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5.3.2 Experiment results and discussions 

The net bit rate of data signal is 92 x 4 x 256/((1000 + 257 x 288) x 0.2) ≈ 6.23 (Gb/s), 

and the net bit rate of dummy sequence signal is 8 x 4 x 256/((1000 + 257 x 288) x 0.2 ) 

≈ 0.546 (Gb/s). In this way, the transmission efficiency is calculated as: Subcarriers for 

data /(Subcarriers for DSI + Subcarriers for data) (%) = 92/(8 + 92)(%) = 92%. 

Figure 5.4 shows the CCDF versus PAPR of OFDM signal, NBPSO based on DSI 

signal, and DSI signal with the threshold of 12 dB. At the CCDF of 10
-4

, the PAPR of 

the OFDM signal with the NBPSO based on DSI method is reduced by 2.8, and 1.4dB 

compared with that of the original OFDM and the DSI with threshold of 12 dB, 

respectively. 

 

Figure 5.4: Complementary cumulative distribution function (CCDF) versus peak to average 

power ratio (PAPR) of OFDM signals. 

The BER performance of original OFDM signal, DSI signal and NBPSO based on 

DSI signal with 2 dBm of fiber launch power after transmission over 100 km SMF is 

shown in Figure 5.5. At the BER of FEC 3.8x10
-3

, the received optical power is about   

-4.8 dBm for that with NBPSO based on DSI method, -3.7 dBm for that with the DSI 

method, and -2.9 dBm for original OFDM signal. The received sensitivity of OFDM 

signal with the NBPSO based on DSI method can be improved by 1.1 dB, and 1.9 dB 

when compared with that of the DSI method, and original OFDM, respectively. 
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Figure 5.5: BER curves of OFDM signals at 2 dBm launch power  

after transmission over 100km SMF. 

 

Figure 5.6: BER curves of OFDM signals at 8 dBm launch power 

 after transmission over 100 km SMF. 
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The BER performance of OFDM signals with received power is shown in Fig. 6. At 

the BER of FEC 3.8x10
-3

, the received optical power of NBPSO based on DSI signal, 

the DSI signal and original signal is about -6.8, -4.8 and -3.6 dBm, respectively. The 

received sensitivity with NBPSO based on DSI method can be improved by 2 dB, and 

3.2 dB when compared with the case of DSI method, and original OFDM, respectively. 

Figure 5.7 shows BER via fiber launch power of optical OFDM signals at received 

optical power of -2 dBm after transmission over 100 km SMF. At the same launch 

power, BER performance of the proposed technique is the best, BER performance of 

original is the worst. As the launch power increasing from 2 dBm to 8 dBm, BER of all 

optical OFDM signal are decreasing. Meanwhile, the BER of the proposed technique is 

faster decreasing than that of the other techniques. The BER of 8dBm to fiber is lower 

than that of 2dBm to fiber, it means that there is no effect of the nonlinear. The BER of 

all optical OFDM signals are the min value as the launch power is about 8dBm. 

Moreover, with the launch power increasing from 8 dBm to 11 dBm, the BER of all 

optical OFDM signal is increasing, but the BER performance of the proposed technique 

is better than that of the other techniques. When the power to fiber is more than 8dBm, 

there is nonlinear effect. The experimental results indicate that the proposed technique 

can resist nonlinear. And it is better than other techniques. 

 

Figure 5.7: BER via launch power of OFDM signals after transmission over 100 km SMF. 
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5.4 Conclusion 

In this paper, we proposed and experimentally demonstrated a novel NBPSO based on 

DSI method in the IM/DD OOFDM system. The novel proposed technique was used to 

reduce the fiber nonlinear effect through reducing the PAPR of the OFDM signal. The 

experimental results showed that at the same launch power, the received sensitivity of 

the optical OFDM signal with the proposed technique (just with a small of particles and 

iterations) is better than that of the signal with DSI method and with the original 

OFDM. At the CCDF of 10
-4

, the PAPR of OFDM signal with the proposed technique 

was reduced by 1.4 and 2.8 dB with the DSI method and with the original OFDM, 

respectively. At a BER of FEC limitation 3.8x10
-3

, the received power with proposed 

technique was more sensitive than that of the original OFDM. Thus, by using the 

proposed technique, it can reduce the fiber nonlinear effect efficiently. 

Compared to PAPR reduction scheme based on new spreading code in chapter 3, 

and the hybrid method in chapter 4, the NBPSO based DSI method can slightly reduce 

the PAPR and can get BER performance less than other two methods above. At the 

CCDF of 10
-4

, the PAPR of OFDM signal with the NBPSO is reduced by 2.8dB, while  

with the hybrid method is reduced by 5.7 dB and with the new spreading code method 

is reduced by 4.6 dB when compared to the original OFDM. The experimental results 

also indicated that, at the smaller BER limit FEC, the receiver sensitivity of the optical 

OFDM signal of the NBPSO is also smaller than the hybrid method and the new 

spreading code when compared to origin signal. But at the receiver side, the hardware 

of the NBPSO method is the same as the original system. Meanwhile the signals at 

receiver side of hybrid method and the new spreading code is multiplied with a matrix 

C*[N,N], and matrix of [2N+1,N], respectively.   
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Chapter 6: CONCLUSION AND FUTURE WORK 

6.1 Summary of the work 

In this thesis, we explained theoretical and realized experiment on Intensity 

Modulator/Direct Detection (IM/DD) optical OFDM systems. The most important 

drawbacks of IM/DD optical OFDM system have been considered and focus was 

placed on techniques such as the PAPR of the OFDM signal and the frequency offset 

and phase noise. We first proposed and experimentally demonstrated an IM/DD optical 

OFDM with new spreading code for PAPR reduction. We then developed a new hybrid 

based on carrier interferometry combined with companding transform for PAPR 

reduction. Finally, we designed an IM/DD optical OFDM system which reduces the 

PAPR based on new particle swarm on dummy sequence insertion without side 

information. The main contributions are: 

1. A novel technique for PAPR reduction in IM/DD optical OFDM system based 

on new spreading code is proposed. The new spreading code with low cross-

correlation and high auto-correlation while capable of supporting 2N+1 users or 

data symbols is investigated. The proposed technique is experimentally 

demonstrated over 70 km SMF transmission with number of subcarrier is 256 

and 512. The results shown that, the proposed technique can reduce the PAPR 

and improve the received sensitivity compared with original system. The result 

also prove that new spreading code has better orthogonality property 

proportional to the high number of subcarrier. With the same subcarrier, at 

the BER of 1×10
-3

 for 1.726 Gb/s BPSK proposed signal and 1.718 Gb/s 4QAM 

original signal, the receiver sensitivity of proposed signal can improve by 2.1 

dB, with fiber launch power of 2.75 dBm. The PAPR can reduce by about 4.6 

dB, compared with the original OFDM signal at a CCDF of 10
-4

. 

2. a new hybrid technique is proposed for PAPR reduction in IM/DD optical 

OFDM system. This hybrid based on CI codes combined with companding 

transform. The brief structure of CI codes and companding transform are  

presented, and an end to end signal processing is mathematically investigated. 

The effect of our proposed hybrid in the BER performance of the system has 

been experimentally demonstrated over 100 km SMF with different launch 
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powers. At a CCDF of 10
-4

, the PAPR of OFDM signal with the hybrid 

technique is reduced by 5.7 dB, while with the CI codes and the companding 

technique are reduced by 3.1 and by 2.8 dB, respectively comparing with the 

original OFDM. The experimental results show that, at the same fiber launch 

power, the receiver sensitivity of optical OFDM signal with the hybrid 

technique is better than signal with CI codes, with companding technique and 

with the original OFDM. At the BER of 10
-4

 for 1.718 Gb/s 4QAM signals, the 

received power of optical OFDM signal with hybrid technique is more sensitive 

than the original OFDM by 3.7, 4.2, and 5 dB in case of 3, 6, 9 dBm fiber 

launch power, respectively. It can be clearly seen that the proposed system can 

improve the received sensitivity when the optical launch power is increasing 

3. A novel binary particle swarm optimization (NBPSO) method based on dummy 

sequence insertion (DSI) is proposed and experimentally demonstrated for 

PAPR reduction in the IM/DD OOFDM system. The specified dummy 

sequence is inserted only for PAPR reduction and without any side information. 

The key to enhance its performance is creating more qualified dummy sequence. 

The novel binary particle swarm optimization method can find more qualified 

dummy sequence.  In this way, it can be used to mitigate the PAPR problem in 

OFDM system effectively. The experiment results show that, at the BER of 

FEC 3.8x10
-3

 for 6.23 Gb/s 16QAM signals after transmission over 100km 

SMF, the improvement of the receive sensitivity by the proposed scheme is 1.9 

and 3.2 dB in case of 2 and 8 dBm launch power, respectively. At the CCDF of 

10
-4

, the PAPR reduced by more 2.8 dB when compared to conventional system. 

6.2 Future work 

The main proposed techniques have been efficient for the Intensity Modulator/Direct 

Detection optical OFDM system. We intend to improve the system performance by 

taking account the following points 

1. High sampling rate 

2. Recovering algorithm at the receiver side 

3. Joint our techniques to the well know PAPR reduction techniques 

We planned to apply our proposed techniques in more advanced and complex optical 

OFDM systems such as: 
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1. Real time optical OFDM system 

2. Coherent optical OFDM system 

3. OFDM-Radio Over fiber system 

4. Fast OFDM system 
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