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Abstract 
 

Due to the modern high bandwidth demanding devices and applications such as smart phones, 

streaming of video, computing in the cloud etc. the design of high capacity cellular system is required. 

The future 5G systems are expected to support 1-10 Gbps wireless access to the end users.  To realize 

such data rates, use of higher frequency bands such as mm-wave bands instead of conventional 

frequency bands are proposed. However at higher frequency bands, the wireless path loss is very high 

which results coverage of small geographical area. The radio over fiber (RoF) technology with higher 

frequency bands are assumed to be suitable solution for overcoming the problems of conventional 

wireless backhaul. 

 

To achieve the 5G deployment goal with RoF technology, the realization of high signal to noise ratio (SNR) of 

the received signal and support of higher order vector modulation formats are important issues. This thesis deals 

with the technique of SNR improvement through the investigation of the optical vestigial sideband modulation 

(OVSB) scheme. 

 

4G LTE or LTE-A is used for the mobile broadband (MBB) application which is based on the cyclic 

prefix orthogonal frequency division multiplexing (CP-OFDM) modulation. However, the drawbacks 

of the CP-OFDM are spectral inefficiency and large out of band emission (OOB). The alternative 

multicarrier modulation schemes are considered as a potential solution to overcome the problem of 

spectral inefficiency for 5G based wireless systems. Filter bank multicarrier (FBMC) modulation 

format is considered as a potential candidate for future wireless 5G due to its feature of high 

suppression for out-of-band emissions, which allows combining multiple sub-bands with very narrow 

band-gaps, and hence increasing the overall of the wireless transmission capacity. Universal filter 

orthogonal frequency division multiplexing (UF-OFDM) is a less complex method than FBMC and 

proposed by EU funded research project 5GNOW. Since these modulation formats are considered as a 

potential solution for future 5G based systems, in this context, these modulation formats have to be 

explored more and more to achieve the commercial realization in the near future. This thesis deals with 

the experimental evaluation of these modulation formats in mm-wave RoF environment. The mm-

wave RoF system is considered as an effective solution of wireless signal delivery in indoor 

environments. 

 

Future 5G based passive optical networks (PON) are expected as capable of a simultaneous provision of wired 

and wireless services for multi-users. The PON provides the high capacity and flexibility in signal delivery 
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through the fixed access network. PON is considered as an effective solution for 5G based wireless signals 

backhauling and fronthauling. Also, future 5G systems should be capable of supporting multi-services/signals to 

keep the compatibility with the current legacy wired/wireless services. In this regard, it is important to study and 

analyze the convergence and delivery of potential 5G wireless signals with wired signals in the future PON 

systems.  This thesis deals with the experimental realization of the convergence of wired 4-pulse amplitude 

modulation (4-PAM) and wireless FBMC and UF-OFDM in PON. This thesis deals with the following major 

works: 

 

Firstly, the characterization of series Mach Zehnder Modulator (MZM) and phase modulator (PM) configuration 

is given and theoretical proof of this configuration is provided for generating various sideband modulation 

schemes. The evaluation of the performance of the various sideband modulation schemes is provided and 

showed that OVSB performance is better than other schemes. It is shown that the series MZM and PM 

configuration as a flexible approach to generate various optical sideband modulation schemes which is very 

important for future software defined radio. 

 

Secondly, the experimental demonstration of high data rate (12 Gbps and 8 Gbps) transmission of multi-sub-

bands FBMC for mm-wave RoF system is given. The results satisfy the standard 3GPP LTE EVM percentage 

limit as well as forward error correction (FEC) limit. The demonstrated data rates are the highest data rate 

achieved so far found in the literature for mm-wave RoF systems. Also, for the first time, the wired-wireless 

convergence of 4-PAM and multi-sub-bands FBMC in PON system using numerical simulation is provided. 

 

Thirdly, the experimental demonstration of the UF-OFDM transmission in mm-wave radio over fiber system 

using two MZMs is provided. The measurement results satisfy the standard FEC limit. It is proven that, due to 

the high suppression of out-of-band emission and better spectral efficiency, the UF-OFDM signal will meet the 

expectation for the future 5G wireless with high data rate transmission. For the first time, the experimental 

demonstration of the simultaneous delivery of wired 4-PAM and wireless FBMC and UF-OFDM signals in one 

wavelength using one laser source for the 5G based PON is provided. It is shown that the converged signals can 

be transmitted by satisfying standard 3GPP EVM percentage limit as well as standard FEC limit for few tens of 

km. The results presented in this thesis will be quite useful for mobile/wireless companies. 
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Chapter 1   Introduction 
 

 
This chapter provides the general introduction of this thesis work. Firstly motivation of this thesis 

work is given. Then, brief state of the art related to this thesis is provided. Following this, the 

organization of this thesis is given. Finally, the chapter is concluded with the list of the own journals 

and conference publications related to this thesis. 

 

1.1 Motivation 
 

In recent years, the demand of huge amount of bandwidth is rapidly growing due to the increased use 

of bandwidth demanding devices and applications such as smart phones, streaming of video, 

computing in the cloud etc. The limited wireless bandwidth at conventional RF bands (0.7-2.6 GHz) is 

not sufficient to fulfill these demands [1]. The 5G deployment goals (2020) are to provide, 1000 times 

more mobile data volume per area, 10-100 times more connected devices, 10-100 times more data rate, 

10 times longer battery life for low-power massive machine communication, 5 times reduced end-to-

end latency compared to the current 4G systems [1-5]. Future wireless 5G networks are expected to 

provide 1-10 Gbps wireless access to the end users [1-5]. The major methods to solve the problem of 

bandwidth/data rate demand can be put as: a) frequency reuse through small cell deployment, b) use of 

higher frequency bands such as millimeter wave (mm-wave) bands and c) spectral efficiency 

improvement using advanced modulation formats and multiplexing techniques. All these approaches 

can be realized with the help of radio over fiber (RoF) technology. In RoF technology the wireless 

signal is transmitted into remote cells with optical means. By reducing the cell size, frequency reuse 

can be done more repeatedly. Higher frequency bands such as mm-wave bands can provide Gbps 

wireless access however it suffers from huge wireless path loss resulting limited transmission range. 

Therefore, small cells architecture (pico cell/ femto cell) in combination with RoF provides a superior 

solution to increase the cellular system capacity. The advanced modulation formats and multiplexing 

technologies offer the suitable spectral efficiency to provide the needed capacity for the end users. 

Thus, to provide Gbps wireless access the RoF technologies with mm-wave bands and utilizing 

advanced modulation schemes will be extremely important. 

 

The modulation signal in RoF is a radio frequency (RF) and thus the data is modulated with sideband 

scheme. Three major sideband schemes used in RoF systems are optical double sideband (ODSB), 

optical single sideband (OSSB) and optical carrier suppressed double sideband (OCS-DSB) schemes. 
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These schemes can be realized with both intensity modulation and angle modulation of the optical 

carrier. The optical sideband modulation scheme plays important role in maintaining the better system 

performance. ODSB and OSSB schemes can deliver the vector signal to the receiver. However, ODSB 

is seriously affected by CD which leads to the power fading of the received signal and not suitable for 

long reach and high frequency RoF system if constant power gain is required. OCS-DSB scheme can 

compensate the CD and provides the best SNR. However, this scheme cannot be used for vector signal 

transmission without doubling the signal frequency and phase at the receiver, as a consequence the 

sent signal will be modified while detecting at the receiver [6]. OSSB can compensate the CD but 

requires more complex method for its generation and suffers from serious SNR degradation due to the 

strong dc component present in the detected signal. Since CD is the major transmission fiber 

impairment in RoF system, OSSB scheme is a common choice in RoF system due to the need of 

compensating chromatic dispersion (CD) [7-9]. In this thesis, the technique for SNR improvement in 

OSSB using unequal sideband intensity based modulation scheme, called optical vestigial sideband 

modulation scheme (OVSB) is suggested and presented. With this method the system performance can 

be improved by enhancing the SNR as well as maintaining the CD compensation. 

 

Higher frequency bands such as mm-wave bands are considered as a solution to overcome the problem 

of frequency congestion in current wireless transmission systems [2-5]. Due to the huge wireless path 

loss in higher frequency bands, there will be the need for deployment of large number of small cells; 

thus complex BS transceiver is not cost effective. Therefore, simple modulation method and detection 

method is required. In this thesis, experimental realization of the mm-wave RoF system with advanced 

modulation formats using direct detection method is presented. 4G LTE or LTE-A is used for the 

mobile broadband (MBB) application which is based on the CP-OFDM modulation. However, the 

drawbacks of the CP-OFDM are spectral inefficiency and large out of band emission (OOB). The 

alternative multicarrier modulation schemes are considered as a potential solution to overcome the 

problem of spectral inefficiency for future generation wireless systems. The multicarrier modulation 

alternative to CP-OFDM should bring the improvements by removing the CP interval in time domain 

and reducing the guard band in the frequency domain. In this context, the potential 5G modulation 

formats such as Filter bank multicarrier (FBMC), Universal filter orthogonal frequency division 

multiplexing (UF-OFDM) have to be explored more and more to achieve the commercial realization in 

the near future. FBMC is considered as a potential candidate for future wireless 5G due to its feature of 

high suppression for out-of-band emissions, which allows combining multiple sub-bands with very 

narrow band-gaps, and hence increasing the overall of the wireless transmission capacity. Similarly, 

UF-OFDM is a less complex method than FBMC of achieving high data rate systems. In this thesis, 
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experimental evaluation of these modulation formats in mm-wave RoF environment is provided. The 

mm-wave RoF system is considered as an effective solution of wireless signal delivery in indoor 

environments.  

 

The passive optical network (PON) provides the high capacity and flexibility in signal delivery 

through the fixed access network. PON is considered as an effective solution for 5G based wireless 

signals backhauling and fronthauling [10-13]. The future 5G systems should be capable of supporting 

multi-services/signals to keep the compatibility with the current legacy wired/wireless services. In this 

regard, it is important to study and analyze the convergence and delivery of potential 5G wireless 

signals with wired signals in the future PON systems. In this thesis, the experimental evaluation of the 

potential 5G modulation formats FBMC and UF-OFDM in wired-wireless converged PON is given. 

 

1.2 State of the art 
 

To achieve the 5G deployment goal with RoF technology, the realization of high SNR of the received 

signal and support of higher order vector modulation formats are important issues. Some complex 

methods have been reported in the literature for achieving the SNR optimization goal [14-16]. These 

methods include; dual electrode Mach Zehnder modulator (DMZM) with tunable optical filter, using 

polarization modulators, optical injection locked laser based technique etc. The optical injection locked 

laser based technique requires precise measurements and two lasers. The filter method requires precise 

frequency tuning and it is affected by environmental fluctuations. The maximization of the SNR in 

OSSB scheme can be achieved by OVSB scheme. OVSB scheme enhances the strength of the received 

signal as well as balances the intensities of the generated harmonic components to minimize the 

distortion, which improves the system performance. In this thesis, the OVSB scheme for improving 

SNR in RoF system is suggested and proposed.  

 

In the recent years, significant research interests are shown in design and transmission of 5G based 

modulation formats such as UF-OFDM and FBMC for mm-wave RoF systems as well in passive 

optical networks (PON) based access network.  

 

The performance comparison of OFDM and FBMC carrier aggregated signals at mm-wave frequencies 

was recently studied with the aggregated bandwidth of less than 1.5 GHz [17, 18]. These 

demonstrations show that the FBMC outperforms the OFDM for equivalent design parameters. OFDM 

and FBMC based PON was experimentally demonstrated in [19]. Adaptively modulated FBMC was 
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also demonstrated in the wired-wireless converged network with the aggregated bandwidth of 1.507 

GHz [20]. This demonstration deals with the OFDM and FBMC both modulation formats as a 

wired/wireless converged system. Recently, the convergence of potential 5G modulation formats such 

as universal filter multi-carrier (UFDM) and generalized filter multi-carrier (GFDM) as wireless 

signals and 4-pulse amplitude modulation (4-PAM) signal as a wired signal in a PON has been 

demonstrated [21]. This demonstration deals with the single sub-band UFDM and GFDM modulation 

formats with a very low bandwidth of 1.95 MHz for each modulation format. 

 

All of the above mentioned demonstrations of FBMC based multiple sub-band signals for mm-wave 

transmission are dealt with sub-band bandwidth of less than 220 MHz and aggregate bandwidth of less 

than 1.5 GHz, and hence low overall data rate. In this thesis, experimental demonstration of 5 FBMC 

sub-bands of 800 MHz with an aggregate bandwidth of 4.2 GHz at mm-wave in a RoF system is given. 

The signal with 5 FBMC sub-bands is generated with no bandgap between dc to first sub-band which 

preserves the bandwidth of the system. The aggregate data rate of 8 Gbps and 12 Gbps is achieved 

with 16 QAM, and 64 QAM, respectively. 

 

Recently, UF-OFDM based RoF system at mm-wave is demonstrated using optical heterodyning 

technique [22, 23]. In these demonstrations, the heterodyning at 60 GHz has been achieved using laser 

comb source. Also, the bit rate of 4.56 Gbps has been achieved with 5 sub-bands multiplexed system 

with band-gap of 15 MHz between each sub-band. In this thesis, experimental demonstration of UF-

OFDM transmission at 60 GHz in a RoF system by employing two Mach Zehnder modulators (MZM) 

is given. The UF-OFDM signal with 1.25 GHz bandwidth is generated with 400 MHz bandgap 

between dc to the UF-OFDM. The data rate of 3.2 Gbps is achieved with 16 QAM modulation order.  

 

All of the above mentioned recent demonstrations of wired/wireless convergence in PON have not 

been dealt with the convergence of multi-sub-bands FBMC as a wireless and 4-PAM as a wired signal. 

In this thesis, the demonstration of convergence of 4 sub-bands FBMC as a wireless signal and 4-PAM 

as a wired signal in a PON is provided with numerical simulation. The aggregate bandwidth of the 

designed 4 sub-bands FBMC signal is 2.0015 GHz with inter-sub-band gap frequency of 488.28 kHz. 

The bandwidth of the designed 4-PAM baseband signal is 4.8 GHz. The aggregate data rate with 

16QAM modulation order for 4-sub-bands FBMC is 4 Gbps and 4-PAM is 8 Gbps.  

 

Also, for the first time, the experimental demonstration of the simultaneous delivery of wired 4-PAM and 

wireless FBMC and UF-OFDM signals in one wavelength using one laser source for the 5G based PON is 
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provided. The experimental demonstration of [18] is of a very low wireless signal bandwidth of 1.95 

MHz and hence lower data rate. In the presented designed system, the bandwidth of the FBMC signal 

is 1 GHz, UF-OFDM is 500 MHz and 4-PAM is 1 GHz. The data rate with 16QAM modulation order 

for FBMC is 2 Gbps, UF-OFDM is 2 Gbps and 4-PAM is 2 Gbps resulting 6 Gbps aggregate data rate.  

 

1.3 Organization of the thesis 

 
In this chapter, firstly, brief motivation and state of the art is given. At the end of the chapter, the list of 

the own publications related to this thesis is given. 

 

In chapter 2, the introduction of RoF system is given with explanation of its importance and necessity 

compared to wireless backhaul. Then, the major transmission impairments associated with the RoF 

system is described. Following these, the mm-wave carrier generation with photonic technique called 

photomixing is given. After this, the brief theoretical background of the potential 5G modulation 

formats FBMC and UF-OFDM are given along with the brief introduction of the CP-OFDM. Finally, 

the brief description of the synchronization and channel estimation is provided. 

 

In chapter 3, the generation methods and performance evaluation of the different optical sideband 

modulation schemes is given. The chapter begins with the introduction of the various sideband 

modulation methods used in an RoF system. Then, generation methods of different sideband 

modulation schemes using electro-optic modulators and optical filters are described. After that, the 

analytical description of the investigated series Mach Zehnder modulator (MZM) and phase modulator 

(PM) configuration to generate different sideband modulation schemes is given. Finally, different 

sideband modulation schemes are evaluated through numerical simulation and OVSB scheme is 

proposed for improving the SNR in RoF system.  

 

In chapter 4, the description of the experimental demonstration of the multi-sub-bands FBMC signal 

transmission in RoF system is given. First, the description of the FBMC multi-sub-bands signal 

generation method has been clearly explained. Then, the implemented system model of optical 

transmission setup is described. After this, the signal processing methods for received mm-wave multi-

sub-band FBMC signal extraction and demodulation are explained. Then, the illustrations of the 

experimental results and discussion of the multi sub-band FBMC signals performance are given. 

Furthermore, this chapter also provides the investigation of the wired-wireless converged passive 

optical network (PON) performance using FBMC as a wireless signal and 4-PAM as a wired signal. 
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Multiplexed 4-PAM and FBMC multi-sub-bands signals generation methods are given briefly. Then, 

the description of the implemented system model of optical transmission setup for PON is given. After 

this, signal processing methods for received converged signal extraction and demodulation are given. 

Finally, this chapter illustrates the simulation results and discussions of the multiplexed 4-PAM and 

multi-sub-bands FBMC signals in the PON environment. 

 

In chapter 5, the description of the experimental demonstration of the UF-OFDM signal transmission 

in mm-wave RoF system is given. First, the description of the generation method of UF-OFDM has 

been described. Then, the optical transmission setup is described. Following this, the signal processing 

methods for received mm-wave UF-OFDM signal extraction and demodulation are explained. Then, 

the illustrations of the experimental results and discussion of the system performance are given. 

Furthermore, this chapter also provides the experimental investigation of the wired-wireless converged 

PON performance using FBMC and UF-OFDM as a wireless signal and 4-PAM as a wired signal. 

Firstly, multiplexed 4-PAM, FBMC and UF-OFDM signals generation methods are given. Then, the 

description of the system model of optical transmission setup for PON is given. After this, signal 

processing methods for received converged signal extraction and demodulation are given. Finally, 

results and discussions of the converged signal transmission in PON are given. Chapter 6 concludes 

the thesis. 

 

1.4 List of publications 
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Chapter 2   Basics of mm-wave RoF and multi-

carrier systems 
 
This chapter deals with the basic and essential concepts to develop the theses presented on this thesis 

book. The content provided in this chapter is not the major work of this thesis book. The chapter 

begins with the introduction of RoF system with explanation of its importance and necessity compared 

to wireless backhaul. Then, the major transmission impairments associated with the RoF system is 

described. Following these, the brief introduction of the mm-wave carrier generation methods with 

photonic technique is given. After this, the brief theoretical background of the potential 5G modulation 

formats FBMC and UF-OFDM is given along with the brief introduction of the 4G modulation format 

CP-OFDM. Finally, the brief description of the synchronization and channel estimation is provided 

which is the very important and essential for the perfect demodulation of the received signal.  

 

2.1 Backhauling through RoF 

 
The commonly used backhaul technologies are wireless based backhaul, fiber optic backhaul and 

copper based backhaul. Due to the insufficient bandwidth, these days, copper based backhauling 

technology slowly disappearing.  

  
 

 

Fig. 2.1 Backhauling schemes: wireless backhaul with large macro cell (outer circle). Same geographical area is covered by 

RoF backhaul with CS-RAU structure using multi small cells. 

 

In wireless backhauling, the radio frequency (RF) signal is broadcasted in a macro cell with high 

power radiated by antenna as shown in Fig. 2.1. Current RF based wireless communication system 

uses the frequency band of 0.7-2.6 GHz. The range of coverage by antenna is about 5 km for 2.6 GHz 
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[1]. Major advantages of wireless backhaul are low installation cost for large area coverage and 

easiness of installation. However, the drawbacks are such as large influence due to weather condition, 

for microwave backhaul line of sight (LoS) is required, requires particular spectrum, electromagnetic 

radiation causes health issues to human etc. The technology that can transmit radio signals through 

optical fiber is referred to as radio over fiber (RoF) technology. In RoF, a central station (CS) is 

connected with large number of simple radio access units (RAU) through optical fiber as shown in Fig. 

2.1. 

 

The main function of RAU is to convert optical signal into electrical (O/E) and vice-versa (E/O). 

However, the modulation, demodulation, coding, frequency allocation are performed at the CS. Fiber 

optic links have the ability to transfer radio signals into distant RAU cells without destroying their 

radio characteristics such as  RF, modulation format etc.. This technology can be used to overcome the 

drawbacks of wireless backhaul. Such architecture ensures a lower wireless path loss and low power 

transmitting antenna can be employed compared to the macro cell architecture. Functionally simple 

and small RAU and centralized operations in CS are possible which reduces the cost compared to other 

techniques (microwave, copper). Such RAU offers economically viable solution for future 5G based 

cellular system which requires deployment of large number of small cells. Optical fiber can support 

higher capacity bandwidth than wireless, does not affected by weather condition and does not require 

LoS. However, the drawback of optical fiber is that the installation cost is higher and the set up cannot 

be moved in another place frequently [1-4, 24]. 

 

Higher frequency bands such as mm-wave bands are considered as a solution to overcome the problem 

of frequency congestion in current wireless transmission systems [2-4]. Due to the existence of the 

license free frequency band of 7 GHz from 57 to 64 GHz, extensive research interests are shown on in 

this band. The major challenge at this band is huge wireless signal attenuation [1-4]. This requires 

deployment of the large number of small cells to cover the geographical area. Thus, the base station 

(BS) should be as simple as possible to reduce the overall cost of the system. In higher frequency 

regime with optical fiber transmission the CD affects the system performance significantly. The 

microwave photonic technologies with mm-wave signal generation capability are considered as 

suitable technologies to solve the above mentioned issues (attenuation and CD) [26]. Such systems can 

be considered as a conventional RoF system with mm-wave signal delivery capability. In this thesis, 

the photomixing technique is employed to generate the mm-wave band carrier. Since, the mm-wave 

carrier is produced only at the photodetector which ensures the low CD effect and thus lower power 

fading effect in the received signal.  
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  2.2 Impairments and distortions in RoF 

 
The RoF transmission system suffers from various kinds of noises and distortions both in an optical 

link and in a wireless link. In this thesis, the description of some of the optical link impairments is 

given. In an optical link, the various kinds of noises such as relative intensity noise (RIN) present on 

the laser diode, thermal noise and shot noise present at the photodetector, amplified spontaneous 

emission (ASE) noise present on the eribium dopped fiber amplifier (EDFA), if used. For the lower 

values of the received optical power (ROP) in the photodetector, the system performance is limited due 

to the thermal noise. For higher values of ROP, the shot noise dominates in the system. Similarly, the 

fiber nonlinearity, CD, polarization mode dispersion (PMD) etc. are present in the fiber. Most 

importantly, CD and nonlinearity associated with modulator and square law photo detector are the 

major factors for impairments in RoF systems. 

 

The ODSB transmission in a dispersive fiber link leads to different phase shifts between the sidebands. 

The power of the recovered signal after photo detection can be given as follows [25-29] 

 

𝑃𝑅𝐹 ≈ 𝑐𝑜𝑠2 [𝜋𝐿𝑐𝐷 (
𝑓𝑅𝐹

𝑓0
)

2

] ,                              (1)                   

 

where, 𝑐 is the speed of  light,  𝐷 is the dispersion parameter, 𝑓0 is the optical carrier frequency and 𝑓𝑅𝐹 

is the electrical carrier frequency. If the two sidebands experience a total phase difference of 180˚ 

between each other, RF signal will be vanished [28-30]. Depending on the amount of phase shifts due 

to CD, power fading of the detected RF signal occurs. The received signal shows periodic power 

variation based on the fiber length due to CD. The first null power point can be calculated as 

 

𝐿 =
𝑐

2𝐷𝜆2𝑓𝑅𝐹
2 ,                                                                                                                                 (2)             

 

where , 𝐿 is fiber length and 𝜆 is the laser wavelength. At 1330 nm wavelength, the CD is zero, as 

shown in Fig. 2.2(a). In telecommunication networks, 1550 nm is well practiced choice due to the 

following reasons: 

i) The linear fiber attenuation is low at 1550 nm compared to 1330 nm as shown in Fig. 

2.2(b). For the long distance communication, 1550 nm will be the right choice. 

ii) For long distance communication erbium dopped fiber amplifier (EDFA) plays important 

role. The EDFA operating region is 1530 nm -1560 nm. 
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Fig 2.2 (a) Fiber dispersion properties at different wavelengths. Where, dispersion (𝐷) = material dispersion (𝐷𝑀) + 

waveguide dispersion (𝐷𝑊) [31]. (b) Fiber attenuation properties at different wavelengths [32]. 

 

Fig. 2.3(a) and (b) show the simulated results of the periodic power variation of the received signal due 

to the CD for 10 GHz and 60 GHz signals. For these results the linear fiber attenuation has been 

neglected. As can be seen from the figure, as the frequency increases the first null power point occurs 

very fast. The first null power points for the 1550 nm wavelength, 18 ps/(nm km) dispersion parameter 

can be calculated for 10, 30 and 60 GHz frequencies as 34.68 km, 3.85 km and 0.96 km respectively. 

From this calculation it is very clear that CD is the serious impairment as the RF increases. For 5G 

based system to support the bandwidth hungry devices and applications the millimeter wave 

frequencies are likely to be used due to the congestion of the conventional RF bands. In higher 

frequency band the CD affects severely. Therefore, the CD compensation is a major challenge which 

limits the system performance. To overcome the CD effect, CD tolerant sideband modulation schemes 

such as OSSB or OCS-DSB have to be used. For higher frequency RoF system, the performance will 

be largely determined by the extent of the CD effect reduction. 

 

 

 

Fig. 2.3 simulated power fading characteristics of RF signal for (a) 10 GHz (b) 60 GHz. 

 

(a) (b) 

(a) (b) 
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Due to the cosine transfer characteristic of the MZM, infinite numbers of harmonic products are 

generated. The harmonic distortion (HD) mainly depends on the used modulation index. When a 

higher modulation index is used, harmonics’ intensities will be increased thereby leading to a 

distortion. Each harmonic component experiences different phase change due to CD in the fiber. The 

beating of unwanted harmonic components with the first order sideband causes a reduction of the 

signal strength. Also, the beating of the frequency component can result in new unwanted frequency 

components. Suppression of these unwanted components can be very difficult. In higher modulation 

index condition, the intensity of these components will be high, leading to serious distortion. 

 

2.3  mm-wave generation in RoF system 
 

The simple and commonly used method for mm-wave carrier generation is a photomixing method as 

shown in Fig. 2.4. In this method, the RF signal is carried optically by externally modulating a free 

running laser and converted to millimeter waves (mm-waves) by photomixing with another free 

running laser at a frequency offset of mm-wave frequency. 

 

 

Fig. 2.4 mm-wave generation and transmission of RF signal in mm-wave RoF system through photo-mixing. 

 

Suppose two lasers operating at same polarization with emission frequencies 𝜔1 and 𝜔2. When two 

laser beams are coupled through coupler and mixed in photodetector, the generated current can be 

given as 

 

𝑖 = 𝑅[𝑃1 + 𝑃2 + 2√𝑃1𝑃2 cos ((𝜔1 − 𝜔2)𝑡 + (𝜙1 − 𝜙2))] ,                                                          (3) 

 

where, 𝑅 is responsivity of the photodiode, 𝑃1 and 𝑃2 are the powers and 𝜙1 and 𝜙2 are phase terms of 

the two lasers. The term 2√𝑃1𝑃2 cos ((𝜔1 − 𝜔2)𝑡 + (𝜙1 − 𝜙2) generates the mm-wave signal at 

frequency (𝜔1 − 𝜔2).  Using the arrangements of Fig. 2.4, wide range of frequencies (from RF to 
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THz) can be generated limited only due to the bandwidth of the photodetector. To generate mm-wave 

carrier with modulation, the wireless signal can be modulated only to one of the optical carrier and 

photo-mixed with unmodulated optical carrier spaced by desired mm-wave frequency. The received 

signal power fading effect will be very low or negligible since power fading effect occurs only to the 

RF frequency signal not with mm-wave carrier which is generated only after PD. If the RF signal 

frequency is sufficiently low (< 5 GHz in this thesis), double sideband modulation scheme can also be 

used without significant effect of the CD for few tens of km of fiber length (verified through numerical 

simulation). 

 

Another method of mm-wave generation applied to this thesis is two MZMs method. In this method, 

the RF signal is carried optically by a free running laser with a MZM operating at linear transmission 

point and converted to mm-wave let us say 60 GHz, by another MZM operated at minimum 

transmission point driven by a 30 GHz electrical carrier. The double frequency of the second MZM is 

obtained after the photodetector, because of the generation of OCS-DSB scheme due to minimum 

transmission point operation. 

 

2.4 Brief theoretical background of multicarrier systems 

 
4G LTE or LTE-A is used for the mobile broadband (MBB) application which is based on the CP-

OFDM modulation. However, the drawbacks of the CP-OFDM are spectral inefficiency and large 

OOB. The alternative multicarrier modulation schemes are considered as a potential solution to 

overcome the problem of spectral inefficiency of future generation wireless systems. The multicarrier 

modulation alternative to CP-OFDM should bring the improvements by removing the CP interval in 

time domain and reducing the guard band in the frequency domain [33]. In this chapter, the potential 

5G based modulation schemes are theoretically described in brief. 

 

2.4.1 CP-OFDM 

Cyclic-Prefix OFDM (CP-OFDM) is the multicarrier modulation format widely adopted in many 

applications of wireless and optical communication. In CP-OFDM, data symbols are modulated in the 

narrowband subcarriers. The CP is inserted in front of each OFDM symbol, which is the copy of last 

part of OFDM symbol and removed at the receiver side before demodulation. CP is helpful to combat 

the inter symbol interference (ISI) and inter carrier interference (ICI), but that introduces additional 

time overhead and reduces the spectral efficiency [33]. 
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The baseband CP-OFDM symbol can be expressed as 

 

𝑠[𝑛] = ∑ 𝑋𝑘
𝑁
𝑘=1 [𝑛]𝑒𝑗

2𝜋

𝑁
 𝑛𝑘 , 𝑛 = 0,1, … 𝑁 − 1 ,                                                                             (4) 

 

 

where, 𝑋𝑘[𝑛] is the complex valued QAM symbol transmitted at subcarrier 𝑘 and 𝑁 is the number of 

subcarriers. The CP-OFDM can be realized using inverse fast Fourier transform (IFFT) and fast 

Fourier transform (FFT). 

 

2.4.2 FBMC  

In FBMC, the problem of spectral inefficiency of CP-OFDM is avoided without adding the additional 

time overhead [33, 34]. To prevent the ISI, filtering is done in transmitter and receiver side in each 

subcarrier. Such group of filters is called filter banks. Such filters are derived from a single low pass 

filter called ‘prototype filter’ with frequency shifting. Fig. 2.5(a) shows the continuous time filters 

representation for multicarrier system which is applicable for both OFDM and FBMC modulation 

methods. The ‘prototype filter’ with IFFT in transmitter side is called synthesis filter bank (SFB) and 

in receiver side with FFT is called analysis filter bank (AFB).   

 

We can derive the synthesis and analysis filter banks equations through simple input output relations. 

Let 𝑥(𝑡) be the input signal, ℎ(𝑡) impulse response then its output signal can be given as 

 

𝑦(𝑡) = 𝑥(𝑡) ∗ ℎ(𝑡) ,                                                                                                                      (5) 

 

where, ∗ is the linear convolution. Synthesis filter bank consists of group of filters given as ℎ𝑛(𝑡), 𝑛 =

1,2, … 𝑁. Where 𝑁 is number of subcarrier. Input signal is fed to each filter and the output is summed. 

Then the synthesized signal can be given as  

 

𝑆(𝑡) = ∑ 𝑥𝑛(𝑡) ∗ ℎ𝑛
𝑁
𝑛=1 (𝑡) .                                                                                                        (6) 

 

Now the input signal for each subcarrier is given by  

  

𝑋𝑘(𝑡) = ∑ 𝑋𝑘[𝑛]𝑁
𝑛=1  𝛿(𝑡 − 𝑛𝑇) ,                                                                                                  (7) 
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where, 𝑋𝑘[𝑛] is the complex modulation value, 𝑘 is subcarrier index, 𝑛 is symbol index, 𝑇 is symbol 

time spacing and 𝛿 is Dirac delta function.  

 

The input signal of each subcarrier is filtered by the transmitter filter ℎ(𝑡). Each filter is based on the 

specially designed prototype filter 𝑝𝑇(𝑡). The structure of OFDM and FBMC are similar but the 

differences lie in the choice of the transmitter and receiver prototype filters 𝑝𝑇(𝑡) and  𝑝𝑅(𝑡) and the 

choice of 𝑇. In OFDM,  𝑝𝑇(𝑡) and 𝑝𝑅(𝑡) is a rectangular window with amplitude 1 which results large 

amplitude sidelobes in the frequency domain. In the case of FBMC, the 𝑝𝑇(𝑡) and 𝑝𝑅(𝑡) filters are 

specially designed which can reduce the side lobes in large extent. In FBMC system, the durations of 

𝑝𝑇(𝑡) and 𝑝𝑅(𝑡) are chosen to be integer multiples of 𝑇, that cause successive symbols overlapping. 

Prototype filter is designed to suppress the sidelobes as small as possible. In the PHYDAS project [34], 

the filter coefficients with overlapping factor of 4 are given as 

 

𝑃 = [1, 0.97196, 0.707, 0.235147 ] .                                                                                            (8) 

 

 
 

 

Fig. 2.5 (a) Basic block diagram of multicarrier system (b) magnitude response of OFDM and FBMC 

 

The magnitude response of the PHYDAS filter with OFDM is shown in Fig. 2.5(b) for the comparison. 

The continuous time baseband transmitted signal can be given as 

 

𝑠(𝑡) = ∑ 𝑋𝑘[𝑛] ℎ𝑛(𝑡 − 𝑛𝑇)𝑁
𝑛=1  .                                                                                                   (9) 

 

The frequency spacing is selected as ∆𝑓 = 1/𝑇 and subcarrier frequencies can be given as 𝑓𝑛 =

𝑛∆𝑓, 𝑛 = 1,2 … 𝑁.  The transmit filters are based on the specially designed prototype filter 𝑃𝑇(𝑡). The 

modulation is performed with the complex exponential of frequency 𝑓𝑛 and phase ∅𝑛. The modulated 

transmitter filter can be written as 

 

(a) 
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ℎ𝑛(𝑡) = 𝑝𝑇(𝑡). 𝑒𝑗(2𝜋𝑛∆𝑓𝑡+∅𝑛).                                                                                                   (10) 

 

Now, the output of the SFB for 𝑁 numbers of subcarriers can be written as 

 

𝑠(𝑡) = ∑ 𝑋𝑘[𝑛] 𝑃𝑇(𝑡 − 𝑛𝑇)𝑒𝑗(2𝜋𝑛∆𝑓𝑡+∅𝑛)𝑁
𝑛=1 .                                                                          (11) 

 

Each subcarrier is separated in the receiver with AFB. AFB consists of array of filters with common 

signal as input. The receiver filter can be given as 

 

𝑔(𝑡) = 𝑝𝑇(−𝑡). 𝑒−𝑗(2𝜋𝑛∆𝑓𝑡+∅𝑛).                                                                                                (12) 

 

The data symbol can be recovered as 

 

�̂�𝑘(𝑡) = 𝑠(𝑡) ∗ 𝑔(𝑡) .                                                                                                                (13) 

 

2.4.3 Polyphase implementation 

 
Calculating the SFB and AFB signal processing in time domain is computationally inefficient. For the 

efficient implementation of SFB and AFB, digital implementation of SFB and AFB can be performed 

in frequency domain with z-transform representations. Such formation is called polyphase filtering 

[34]. In this case significantly faster IFFT and FFT can be applied to realize the SFB and AFB.  

 

The discrete time prototype filter can be obtained by sampling the continuous time prototype filter 

with a sampling rate 𝑇𝑠 as shown below [33, 34]: 

 

𝑃𝑇[𝑞] = 𝑃𝑇(𝑞𝑇𝑠), where, 𝑞 = 0,1, … 𝑄 − 1.                                                                              (14) 

 

Where Q is the length of the discrete time prototype filter 𝑃𝑇[𝑞]. The length of the prototype filter is 

selected as an integer multiple of the subcarrier number N. Assuming that the length of the prototype 

filter is K times the symbol period, we have  𝑄 = 𝐾𝑁, where 𝐾 is also called overlapping length for 

the filter. The Z-transform of the 𝑃𝑇[𝑞] can be given as,  

 

𝑃𝑇(𝑧) = ∑ 𝑃𝑇
𝑄−1
𝑞=0 [𝑞]𝑧−𝑞 =  ∑ 𝑃𝑇

𝐾𝑁−1
𝑞=0 [𝑞]𝑧−𝑞 .                                                                          (15) 
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Let, 𝑞 = 𝐾′𝑁 + 𝑛′, where, 𝐾′ = 0,1, … (𝐾 − 1) and 𝑛′ = 0,1, … (𝑁 − 1). Then,  

 

𝑃𝑇(𝑧) = ∑ 𝑃𝑇
𝑛′

(𝑍𝑁)𝑁−1
𝑛′=0 𝑧−𝑛′

.                                                                                                     (16) 

where, 

𝑃𝑇
𝑛′

(𝑍𝑁) = ∑ 𝑃𝑇[𝑘′𝑁 + 𝑛′]𝑧−𝑘′𝑁

𝐾−1

𝑘′=0

 

is the  nth polyphase decomposition of 𝑃𝑇(𝑧). Similarly, the polyphase decomposition of the transmit 

filter can be derived as [33, 34] 

 

𝐻𝑛(𝑧) = ∑ ℎ𝑛
𝑄−1
𝑞=0 [𝑞]𝑧−𝑞                                                                                                                                   

             =  ∑ 𝑃𝑇
𝑄−1
𝑞=0 [𝑞]𝑒𝑗(2𝜋𝑛∆𝑓+∅𝑛) 𝑧−𝑞 .                                                                                    (17) 

 

This can be further derived as,  

 

𝐻𝑛(𝑧) = 𝑒𝑗∅𝑛 ∑ 𝑒𝑗2𝜋𝑛𝑛′/𝑁𝑁−1
𝑛′=0  𝑃𝑇

𝑛′
(𝑍𝑁)𝑧−𝑛′

.                                                                             (18) 

 

The SFB consists of 𝑁 filters. Examples of SFB and AFB implementation using polyphase filtering are 

given in Fig. 2.6(a) and 2.6(b).  

 

  
 

Fig. 2.6  Polyphase representation of (a) SFB, and (b) AFB. 
 

 

The block diagram consists of synthesis polyphase filter 𝑃(𝑧) and analysis polyphase filter 𝑄(𝑧) with 

upsampling, downsampling and delay elements. To maintain the orthogonality the concept of OQAM 
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can be used. This can be realized by making the adjacent symbols delayed with half symbol period 

offset.   

 

Similarly, for the case of OFDM, the polyphase implementation can be derived as follows [33, 34]. 

The OFDM scheme can be regarded as an special case of FBMC, in which rectangular prototype filter 

is used. The discrete rectangular prototype filter is given as 

 

𝑃0(𝑞) = {
1, 0 ≤ 𝑞 ≤ 𝑁 − 1

0,               𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
                                                                                                  (19) 

 

 

The OFDM symbols are non-overlapping (K=1). Therefore, the polyphase implementation is 

simplified as 

 

𝑃0
𝑛′

(𝑍𝑁) = ∑ 𝑃0
𝐾−1
𝑘′=0 [𝑘′𝑁 + 𝑛′]𝑧−𝑘′𝑁 .                                                                                       (20) 

 

 

𝑃0
𝑛′

(𝑍𝑁) = ∑ 𝑃0
0
𝑘′=0 [𝑛′]𝑧0 = 1.                                                                                                 (21) 

 

 

The phase doesn’t affect the orthogonality in OFDM, so, the term ∅𝑛 = 0. Therefore, the 

OFDM can be represented as 

 

𝑠[𝑛] = ∑ 𝑋𝑘
𝑁
𝑘=1 [𝑛]𝑒𝑗

2𝜋

𝑁
 𝑛𝑘 , 𝑛 = 0,1, … 𝑁 − 1 .                                                                           (22) 

 

 

2.4.4 UF-OFDM 

UF-OFDM is a multicarrier modulation scheme proposed by EU funded research project 5GNOW. In 

the UF-OFDM case, the total available bandwidth is partitioned into B sub-bands; each sub-band is 

separately modulated using OFDM [35-37]. The FIR filtering of length L is applied to each sub-band. 

In UF-OFDM, subcarriers are filtered in groups. The UF-OFDM signal is a summation of the B 

filtered sub-band modulated signals. For each resulting block of length L+M-1, the baseband UF-

OFDM signal can be written as  

 

𝑠[𝑘] = ∑ ∑ ∑ 𝐶𝑚
𝑖𝑀−1

𝑚=0
𝐿−1
𝑙=0

𝐵
𝑖=1 𝑒𝑗

2𝜋(𝑘−𝑙)𝑚

𝑀
 𝑓𝑖[𝑙] ,                                                                                (23) 

 

where, 𝐶𝑚
𝑖  is the complex valued symbols for the subcarrier 𝑚, the sub-symbol 𝑙 and sub-band 𝑖.  
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2.5 Synchronization and channel estimation 

 

For perfect demodulation of the received signal, starting timing of the signal has to be identified. For 

the multicarrier systems with IFFT/FFT implementation, the synchronization problem can be 

considered as timing estimation as well as carrier frequency offset estimation. The timing estimation 

problem consists of correct down sampling and correct symbol alignment. The frequency offset causes 

misalignment of the inverse fast Fourier transform (IFFT) and FFT subcarriers resulting inter carrier 

interference (ICI). The frequency response of the channel is estimated through channel estimation 

method and it is used to equalize the channel. All the above three steps are required for proper 

demodulation of the received signal. 

 

Several research works exist to solve the synchronization problem. Among these preambles based and 

pilot based methods are more common and widely applied in practical situations [38, 39]. Delay and 

correlate methods can be applied for symbol timing and frequency offset correction. In [40] Moose 

proposes a technique for frequency offset estimation using repeated training preamble. This idea is 

employed in [41] by Schmidl for symbol timing estimation. By employing the idea of [41], different 

repetitive preamble structures were designed to improve the accuracy by Minn [42], Park [43] and Ren 

[44]. In this thesis, the cross-correlation technique has been used for identifying the starting point of 

the received symbols. 

 

The channel estimation process estimates the frequency response of the channel. Channel estimation is 

mandatory in the multicarrier system to remove the channel degradation. Channel estimation can be 

done using training symbols or with pilot subcarriers along with interpolation. In the below 

paragraphs, firstly the channel estimation using pilot subcarriers and then using training symbols is 

described in brief. 

 

Let us suppose the case of OFDM. Let, 𝑥(𝑛) is the transmitted time domain symbols after IFFT and 

𝑦(𝑛) is the received multicarrier symbols in receiver after removing cyclic prefix, where, 𝑛 =

0,1,2 … . . 𝑁 − 1, 𝑁 is the FFT length. The FFT on 𝑦(𝑛) can be given as 

 

𝑌(𝑘) =
1

𝑁
∑ 𝑦(𝑛)𝑒−𝑗2𝜋

𝑘𝑛

𝑁𝑁−1
𝑛=0  ,                                                                                                    (24) 
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where, 𝑘 = 0,1,2, … , 𝑁 − 1. With the channel response 𝐻(𝑘), transmitted signal 𝑋(𝑘) and noise 𝑊(𝑘) 

, 𝑌(𝑘) can be written as 

 

𝑌(𝑘) = 𝑋(𝑘). 𝐻(𝑘) + 𝑊(𝑘) .                                                                                                   (25)  

       

The pilot symbols from 𝑌(𝑘) and 𝑋(𝑘) are extracted and corresponding pilot channel response can be 

estimated using  

 

�̂�𝑝𝑖𝑙𝑜𝑡(𝑘) =
𝑌𝑝𝑖𝑙𝑜𝑡(𝑘)

𝑋𝑝𝑖𝑙𝑜𝑡(𝑘)
  .                                                                                                                (26)        

 

Since, the length of the vector �̂�𝑝𝑖𝑙𝑜𝑡(𝑘) is inadequate to equalize the signal; the interpolation method 

has to be used. The interpolation makes the size of the �̂�𝑝𝑖𝑙𝑜𝑡(𝑘) equal to the required channel 

estimation vector, �̂�(𝑘) = interpolation(�̂�𝑝𝑖𝑙𝑜𝑡(𝑘)). Thus obtained channel estimation vector can be 

used to equalize the signal, by simply multiplying the received signal vector with inverse of the �̂�(𝑘) 

[45]. The accuracy of the estimation depends upon the number of the pilot subcarriers. 

 

 

Fig.2.7. Structure of OFDM data payload with the training symbol and pilot tones.   

The pilot tones are placed in comb type structure. 

 

For the case of training symbol, the channel response can be estimated using the equation (26) using 

the training symbol. For example, in the structure of the Fig. 2.7, the first symbol is considered as a 

training symbol and five pilot subcarriers are considered for the channel estimation purpose. In this 

thesis, to estimate the channel response, the training symbol based method has been used. 
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Chapter 3   Optical Sideband Modulation 

Schemes 
 
 

This chapter deals with the optical sideband modulation schemes applied to RoF system. To achieve 

the 5G deployment goal with RoF technology, the realization of high SNR of the received signal is 

important issue. This chapter deals with the first thesis of this thesis book in which I proposed the 

OVSB scheme for improving SNR in RoF system. I applied alternative technique of series MZM and 

PM modulators to generate OVSB scheme and evaluated the performance of this scheme with the 

conventional schemes. The chapter begins with the introduction of the various sideband modulation 

methods used in an RoF system. Then, generation methods of different sideband modulation schemes 

using electro-optic modulators and optical filters are described. After that, the analytical description of 

the investigated series MZM and PM configuration to generate different sideband modulation schemes 

is given. Finally, different sideband modulation schemes are evaluated through numerical simulation 

and OVSB scheme is suggested and proposed for improving the SNR in RoF system.  

 
3.1 Introduction 

 
During the process of electrical to optical conversion (E-O), the optical carrier is intensity modulated 

and optical sidebands are created as shown in Fig. 3.1.  

 

 
Fig.  3.1. Representation of different optical sideband modulation schemes. 

 

Optical double sideband (ODSB), optical single sideband (OSSB) and optical carrier suppressed 

double sideband (OCS-DSB) schemes are the major sideband modulation schemes in RoF system. 

Depending on the application they have their own importance. In this thesis the 'optical vestigial 

sideband modulation scheme’ (OVSB), which shows better performance than other schemes is 

suggested and presented. In RoF system, firstly an electrical signal with required modulation format is 

generated with the certain radio frequency (RF) carrier and then transmitted with one of the above 
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mentioned electro-optical sideband schemes. The choice of these sideband modulation schemes for 

any RoF system depends on the capacity and minimum reach that RoF system requires to fulfill. To 

achieve the 5G deployment goal, the realization of high signal to noise ratio (SNR) of the received 

signal and support of higher order vector modulation formats are important issues.  

 

In ODSB scheme both the sidebands encode the data for transmission. When the ODSB modulated RF 

signal is transmitted via SMF optical fiber at 1550 nm, each sidebands travel at different velocities. So, 

different sidebands will arrive at the receiver at different times thereby changing the phase relationship 

between sidebands. If the sidebands experience a total phase difference of 180˚, the RF signal will 

vanish [25, 46]. Depending on the amount of phase shifts due to chromatic dispersion (CD), cyclic 

power fading of the detected RF signal occurs. Thus, the ODSB scheme is not suitable for a high 

frequency and long reach RoF system; if the constant received signal power is important for wide 

range of frequencies. 

 

In OCS-DSB scheme the optical carrier is suppressed by suitable means. Both sidebands encode the 

data for transmission. The signal is detected at the receiver with two times of the original frequency 

and phase. This scheme can compensate the CD. Among all sideband modulation schemes, OCS-DSB 

scheme can provide the best SNR. However, the OCS-DSB scheme cannot be used for vector signal 

transmission because it doubles signal frequency, phase and phase noise at the receiver. As a 

consequence the transmitted signal will appear modified as well as distorted when detected by the 

receiver [6]. For example, if one intends to receive quadrature phase shift keying (QPSK) signal at the 

receiver, the transmitting side has to transmit 8-phase shift keying (8PSK) signal with half of the 

intended frequency [47]. This adds extra complexity to the transmitter or receiver.  

 

In OSSB scheme, one of the sideband is suppressed by suitable means. Either lower sideband (LSB) or 

upper sideband (USB) along with optical carrier is used for encoding the data for transmission. OSSB 

scheme can deliver the vector signal without modification of the sent signal, however, suffers from 

serious SNR degradation due to the strong dc component present in the detected signal. Therefore, the 

improvement of the received signal SNR along with uncompromised CD compensation for the vector 

modulated signal is the major concern while choosing the proper optical sideband modulation scheme. 

The OSSB scheme compensates CD and allows vector signal transmission but suffers from low SNR. 

Thus, the optimization of SNR in OSSB is very important.  
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The maximization of the SNR in OSSB scheme can be achieved by using an unequal sideband 

intensity based scheme called optical vestigial sideband modulation scheme (OVSB). OVSB scheme 

enhances the strength of the received signal as well as balances the intensities of the generated 

harmonic components to minimize the distortion, which improves the system performance. In this 

thesis, I propose OVSB scheme and I analyze the generation method and performance of this scheme 

with the conventional schemes. 

 

3.2 Generation methods 

 
One of the important concerns while choosing any sideband modulation scheme is how effectively and 

easily it can be generated. Numerous techniques to generate optical sideband modulation schemes are 

available in the literature. ODSB is the simplest scheme. Direct modulation and external modulation 

applying Mach-Zehnder modulator (MZM) or electro-absorption modulator (EAM) produce ODSB 

scheme. OCS-DSB scheme can also be generated using single MZM or phase modulator (PM). 

Generation of OSSB scheme is more complex. A common and easiest method of generating OSSB 

scheme is to use electro-optic modulator along with the tunable optical filter. For example, one can 

first generate the ODSB scheme by an electro-optic modulator and then apply the tunable optical filter 

to suppress one of the sideband [8]. This approach usually applies Fiber Bragg Grating (FBG) filter. 

Commercial FBG filters are narrowband, small size, cost-effective and the transmission characteristics 

are well designable. However, the optical filter is sensitive due to reflectivity, ripple, grating’s 

dispersion etc. In this method, precise frequency tuning is required to properly select the sideband 

which is to be suppressed and not to affect the carrier or another sideband. Another method of 

generating OSSB scheme is using only one modulator such as dual electrode Mach-Zehnder modulator 

(DMZM) [9]. The OSSB generation with DMZM can provide stable sidebands because the optical 

tunable filter is not required. 

 

Since OSSB scheme compensates the CD and allows for vector signal transmission, it is the widely 

used scheme. To maximize the SNR of the OSSB based RoF link, the optimization of optical carrier to 

sideband ratio (OCSR) at 0 dB is important [7, 14]. For the OSSB generation with optical filter 

method, to maximize SNR, the optical carrier power has to be attenuated using another tunable optical 

filter to make it equal to the sideband power as shown in Fig. 3.2(a). Similarly, to achieve OCSR = 0 

dB in DMZM method, it is required to change the operating point (bias voltage) of the modulator. The 

DMZM consists of the MZM and PM in parallel [48]. By changing the bias voltage of DMZM for 

OCSR = 0 dB condition, the internal MZM goes in nonlinear region of MZM transfer curve, ultimately 
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reducing the SNR. Additionally, optical band pass filter is required to suppress undesired harmonics 

generated from the nonlinear region operation. In the DMZM method, if the MZM is operated in the 

linear region, to make optical carrier power and sideband power equal for OCSR = 0 dB condition, 

additional tunable optical filter is required to suppress the optical carrier. Thus, the optical amplifier 

might be required for enhancement of the optical power. Another approach of operating at OCSR = 0 

dB has been demonstrated in [49] using a strong optical injection locked laser. This method requires 

precise measurements and two lasers. Similarly, another approach of achieving OCSR= 0 dB condition 

is using MZM and PM in series which I suggested in this thesis. After generating ODSB scheme 

through MZM, the individual intensity of the sideband can be controlled by varying the PM index as 

shown in Fig. 3.2(b), that allows to satisfy OCSR = 0 dB condition.  

 

 

Fig.  3.2. OCSR optimization methods (a) by suppressing the optical carrier of OSSB scheme using optical filter 

(b) by using PM in series with MZM 
 

By considering all the above mentioned complexities to enhance the SNR in the RoF systems, we 

propose to use the unequal sideband intensity based scheme, called vestigial sideband modulation 

scheme (OVSB) which can enhance the SNR [50-52]. To analyze this scheme, we use the series MZM 

and PM configuration based sideband generation method as shown in Fig. 3.3.  

 

 

 
Fig.  3.3. Generation of OVSB using series MZM and PM 

 
In this method firstly ODSB can be generated by using MZM. Then, PM can be applied to control the 

individual sideband intensity. In this method the SNR can be optimized by properly controlling the 

intensities of the first order sidebands named as upper sideband (USB) and lower order sideband 

(LSB) and higher order harmonics. The signal power can be increased through the use of partially 
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suppressed first order sidebands and the harmonic distortion can be reduced by reducing the 

harmonics’ power. These effects can be realized by properly tuning the PM index. The PM index can 

be tuned by tuning the driving RF signal power. The choice of the proper modulation parameters can 

cancel the CD effect as well as enhances the SNR.  

 

Since the proposed configuration does not require an additional optical tunable filter, the problems of a 

filter method like filter instability and precise frequency tuning are avoided. Also, PM does not require 

a bias voltage, so it is less affected by the environmental fluctuations. With the proposed series 

configuration of MZM and PM, it allows to choose the MZM and PM parameters independent to each 

other. In the proposed scheme, the MZM can be operated in a linear region of the MZM transfer curve 

and only PM index can be tuned. By tuning the PM index, each first order sideband’s intensities (USB 

and LSB) can be controlled independently and OVSB scheme can be generated. The maximization of 

the SNR can be done by employing unequal sideband intensities in which one of the sideband is not 

suppressed completely to enhance the signal power unlike in the case of OSSB. The undesired higher 

order sideband intensity can also be controlled properly to minimize the harmonic distortion. The 

required PM index for maximum SNR depends on the used frequency and fiber length. The SNR 

depends not only on the received signal power but also on the harmonic distortion of the RoF system. 

In this way, the OVSB scheme enhances the strength of the received signal as well as balances the 

intensities of the generated harmonic components to minimize the distortion, which improves the 

system performance compared to OSSB scheme. Although the power of desired sideband and 

undesired harmonics can be changed, the total power remains constant. Therefore, this method doesn’t 

require an additional optical amplifier. Since the MZM is operated in the linear region and PM tuning 

helps to minimize the harmonics’ power, an additional optical band pass filter can also be avoided.  

 

3.2.1 Analytical descriptions of series MZM and PM 

 
In this section, the analytical descriptions of series MZM and PM for generating OSSB and OVSB 

modulation schemes is given. 

 

Let 𝐸𝑖𝑛(𝑡) = 𝐴𝑐 exp(𝑗𝜔𝑐𝑡) be an optical carrier and 𝑀(𝑡) = cos(𝜔𝑑𝑡) a modulation electrical signal 

where 𝜔𝑐 and 𝜔𝑑 denote the frequency of the optical carrier and electrical signal, respectively. The 

general expression for the output electric field from the MZM can be given as [53]  
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𝐸𝑜𝑢𝑡1(𝑡) =
1

2
[exp (

𝑗𝜋𝑀(𝑡)

𝑉𝜋
) + exp (

𝑗𝜋𝑉𝑏

𝑉𝜋
)] 𝐸𝑖𝑛(𝑡) ,                                                                      (27)   

                                                                     

where, 𝑉𝜋 is the half wave voltage of the modulator and 𝑉𝑏 is the applied dc bias to the modulator. 

Next we denote  𝑚 =
𝜋𝑀(𝑡)

𝑉𝜋
  the phase modulation index for MZM and 𝑐 =

𝜋 𝑉𝑏

𝑉𝜋
 the constant phase 

shift to the MZM. Now simplifying the above equation yields  

 

𝐸𝑜𝑢𝑡1(𝑡) = {cos(𝑐) . cos[𝑚. cos(ωdt)] − sin(𝑐) . sin[𝑚. cos(ωdt)]}𝐸𝑖𝑛(𝑡).                             (28) 

 

Equation (28) can be simplified further using Bessel formulae. Let 𝑝 = cos(𝑐) . 𝐽0(𝑚) and 𝑞 =

sin(𝑐) . 𝐽1(𝑚) for the calculation convenience where 𝐽𝑥, 𝑥 = 0,1, … are the coefficients of the Bessel 

function of the first kind. Taking only the first order sidebands, the above equation will be reduced to  

 

𝐸𝑜𝑢𝑡1(𝑡) = 𝐸𝑖𝑛(𝑡)[𝑝 + 𝑞. (𝑒𝑗𝜔𝑑𝑡 + 𝑒−𝑗𝜔𝑑𝑡)] .                                                                           (29)       

                                                

In equation (29), we neglected the higher order sidebands by assuming the very low power associated 

with them considering the case of small signal analysis.  

 

Let us suppose that sin(ωdt) is the PM driving signal. When MZM and PM are connected the field 

output from PM can be written as 

 

 𝐸𝑜𝑢𝑡2(𝑡) =  𝐸𝑖𝑛2(𝑡)𝑒𝑗[∅.sin(ωdt)],                                                                                                (30) 

 

where, ∅ is the phase modulation index in radians. The term  𝐸𝑖𝑛2(𝑡) is equal to 𝐸𝑜𝑢𝑡1(𝑡). Now 

simplifying the second term in equation (30) using Bessel formulae and taking only the first order 

sidebands yields  

 

𝐸𝑜𝑢𝑡2(𝑡) =  𝐸𝑖𝑛2(𝑡)[𝐽0(∅) +  𝐽1(∅)(𝑒𝑗𝜔𝑑𝑡 − 𝑒−𝑗𝜔𝑑𝑡)].                                                             (31) 

 

After simplification and neglecting the higher frequency terms above equation will be reduced to  

 

𝐸𝑜𝑢𝑡2(𝑡)

𝐸𝑖𝑛(𝑡)
=  𝑝. 𝐽0(∅) + (𝑞. 𝐽0(∅) + 𝑝. 𝐽1(∅))𝑒𝑗𝜔𝑑𝑡 +(𝑞. 𝐽0(∅) − 𝑝. 𝐽1(∅))𝑒−𝑗𝜔𝑑𝑡.                      (32) 
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In above equation, the first term is optical carrier, the second term is USB and the third term is LSB. 

Upon proper adjustment of the modulator parameters, the condition 𝑞. 𝐽0(∅) = 𝑝. 𝐽1(∅) can be 

satisfied. Then the above equation results in USB based OSSB scheme. Similarly, for the case of 

𝑞. 𝐽0(∅) = −𝑝. 𝐽1(∅), an LSB based OSSB scheme can be generated. OVSB is the case when the 

partial suppression of the unwanted sideband in the OSSB scheme that results in unequal sideband 

intensities. This condition occurs when the above equalities are not met perfectly, which can be 

described by introducing the new scaling parameter 𝑘, such that 𝑘 = ±
𝑞.𝐽0(∅)

𝑝.𝐽1(∅)
. The value of 𝑘 depends 

on the choice of 𝑝, 𝑞 and ∅. 𝑘 determines the extent of sideband suppression. For maximum 

suppression its value will be 1 which leads to the OSSB scheme and for partial suppression its value 

can be considered less than 1 resulting in the OVSB scheme.  

 

3.2.2 Experimental setup 
 
The idea of the proposed method of generating an OVSB scheme was verified by experimental 

measurements. The experimental arrangement is shown in Fig. 3.4.  

 

 
Fig. 3.4  The functional block diagram for generation and performance analysis of the proposed OVSB scheme 

with OSSB scheme. OSA= optical spectrum analyzer, ESA: electrical signal analyzer. 

 

In the setup, the MZM is a chirpless modulator. The half wave voltage of MZM is 8 V. A continuous 

wave DFB laser is operated at 1 dBm output power and emission frequency of 193.5 THz. The driving 

signal for modulator is a sine wave with a frequency of 4 GHz. The MZM is biased at the quadrature 

point. PM is driven by the 90˚ phase shifted version of the same electrical signal as MZM for 

generating OSSB and OVSB schemes. The driving signals were generated from the output channels of 

the signal generator. The 90˚ electrical phase shift to each other can be achieved by tuning the phase 

shift property of the signal generator. The voltage of the driving signal to the PM was tuned by varying 

output power property of the signal generator. The additional RF amplifiers were used to increase the 
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voltage of the driving signals to the modulators. In this way, by varying the driving signal voltage to 

the PM, the PM index can be tuned. The used optical spectrum analyzer (OSA) (JDSU MTS-8000) has 

a resolution of 3 pm which enables visualization of the generated sidebands. 

 

Varying the MZM dc bias from -8 V to +8 V and using fixed RF signal driving voltage, two USB 

based OSSB and two LSB based OSSB schemes and two OCS-DSB schemes were observed. The PM 

modulation index was varied by changing its driving voltage. The power attenuator (internal to the 

signal generator) and amplifiers were utilized for providing the driving voltages. The OVSB scheme 

can be considered as an unequal intensity of the first order sidebands. For instance,  at 1.5 V of PM 

driving voltage and 1.9 V of MZM driving voltage, OVSB scheme with OCSR = 0 dB was obtained as 

shown in Fig. 3.5.  Sideband suppression of about 18 dB was obtained from this setup. It was observed 

that the electrical drive signals should be at 90˚ to each other for the maximum suppression of the 

undesired sideband.  

 

 
Fig. 3.5 Measured OVSB scheme. 

 

 

3.2.3 Characterization of series MZM and PM 
 
To characterize the series MZM and PM configuration, the simulation setup was designed as in Fig. 

3.4. The simulator software is VPItransmissionMaker [54]. The MZM is a single drive, chirpless 

modulator. A sinusoidal RF signal of frequency 10 GHz and amplitude of 1 V is generated and fed to 

the MZM. A PM is driven by the 90˚ phase shifted version of the same electrical driving signal as 

MZM. A continuous wave laser is operated at 10 dBm, with emission wavelength of 1551 nm. The 

half wave voltage for MZM was chosen to be 4 V. 

 

The quadrature operating points of MZM were identified through simulation as (-5.16 V,-2.82 V, 

+2.82 V and +5.16 V). These four quadrature points are taken to analyze the generation of various 
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sidebands. To observe the effect of PM modulation index variation, the MZM dc bias voltage was kept 

fixed at 5.16 V and PM modulation index was varied from 0˚ to 220˚. At 45˚ PM modulation index, 

the upper sideband (USB) of ODSB was suppressed and lower sideband (LSB) based OSSB signal 

was obtained as shown in Fig. 3.6.   

 

 

Fig. 3.6 Simulated spectrum of LSB based OSSB for 10 GHz electrical carrier. At 10 GHz, USB is suppressed, however 
sidebands at multiples of 10 GHz remain unsuppressed which lead to significant nonlinear distortion. 

 

Keeping the PM index at 45˚, generation of LSB and USB based OSSB modulation schemes were 

observed for different dc bias voltages as shown in Fig. 3.7. At dc bias of -5.16 V and +2.82 V, LSB 

was completely suppressed leaving behind USB based OSSB scheme. At dc bias of -2.82 V and +5.16 

V, USB was completely suppressed leaving behind LSB based OSSB scheme. At these LSB and USB 

operating voltages, OCSR = 0 dB was observed.  

 

 

Fig. 3.7. Simulated results of generating LSB and USB based OSSB schemes by varying dc bias voltages while PM index 
was fixed at 45˚. The sideband suppression ratio (SSR) of about 40 dB was obtained. 
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Table 3.1 shows the summary of various modulation schemes generated using series MZM and PM 

configuration. With this configuration, OCS-DSB and OSSB schemes can be generated with tunable 

optical carrier and sideband intensities. The phase shift of the electrical signal for driving phase 

modulator was fixed at 90˚ and PM index was fixed at 45˚. 

 
Table 3.1 Generation of various sideband modulation schemes by varying dc bias voltages in MZM while PM index 

was kept at 45˚ 

dc 

bias 

(Volt) 

Generated modulation schemes 

-5.16 USB based OSSB  

-4.0 OCS-DSB 

-2.82 LSB based OSSB 

+2.82 USB based OSSB  

+4.0 OCS-DSB 

+5.16 LSB based OSSB 

 

 

Fig. 3.8 shows the OCSR ratio in dB versus PM modulation index in ˚. The dc bias was kept fix at 5.16 

V and PM index was varied from 0˚ to 220˚. The OCSR ratio was obtained by taking the ratio of 

optical carrier power to the sideband power. As can be seen the OCSR ratio varies with PM 

modulation index and it is optimum (0 dB) at 45˚ and 180˚. Very low variation of OCSR was also 

observed between 40˚ to 50˚ and 175˚ to 185˚. This range can be considered as the optimum operating 

modulation index of the phase modulator.  

 

 

 

 

Fig. 3.8.  Simulation results of OCSR with respect to PM modulation index. Keeping the dc bias fixed at 5.16 V, OSSB 
was observed at 45˚ and OCSR is 0 dB at this point. 

 

Fig. 3.9 shows the OCSR ratio versus dc bias variation. The sideband power under consideration for 

this simulation was LSB. The PM index was set to 45˚. The simulation results show that the optimum 

dc bias points for the OCSR = 0 dB can be observed at -4.45, -2.82, +3.65 and +5.16 volts. Except -
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2.82 V and +5.16 V, none of these voltages generate OSSB scheme. This shows that there exist 

particular dc bias voltages for generating OSSB scheme even if the OCSR is 0 dB. Similar simulation 

results were also observed considering the USB power.  

 

 

Fig. 3.9.  Simulation results of OCSR versus dc bias voltage. OCSR could be tuned from -40 dB to +40 dB based on the dc 
bias voltage variation, while keeping the PM index constant at 45˚. 

 

In this way, between the range of -8 V to +8 V dc bias variation; two LSB based OSSB and two USB 

based OSSB schemes can be generated with OCSR = 0 dB. This shows that after fixing the MZM dc 

bias at its operating point, by just varying the phase modulator index, OCSR ratio can be optimized. 

This allows one to operate in the linear region of the MZM transfer curve. The OCSR for this 

simulation has been tuned from -40 dB to +40 dB. It shows that with series MZM and PM 

configuration OSSB scheme can be generated and the OCSR ratio can be optimized by simply 

properly setting the PM modulation index and MZM dc bias points, without the need of optical filter.   

 

3.2.4 Harmonics characteristics of series MZM and PM 

 
The nonlinear transfer characteristic of the modulator causes creation of an infinite number of 

sidebands [27-30, 55-58]. The method for calculating harmonics of microwave signals transmitted 

over dispersive fiber can be found in [29]. Among the generated sidebands, second and third order 

sidebands are considered significant for harmonic distortion. The behavior of the harmonics’ power for 

MZM and series MZM and PM cases at 20 GHz frequency for various fiber lengths have been studied. 

Fig. 3.10 shows the fundamental (𝜔𝑑), second (2𝜔𝑑), and third (3𝜔𝑑) order harmonics’ power 

variations with fiber lengths for single MZM and for series MZM and PM cases. Extra insertion loss 

caused by PM and the loss due to the liner fiber attenuation have not been considered for these 

simulations to observe the harmonics’ power variations due to CD.  
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In Fig.3.10, for the single MZM case, first order sideband (𝜔𝑑) shows its deep power dip at 8.6 km and 

26 km, and so on. When the MZM and PM are connected and the indices are set for OSSB scheme, the 

(𝜔𝑑) power variation remains almost constant, showing the CD compensation. However, the third 

order sideband (3𝜔𝑑) power level is increased slightly, leading to higher third order harmonic 

distortion than with a single MZM. The cyclic rotation of the second order sideband (2𝜔𝑑) for the 

series MZM and PM case is two times faster than with the single MZM case. As the fiber length 

increases the levels of the deep power dips (nulls) of (2𝜔𝑑) and (3𝜔𝑑), are increased showing the 

increased distortion level. 

 

 

 

Fig. 3.10.   Simulated results of harmonic powers. Colours- blue: fundamental, red: second   order, black: third 

order. Lines- with(.): MZM, solid plain: series MZM  and PM. Extra insertion loss caused by PM and the 

loss due to the liner fiber attenuation have not been considered for these simulations to observe the 

harmonics’ power variations due to CD. 

  

 

3.3 Performance comparisons of OVSB scheme with OSSB 

and ODSB  

 
To compare the performance of the proposed OVSB generation scheme with the OSSB scheme using 

series MZM and PM configuration, the electrical and optical setup was designed in 

VPItransmissionMaker simulator along with MATLAB co-simulation. The used setup is same as 

shown in Fig. 3.4. In the setup, the MZM is a single drive and chirpless modulator. The half wave 

voltage of MZM is 8 V. The MZM is biased at its quadrature point and the driving signal amplitude is 

chosen at 0.5 V. The PM is driven by the 90˚ phase shifted version of the same electrical signal as 

MZM. A continuous wave DFB laser is operated at 10 dBm with emission frequency of 193.1 THz. 

The used optical fiber is a standard single mode fiber (SMF). The photo detector type is a positive 

intrinsic negative (p-i-n) diode with a thermal noise parameter of 10-12 pA/Hz1/2. The fiber dispersion is 
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18 ps/(nm km). The 4QAM signal was used to observe the symbol error rate (SER) performance. The 

SER was calculated using the Gaussian method. 

 

The 4QAM, 5 Gbps signal is generated and transmitted over 50 km of fiber length. At PM index of 

45˚, one of the sideband is completely suppressed from ODSB resulting in the OSSB scheme. For 

OVSB the best PM index was calculated based on the SER performance. Optical amplifier and optical 

filter were not used for all the below discussed simulation results. 

 

Table 3.2 shows some representative values of the OVSB PM indexes for fiber length of 50 km. 

Tuning of the PM index is required for the OVSB scheme generation for each used frequency. The 

relative sideband power difference of the generated OVSB scheme for each frequency and fiber length 

will also be different, as for different PM index the harmonics’ power relation will change. Thus, the 

resultant SER of OVSB scheme is due to not only the increased signal power strength but also due to 

the proper balance of the harmonics’ power distributions. The OVSB scheme enhances the signal 

power and balances the harmonics power thereby improving the SER. 

Table 3.2. Optimum PM index and improved SER for the OVSB scheme for 4QAM, 5 Gbps system at 50 km 

fiber length. The SER were estimated using Gaussian estimation method. 

 

 

Frequency 
(GHz) 

OVSB PM 

index (˚) 
OSSB SER OVSB 

SER 

15 41 10-33 10-36 

20 37 10-20 10-29 

25 60 10-5 10-9 

30 30 10-3 10-3 

 

 
Fig. 3.11 shows the OSSB and Fig. 3.12 shows the OVSB optical spectra for 20 GHz. The OVSB 

spectrum was obtained with the best SER. The sideband at +20 GHz in the OSSB scheme is 

completely suppressed. For the OVSB scheme it is partially suppressed. The OVSB scheme also 

shows that the second order harmonic power at -40 GHz is more suppressed compared to OSSB 

scheme. This leads to the reduction of the harmonic distortion. The enhancement of +20 GHz first 

order sideband power and reduction of -40 GHz second order harmonic power leads OVSB scheme to 

perform better than OSSB scheme. This shows that in series MZM and PM configuration, if proper 

PM index is selected the harmonic distortion can be reduced as well as signal strength can be enhanced 

in comparison with the OSSB scheme. 
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Fig. 3.11.  Simulated optical spectrum for OSSB scheme at 20 GHz, the sideband at 20 GHz has been completely 

suppressed leaving behind -20 GHz sideband. The sidebands at ±40 GHz are undesired harmonics.  

 
 

Fig. 3.12. Simulated optical spectrum for OVSB scheme at 20 GHz, the sideband at +20 GHz has been partially 

suppressed. The sidebands at ±40 GHz are undesired harmonics in which the USB power level is higher 

than the LSB. Also the harmonics' power levels are lower than in the case of OSSB scheme.  

 

Fig. 3.13 shows the received signal power for ODSB, OSSB and OVSB modulated signals for various 

frequency ranges for 50 km fiber length. As the frequency increases the CD effect increases leading to 

a cyclic power variation for ODSB scheme. The CD effect can be minimized with OSSB and OVSB 

schemes. Thus, the power variation is minimized by using OSSB and OVSB schemes as shown in Fig. 

3.13. The OVSB scheme's signal power strength is higher than other schemes which results in better 

SER performance. 

 

The SER performance of the OSSB and OVSB of different frequencies for various fiber lengths is 

shown in Fig. 3.14. As frequency and fiber length increase, more CD will be accumulated causing 

poorer performance. For all cases, the OVSB scheme shows superior performance compared to the 

OSSB scheme. Since the OSSB and OVSB schemes are optical sideband modulation schemes, they are 

transparent to any electrical modulation format’s signal. Any higher order electrical modulation 

format’s signal can be applied for performance comparison. For any kind of electrical modulation 
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format’s signal the OVSB scheme shows superior performance compared to the OSSB scheme. To 

work in higher frequency regime such as in millimeter wave, one needs to employ a fiber amplifier to 

increase the signal strength along with photonic approaches for higher frequency carrier generation 

and modulation [4, 6]. 

 
Fig. 3.13.  Simulation results of received signal power for various sideband modulation schemes 

 for different frequencies at 50 km fiber length. 

 

 

Fig. 3.14.   Simulation results of SER for OSSB and OVSB schemes for different frequencies and fiber lengths for 

5 Gbps, 4QAM signal. The curves with (.) are for OSSB scheme and solid plain curves are for OVSB 

scheme. The SER were estimated using Gaussian estimation method. 

 

 

3.4 Conclusions 

  
In this chapter, the discussion of various methods of sideband modulation schemes generation using 

electro-optic modulators is given and performance of the various sideband modulation schemes is 

evaluated.  

 

I proposed the series configuration of a MZM and a PM as a flexible approach to generate the optical 

vestigial sideband modulation scheme (OVSB), which enhances the SNR compared to the optical 

single sideband modulation scheme (OSSB). I provided the theoretical verification of the proposed 
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generation method and validated through experiment. Also, I studied the behavior of the harmonics’ 

power for MZM and series MZM and PM for various fiber lengths by numerical simulations. I 

demonstrated that, second order harmonics is a major harmonic distortion contributor in the single 

MZM case. Third order harmonic has a higher level of power in the proposed series MZM and PM 

configuration compared to single MZM case. However still second order distortion dominates in the 

system.  

 

With the proposed scheme, SNR enhancement can be achieved without the need of tunable optical 

filter, band pass optical filter and optical amplifier. All kinds of sideband schemes can be generated 

with series MZM and PM by tuning the modulator parameters. The flexible tunability of different 

modulation schemes is very important for the future software defined radio systems. The summary of 

each sideband modulation scheme is given in Table 3.3. 

 

Table 3.3 Comparison of different modulation schemes 

Modulation 

Schemes 

Generation Methods CD effect Received signal SNR Application 

ODSB MZM, PM High Low (varies 

periodically) 

Short distance, low RF 

OCS-DSB MZM, PM, MZM + PM, 

MZM + filter 

Low High Long distance/ high RF, no 

vector signal 

OSSB MZM + filter, PM + filter, 

MZM + PM 

Low Low Moderate distance, high RF 

OVSB MZM + filter, PM + filter, 

MZM + PM 

Moderate High  Long  distance, high RF 
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Chapter 4   FBMC transmission for mm-wave 

RoF and PON 

 
FBMC is considered as a potential 5G modulation format. In this chapter the description of the 

experimental demonstration of the multi-sub-bands FBMC signal transmission in RoF system is given. 

This chapter also provides the investigation of the wired-wireless converged passive optical network 

(PON) performance using numerical simulation. This chapter deals with the second thesis of this thesis 

book.  

 

In this chapter, firstly, the description of the FBMC multi-sub-bands signal generation method has 

been clearly explained. Then, the implemented system model of optical transmission setup for mm-

wave RoF system is described. After this, the signal processing methods for received mm-wave multi-

sub-band FBMC signal extraction and demodulation are explained. Then, the illustrations of the 

experimental results and discussion of the multi sub-band FBMC signals performance are given. 

Furthermore, this chapter also provides the investigation of the wired-wireless converged PON 

performance using FBMC as a wireless signal and 4-pulse amplitude modulation (4-PAM) as a wired 

signal. Multiplexed 4-PAM and FBMC multi-sub-bands signals generation methods are given briefly. 

Then, the description of the implemented system model of optical transmission setup for PON is given. 

After this, signal processing methods for received converged signal extraction and demodulation are 

given. Finally, this chapter illustrates the simulation results and discussions of the multiplexed 4-PAM 

and multi-sub-bands FBMC signals in the PON environment. 

 
4.1 Introduction 

 
The frequency bands at higher carrier frequencies such as millimeter-wave (mm-wave) are considered 

as an alternative solution to overcome the problem of frequency congestion of the current wireless 

transmission system. Future wireless 5G networks are expected to provide 1-10 Gbps wireless access 

to the end users [1-4]. The multicarrier system is a potential solution to increase the spectral efficiency 

in future radio over fiber (RoF) systems. One of the heavily studied modulation format in multicarrier 

system is orthogonal frequency division multiplexing (OFDM) because of its merits of better spectral 

efficiency and robustness to the linear optical impairments such as chromatic dispersion (CD) [59]. 

However, OFDM modulation requires cyclic prefix (CP) in the overhead to reduce the inter symbol 



46 
 

interference (ISI) and inter carrier interference (ICI), which reduces the spectral efficiency. Moreover, 

the large out of band emission of the OFDM subcarriers requires large guard bands in the multi sub-

bands system. These problems can be overcome through filter bank multicarrier (FBMC) system [60, 

61]. The side lobe suppression of FBMC is about 40 dB in comparison with OFDM which is only 

about 13 dB [17]. Furthermore, FBMC does not need to include CP for each symbol due to the 

combining features of FBMC prototype filters and the use of offset quadrature amplitude modulation 

(OQAM) scheme. In consequence, this leads to increase the bandwidth efficiency and enables the 

asynchronous carrier aggregation [17, 18]. 

 

FBMC based passive optical network (PON) was experimentally demonstrated in [19]. The 

performance comparison of OFDM and FBMC carrier aggregated signals at mm-wave frequencies was 

recently studied with the aggregated bandwidth of less than 1.5 GHz [17, 18]. These demonstrations 

show that the FBMC outperforms the OFDM for equivalent design parameters. Adaptively modulated 

FBMC was also demonstrated in the wired-wireless converged network with the aggregated bandwidth 

of 1.5 GHz [20]. The future 5G RoF systems should be capable of supporting multi sub-bands and 

multi services in radio signals to keep the compatibility with the current legacy wireless services [62-

66]. All of the above mentioned demonstrations of FBMC based multiple sub-band signals for mm-

wave transmission are dealt with sub-band bandwidth of less than 220 MHz and aggregate bandwidth 

of less than 1.5 GHz, and hence low overall data rate.  

 

In this chapter, the experimental demonstration of 5 FBMC sub-bands of 800 MHz with an aggregate 

bandwidth of 4.2 GHz at mm-wave in a RoF system is given. The signal with 5 FBMC sub-bands is 

generated with no bandgap between dc to first sub-band which preserves the bandwidth of the system. 

Each FBMC sub-band signal is fed with uncorrelated data sequences and separated with a narrow 

bandgap of 781.25 kHz between the sub-bands. 781.25 kHz (800 MHz/1024) is equal to the subcarrier 

spacing in each sub-bands of 800 MHz bandwidth and FFT length of 1024.  At the receiver, the FBMC 

sub-bands are extracted and demodulated by using digital signal processing (DSP) techniques. The 

aggregate data rate of 8 Gbps and 12 Gbps is achieved with 16 QAM, and 64 QAM, respectively.  

 

In this chapter the wired-wireless converged passive optical network (PON) performance using FBMC 

as a wireless signal and 4-PAM as a wired signal is also given.  The PON provides the high capacity 

and flexibility in signal delivery through the fixed access network. PON is considered as an effective 

solution for 5G based wireless signals backhauling and fronthauling [10-13]. The future 5G systems 

should be capable of supporting multi-services/signals to keep the compatibility with the current 
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legacy wired/wireless services. In this regard, it is important to study and analyze the convergence and 

delivery of potential 5G wireless signals with wired signals in the future PON systems. 

 

4-PAM supports the current intensity modulation and direct detection (IM/DD) system and provides 

the double bandwidth efficiency compared to the on-off keying (OOK) modulation. Due to these 

benefits, recently huge research interests are shown on this modulation format for cost-effective optical 

access network design [67-69]. 

 

OFDM and FBMC based passive optical network was experimentally demonstrated in [19]. 

Adaptively modulated FBMC was also demonstrated in the wired-wireless converged network with the 

aggregated bandwidth of 1.507 GHz [20]. This demonstration deals with the OFDM and FBMC both 

modulation formats as a wired/wireless converged system. Recently, the convergence of potential 5G 

modulation formats such as universal filter orthogonal frequency division multiplexing (UF-OFDM) 

and generalized filter multi-carrier (GFDM) as wireless signals and 4-PAM signal as a wired signal in 

a PON has been demonstrated [21]. This demonstration deals with the single sub-band UFDM and 

GFDM modulation formats with a very low bandwidth of 1.95 MHz for each modulation format. 

 

All of the above mentioned recent demonstrations of wired/wireless convergence in PON have not 

been dealt with the convergence of multi-sub-bands FBMC as a wireless and 4-PAM as a wired signal. 

In this chapter, the demonstration of the convergence of 4 sub-bands FBMC as a wireless signal and 4-

PAM as a wired signal in a PON is given with numerical simulation. The sub-band bandwidth of the 

designed FBMC signal is 500 MHz and the aggregate bandwidth of the designed 4 sub-bands FBMC 

signal is 2.0015 GHz with inter-sub-band gap frequency of 488.28 kHz. This gap frequency is equal to 

the subcarrier spacing in each sub-band. The bandwidth of the designed 4-PAM baseband signal is 4.8 

GHz. The 4-PAM and FBMC sub-bands are extracted and demodulated in the receiver by using digital 

signal processing (DSP) techniques. The aggregate data rate with 16QAM modulation order for 4-sub-

bands FBMC is 4 Gbps and 4-PAM is 8 Gbps. The evaluation of the performance of the converged 

signals is done by simulating various design parameters using BER calculations. 

 

4.2 Multi-sub-bands FBMC signal transmission in mm-

wave RoF system 
 

4.2.1 Multi-sub-bands FBMC signal generation 
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Fig. 4.1(a) shows the simplified DSP block diagram for generating a single sub-band FBMC signal. 

The MATLAB routines are developed to generate offline code for a single sub-band FBMC signal [17, 

34].  First, the input data stream is mapped into M-QAM format, and then it is converted from serial to 

parallel (S/P) streams. Then, the QAM symbols are converted into OQAM symbols by making the 

adjacent symbols delayed with half symbol period offset. After this, the inverse fast Fourier transform 

(IFFT) is applied to convert the OQAM symbols into time domain symbols. Each subcarrier is filtered 

with a well-designed prototype filter with 4-tap length that can suppress the subcarrier side lobes 

around 40 dB, called synthesis polyphase filtering (SPF) [34]. After the parallel to serial (P/S) 

conversion process, root raised cosine (RRC) filter with a roll off factor of 0.3 is applied to optimize 

the signal to noise ratio (SNR). The high value of the roll-off factor provides the better power spectrum 

(lowers the ripples amplitudes) but the bandwidth will be broadened. The optimum value of the roll-off 

was found to be 0.3 (determined through BER measurements).Then, the baseband FBMC signal is 

digitally upconverted to a selected sub-band intermediate frequency (IF). The same process is applied 

for all other FBMC sub-bands, and then combined together to generate a composite signal of 5 FBMC 

sub-bands as shown in Fig. 4.1(b). After this, normalization and clipping are applied to maintain the 

peak-to-peak voltage amplitude at 500 mV. Thus, the generated code output is uploaded into an 

arbitrary waveform generator (AWG). 

 

 

 

Fig. 4.1. Functional block diagram of (a) a single FBMC signal generation, and 

 (b) composite FBMC signal of 5 sub-bands. 
 

The designed parameters for the multi sub-band FBMC signals are given in Table 4.1. The sampling 

frequency is 40 GS/s and each OQAM symbol is up sampled with 50 samples. The size of IFFT/FFT is 

1024. Each FBMC sub-band has a bandwidth of 800 MHz. The total bandwidth of the composite 5 

sub-band FBMC signals is about 4.0031 GHz with an inter sub-bandgap of 781.25 kHz. In the 

demonstration of [17, 18], for the FBMC, sub-band gap of one subcarrier spacing is sufficient for the 

minimum effect of interference from neighboring sub-band. In the designed system, the sub-band gap 

(a) (b) 
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of 781.25 kHz is equal to the subcarrier spacing in each sub-band (800 MHz/1024 FFT points). Due to 

the roll-off factor of the pulse shaping filter and the deviation due to the electrical components the 

actual bandwidth measured in the electrical spectrum analyzer (ESA) was 4.2431 GHz. Fig. 4.2 shows 

offline generated composite 5 sub-band FBMC signals with bandwidth assignments for each sub-band. 

The FBMC sub-bands are digitally up-converted to 520 MHz, 1.3208 GHz, 2.1216 GHz, 2.9293 GHz 

and 3.723 GHz. The time window of a single sub-band and 5 sub-bands signal is identical and equal to 

12.8 µs. For the 16 QAM case, 102,400 bits are used and for 64 QAM case 153,600 bits are used. 

 

 

Fig. 4.2. Electrical spectrum of offline generated 5 sub-bands FBMC signal. 

 

Table 4.1. Design parameters of multi sub-band FBMC signal generation 
 

Parameters Values Parameters Values 

Modulation format 16QAM 64QAM Sub-bands spacing 781.25 kHz 

No. of bits 102400 153600 One sub-band BW 800 MHz 

Bit rate 8 Gbps 12 Gbps Multi sub-bands BW 4.2431 GHz 

Sampling frequency 40 GS/s Time window 12.8 µs 

No of sub-bands 5 RRC roll off 0.3 

  

 

4.2.2 Experimental setup 

 
Fig. 4.3 represents the simplified block diagram of the optical transmitter and receiver setups. In the 

optical transmitter, a RIO laser at 1553.73 nm wavelength [70] with a linewidth of 10 kHz is used to 

feed the JDS uniphase OC-182 intensity modulator (IM). The IM is a chirp-less modulator with half 

wave voltage of 7.0 V and biased at the quadrature point. The IM is driven by an amplified 5 FBMC 

sub-bands signal generated from Tektronix AWG70001A AWG channel. The peak-to-peak amplitude 

from AWG is 500 mV, and the sampling rate is 40 GS/s. Then, it is amplified with radio frequency 

(RF) picosecond 5865 amplifier to 4.4 V before applying to IM. The modulated optical signal is then 

optically amplified by erbium doped fiber amplifier (EDFA) and filtered by 1 nm optical band pass 

filter (OBPF) (Newport TBF-1550-1.0) to remove the amplified spontaneous emission (ASE) noise. 

After that, the amplified optical signal is coupled with a free running Keysight 81940A external cavity 
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laser (ECL) using a 3 dB coupler. The optical spectrum of the generated signal is given in Fig. 4.3 as 

an inset figure which is observed with APEX AP2050A OSA. The separation of the two free running 

lasers is adjusted to be 53 GHz by tuning the ECL wavelength to a wavelength of 1553.30 nm.  

 

 

Fig. 4.3.  Experimental setup for multi FBMC sub-bands transmitter and receiver.  

The inset figure is the optical spectrum of the mixed optical signals at the OSA. 

 

In the optical receiver, the combined optical signal is converted to mm-wave at 53 GHz by fast 

photodiode (u2t XPDV2320R-VF-FP) of 70 GHz bandwidth. The generated RF signal is then mixed 

with an electrical LO (Keysight E8257D 250 kHz- 67 GHz) at 41.5 GHz to down-convert it to an 

intermediate frequency (IF) at 11.5 GHz. The LO output power used was 10 dBm. The received IF 

signal is amplified by an RF amplifier (Microsemi AML618P3502-BT), and then recorded with the 

real-time scope (RTS) (TELEDYNE LECROY 36 GHz, 80 GS/s) for further offline DSP using the 

developed MATLAB code. 

 

4.2.3 Receiver offline processing 
 

 

Fig. 4.4. Digital signal processing to recover and demodulate the received multi sub-band FBMC signals 

 

Fig. 4.4 represents the simplified block diagram of the applied DSP at the receiver. The received IF 

signal is captured at 40 GS/s from the real-time scope, and the spectrum of the received signal is 
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shown in Fig. 4.5(a). First, the IF signal is filtered by square bandpass filter which extracts the two 

sidebands of the received signal as shown in Fig. 4.5(b). The signal is then digitally down converted to 

the baseband signal by using an envelope detector as shown in Fig. 4.5(c). After low pass filter, the 

signal spectrum is obtained as shown in Fig. 4.5(d).  

 

The transmitter and receiver symbol alignment is achieved with the cross-correlation technique. Each 

FBMC sub-band is extracted by down-converting it with its corresponding IF frequency used in the 

signal generation, and then RRC low pass filtering is applied. The produced signal is resampled at 2 

samples per OQAM symbol. The FBMC decoding routines are applied as shown in Fig. 4.4 [7, 16]. 

First, the serial sample points are converted into parallel stream. After this, the same prototype filter as 

used in FBMC coding side is applied in each subcarrier, called analysis poly-phase filtering (APF). 

Consequently, FFT, OQAM to QAM conversion, and P/S conversion processes are performed. The 

first 16 QAM samples from each sub-band are used as a training signal to calculate the channel 

response which is used to equalize the signal. Furthermore, a simple 1 tap recursive least square (RLS) 

equalizer with forgetting factor of 0.92 is employed to optimize the equalization process. This 

forgetting factor was chosen as a best value from the series of BER measurements. The performance of 

the signal is evaluated with EVM and BER calculations. 

 

  

 

 

 

 

 
 

  

Fig. 4.5.  Electrical spectra of the received composite 5 FBMC sub-bands signal after (a) IF amplifier, (b) bandpass filter, 

(c) envelope detector, and (d) low pass filter. 

(c) 
(d) 

(a) (b) 
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4.2.4 Results and discussions  

 
Fig. 4.6(a) represents the calculated error vector magnitude (EVM) values of 16 QAM (8 Gbps) and 64 

QAM (12 Gbps) of the composite 5 sub-bands FBMC signal in terms of the received optical power. 

Fig. 4.6(b) represents the corresponding bit error rate (BER) values at the same received optical power. 

As shown in Fig. 4.6(a), for the case of 64 QAM modulation order, EVM values are slightly higher in 

comparison with 16 QAM modulation order. For the received optical power of 2.5 dBm, the BER of 

16 QAM is 8×10-5 and 64 QAM is 4×10-3. The constellation diagrams at the received optical power of 

2.5 dBm for both 16 QAM and 64 QAM cases are also shown as insets in Fig. 4.6(b). This experiment 

achieved EVM below 12.5 % for 16 QAM and 8% for 64 QAM as a figure of merit as proposed by 

3GPP LTE [68]. These limits were achieved for received optical power of -1.5 dBm and 2.5 dBm for 

16 QAM and 64 QAM, respectively. 

 

 

 

 

Fig. 4.6. (a) EVM and (b) BER performances versus ROP for 5 sub-bands FBMC signal.  Inset figures are the 

constellations of 16QAM and 64QAM for ROP of 2.5 dBm. 
 

 

Fig. 4.7(a) and (b) represent the calculated error vector magnitude (EVM) values of 16 QAM (8 Gbps) 

and 64 QAM (12 Gbps) cases for each sub-bands at different received optical powers. The obtained 

results were measured without the baseband gap between the dc to the first sub-band to preserve the 

bandwidth efficiency of the system. Due to the square law envelope detection process the signal to 

signal beating interference (SSBI) occurs. The SSBI term appears adjacent to the dc and interferes with 

the low frequency signal term close to dc. To avoid the effect of SSBI, it is required to keep certain 

frequency gap between dc to first sub-band but this reduces the bandwidth efficiency. Another 

approach is to use SSBI mitigation using DSP techniques that can improve the system performance as 

well as preserve the bandwidth of the system [72]. Without using SSBI mitigation techniques, the BER 

in the order of 10-3 for 12 Gbps data rate and in the order of 10-5 for 8 Gbps data rate were achieved at 

the bandwidth of 4.2 GHz. 

(a) (b) 

64QAM 3GPP LTE limit  

16QAM 3GPP 

 LTE limit 
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Fig. 4.7. EVM performances of each sub-band FBMC signal for (a) 16 QAM (b) 64 QAM. 

          
 

4.3 Wired-wireless converged passive optical network with 

4-PAM and Multi-sub-bands FBMC  

 
  4.3.1 Multiplexed 4-PAM and multi-sub-bands FBMC signal 

generation 
 

The MATLAB routines are developed to generate offline code for 4-PAM and multi-sub-bands FBMC 

signals. The baseband 4-PAM signal is generated with 4 GHz bandwidth. The sampling frequency is 

32 GS/s and each 4-PAM symbol is upsampled with 4 samples for each 4-PAM symbol. After this, the 

root raised cosine (RRC) filter with a roll-off factor of 0.2 is used for pulse shaping. The high value of 

the roll-off factor provides the better power spectrum (lowers the ripples amplitudes) but the 

bandwidth will be broadened. The optimum value of the roll-off was found to be 0.2 (determined 

through BER calculations) for this simulation. 

 

 

 

Fig. 4.8. 4 sub-band FBMC signals and 4-PAM signal aggregation.  

 

Simplified DSP block diagram for generating single sub-band FBMC signal has already been 

discussed in section 4.2.1. The 4-PAM signal is added up with composite FBMC signal to generate 

(a) (b) 
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multiplexed 4-PAM and 4 sub-bands FBMC signal [73]. The functional block diagram of this is shown 

in Fig. 4.8. 

 

The multi-sub-bands FBMC and 4-PAM signals design parameters are given in Table 4.2. The 

sampling frequency is 32 GS/s and each OQAM symbol is upsampled with 64 samples for each 

OQAM symbol. IFFT/FFT size of 1024 is used. 4 FBMC symbols are created which form one FBMC 

sub-band. Each sub-band has a bandwidth of 500 MHz. 4 sub-bands are added up to constitute the 

composite multi-sub-bands FBMC signal of bandwidth 2.0015 GHz with gap frequency of 488.28 kHz 

between each sub-band. This sub-band gap is equal to the sub-carrier spacing in each sub-bands (500 

MHz/1024 FFT points). The slight broadening of bandwidth in the composite FBMC signal is due to 

the pulse shaping roll-off factor of 0.2. The central frequency of first sub-band is chosen to be 5.1 

GHz. With the equal gap frequency of 488.28 kHz between each sub-band, the central frequencies of 

the second and subsequent sub-bands are 5.6005 GHz, 6.1010 GHz, and 6.6015 GHz. Because of the 

multiplexing in frequency domain the time window of 4-PAM, single-sub-band FBMC and multi-sub-

bands signals are identical and equal to 8.192µs.  

 

Table 4.2. Design parameters of 4 sub-bands FBMC and 4-PAM signals generation 
 

Parameters Values 

Modulation 

format 

FBMC 4-PAM 

No. of bits 32768 131072 
 

Bit rate 4 Gbps 8 Gbps 

No of sub-

bands 

4 1 

1 sub-band BW 500 

MHz 

- 

Sub-bands 

spacing 

488.28 
kHz 

- 

Total BW 2.0015 

GHz 

4.8 GHz 

Sampling 

frequency 

32 GS/s 

Time window 8.192µs 

 

The 4-PAM signal has been broadened up to 4.8 GHz due to the pulse shaping roll-off factor of 0.2. 

Also, the multi-sub-bands FBMC signal has been broadened and started from 4.8 GHz. There is no gap 

frequency between the 4-PAM and FBMC signal. The total bandwidth of aggregated 4-PAM and 

multi-sub-bands FBMC from dc is 6.9015 GHz. The total number of bits used for the case of FBMC is 

32768 and for the case of 4-PAM is 131072. For 4-PAM and for each sub-bands generation in FBMC, 

uncorrelated bits sequences are used. Fig. 4.9(a) shows the offline generated spectra of 4 sub-bands 

FBMC signal and 4.9(b) shows the aggregated 4-PAM and FBMC signal. As shown in Fig. 4.9(a) the 
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sidelobes suppression of FBMC sub-band is about 40 dB which allows tight packing of sub-bands 

without significant effect of interference. 

 

 

 

 

Fig. 4.9. Offline generated spectra of (a) 4 sub-bands FBMC (b) multiplexed 4-PAM and 4 sub-bands FBMC signal.  

 

 4.3.2 Optical transmission system 

 
The idea of the proposed method of wired-wireless convergence in PON system is given in Fig. 4.10. 

The setup consists of optical line terminal (OLT) and optical network unit (ONU) connected through 

an optical fiber. In the OLT, the 4-PAM and multi-sub-bands FBMC composite signal is amplified and 

fed to the intensity modulator (IM) and sent through an optical fiber. In the ONU, the received 

composite signal is detected by the photodetector and processed offline using DSP techniques for 

demodulation. The typical PON system includes power splitter in ONU and fiber between OLT and 

ONU. The power splitter cannot separate individual signals from converged signal carried by fiber. To 

separate the individual signals through converged signal after photodetector one need to employ 

analog electrical filter with center frequency as corresponding signal’s frequency. In this thesis, the 

digital bandpass filter has been used to separate the signals in ONU.   

 

 

 

Fig. 4.10. Block diagram of PON setup with OLT and ONU. 

(a) (b) 
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VPItransmissionMaker simulator along with MATLAB co-simulation is used to implement and 

evaluate the performance with various design parameters. As shown in Fig. 4.11(a), in the OLT setup, 

a continuous wave DFB laser is operated at 5 mW output power and wavelength of 1553.6 nm. The 

linewidth of the laser is set to 10 MHz. The Mach Zehnder modulator (MZM) is a chirp less 

modulator. The half wave voltage of MZM is at 8 V. The driving signal for modulator is a composite 

4-PAM and multi-sub-bands FBMC signal which is generated offline developing MATLAB routines. 

The MZM is biased at the quadrature point. The modulated optical signal is then transmitted through 

the optical fiber. The used optical fiber is a standard single mode fiber (SMF). The fiber dispersion is 

18 ps/(nm km). 

 

 
 

 

 
 

 

Fig. 4.11 Design of PON setup in VPItransmissionMaker simulator with MATLAB co-simulation.  (a) OLT (b) ONU. 

ESA:electrical spectrum analyzer, OSA : optical spectrum analyzer, MZM: Mach Zehnder modulator 

 

As shown in Fig. 4.11(b), in the ONU, the signal is detected with positive intrinsic negative (p-i-n) 

photodiode with a thermal noise parameter of 10-12 pA/Hz1/2. The signal is then processed offline using 

MATLAB routines. Fig. 4.12 shows the generated optical spectrum after MZM in OLT, which shows 

the aggregated baseband 4-PAM signal along with the multi-sub-bands FBMC signal in the optical 

double sidebands. 

(a) 

(b) 
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Fig. 4.12. Generated optical spectrum after MZM in OLT.  

 

 4.3.3 DSP receiver offline processing 

 
The received signal after photodetector in ONU is captured at 32 GS/s whose spectrum is shown in 

Fig. 4.13. The 4-PAM and multi-sub-bands FBMC signals are extracted and demodulated separately. 

For the multi-sub-bands FBMC, the signal at baseband is achieved after downconverting with the 

corresponding sub-bands intermediate frequency (IF) along with the RRC low pass filtering. After this, 

the resampling is applied to downsample the signal at 2 samples for each OQAM symbols. The FBMC 

decoding routines are applied as shown in Fig. 4.4. The decoding process involves S/P conversion, 

analysis filter bank, FFT, OQAM-QAM conversion and P/S conversion. The training length of first 16 

QAM samples from each sub-bands are used to calculate the channel response which is used to 

equalize the signal. Furthermore, simple 1 tap recursive least square (RLS) equalizer with forgetting 

factor of 0.9 is used to optimize the equalization process. This forgetting factor was chosen as a best 

value from the series of BER calculations. After the equalization, the performance of the signal is 

evaluated with BER calculation. 

 

 

Fig. 4.13. Received photo-detected signal in ONU after 40 km fiber length. 
. 
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Fig. 4.14(a) describes the 4-PAM signal extraction and demodulation steps in ONU. Square bandpass 

filter is applied to the received signal which can extract the two sidebands of the received 4-PAM 

signal as shown in Fig. 4.14(b). Thus extracted 4-PAM signal is equalized with the 9 taps adaptive 

feed forward finite impulse response (FIR) equalizer (FFE) with least mean square (LMS) adaptation. 

The first 64 samples of the 4-PAM signal are used as a training length for the adaptation of LMS 

algorithm. After equalization, the performance of the 4-PAM signal is evaluated with BER calculation. 

 

 

 

Fig. 4.14.  (a) 4-PAM signal extraction  and demodulation process. (b) Extracted 4-PAM signal. 

  

4.3.4 Results and discussions  

 
Fig. 4.15 shows the BER versus received optical power (ROP) performance for separate transmission 

of 4-PAM and 4 sub-bands FBMC at the fiber length of 40 km and 10 MHz laser linewidth.  

 

 

Fig. 4.15.  Simulation results of BER versus ROP performance for the separate  

4-PAM and 4 sub-bands FBMC signal transmission. 
 

If 4-PAM and FBMC signals are separately transmitted (without mixing), for the equivalent design 

parameters, FBMC shows better performance compared to the 4-PAM. The BER of 10-3 can be 

obtained at ROP of -22 dBm for the case of FBMC and -21 dBm for the case of 4-PAM. For the ROP 

values greater than -22 dBm, the BER of FBMC becomes 0. Similarly, for the ROP values greater than 

(a) (b) 
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-18 dBm, the BER of 4-PAM becomes 0. From this simulation result, it can be concluded that the 4 

sub-bands FBMC shows the better performance than 4-PAM for the equivalent design parameters. 

 

The 4 sub-bands FBMC and 4-PAM signals are now multiplexed and the composite signal is 

transmitted. The 4-PAM and FBMC signals were extracted separately from the received composite 

signal using square bandpass filter. The BER with different received optical power (ROP) is 

evaluated as shown in Fig. 4.16 with 10 MHz linewidth and 40 km fiber length for the extracted 4-

PAM and 4 sub-bands FBMC signals. By varying ROP, for lower values of ROP, both modulation 

schemes show the similar performance. For the ROP of -16 dBm, the BER of 10-3 can be obtained 

for both the modulation schemes. As the ROP increases the 4-PAM signal shows better performance 

than 4 sub-bands FBMC signal indicating the fact that FBMC is more affected by the signal mixing 

effect (interference) compared to 4-PAM in the composite signal case. 

 

 

Fig. 4.16.  Simulated BER versus ROP performances of 4-PAM and FBMC signals. 
 

The BER versus fiber length performance is evaluated for the extracted 4-PAM and 4 sub-bands 

FBMC signal with the laser linewidth of 10 MHz as shown in Fig. 4.17. The FBMC has degraded 

performance compared to 4-PAM. In this simulation also, in the case of the composite signal, the 

FBMC signal is more affected by the interference compared to the 4-PAM signal. 

 

 

Fig. 4.17. Simulated BER versus fiber length performances of 4-PAM and  4 sub-bands FBMC signals. 
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Fig. 4.18(a) and (b) show the constellation diagrams of the extracted 4 sub-bands FBMC and 4-PAM 

signals at 40 km and 60 km fiber lengths respectively. At 40 km fiber length, the constellations of the 4 

sub-bands FBMC and 4-PAM signals are less distorted which corresponds to the BER of less than 10-6 

for both the modulation schemes. As the fiber length increases the constellation of the FBMC is 

distorted more. For the 60 km fiber length, the 4-PAM signal BER is in the order of 10-5 as compared 

to 10-2 for the case of 4 sub-bands FBMC. 

 

 

 

 

 

 
 

Fig. 4.18.  Constellation diagrams of extracted 4 sub-bands FBMC and 4-PAM signals after (a) 40 km fiber length (b)  60 

km fiber length. 

           

4.4 Conclusions 

 
In this chapter, I experimentally demonstrated the high bit rate signal transmission of multi sub-bands 

FBMC signal at mm-wave for RoF system. Also, I demonstrated through numerical simulation, the 

performance of the wired-wireless converged PON using 4-PAM as a wired signal and FBMC as a 

wireless signal. 

 

In the demonstrated mm-wave RoF system, the signal design parameters are 5 FBMC sub-bands of 

800 MHz bandwidth per FBMC sub-band and total bandwidth of 4.2 GHz at the data rate of 8 Gbps 

and 12 Gbps. The composite 5 FBMC sub-bands signal was designed without bandgap between the dc 

to the first sub-band to preserve the bandwidth of the system. The BER values of 8×10-5 for 8 Gbps 

case using 16 QAM and 4×10-3 for 12 Gbps case using 64QAM are achieved for the received optical 

power of 2.5 dBm. The demonstrated results satisfied standard 3GPP LTE EVM percentage limit as 

well as forward error correction (FEC) limit. The demonstrated data rates are the highest data rate 

(a) 

(b) 
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achieved so far found in the literature for mm-wave RoF systems [17, 18 and 20]. Due to the high 

suppression of out-of-band emission, I believe that the multiplexed FBMC sub-bands will meet the 

expectation for the future 5G wireless with high data rate transmission for multi-user, and multi-bands 

wireless services feasibility. 

 

Also in this chapter, by using FBMC signal of 4 sub-bands of 500 MHz each with the aggregated 

bandwidth of 2.0015 GHz and 4-PAM of 4.8 GHz, the performance of converged wired-wireless 

signal transmission in the PON has been provided. The 4 sub-bands FBMC signal has the bit rate of 4 

Gbps and 4-PAM has the bit rate of 8 Gbps. The narrow-band gap of 488.28 kHz is used to separate 

each sub-bands in 4 sub-bands FBMC. With very low-performance degradation (BER < 10-6) the 

converged signal can be transmitted for the distance up to 40 km for the received optical power (ROP) 

of -4.1 dBm with the laser linewidth of 10 MHz. The BER of 10-3 can be obtained at ROP of -22 dBm 

for the case of 4 sub-bands FBMC and  -21 dBm for the case of 4-PAM at 40 km fiber length and laser 

linewidth of 10 MHz.  

 

For the first time; I proposed and demonstrated by numerical simulation the simultaneous delivery of 

wired 4-PAM and wireless multi-sub-bands FBMC signals in one wavelength using one laser source 

for the future 5G PON. The converged signal can be transmitted with BER of less than standard FEC 

limit for the few tens of km. I showed by simulation that, FBMC is more affected by the laser 

linewidth and the interference effect compared to 4-PAM in the converged signal transmission 

scenario. Also, due to the double bandwidth efficiency of the 4-PAM, it will be attractive candidate 

compared to conventional OOK in baseband signal transmission scenario.  
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Chapter 5   UF-OFDM transmission for mm-

wave RoF and PON 

 
This chapter deals with the experimental demonstration of the UF-OFDM signal transmission in mm-

wave RoF system. Also, the experimental demonstration of the wired-wireless converged signal 

performance in a PON using FBMC and UF-OFDM as a wireless signal and 4-PAM as a wired signal 

is given. This chapter deals with the third thesis of this thesis book. 

 

In this chapter, firstly, the description of the generation method of UF-OFDM has been described. 

Then, the optical transmission setup for mm-wave RoF is described. Following this, the signal 

processing methods for received mm-wave UF-OFDM signal extraction and demodulation are 

explained. Then, the illustrations of the experimental results and discussion of the system performance 

are given. Furthermore, this chapter also provides the experimental investigation of the wired-wireless 

converged passive optical network (PON) performance using FBMC and UF-OFDM as a wireless 

signal and 4-PAM as a wired signal. Firstly, multiplexed 4-PAM FBMC and UF-OFDM signals 

generation methods are given. Then, the description of the system model of optical transmission setup 

for PON is given. After this, signal processing methods for received converged signal extraction and 

demodulation are given. Finally, results and discussions of the converged signal transmission in PON 

are given. Chapter 6 concludes the thesis. 

 
5.1 Introduction 

 
As discussed in the previous chapter, the mm-wave RoF technology is considered as a promising 

solution for deployment of radio access networks (RAN). The multicarrier system is a potential 

solution to increase the spectral efficiency in future RoF systems. One of the heavily studied 

modulation format in the multicarrier system is orthogonal frequency division multiplexing (OFDM) 

and it has the drawback of spectral inefficiency compared to potential 5G modulation formats such as 

filter bank multicarrier (FBMC) and universal filtered orthogonal frequency division multiplexing 

(UF-OFDM) [1, 2, 4, 59]. FBMC system requires a narrow band gap between each sub-band but 

requires a filter in each subcarrier resulting increased complexity [35-37]. In the UF-OFDM, the total 

available bandwidth is divided into a number of smaller sub-bands; each sub-band is separately 

modulated using OFDM and filtered thus reducing the complexity in comparison with FBMC. For 

maintaining orthogonally, UF-OFDM can use QAM modulation, unlike FBMC which requires 
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converting QAM to offset QAM (OQAM) that doubles the sampling rate. UF-OFDM also works with 

MIMO scheme while FBMC does not work without adding further complexity [35-37]. 

 

The performance comparison of OFDM and FBMC carrier aggregated signals at mm-wave frequency 

was studied in previous years such as in [17]. Recently, UF-OFDM based RoF system at mm-wave is 

demonstrated using optical heterodyning technique [22, 23]. In these demonstrations, the heterodyning 

at 60 GHz has been achieved using laser comb source. Also, the bit rate of 4.56 Gbps has been 

achieved with 5 sub-bands multiplexed system with band-gap of 15 MHz between each sub-band. 

 

In this chapter, the experimental demonstration of UF-OFDM transmission at 60 GHz in a RoF system 

by employing two Mach Zehnder modulators (MZM) is given. The UF-OFDM signal is carried 

optically by a free running laser with a Mach-Zehnder modulator (MZM) operating at linear 

transmission point and converted to mm-wave at 60 GHz by another MZM operated at minimum 

transmission point driven by a 30 GHz electrical carrier. The UF-OFDM signal with 1.25 GHz 

bandwidth is generated with 400 MHz bandgap between dc to the UF-OFDM signal to avoid the signal 

to signal beating interference (SSBI) [72]. At the receiver, the received electrical mm-wave signal is 

down-converted to an intermediate frequency (IF) and then post-processed using digital signal 

processing (DSP) techniques. The data rate of 3.2 Gbps is achieved with 16 QAM modulation order. 

The optimum modulation point is determined by varying the driving UF-OFDM signal power to the 

modulator. The performance is optimized with the use of recursive least square (RLS) equalizer.  

 

The PON provides the high capacity and flexibility in signal delivery through the fixed access 

network. PON is considered as an effective solution for 5G based wireless signals backhauling and 

fronthauling [67-69, 19, 20]. The future 5G systems should be capable of supporting multi-

services/signals to keep the compatibility with the current legacy wired/wireless services. In this 

regard, it is important to study and analyze the convergence and delivery of potential 5G wireless 

signals with wired signals in the future PON systems. Recently, the convergence of potential 5G 

modulation formats such as universal filter multi-carrier (UFDM) and generalized filter multi-carrier 

(GFDM) as wireless signals and 4-PAM signal as a wired signal in a PON has been demonstrated [21]. 

This demonstration deals with the single sub-band UFDM and GFDM modulation formats with a very 

low bandwidth of 1.95 MHz for each modulation format. 

 

None of the above mentioned recent demonstrations of wired/wireless converged signal transmission 
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in a PON have been dealt with the convergence of FBMC and UF-OFDM as a wireless and 4-PAM as 

a wired signal. Also, the demonstration of [21] is of a very low wireless signal bandwidth of 1.95 MHz 

and hence lower data rate. In the designed system, the bandwidth of the FBMC signal is 1 GHz, UF-

OFDM is 500 MHz and 4-PAM is 1 GHz. The data rate with 16QAM modulation order for FBMC is 2 

Gbps, UF-OFDM is 2 Gbps and 4-PAM is 2 Gbps resulting 6 Gbps aggregate data rate. The 4-PAM, 

UF-OFDM and FBMC bands are extracted and demodulated in the receiver by using digital signal 

processing (DSP) techniques. I evaluated the performance of the converged signals using bit error rate 

(BER) and error vector magnitude (EVM) measurements.  

 

5.2 UF-OFDM signal transmission in mm-wave RoF system 
 

5.2.1 UF-OFDM signal generation 

 

Fig. 5.1 shows the simplified DSP block diagram for generating the UF-OFDM signal.  

 

 

Fig. 5.1. Functional block diagram of UF-OFDM signal generation.  

 

The MATLAB routines are developed to generate offline code for the UF-OFDM signal [35-37, 74]. 

The UF-OFDM signal design parameters are given in Table 5.1. The total number of bits used is 

12288. First, the input data stream is mapped into M-QAM format, and then it is converted from serial 

to parallel (S/P) streams. After this, the sub-band size is defined and sub-band mapping is performed. 

The sampling rate is 12 GS/s and each QAM symbol is upsampled with 12 samples for each QAM 

symbol. 32 QAM symbols form one UF-OFDM sub-band. Total numbers of UF-OFDM sub-bands are 

32. 1024 point IFFT is used. Each sub-band is filtered with a well-designed filter to suppress the out of 

band emission. Each sub-band can be filtered separately with different filter types. For this thesis, 
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Chebyshev window-based filter has been used. Each sub-band is added to constitute the composite 

UF-OFDM signal. After the parallel to serial (P/S) conversion process, root raised cosine (RRC) filter 

with a roll-off factor of 0.25 is applied to optimize the signal to noise ratio (SNR). The bandwidth of 

the generated signal is 1.25 GHz. The baseband UF-OFDM signal is upconverted to 1 GHz carrier 

frequency. After this, normalization and clipping are applied to maintain the peak-to-peak voltage 

amplitude at 500 mV. Thus generated code output is uploaded into an arbitrary waveform generator 

(AWG). 

Table 5.1. Design parameters of UF-OFDM signal generation 
 

Parameters Values 

No. of bits 12288 

Bit rate 3.2 Gbps 

No of sub-bands 32 

BW 1.25 GHz 

AWG Sampling 

frequency 

12 GS/s 

Type of sub-band 

filter 

Dolph-Chebyshev 

 

 

5.2.2 Experimental setup 

 
Fig. 5.2 represents the simplified block diagram of the optical transmitter and receiver at the back-to-

back configuration.  

 

  

 

Fig. 5.2. Experimental setup of transmitter and receiver.  
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In the optical transmitter, a distributed feedback (DFB) laser at 1551.82 nm wavelength with a 

linewidth of 1 MHz is used. The first Mach-Zehnder modulator (MZM) is driven by a 30 GHz 

electrical carrier generated from the signal generator and biased in minimum transmission point to 

suppress the optical carrier. The optical carrier suppression of about 16 dB is achieved. Thus 

modulated optical signal is then optically amplified by erbium-doped fiber amplifier (EDFA) to 

compensate the optical power loss from the first modulator. The second MZM is biased at the 

quadrature point. The second modulator is driven by an UF-OFDM signal generated from AWG 

channel. The peak-to-peak amplitude from AWG is 500 mV, and the sampling rate is 12 GS/s. The 

AWG channel output is amplified with a radio frequency (RF) amplifier before applying to the 

modulator. The RF amplifier has a gain of 25 dB. By varying input signal driving power to the second 

modulator, the optimum modulation point is determined. 

 

In the receiver, the optical signal is converted to mm-wave at 60 GHz by the fast photodiode of 70 

GHz bandwidth. The received optical power before the photodetector is 4 dBm. The generated mm-

wave signal is then amplified with the broadband amplifier of 20 dB gain which can work from 1 MHz 

to 65 GHz and mixed with an electrical LO at 63 GHz to down-convert it to an intermediate frequency 

(IF) at 3 GHz. The received IF signal is recorded with the real-time scope (RTS) for further offline 

DSP using the developed MATLAB code. 

 

5.2.3 Receiver offline processing 

 

Fig. 5.3 represents the simplified block diagram of the applied DSP at the receiver.  

 

 

Fig. 5.3. UF-OFDM signal extraction and decoding. 
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The received IF signal is captured at 20 GS/s from the real-time scope, and the spectrum of the 

received signal is shown in Fig. 5.4(a). First, the IF signal is digitally down-converted to the baseband 

signal by using an envelope detector whose output spectrum is shown in Fig. 5.4(b). After dc removal 

and after applying Butterworth low pass filter of order 4, the obtained signal spectrum is as shown in 

Fig. 5.4(c). 

 

 

 

 
 

Fig. 5.4.  Electrical spectra of the received UF-OFDM signal after (a) capturing from scope (b) envelope 

detector, and (c) low pass filter. 

 

After the above steps, the original transmitted signal is obtained with center frequency of 1 GHz. The 

transmitter and receiver symbol alignment is achieved with the cross-correlation technique [45]. 

Baseband UF-OFDM signal is extracted by down-converting it with its RF frequency of 1 GHz which 

was used in the signal generation, and then, RRC low pass filter of roll off factor 0.25 is applied as in 

the transmitter side. The produced signal is resampled at 2 samples per QAM symbol. The UF-OFDM 

decoding routines are applied as shown in Fig. 5.3 [35-37]. First, the serial sample points are converted 

into a parallel stream. After this, 2N points FFT is applied. The lower half of the inputs to the FFT is 

padded zeros due to which alternate subcarriers of FFT output corresponds to the desired output. After 

this, for each subcarrier zero forcing frequency domain equalization is applied to combat the effect of 

sub-band filtering and channel effect. Consequently, P/S conversion process is performed. The first 32 

QAM samples are used as a training signal to calculate the channel response which is used to equalize 

the signal. Furthermore, a simple 1 tap RLS equalizer with forgetting factor of 0.92 is employed to 

(a) 

(b) (c) 
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optimize the equalization process. This forgetting factor was chosen as a best value from the series of 

BER measurements. The performance of the signal is evaluated with BER measurements. 

 

5.2.4 Results and discussions  

 

Fig. 5.5 represents the measured bit error rate (BER) values at the different driving signal power. The 

BER is obtained with direct bits comparison. As shown in Fig. 5.5 for the higher values of the driving 

signal power, the BER performance is degraded due to the increment of power of the higher order 

sidebands of the modulator output that lead to harmonic distortion reducing signal to noise ratio 

(SNR). As the driving signal power is decreased the BER is degraded due to the lower modulation 

index which lowers the SNR. For the power of 3 dBm, the BER of 0.001 is obtained with 14 bits error 

out of 12288 transmitted bits. This BER can satisfy the standard forward error correction limit (FEC) 

[75]. The constellation diagram at the driving signal power of 3 dBm is also given in the inset of Fig. 

5.5. 

 
                                

Fig. 5.5.  BER versus driving signal power. 
 

 

In this experimental setup, we used a mixer, an RF amplifier and broadband amplifier which add extra 

electronics noise to the signal that reduce the SNR of the received signal. The amplifiers with better 

flatness in the frequency response can improve the results. Also, the SNR can be improved by 

employing the analog envelope detector instead of LO and mixer.         

 

5.3 Wired-wireless converged passive optical network with 

4-PAM, FBMC and UF-OFDM 
  5.3.1 Multiplexed 4-PAM, FBMC and UF-OFDM signal generation 
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The MATLAB routines are developed to generate offline 4-PAM, FBMC and UF-OFDM signals. The 

total number of bits used to generate 4-PAM signal is 32768. The sampling frequency is 12 GS/s and 

each 4-PAM symbol is upsampled with 6 samples for each 4-PAM symbol. After this, the root raised 

cosine (RRC) filter with a roll-off factor of 0.2 is used for pulse shaping. Baseband 4-PAM signal is 

generated with 1 GHz bandwidth. 

 

The DSP block diagram for generating FBMC signal is same as described in Chapter 4. The total 

number of bits used is 16384.  The sampling frequency used is 12 GS/s and each OQAM symbol is 

upsampled with 12 samples for each OQAM symbol. 4 FBMC symbols are created which form a 

bandwidth of 1 GHz. The baseband FBMC signal is up-converted to the carrier frequency of 2.2 GHz. 

 

 

The simplified DSP block diagram for generating the UF-OFDM signal is same as described in the 

previous section of this Chapter [35-37]. The total number of bits used is 12288. The sampling rate is 

12 GS/s and each QAM symbol is upsampled with 12 samples for each QAM symbol. 32 QAM 

symbols form one UF-OFDM sub-band. Total numbers of UF-OFDM sub-bands are 32. The 

bandwidth of the generated signal is 500 MHz. The baseband UF-OFDM signal is upconverted to the 

3.2 GHz carrier frequency.  

 

The 4-PAM signal is added up with UF-OFDM and FBMC signals to generate a multiplexed 

composite signal as shown in Fig. 5.6. After this, normalization and clipping are applied to maintain 

the peak-to-peak voltage amplitude at 500 mV. The gap frequency between the 4-PAM and FBMC is 

300 MHz and between FBMC and UF-OFDM is 150 MHz. These gap frequencies are taken after 

observing series of BER performance analysis in the experiment with different gap frequencies. The 

total bandwidth of the aggregated 4-PAM, FBMC and UF-OFDM signal from dc is 3.65 GHz. The 

generated offline code output is uploaded to an arbitrary waveform generator (AWG). Fig. 5.7 shows 

the offline generated spectra of the multiplexed 4-PAM, FBMC and UF-OFDM signal.  

 

 
 

Fig. 5.6. 4-PAM, FBMC and UF-OFDM signals multiplexing. 
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Fig. 5.7.  Offline generated spectra of the multiplexed  

4-PAM, UF-OFDM and FBMC signal 

 

 5.3.2 Optical transmission system 

 
Fig. 5.8 represents the simplified block diagram of the optical transmitter and receiver for the proposed 

PON setup. The setup consists of optical line terminal (OLT) and optical network unit (ONU) 

connected through an optical fiber. In the OLT, a distributed feedback (DFB) laser at 1551.82 nm 

wavelength with a linewidth of 1 MHz is used. The Mach-Zehnder modulator (MZM) is driven by a 

multiplexed composite signal generated from AWG and biased in a linear transmission point. The 

optical power in MZM is optimized with polarization controller (PC). The peak-to-peak amplitude 

from AWG is 500 mV, and the sampling rate is 12 GS/s. The AWG channel output is amplified with a 

radio frequency (RF) amplifier before applying to the modulator. The RF amplifier has a gain of 25 

dB. The used optical fiber is standard single mode fiber (SSMF) of length 25 km. In the ONU, the 

optical signal is extracted and demodulated. The received signal is recorded with the RTS of 20 GS/s 

for further offline DSP using the developed MATLAB code. 

 

 
 

Fig. 5.8. Block diagram of the PON setup with OLT and ONU. 
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 5.3.3 DSP receiver offline processing 

 

The received signal after photodetector in ONU is captured with RTS at 20 GS/s whose spectrum is 

shown in Fig. 5.9.  

 
 

Fig. 5.9. Spectrum of the signal after photodetector in the 

ONU, after 25 km fiber length. 

 

The 4-PAM, UF-OFDM and FBMC signals are extracted and demodulated separately. The transmitter 

and receiver symbol alignment is achieved with the cross-correlation technique [45]. For the FBMC, 

the signal at baseband is achieved after downconverting it with the intermediate frequency (IF) of 2.2 

GHz along with the RRC low pass filter of roll-off factor 0.2 as in transmitter side. After this, the 

resampling is applied to downsample the signal at 2 samples for each OQAM symbols.  

 

 

 

Fig. 5.10. FBMC sub-bands extraction and decoding. 

 

The FBMC decoding routines are applied as shown in Fig. 5.10, as explained in [34, 76]. The decoding 

process involves S/P conversion, analysis filter bank, FFT, OQAM-QAM conversion and P/S 

conversion. The training length of first 16 QAM samples from the synchronized FBMC signal is used 

to calculate the channel response which is used to equalize the FBMC signal. Furthermore, to optimize 

the equalization process, recursive least square (RLS) equalizer is used. The optimum value of the 
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BER and EVM was observed for 1 tap weight with forgetting factor of 0.9. After the equalization, the 

performance of the signal is evaluated with BER and EVM measurements. 

 

Fig. 5.11(a) describes the 4-PAM signal extraction and demodulation steps in ONU. Square bandpass 

filter with center frequency at 0 Hz and bandwidth of 1.2 GHz is applied to the received signal which 

extracts the two sidebands of the received 4-PAM signal as shown in Fig. 5.11(b). Thus extracted 4-

PAM signal is equalized with the 11 taps adaptive feed forward finite impulse response (FIR) 

equalizer (FFE) with least mean square (LMS) adaptation. The tap number was determined from the 

series of BER measurements. The first 64 samples of the 4-PAM signal are used as a training length 

for the adaptation of LMS algorithm. After equalization, the performance of the 4-PAM signal is 

evaluated with BER measurement. 

 

     

 

 

Fig. 5.11.  (a) 4-PAM signal extraction  and demodulation process, 

(b) Extracted 4-PAM signal. 

 

Baseband UF-OFDM signal is extracted by down-converting it with IF frequency of 3.2 GHz which 

was used in the signal generation, and then, RRC low pass filter of a roll-off factor of 0.2 is applied as 

in the transmitter side. Then, the signal is resampled at 2 samples per QAM symbol. The UF-OFDM 

decoding routines are applied as shown in Fig. 5.12 [35-37]. First, the serial stream is converted into a 

parallel stream (S/P). After this, 2N points FFT is applied. The lower half of the inputs to the FFT is 

padded zeros due to which alternate subcarriers of FFT output correspond to the desired output. After 

this, each subcarrier is equalized with zero forcing frequency domain equalizer to combat the effect of 

sub-band filtering and channel effect. Consequently, parallel to serial (P/S) conversion process is 

applied. The first 32 QAM samples are used as a training signal to calculate the channel response 

which is used to equalize the signal. Furthermore, to optimize the equalization process a simple 1 tap 

RLS equalizer with forgetting factor of 0.9 is used. Then, the performance of the signal is evaluated 

with BER and EVM measurements. 

(a) (b) 
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Fig. 5.12. UF-OFDM signal extraction and decoding. 

 

 

5.3.4 Results and discussions  

 
The variable optical power attenuator was used for varying the received optical power (ROP). The 

ROP was measured just before the photodetector.  

 

 

 
 

 

Fig. 5.13.  (a) BER comparisons for separate transmission (b) EVM comparisons of FBMC and  

UF-OFDM for separate transmission. 

 
 

Fig. 5.13(a) and Fig. 5.13(b) respectively show the BER and EVM values versus ROP. These results 

are obtained with the individual transmission of 4-PAM, FBMC and UF-OFDM signals at the fiber 

length of 25 km. As shown, FBMC shows better performance compared to 4-PAM and UF-OFDM. 

The BER of 10-3 can be obtained at ROP of -12 dBm for the case of FBMC, at -11 dBm for the case of 

UF-OFDM and at -9 dBm for the case of 4-PAM. This BER can satisfy the standard forward error 

(a) (b) 
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correction limit (FEC) [71]. This experiment achieved EVM below 12.5 % as a figure of merit as 

proposed by 3GPP LTE for 16 QAM modulation at ROP of -12 dBm for the case of FBMC, and at -

11dBm for the case of UF-OFDM. 

 

The FBMC and UF-OFDM signals are now multiplexed and the composite signal is transmitted. The 

FBMC and UF-OFDM signals are extracted separately from the received composite signal using 

square bandpass filter. The BER with ROP is evaluated as shown in Fig. 5.14(a) after 25 km fiber 

length for the extracted FBMC and UF-OFDM signals. By varying ROP, for lower values of ROP, 

both modulation schemes show the poor performance. For the ROP of -11.5 dBm, the BER of 10-3 

can be obtained for the case of FBMC and at -10 dBm for the case of UF-OFDM. Similarly, as 

shown in Fig. 5.14(b), the EVM of 12.5% is achieved at the ROP of -10 dBm and at -8 dBm for 

FBMC and UF-OFDM cases respectively. As the ROP increases the FBMC signal shows better 

performance than UF-OFDM signal. For the two signal case, the performance is slightly limited in 

comparison with individual transmission case due to the fact of the signal mixing effect that leads to 

distortion. 

 

 

 

Fig. 5.14. (a) BER comparisons for the multiplexed UF-OFDM and FBMC transmission. (b) EVM comparisons of FBMC 

and UF-OFDM for the multiplexed UF-OFDM and FBMC transmission 

 

The 4-PAM, FBMC and UF-OFDM signals are now multiplexed and the composite signal is 

transmitted. The signals are extracted separately from the received composite signal using square 

bandpass filter. The BER and EVM values with different ROP are evaluated as shown in Fig. 5.15(a) 

and Fig. 5.15(b) with 25 km fiber length for the extracted signals. By varying ROP, for lower values 

of ROP, all the modulation schemes show the poor performance. For the ROP of -11.0 dBm, the 

BER of 10-3 can be obtained for FBMC, at -9 dBm for the UF-OFDM and at -7 dBm for 4-PAM. 

Similarly, the EVM of 12.5% is achieved at the ROP of -9 dBm and -5 dBm for the FBMC and UF-

OFDM cases respectively. The constellation diagrams at the received optical power of -1 dBm for 

(a) (b) 
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both FBMC and UF-OFDM cases are also shown as insets in Fig. 5.15(b).  As the ROP increases the 

FBMC signal shows better performance than UF-OFDM and 4-PAM. The performance is limited in 

this case in comparison with the previous results, due to the fact of the signal mixing effect.  

 

 

 

 

Fig. 5.15. (a) BER comparisons for the multiplexed 4-PAM, UF-OFDM and FBMC transmission. (b) EVM comparisons of 

FBMC and UF-OFDM for the composite signal transmission. 

 

 
 

The presented results are achieved with the addition of the simple RLS based post-equalizer in the 

receiver DSP for the FBMC and UF-OFDM performance optimization. Similarly, for 4-PAM, liner 

FFE is used. CD and attenuation are the major impairments for transmitting a wireless signal through 

the fiber. The first null power point of the 5 GHz RF signal, with 18 ps/nm/km dispersion and 1551.82 

nm laser wavelength occurs at 139 km (verified through numerical simulation). In the designed signal, 

aggregate signal bandwidth from dc is 3.65 GHz and used fiber length is 25 km, thus the power fading 

effect in the received signal can be considered negligible. In this case, the major transmission 

impairments are fiber attenuation and electronics noise.  

 

5.4 Conclusions 
 
In this chapter, I designed the UF-OFDM signal and experimentally demonstrated generation of the 

UF-OFDM signal for 5G 60 GHz RoF system using two MZMs. I also showed experimentally the 

wired-wireless converged signal performance in a PON using FBMC and UF-OFDM as a wireless 

signal and 4-PAM as a wired signal. 

 

I demonstrated the the UF-OFDM signal of 3.2 Gbps data rate transmission at 60 GHz RoF system. 

The BER value of 10-3 is achieved. The measurement results satisfied the standard FEC limit. I proved 

that, due to the high suppression of out-of-band emission and better spectral efficiency, the UF-OFDM 

signal will meet the expectation for the future 5G wireless with high data rate transmission. 

(a) (b) 
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By using FBMC signal of 1 GHz, UF-OFDM of 500 MHz and 4-PAM of 1 GHz, I showed the 

performance of converged wired-wireless signal transmission in the PON. Each modulation formats 

have the bit rate of 2 Gbps and the composite signal bit rate is 6 Gbps. The narrow-band gap of 300 

MHz is used to separate the 4-PAM and FBMC and 150 MHz is used to separate the FBMC and UF-

OFDM. In the converged signal transmission scenario, the BER of 10-3 can be obtained at the ROP of -

11 dBm for FBMC, at -9 dBm for UF-OFDM and at -8 dBm for 4-PAM at 25 km fiber length between 

OLT and ONU.  The 3GPP EVM (%) limit of 12.5 % is achieved at the ROP of -9 dBm and -5 dBm 

for the 16-QAM FBMC and 16-QAM UF-OFDM respectively. 

 

For the first time, I experimentally demonstrated the simultaneous delivery of wired 4-PAM and 

wireless FBMC and UF-OFDM signals in one wavelength using one laser source for the 5G based on 

PON. I showed that the converged signals can be transmitted by satisfying standard 3GPP EVM 

percentage limit as well as standard FEC limit for few tens of km. I showed that, for the equivalent 

design parameters, the FBMC shows better performance compared to 4-PAM and UF-OFDM in both 

cases; separate transmission and composite transmission. This demonstration proved the feasibility of 

simultaneous transmission of different signals in 5G network which will be useful for multi-users and 

multi-service applications. 
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Chapter 6   Conclusions and Outlook 
 

 

 

In this thesis, the new technique of SNR improvement in RoF system using OVSB scheme is 

presented. This technique will be effective if there is a fixed fiber length and frequency. For varying 

fiber length and frequency PM index parameter has to be tuned properly to achieve maximum SNR. 

The proposed MZM and PM configuration is effective for flexibly generating various sideband 

modulation schemes which is important for future software defined radio. In this thesis, the OVSB 

system performance was evaluated with 4-QAM modulation. Since the OVSB is optical modulation 

scheme, any electrical modulation format signals can be used. This thesis deals with the evaluation of 

the OVSB performance for RF signal. It will be interesting to see the performance of the OVSB 

scheme in mm-wave frequency as well. 

 

In this thesis, the transmission and performance analysis of the potential 5G based modulation formats 

such as FBMC and UF-OFDM for mm-wave RoF system is provided. The mm-wave RoF systems are 

considered very promising solutions for wireless signal delivery in indoor environments. The results 

presented in this thesis are achieved without the use of the analog envelope detector to down-convert 

the mm-wave frequency to a baseband signal. Due to the use of a mixer, an RF amplifier and 

broadband amplifier which add extra electronics noise to the signal that reduces the SNR of the 

received signal. SNR can be improved by employing the analog envelope detector instead of LO and 

mixer. The amplifiers with better flatness in the frequency response can improve the results. The 

presented results are for without wireless channel transmission. It would be interesting to analyze the 

performance by adding the wireless transmission after the photodetector using antennas. 

 

Also the thesis presents the experimental demonstration of the 4-PAM as a wired and FBMC and UF-

OFDM as a wireless multiplexed signal transmission for 5G PON. Very interesting results are 

achieved. These experiments can be extended to optimize the various system design parameters such 

as gap frequency between signals, maximum achievable bit rate, bandwidth, fiber length etc. The 

results presented in this thesis will be quite useful for mobile/wireless companies.  
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New scientific results -theses 

 

In the following paragraphs brief description of the major theses presented on this thesis book is given.  

 

I thesis: 

 
To achieve the 5G deployment goal with RoF technology, the realization of high SNR of the received 

signal and support of higher order vector modulation formats are important issues. The maximization 

of the SNR in OSSB scheme can be achieved by OVSB scheme. OVSB scheme enhances the strength 

of the received signal as well as balances the intensities of the generated harmonic components to 

minimize the distortion, which improves the system performance. In this thesis, I proposed the OVSB 

scheme for improving SNR in RoF system. I applied alternative technique of cascaded modulators to 

generate OVSB scheme and evaluated the performance of this scheme with the conventional schemes. 

 

I proposed the series MZM and PM configuration to generate OVSB scheme. I provided the analytical 

expression of series MZM and PM configuration for the generation of OSSB and OVSB schemes. 

Also, I studied the behavior of the harmonics’ power for MZM and series MZM and PM for various 

fiber lengths by numerical simulations. I demonstrated that, second order harmonics is a major 

harmonic distortion contributor in the single MZM case. Third order harmonic has a higher level of 

power in the proposed series MZM and PM configuration compared to single MZM case. However 

still second order distortion dominates in the system. 

 

I showed that the performance of OVSB scheme in RoF system is better than the OSSB scheme if 

proper PM index is selected. Also, I showed that the series MZM and PM configuration is flexible 

method to generate various modulation schemes. The proposed method doesn’t require an additional 

optical amplifier and doesn’t require an optical filter to suppress sideband power. One can flexibly 

change between ODSB, OSSB and OVSB schemes just tuning the PM index and without the use of 

optical filter, which is very important for future software defined radio.    

 

Related own publications: J3, C3, C4 and C5. 
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II thesis: 
 

FBMC modulation format is considered as a potential candidate for future wireless 5G due to its 

feature of high suppression for out-of-band emissions, which allows combining multiple sub-bands 

with very narrow band-gaps, and hence increasing the overall of the wireless transmission capacity. In 

this thesis, I designed the multi-sub-bands FBMC signal and experimentally demonstrated the high bit 

rate signal transmission of multi sub-bands FBMC signals at mm-wave for RoF system. Also, I 

demonstrated through numerical simulation, the performance of the wired-wireless converged PON 

using 4-PAM as a wired signal and FBMC as a wireless signal. 

 

The demonstrated results satisfied standard 3GPP LTE EVM percentage limit as well as forward error 

correction (FEC) limit. The demonstrated data rates are the highest data rate achieved so far found in 

the literature for mm-wave RoF systems. Due to the high suppression of out-of-band emission, I 

believe that the multiplexed FBMC sub-bands will meet the expectation for the future 5G wireless 

with high data rate transmission for multi-user, and multi-bands wireless services feasibility. 

 

In this thesis, for the first time; I proposed and demonstrated by numerical simulation the simultaneous 

delivery of wired 4-PAM and wireless multi-sub-bands FBMC signals in one wavelength using one 

laser source for the future 5G PON. The converged signal can be transmitted with BER of less than 

standard FEC limit for the few tens of km. I showed by simulation that, FBMC is more affected by the 

laser linewidth and the interference effect compared to 4-PAM in the converged signal transmission 

scenario. Also, due to the double bandwidth efficiency of the 4-PAM, it will be attractive candidate 

compared to conventional OOK in baseband signal transmission scenario.  

 

Related own publications: J2, J4, C2. 

 

 

III thesis: 
 

UF-OFDM modulation format is considered as a potential candidate for future wireless 5G due to its 

features of better spectral efficiency and lower spectral side lobes compared to the cyclic prefix OFDM 

(CP-OFDM). In this thesis, I designed the UF-OFDM signal and experimentally demonstrated the 

generation of the UF-OFDM signal for 5G mm-wave RoF system. I also showed experimentally the 

wired-wireless converged signal performance in a PON using FBMC and UF-OFDM as a wireless 

signal and 4-PAM as a wired signal. 
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I experimentally demonstrated the UF-OFDM transmission at 60 GHz in a RoF system by employing 

two MZMs. The measurement results satisfied the standard FEC limit. I proved that, due to the high 

suppression of out-of-band emission and better spectral efficiency, the UF-OFDM signal will meet the 

expectation for the future 5G wireless with high data rate transmission. 

 

For the first time, I experimentally demonstrated the simultaneous delivery of wired 4-PAM and 

wireless FBMC and UF-OFDM signals in one wavelength using one laser source for the 5G based 

PON. I showed that the converged signals can be transmitted by satisfying standard 3GPP EVM 

percentage limit as well as standard FEC limit for few tens of km. I showed that, for the equivalent 

design parameters, the FBMC shows better performance compared to 4-PAM and UF-OFDM in both 

cases; separate transmission and composite transmission. This demonstration proved the feasibility of 

simultaneous transmission of different signals in 5G network which will be useful for multi-users and 

multi-service applications. 

 

Related own publications: J1, C1 
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Abbreviations  
 

 

4-PAM 4-pulse amplitude modulation 

AFB  Analysis filter bank 

AWG  Arbitrary waveform generator 

BER  Bit error rate  

BW  Bandwidth 

CD   Chromatic dispersion  

CP   Cyclic prefix  

CNR  Carrier to noise ratio 

CS  Central station 

DFB  Distributed feedback laser 

DM/DD Direct modulation direct detection  

DMZM Dual electrode Mach Zehnder Modulator 

DSP   Digital signal processing  

EDFA  Erbium doped fiber amplifier 

ESA  Electrical spectrum analyzer 

EVM  Error vector magnitude 

FBG  Fiber Bragg grating  

FBMC  Filter bank multicarrier 

FDE   Frequency domain equalization  

FEC  Forward error correction 

FFE   Feed forward equalizer  

FFT   Fast fourier transforms  

FIR  Finite impulse response 

GFDM  Generalized frequency division multiplexing 

HD  Harmonic distortion 

ICI   Inter carrier interference  

IFFT   Inverse fast fourier transform  

ISI   Inter symbol interference  

LD  Laser diode 

LSB  Lower sideband  

LTE  Long term evolution 

LMS  Least mean square 
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LO  Local oscillator 

LoS  Line of sight 

MZM   Mach-Zehnder modulator  

OCS-DSB Optical carrier suppressed double sideband 

OCSR  Optical carrier to sideband ratio 

ODSB  Optical double sideband modulation 

OFDM  Orthogonal frequency division multiplexing  

OLT  Optical line terminal 

ONU  Optical network unit 

OOB  Out of band emission 

OOK  On-off keying 

OSA  Optical spectrum analyzer 

OSSB  Optical single sideband modulation 

OVSB  Optical vestigial sideband modulation 

OQAM Offset-quadrature amplitude modulation 

PAM  Pulse amplitude modulation 

PD  Photodiode 

PM  Phase modulator 

PMD  Polarization mode dispersion 

PSK  Phase shift keying 

PON   Passive optical network  

QAM   Quadrature amplitude modulation  

QPSK  Quadrature phase shift keying 

RAU  Radio access unit 

RF  Radio frequency 

RIN   Relative intensity noise  

RLS  Recursive least square 

RoF  Radio over fiber 

ROP  Received optical power 

RRC  Root raised cosine 

RTS  Real time scope 

Rx  Receiver 

SCM   Subcarrier multiplexing 

SER  Symbol error rate  
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SFB  Synthesis filter bank 

SMF   Single mode fiber  

SNR   Signal to noise ratio 

Tx  Transmitter 

UF-OFDM Universal filtered orthogonal frequency division multiplexing 

VSA  Vector signal analyzer 
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नेपालीमा साराांश 

 

आजभोली बढी ब्यान्डविड्थ आबश्यक पने इलेक्ट्र ोवनक साधन तथा एप्लिकेसन हरु जसै्त स्मार्ट फोन, वभवडओ प्लरर वमांग, क्लाउड 

कमु्पवर्ांग आवि को अत्यावधक प्रयोग बढ्िै गैरहेको छ, जसले गिाट भवबस्य को सविटस प्रिायक नेर्िकट  हरु अत्यनै्त बढी बेग मा 

चल्ने गरर विकास गनुट पने हुन्छ। पााँचौ जेनेरेसन (5G) को वसरम ले प्रयोगकताट हरुलाई िाइलेस (तार रवहत)  डार्ा  बेग १-१० 

Gbps उपलब्ध गराउने लक्ष्य राखेको छ। यो लक्ष्य प्राप्लि को लावग धेरै अनुसन्धान हरु वबवभन्न विसामा भैरहेका छन्।  

 

मेरो अनुसन्धान कसरर सेलुलर वसरम को क्षमता बढाउन सवकन्छ भने्न कुरा मा केप्लित छ। थेवसस को विकास, वसधान्त हरुको  

अध्ययन, नुमेररकल प्रमाणीकरण तथा प्रयोगात्मक प्रमाणीकरण जस्ता तररका हरुबार् गररएको छ। यो थेवसस मा मैले मुख्य गरेर ३ 

िर्ा कुरा लाइ ध्यान विएर गरेको अनुसन्धान को पररणाम बणटन गरेको छु।  

 

पवहलो, अविकल प्रवबवध प्रयोग गरेर कसरर ररसीिर मा प्राि हुने वसग्नल को क्षमता बढाउन सवकन्छ भने्न कुरामा मा सम्बप्लन्धत छ। 

यसमा मैले साइडब्याण्ड तररका जसलाई हामी भेरीवजअल साइडब्याण्ड भने्न गछौ, प्रयोग गनट सवकने कुरा प्रमावणत गरेको छु। यो 

तररकाले समकालीन अरु तररका ले भन्दा राम्रो काम्याबी विएको छ। 

 

िोश्रो, वबवभन्न अनुसन्धान कताट ले प्रपोज गरेका, 5G को लावग उपुक्त ठावनएका नया वडवजर्ल मोडुलेसन फमाटर् हरु को  

परफरमेन्स को अध्ययन सांग सप्लम्बप्लन्धत छ। मैले FBMC तथा UF-OFDM जस्ता वडवजर्ल मोडुलेसन फमाटर् हरुको वमवलमीर्र िेि 

आबृवत मा अविकल प्रवबवध बार् प्रसारण गरर अध्ययन गरेाँ। यी मोडुलेसन फमाटर् हरु मा सब क्याररअर मप्लििेप्लसांग रे्प्लिक 

प्रयोग गरर १-१२ Gbps डार्ा प्लिड मा प्रसारण गनट सवकने कुरा को  प्रयोगात्मक प्रमाणीकरण गरेाँ । 

 

तेस्रो, िाइलेस र िाइडट (तार रवहत र तारयुक्त) 5G वसग्नल हरु कसरर एकै अविकल फाइबर बार् एकै साथ पठाउन सवकन्छ भने्न 

सांग सम्बप्लन्धत छ। यसको लावग धेरै बेग को तारयुक्त ४-PAM वसग्नल (2 Gbps) र तार रवहत FBMC (2 Gbps) र UF-OFDM (2 

Gbps) वसग्नल हरु एकै साथ,  केवह वकलोमीर्र  सम्म पठाई , वतनी हरुको प्रयोगात्मक परफरमेन्स अध्ययन गरेाँ। अध्ययन ले वय 

वसग्नल हरु एकै साथ केवह वकलोमीर्र िुरी सम्म केवह Gbps बेगमा पठाउन सवकने कुरा लाइ प्रमावणत गयो। 

 

 

 

 

                                                              

 

 

 

 

 



Photos of some lab equipment and setup: 

 
A) Equipment used in FBMC mm-wave transmission experiment  

 

              

  

                                                                        

 

  

a) Arbitrary waveform generator (Tektronix AWG70001A) 

b) Optical spectrum analyzer (APEX AP2050A) 

c) Real time scope (TELEDYNE LELROY 36 GHz, 80 GS/s) 

Other equipment: 

RF amplifier: picosecond 5865 amplifier 

Optical bandpass filter: (OBPF): Newport TBF-1550-1.0 

External cavity laser (ECL): Keysight 81940A  

Photodiode:  u2t XPDV2320R-VF-FP 

Local Oscillator (electrical): Keysight E8257D 250 kHz- 67 GHz 

IF amplifier: (Microsemi AML618P3502-BT

(a) (b) 

(c) 



 

B) Lab set up of wired-wireless converged PON 

 

 

 

 

Equipment: 

Arbitrary waveform generator (AWG): Tektronics AWG 7122B, 12GS/s 

 

RF Amplifier: Miteq LNA AFS42-00101800-25-10P-42 

 

Laser: Mitsubishi DFB Laser diode module, Model: FU-68PDF-5M63A 

 

MZM: Sumitomo Osaka Cement Co.,Ltd., Optical INtensity Modulator T-DEH1.5-20-ADC 

 

Photodiode: Finisar XPDV3120R 

 

Oscilloscope: Agilent 54855A Infiniium Oscilloscope 
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Abstract: Filter bank multicarrier (FBMC) modulation format is considered as a potential candidate for future wireless 

5G due to its feature of high suppression for out-of-band emissions, which allows combining multiple sub-bands with very 

narrow band-gaps, and hence increasing the overall of the wireless transmission capacity. In this paper, we experimentally 

demonstrate the generation of multi sub-bands FBMC signals at millimeter-wave (mm-wave) for radio-over-fiber (RoF) 

system. The designed multi sub-bands FBMC system consists of 5 sub-bands of 800 MHz with an inter sub-band gaps of 

781.25 kHz. The composite 5 sub-bands FBMC signal is generated with no band-gap between dc to the first sub-band to 

preserve the bandwidth of the system. Each FBMC sub-band consists of 1024 sub-carriers and is modulated with 

uncorrelated data sequences. The aggregate FBMC signal is carried optically by externally modulating a free running laser 

and converted to millimeter waves (mm-waves) by photomixing with another free running laser at a frequency offset of 

53 GHz. At the receiver, the received electrical mm-wave signal is down-converted to an intermediate frequency (IF) and 

then post-processed using digital signal processing (DSP) techniques. With the use of the simple recursive least square 

(RLS) equalizer in the DSP receiver, the achieved aggregate data rate is 8 Gbps and 12 Gbps for 16 quadrature amplitude 

modulation (QAM), and 64 QAM, respectively with a total bandwidth of 4.2 GHz. The system performance is evaluated by 

measuring error vector magnitude (EVM) and bit error rate (BER) calculations. 
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1. Introduction 

The frequency bands at higher carrier frequencies such as millimeter-wave (mm-wave) are considered as an alternative 

solution to overcome the problem of frequency congestion of the current wireless transmission system. Future wireless 5G 

networks are expected to provide 1-10 Gbps wireless access to the end users [1- 3]. The multicarrier system is a potential 

solution to increase the spectral efficiency in future radio over fiber (RoF) systems. One of the heavily studied modulation 

format in multicarrier system is orthogonal frequency division multiplexing (OFDM) because of its merits of better spectral 

efficiency and robustness to the linear optical impairments such as chromatic dispersion (CD) [4]. However, OFDM 

modulation requires cyclic prefix (CP) in the overhead to reduce the inter symbol interference (ISI) and inter carrier 

interference (ICI), which reduces the spectral efficiency. Moreover, the large out of band emission of the OFDM 

subcarriers requires large guard bands in the multi sub-bands system. These problems can be overcome through filter bank 

multicarrier (FBMC) system [5, 6]. The side lobe suppression of FBMC is about 40 dB in comparison with OFDM which 

is only about 13 dB [7]. Furthermore, FBMC does not need to include CP for each symbol due to the combining features of 

FBMC prototype filters and the use of offset quadrature amplitude modulation (OQAM) scheme. In consequence, this leads 

to increase the bandwidth efficiency and enables the asynchronous carrier aggregation [5-8]. 

    FBMC based passive optical network (PON) was experimentally demonstrated in [9]. The performance comparison of 

OFDM and FBMC carrier aggregated signals at mm-wave frequencies was recently studied with the aggregated bandwidth 

of less than 1.5 GHz [7, 8]. These demonstrations show that the FBMC outperforms the OFDM for equivalent design 

parameters. Adaptively modulated FBMC was also demonstrated in the wired-wireless converged network with the 

aggregated bandwidth of 1.5 GHz [10]. The future 5G RoF systems should be capable of supporting multi sub-bands and 

multi services in radio signals to keep the compatibility with the current legacy wireless services [11-15].  All of the above 

mentioned demonstrations of FBMC based multiple sub-band signals for mm-wave transmission are dealt with sub-band 

bandwidth of less than 220 MHz and aggregate bandwidth of less than 1.5 GHz, and hence low overall data rate. In this 

paper, we experimentally demonstrate 5 FBMC sub-bands of 800 MHz with an aggregate bandwidth of 4.2 GHz at mm-

wave in a RoF system. The signal with 5 FBMC sub-bands is generated with no bandgap between dc to first sub-band 

which preserves the bandwidth of the system. Each FBMC sub-band signal is fed with uncorrelated data sequences and 

separated with a narrow bandgap of 781.25 kHz between the sub-bands. At the receiver, the FBMC sub-bands are extracted 

and demodulated by using digital signal processing (DSP) techniques. The aggregate data rate of 8 Gbps and 12 Gbps is 

achieved with 16 QAM, and 64 QAM, respectively. The performance is optimized with the use of recursive least square 

(RLS) equalizer.  

The rest of the paper is organized as follows. In section 2, the description of the FBMC multi-sub-bands signal 

generation method is given. In section 3, the implemented system model of optical transmission setup is described. Section 

4 presents the signal processing methods for received mm-wave multi-sub-band FBMC signal extraction and demodulation. 

Section 5 illustrates the experimental results and discussion of the multi sub-band FBMC signals performance. Finally, 

section 6 concludes the paper. 

 

2. Multi-sub-bands FBMC signal generation 

In the FBMC system, a set of parallel symbols are transmitted through a bank of modulated filters, called synthesis filter 

bank (SFB) and in the receiving side the data symbols are recovered through a bank of matched modulated filters called 

analysis filter bank (AFB). Each filter in SFB and AFB is based on the specially designed prototype filter. The structure of 

OFDM and FBMC are similar but the differences lie in the choice of prototype filter and the choice of symbol time 

spacing. In OFDM, prototype filter is a rectangular window with the amplitude of 1 which results in large magnitude 

sidelobes but in the case of FBMC, it is specially designed to reduce the sidelobes in large extent. In FBMC system, the 

duration of prototype filter is chosen to be integer multiples of symbol time spacing, which causes successive symbol

http://www.ict-phydyas.org/


overlapping. To maintain the orthogonality the concept of OQAM can be used. OQAM modulation can be realized from 

QAM modulation by making the adjacent symbols delayed with half symbol period offset [5, 16]. 

    Fig. 1(a) shows the simplified DSP block diagram for generating a single sub-band FBMC signal. The MATLAB 

routines are developed to generate offline code for a single sub-band FBMC signal [7, 16].   First, the input data stream is 

mapped into M-QAM format, and then it is converted from serial to parallel (S/P) streams.  Then, the QAM symbols are 

converted into OQAM symbols by making the adjacent symbols delayed with half symbol period offset. After this, the 

inverse fast Fourier transform (IFFT) is applied to convert the OQAM symbols into time domain symbols. In our design, 

each subcarrier is filtered with a well-designed prototype filter with 4-tap length that can suppress the subcarrier side lobes 

around 40 dB, called synthesis polyphase filtering (SPF) [16]. After the parallel to serial (P/S) conversion process, root 

raised cosine (RRC) filter with a roll off factor of 0.3 is applied to optimize the signal to noise ratio (SNR). Then, the 

baseband FBMC signal is digitally upconverted to a selected sub-band intermediate frequency (IF). The same process is 

applied for all other FBMC sub-bands, and then combined together to generate a composite signal of 5 FBMC sub-bands as 

shown in Fig. 1(b). After this, normalization and clipping are applied to maintain the peak-to-peak voltage amplitude at 500 

mV. Thus, the generated code output is uploaded into an arbitrary waveform generator (AWG). 

 

 
  

Fig. 1. Functional block diagram of (a) a single FBMC signal generation, and (b) composite FBMC signal of 5 sub-bands. 

The designed parameters for the multi sub-band FBMC signals are given in Table 1. The sampling frequency is 40 GS/s 

and each OQAM symbol is up sampled with 50 samples. The size of IFFT/FFT is 1024. Each FBMC sub-band has a 

bandwidth of 800 MHz. The total bandwidth of the composite 5 sub-band FBMC signals is about 4.0031 GHz with an inter 

sub-bandgap of 781.25 kHz. Due to the RRC roll-off factor of 0.3, the bandwidth broadens to 4.2431 GHz. Fig. 2 shows 

offline generated composite 5 sub-band FBMC signals with bandwidth assignments for each sub-band. The FBMC sub-

bands are digitally up-converted to 520 MHz, 1.3208 GHz, 2.1216 GHz, 2.9293 GHz and 3.723 GHz. The time window of 

a single sub-band and 5 sub-bands signal is identical and equal to 12.8 µs. For the 16 QAM case, 102,400 bits are used and 

for 64 QAM case 153,600 bits are used. 

 

 

Fig. 2. Electrical spectrum of offline generated 5 sub-bands FBMC signal. 

 
Table 1. Design parameters of multi sub-band FBMC signal generation 

 

Parameters Values Parameters Values 

Modulation format 16QAM 64QAM Sub-bands spacing 781.25 kHz 

No. of bits 102400 153600 One sub-band BW 800 MHz 

Bit rate 8 Gbps 12 Gbps Multi sub-bands BW 4.2431 GHz 

Sampling frequency 40 GS/s Time window 12.8 µs 

No of sub-bands 5 RRC roll off 0.3 



3. Experimental setup  

 

Fig. 3 represents the simplified block diagram of the optical transmitter and receiver at the back-to-back configuration. In 

the optical transmitter, a distributed feedback (DFB) laser at 1553.73 nm wavelength with a linewidth of 10 kHz is used to 

feed the intensity modulator (IM). The IM is a chirp-less modulator with half wave voltage of 7.0 V and biased at the 

quadrature point. The IM is driven by an amplified 5 FBMC sub-bands signal generated from AWG channel. The peak-to-

peak amplitude from AWG is 500 mV, and the sampling rate is 40 GS/s. Then, it is amplified with radio frequency (RF) 

amplifier to 4.4 V before applying to IM. The modulated optical signal is then optically amplified by erbium doped fiber 

amplifier (EDFA) and filtered by 1 nm optical band pass filter (OBPF) to remove the amplified spontaneous emission 

(ASE) noise. After that, the amplified optical signal is coupled with a free running external cavity laser (ECL) using a 3 dB 

coupler. The optical spectrum of the generated signal is given in Fig. 3 as an inset figure. The separation of the two free 

running lasers is adjusted to be 53 GHz by tuning the ECL wavelength to a wavelength of 1553.30 nm. In the optical 

receiver, the combined optical signal is converted to mm-wave at 53 GHz by fast photodiode of 70 GHz bandwidth. The 

generated RF signal is then mixed with an electrical LO at 41.5 GHz to down-convert it to an intermediate frequency (IF) at 

11.5 GHz. The received IF signal is amplified by an RF amplifier, and then recorded with the real-time scope (RTS) for 

further offline DSP using the developed MATLAB code. 

 

 
 

Fig. 3. Experimental setup for multi FBMC sub-bands transmitter and receiver. The inset figure is the optical spectrum of the mixed 

optical signals at the OSA. 

 

4. DSP receiver offline processing 

Fig. 4 represents the simplified block diagram of the applied DSP at the receiver. The received IF signal is captured at 40 

GS/s from the real-time scope, and the spectrum of the received signal is shown in Fig. 5(a). First, the IF signal is filtered 

by square bandpass filter which extracts the two sidebands of the received signal as shown in Fig. 5(b). The signal is then 

digitally down converted to the baseband signal by using an envelope detector as shown in Fig. 5(c). After low pass filter, 

the signal spectrum is obtained as shown in Fig. 5(d).  

 

 
 

Fig. 4. Digital signal processing to recover and demodulate the received multi sub-band FBMC signals 

The transmitter and receiver symbol alignment is achieved with the cross-correlation technique. Each FBMC sub-band 

is extracted by down-converting it with its corresponding IF frequency used in the signal generation, and then RRC low 

pass filtering is applied. The produced signal is resampled at 2 samples per OQAM symbol. The FBMC decoding routines 

are applied as shown in Fig. 4 [7, 16]. First, the serial sample points are converted into parallel stream. After this, the same 

prototype filter as used in FBMC coding side is applied in each subcarrier, called analysis poly-phase filtering (APF). 

Consequently, FFT, OQAM to QAM conversion, and P/S conversion processes are performed. The first 16 QAM samples



from each sub-band are used as a training signal to calculate the channel response which is used to equalize the signal. 

Furthermore, a simple 1 tap recursive least square (RLS) equalizer with forgetting factor of 0.92 is employed to optimize 

the equalization process. Then, the performance of the signal is evaluated with EVM and BER calculations. 

 

 
 

Fig. 5.  Electrical spectra of the received composite 5 FBMC sub-bands signal after (a) IF amplifier, (b) bandpass filter, (c) 

envelope detector, and (d) low pass filter. 
 

5. Results and discussions 

Fig. 6(a) represents the calculated error vector magnitude (EVM) values of 16 QAM (8 Gbps) and 64 QAM (12 Gbps) of 

the composite 5 sub-bands FBMC signal in terms of the received optical power. Fig. 6(b) represents the corresponding bit 

error rate (BER) values at the same received optical power. As shown in Fig. 6(a), for the case of 64 QAM modulation 

order, EVM values are slightly higher in comparison with 16 QAM modulation order. For the received optical power of 2.5 

dBm, the BER of 16 QAM is 8×10-5 and 64 QAM is 4×10-3. The constellation diagrams at the received optical power of 2.5 

dBm for both 16 QAM and 64 QAM cases are also shown as insets in Fig. 6(b). This experiment achieved EVM below 

12.5 % for 16 QAM and 8% for 64 QAM as a figure of merit as proposed by 3GPP LTE [17]. These limits were achieved 

for received optical power of -1.5 dBm and 2.5 dBm for 16 QAM and 64 QAM, respectively. 

 
 

Fig. 6. (a) EVM and (b) BER performances versus ROP for 5 sub-bands FBMC signal. Inset figures are the constellations of 
16QAM and 64QAM for ROP of 2.5 dBm. 

 

Fig. 7(a) and 7(b) represent the calculated error vector magnitude (EVM) values of 16 QAM (8 Gbps) and 64 QAM 

(12 Gbps) cases for each sub-bands at different received optical powers. The obtained results were measured without the 

baseband gap between the dc to the first sub-band to preserve the bandwidth efficiency of the system. Due to the square law 

envelope detection process the signal to signal beating interference (SSBI) occurs. The SSBI term appears adjacent to the 

dc and interferes with the low frequency signal term close to dc. To avoid the effect of SSBI, it is required to keep certain 

frequency gap between dc to first sub-band but this reduces the bandwidth efficiency. Another approach is to use SSBI 

mitigation using DSP techniques that can improve the system performance as well as preserve the bandwidth of the system 

[18]. Without using SSBI mitigation techniques, the BER in the order of 10-3 for 12 Gbps data rate and in the order of 10-5 

for 8 Gbps data rate were achieved at the bandwidth of 4.2 GHz.



 

 

Results show that to achieve the 3GPP LTE EVM percentage limit for the case of 8 Gbps, -1.5 dBm of received optical 

power is required and for the case of 12 Gbps, 2.5 dBm is required. In this setup, we used a mixer and an RF amplifier at 

the IF frequency which reduce the SNR of the received signal.   
  
                

 
 

Fig. 7. EVM performances of each sub-band FBMC signal for (a) 16 QAM (b) 64 QAM. 
 

    The presented results are achieved with the addition of the simple RLS based post equalizer in the receiver DSP. 

Chromatic dispersion and attenuation are the major impairments for transmitting wireless signal through the fiber. In this 

experiment, the FBMC signal has been modulated only to one of the optical carrier and photo-mixed with unmodulated 

optical carrier spaced by 53 GHz. In this setup, the received signal power fading effect will be very low or negligible since 

power fading effect occurs only to the RF FBMC signal which is less than 5 GHz. The first null power point of the 5 GHz 

RF signal, with 18 ps/nm/km dispersion and 1553 nm laser wavelength occurs at 138 km. If we consider the fiber loss of 

0.2 dB/km and 15 km fiber length, there will be very negligible power fading effect due to CD but the optical power loss 

will be 3 dB. In this case, the signal with 16-QAM (8 Gbps) data rate, at the fiber length of 15 km can be used by fulfilling 

the requirement of 3GPP LTE EVM percentage limit. 

6. Conclusions  

In this paper, we experimentally demonstrated 5 FBMC sub-bands signal of 800 MHz bandwidth per FBMC sub-band and 

total bandwidth of 4.2 GHz at the data rate of 8 Gbps and 12 Gbps in the radio over fiber system. The composite 5 FBMC 

sub-bands signal was designed without bandgap between the dc to the first sub-band to preserve the bandwidth of the 

system. The BER values of 8×10-5 for 8 Gbps case using 16 QAM and 4×10-3 for 12 Gbps case using 64QAM are achieved 

for the received optical power of 2.5 dBm. Due to the high suppression of out-of-band emission, we believe that the 

aggregated FBMC sub-bands will meet the expectation for the future 5G wireless with high data rate transmission for 

multi-user, and multi-bands wireless services feasibility. 
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Abstract. The optical single sideband (OSSB) scheme is a common 

choice in radio over fiber system for compensating chromatic 

dispersion (CD) but it suffers from low signal to noise ratio (SNR). 

We present the novel technique for SNR improvement using unequal 

sideband intensity based modulation scheme, we name it optical 

vestigial sideband modulation scheme (OVSB). To analyze such 

scheme we use the series Mach-Zehnder modulator (MZM) and phase 

modulator (PM) configuration. In this configuration by operating 

MZM at quadrature point and properly tuning the PM index the 

individual intensity of the first order sidebands and higher order 

harmonics can be controlled independent to each other. The optimum 

operating point of PM for maximizing the SNR can be identified by 

reducing the harmonic distortion and increasing the first order 

sidebands power. We experimentally validated the proposed OVSB 

scheme generation method and provide its theoretical proof. We 

evaluate the symbol error rate (SER) performance using 4QAM 

signal for OSSB and OVSB and show the improved performance of 

OVSB scheme compared to OSSB scheme. We also discuss the 

harmonic distortion behavior of the series MZM and PM 

configuration. 

Keywords 

Optical-wireless, optical single sideband, optical 

vestigial sideband, radio over fiber, signal to noise 

ratio  

I. INTRODUCTION 

In radio over fiber (RoF) system a baseband signal 

upconverted with radio frequency (RF) carrier modulates 

the optical carrier and is transmitted through a low loss and 

huge bandwidth optical fiber. RoF links have the ability to 

deliver RF signals into remote cells without significant 

degradation of the transmitted qualities such as RF, 

modulation formats etc. RoF technology allows small cell 

deployment in the remote area offering Gbps wireless 

access and makes the network simple and scalable. The 5G 

deployment goal by 2020 is to provide 1-10 Gbps wireless 

signal for the end user [1, 2]. To achieve the 5G 

deployment goal, realization of high signal to noise ratio 

(SNR) of the received signal is one of the important issues.   

During the process of electrical to optical conversion 

(E-O), the optical carrier is intensity modulated and optical 

sidebands are created. Optical double sideband (ODSB), 

optical single sideband (OSSB) and optical carrier 

suppressed double sideband (OCS-DSB) schemes are the 

major sideband modulation schemes in RoF technology.  

The choice of these sideband modulation schemes for any 

RoF system depends on the capacity and minimum reach 

that RoF system requires to fulfill. When the ODSB 

modulated RF signal is transmitted via optical fiber, each 

sidebands travel at different velocities. So, different 

sidebands will arrive at the receiver at different times 

thereby changing the phase relationship between sidebands. 

If the sidebands experience a total phase difference of 180˚ 

relative to the optical carrier the RF signal will  vanish [3, 

4]. Depending on the amount of phase shifts due to 

chromatic dispersion (CD), cyclic power fading of the 

detected RF signal occurs. Thus, the ODSB scheme is not 

suitable for a high frequency and long reach RoF system; if 

the constant received signal power is important for wide 

range of frequencies. OSSB and OCS-DSB are the 

preferred schemes in terms of compensating CD. The OCS-

DSB scheme cannot be used for vector signal transmission 

because it doubles signal frequency, phase and phase noise 

at the receiver. As a consequence the transmitted signal 

will appear modified as well as distorted when detected by  

the receiver [5]. OSSB scheme can deliver the vector signal 

without modification of the sent signal however suffers 

from serious SNR degradation due to the strong dc 

component present in the detected signal.  

To maximize the SNR of the OSSB based RoF link, the 

optimization of optical carrier to sideband ratio (OCSR) at 

0 dB is important [6, 7]. Generally, to generate the OSSB 

scheme either an electro optic modulator along with an 

optical filter, or a dual electrode modulator (DMZM) is 

used [8, 9]. With optical filter method to maximize SNR, 

the optical carrier power has to be attenuated using tunable 

optical filter to make it equal to sideband power. Similarly, 

to achieve OCSR = 0 dB in DMZM method it is required to 

change the bias voltage of the modulator. The DMZM 

consists of the MZM and PM in parallel [10]. By changing 

the bias voltage of DMZM for OCSR = 0 dB operation, the 



 

 

internal MZM goes in nonlinear region of MZM transfer 

curve, ultimately reducing the SNR. Additionally, optical 

band pass filter is required to suppress undesired harmonics 

generated from the nonlinear region operation. In the 

DMZM method, if the MZM is operated in linear region, to 

make optical carrier power and sideband power equal for 

OCSR = 0 dB condition, additional tunable optical filter is 

required to suppress the optical carrier. Thus, optical 

amplifier is also required to enhance the optical power. 

Another approach of operating at OCSR = 0 dB has  been 

demonstrated in [11] using a strong optical injection locked 

laser. This method requires two lasers and precise 

measurements.  

By considering all the above mentioned complexities to 

enhance the SNR in the RoF systems, we propose to use 

the unequal sideband intensity based scheme, we name it 

vestigial sideband modulation scheme (OVSB). To analyze 

this scheme, we use the series MZM and PM configuration 

based sideband generation method [12]. In this method the 

SNR can be optimized by properly controlling the 

intensities of the first order sidebands  named as upper 

sideband (USB) and lower order sideband (USB)and higher 

order harmonics.  The signal power can be increased 

through the use of partially suppressed first order sidebands 

and the harmonic distortion can be reduced by reducing the 

harmonics’ power. These effects can be realized by 

properly tuning the PM index in series MZM and PM 

configuration. The choice of the proper modulation 

parameters can cancel the CD effect as well as enhances 

the SNR.  

This paper is organized as follows. In section 1.1 we 

will show the generation method of the OVSB and OSSB 

scheme using the series MZM and PM configuration. Also, 

we describe how OVSB method is advantageous to 

optimize the SNR of the link in comparison to the OCSR = 

0 dB method of [6, 11]. Section 2 gives the clear analytical 

description on the OSSB and OVSB generation method 

using the series MZM and PM configuration. This section 

also describes the major transmission impairments 

associated with RoF systems. Section 3 provides the 

experimental validation of the proposed OVSB generation 

method. Section 4 presents by numerical simulation the 

improved performance of OVSB scheme compared to 

OSSB scheme for series MZM and PM configuration. 

Section 5 concludes the paper. 

A. Proposed Method for Generation of OVSB Scheme 

The proposed method of generating OVSB scheme 

using series MZM and PM configuration is shown in Fig. 

1.  

 

Fig. 1. The functional block diagram for generation and 
performance analysis of the proposed OVSB scheme 

with OSSB scheme. OSA= optical spectrum analyzer, 

ESA: electrical signal analyzer. 

 

Since the proposed configuration does not require an 

optical tunable filter, the problems of a filter method like 

filter instability and precise frequency tuning are avoided. 

Also, PM does not require a bias voltage, so it is less 

affected by environmental fluctuations. With the proposed 

series configuration of MZM and PM, it allows to choose 

the MZM and PM parameters independent to each other. In 

the proposed scheme, the MZM can be operated in a linear 

region of the MZM transfer curve and only PM index can 

be tuned. By tuning the PM index, each first order 

sideband’s intensities (USB and LSB) can be controlled 

independently and OVSB scheme can be generated. The 

maximization of the SNR can be done by employing 

unequal sideband intensities in which one of the sideband 

is not suppressed completely to enhance the signal power 

unlike in the case of OSSB. The undesired higher order 

sideband intensity can also be controlled properly to 

minimize the harmonic distortion. The required PM index 

for maximum SNR depends on the used frequency and 

fiber length. The SNR depends not only on the received 

signal power but also on the harmonic distortion of the RoF 

system. In this way, the OVSB scheme enhances the 

strength of the received signal as well as balances the 

intensities of the generated harmonic components to 

minimize the distortion, which improves the system 

performance compared to OSSB scheme. Although the 

power of desired sideband and undesired harmonics can be 

changed, the total power remains constant. Therefore, this 

method doesn’t require an additional optical amplifier. 

Since the MZM is operated in linear region and PM tuning 

helps to minimize the harmonics’ power, an additional 

optical band pass filter can also be avoided.  

 

II. THEORETICAL BACKGROUND  

In this section, we firstly provide the analytical descriptions 

of  series MZM and PM for generating OSSB and OVSB 

modulation schemes. Then we provide the major optical 

impairments associated with the general RoF system. 

A. Analytical Expressions   

Let 𝐸𝑖𝑛(𝑡) = 𝐴𝑐  exp(𝑗𝜔𝑐𝑡) be an optical carrier and 

𝑀(𝑡) = cos(𝜔𝑑𝑡)  a modulation electrical signal where 𝜔𝑐 

and 𝜔𝑑  denote the frequency of the optical carrier and 



 

 

electrical signal, respectively. The general expression for 

the output electric field from the MZM can be given as [13]  

𝐸𝑜𝑢𝑡1(𝑡) =
𝐴𝑐

2
[𝑒𝑥𝑝 (

𝑗𝜋𝑀(𝑡)

𝑉𝜋
) + 𝑒𝑥𝑝 (

𝑗𝜋𝑉𝑏

𝑉𝜋
)]             (1) 

where 𝑉𝜋 is the half wave voltage of the modulator and 𝑉𝑏 

is the applied dc bias to the modulator. Next we denote  

𝑚 =
𝜋𝑀(𝑡)

𝑉𝜋
  the phase modulation index for MZM and   𝑐 =

𝜋 𝑉𝑏

𝑉𝜋
   the constant phase shift to the MZM . Now 

simplifying the above equation yields  

𝐸𝑜𝑢𝑡1(𝑡) = 𝐴𝑐{cos(𝑐) . cos[𝑚. cos(ωdt)] −
                               sin(𝑐) . sin[𝑚. cos(ωdt)]}  .        (2)                                                      

Equation (2) can be simplified further using Bessel 

formulae. Let   𝑝 = 𝐴𝑐 . cos(𝑐) . 𝐽0(𝑚) and 𝑞 =
𝐴𝑐 . sin(𝑐) . 𝐽1(𝑚) for calculation convenience where 𝐽𝑥, 

𝑥 = 0,1, … are the coefficients of the Bessel function of the 

first kind. Taking only the first order sidebands the above 

equation will be reduced to  

𝐸𝑜𝑢𝑡1(𝑡) = 𝐸𝑖𝑛(𝑡)[𝑝 + 𝑞. (𝑒𝑗𝜔𝑑𝑡 + 𝑒−𝑗𝜔𝑑𝑡)] .         (3)                                                      

In equation (3), we neglected the higher order sidebands by 

assuming the very low power associated with them 

considering the case of small signal analysis.  

Let us suppose that sin(ωdt) is the PM driving signal. 

When MZM and PM are connected  the field output from 

PM can be written as 

 𝐸𝑜𝑢𝑡2(𝑡) =  𝐸𝑖𝑛2(𝑡)𝑒𝑗[∅.sin(ωdt)]                  (4) 

where ∅ is the phase modulation index in radians. The term 

 𝐸𝑖𝑛2(𝑡) is equal to 𝐸𝑜𝑢𝑡1(𝑡). Now simplifying the second 

term in   equation (4) using Bessel formulae and taking 

only the first order sidebands yields  

         𝐸𝑜𝑢𝑡2(𝑡) =  𝐸𝑖𝑛2(𝑡)[𝐽0(∅) +  𝐽1(∅)(𝑒𝑗𝜔𝑑𝑡 − 𝑒−𝑗𝜔𝑑𝑡)].  
(5) 

After simplification and neglecting the higher frequency 

terms above equation will be reduced to  
𝐸𝑜𝑢𝑡2(𝑡)

𝐸𝑖𝑛(𝑡)
==  𝑝. 𝐽0(∅) + (𝑞. 𝐽0(∅) + 𝑝. 𝐽1(∅))𝑒𝑗𝜔𝑑𝑡 

                     +(𝑞. 𝐽0(∅) − 𝑝. 𝐽1(∅))𝑒−𝑗𝜔𝑑𝑡   .              (6)  

In above equation, the first term is optical carrier, the 

second term is USB and the third term is LSB. Upon proper 

adjustment of the modulator parameters, the condition 

𝑞. 𝐽0(∅) = 𝑝. 𝐽1(∅) can be satisfied. Then the above 

equation results in USB based OSSB scheme. Similarly, for 

the case of 𝑞. 𝐽0(∅) = −𝑝. 𝐽1(∅), an LSB based OSSB 

scheme can be generated. OVSB is the case when the 

partial suppression of the unwanted sideband in the OSSB 

scheme that results in unequal sideband intensities. This 

condition occurs when the above equalities are not met  

perfectly, which can be described by introducing the new 

scaling parameter 𝑘, such that 𝑘 = ±
𝑞.𝐽0(∅)

𝑝.𝐽1(∅)
. The value of 𝑘 

depends on the choice of 𝑝, 𝑞 and ∅. It determines the 

extent of sideband suppression. For maximum suppression 

its value will be 1 which leads to the OSSB scheme and for 

partial suppression its value can be considered less than 1 

resulting in the OVSB scheme.  

B. Transmissions Impairments 

The RoF transmission system suffers from various kinds 

of noise and distortions both in an optical link and in a 

wireless link. We describe specifically some of the optical 

link impairments. In an optical link, thermal noise, shot 

noise, relative intensity noise (RIN), laser chirp, fiber 

nonlinearity, CD, polarization mode dispersion (PMD) etc. 

are present like in any other fiber optic link. The CD is one 

of the significant linear impairments in fiber optical 

communication system whose detail description can be 

obtained in [14, 15]. Most importantly, CD and 

nonlinearity associated with modulator and square law 

photo detector are the major factors for impairments in RoF 

systems. 

The ODSB transmission in a dispersive fiber link leads to 

different phase shifts between the sidebands. The power of 

the recovered signal after photo detection can be given as 

follows [3] 

𝑃𝑅𝐹 = 𝑐𝑜𝑠2 [𝜋𝐿𝑐𝐷 (
𝑓𝑅𝐹

𝑓0
)

2

]                                 (7) 

where, 𝑐 is the speed of  light,  𝐷 is the dispersion 

parameter, 𝑓0 is the optical carrier frequency and 𝑓𝑅𝐹 is the 

electrical carrier frequency. If the sidebands experience a 

total phase difference of 180˚ relative to the optical carrier 

the RF signal will be lost. Depending on the amount of 

phase shifts due to CD, power fading of the detected RF 

signal occurs. The received signal shows periodic power 

variation based on the fiber length due to CD. The first null 

power point can be calculated as 

𝐿 =
𝑐

2𝐷𝜆2𝑓𝑅𝐹
2                                           (8) 

where , 𝐿 is fiber length  and 𝜆 is the laser wavelength. The 

first null power points for the 1550 nm wavelength, 18 

ps/(nm km) dispersion parameter can be calculated for 10, 

30 and 60 GHz frequencies as 34.68 km, 3.85 km and 0.96 

km respectively. From this calculation it is very clear that 

CD is the serious impairment as the RF increases. For 5G 

based system to support the bandwidth hungry devices and 

applications the millimeter wave frequencies are likely to 

be used due to the congestion of the conventional RF 

bands. In higher frequency band the chromatic dispersion 

affects severely. Therefore the CD compensation is a major 

challenge which limits the system performance. To 

overcome the CD effect, CD tolerant sideband modulation 

schemes such as OSSB or OCS-DSB have to be used. For 

higher frequency RoF system, the performance will be 

largely determined by the extent of the CD effect reduction. 

Due to the cosine transfer characteristic of the  MZM, 

infinite numbers of harmonic products are generated. The 

harmonic distortion (HD) mainly depends on the used 

modulation index. When a higher modulation index is used, 

harmonics’ intensities will be increased thereby leading to  

distortion. Each harmonic component experiences different 

phase change due to CD in the fiber. The beating of 

unwanted harmonic components with the first order 

sideband causes a reduction of the signal strength. Also, the 

beating of the frequency component can result in new 

unwanted frequency components. Suppression of these 

unwanted components can be very difficult. In higher 

modulation index condition, the intensity of these 

components will be high leading to  serious distortion. 

III. EXPERIMENTAL VALIDATION 

The idea of the proposed method of generating an OVSB 

scheme was verified by experimental measurements. The 



 

 

experimental arrangement is  shown in Fig. 1. In the setup 

the MZM is a chirpless modulator. The half wave voltage 

of MZM is  8 V. A continuous wave DFB laser is operated 

at 1 dBm output power and emission frequency of 193.5 

THz. The driving signal for modulators is a sine wave with 

a frequency of 4 GHz. The MZM is biased at the 

quadrature point. PM is driven by the 90˚ phase shifted 

version of the same electrical signal as MZM for 

generating OSSB and OVSB schemes. The used optical 

spectrum analyzer (OSA) has a resolution of 3 pm which 

enables visualization of    the generated sidebands. 

For the  MZM dc bias from - 8 V to + 8 V and using fixed  

RF signal driving voltage, two USB based OSSB and two 

LSB based OSSB schemes and two OCS-DSB schemes 

were observed. The PM modulation index was varied by 

changing its driving voltage. The voltage attenuator and 

amplifiers were utilized for providing  the driving voltages. 

The OVSB scheme can be considered as an unequal 

intensity of the first order sidebands. For instance,  at 1.5 V 

of PM driving voltage and 1.9 V of MZM driving voltage, 

OVSB scheme with OCSR = 0 dB was obtained as shown 

in Fig. 2.  Sideband suppression of about 18 dB was 

obtained from this setup. It was observed that the electrical 

drive signals should be at 90˚ to each other for the 

maximum suppression of the undesired sideband.  

 

 

Fig. 2. Measured OVSB scheme. 

 

Some slightly complex methods have been reported for achieving the 
SNR optimization goal [6, 7, 11]. These methods include; DMZM 

with tunable optical filter, using polarization modulators, optical 

injection locked laser based technique etc. In our method we use the 
OVSB scheme for improving the system performance. The presented 

OVSB scheme generated from simple series MZM and PM 

configuration does not require a tunable optical filter to suppress the 
optical carrier,  it also does not require an additional optical amplifier 

because the total optical power remains constant. With the presented 

scheme, SNR enhancement can be achieved without the need of 
tunable optical filter, band pass optical filter and optical amplifier. 

IV. SIMULATION AND DISCUSSIONS 

To compare the performance of the proposed OVSB 

generation scheme with the OSSB scheme using series 

MZM and PM configuration, the electrical and optical 

setup was designed in VPItransmissionMaker simulator 

along with MATLAB co-simulation. The used setup is the 

same as in Fig. 1. In the setup, the MZM is a single drive 

and chirpless modulator. The half wave voltage of  MZM is  

8 V. The MZM is biased at its quadrature point and the 

driving signal amplitude is chosen at 0.5 V. The PM is 

driven by the 90˚ phase shifted version of the same 

electrical signal as MZM. A continuous wave DFB laser is 

operated at 10 dBm with emission frequency of 193.1 THz 

. The used optical fiber is a standard single mode fiber 

(SMF). The photo detector type is a positive intrinsic 

negative (p-i-n) diode  with a thermal noise parameter of 

10-12 pA/Hz1/2. The fiber dispersion is 18 ps/(nm km). The 

4QAM signal was used to observe the symbol error rate 

(SER) performance. The SER was calculated using the 

Gaussian method. 

A. Comparison of OSSB and OVSB Schemes Generated with 

Series MZM and PM  

The 4QAM, 5 Gbps signal is generated and transmitted 

over 50 km of fiber . At PM index of 45˚, one of the 

sidebands is completely suppressed from ODSB resulting 

in the OSSB scheme. For OVSB the best PM index was 

calculated based on the SER performance. Optical 

amplifier and optical filter were not used for all the below 

discussed simulation results. 

Table 1 shows some representative values of the OVSB 

PM indexes for fiber length of 50 km. Tuning of the PM 

index is required for the OVSB scheme generation for each 

used frequency. The relative sideband power difference of 

the generated OVSB scheme for each frequency and fiber 

length will also be different, as for different PM index the 

harmonics’ power relation will change. Thus, the resultant 

SER of OVSB scheme is due to not only the increased 

signal power strength but also  the proper balance of the 

harmonics’ power distributions. The OVSB scheme 

enhances the signal power and balances the harmonics 

power thereby improving the SER. 

 

 
Frequency 

(GHz) 
OVSB PM 

index (˚) 
OSSB SER OVSB SER 

15 41 10-33 10-36 

20 37 10-20 10-29 

25 60 10-5 10-9 

30 30 10-3 10-3 

Tab. 1. Optimum PM index and improved SER for the OVSB 

scheme for 4QAM, 5 Gbps system at 50 km fiber 
length. The SER were estimated using Gaussian 

estimation method. 

 

Figure 3 shows the OSSB and Fig. 4 shows the OVSB 

optical spectra  for 20 GHz. The OVSB spectrum was 

obtained with the best SER. The sideband at +20 GHz in 

the OSSB scheme is completely suppressed. For the OVSB 

scheme it is partially suppressed. The OVSB scheme also 

shows that the second order harmonic power at -40 GHz is 

more suppressed compared to OSSB scheme. This leads to  

the reduction of the harmonic distortion. The enhancement 

of +20 GHz first order sideband power and reduction of -40 

GHz second order harmonic power leads OVSB scheme to 

perform better than OSSB scheme. This shows that in 

series MZM and PM configuration, if proper PM index is 

selected the harmonic distortion can be reduced as well as 

signal strength can be enhanced in comparison with the 

OSSB scheme. 
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Fig. 3. Optical spectrum for OSSB scheme at 20 GHz, the 
sideband at 20 GHz has been completely suppressed 

leaving behind -20 GHz sideband. The sidebands at 

±40 GHz are undesired harmonics. 
 

 

 

Fig. 4.   Optical spectrum for OVSB scheme at 20 GHz, the 

sideband at +20 GHz has been partially suppressed. 

The sidebands at ±40 GHz are undesired harmonics in 
which the USB power level is higher than the LSB. 

Also the harmonics' power levels are lower than in the 

case of OSSB scheme. 

 

 

Figure 5 shows the received signal power for ODSB, OSSB 

and OVSB modulated signals for various frequency ranges 

for 50 km fiber length. As the frequency increases the CD 

effect increases leading to a cyclic power variation for 

ODSB scheme. The CD effect can be minimized with 

OSSB and OVSB schemes. Thus, the power variation is 

minimized by using OSSB and OVSB schemes as shown in 

Fig. 5. The OVSB scheme's signal power strength is higher 

than other schemes which results in better SER 

performance. 

The SER performance of the OSSB and OVSB of different 

frequencies for various fiber lengths is shown in Fig. 6. As  

frequency and fiber length increase, more CD will be 

accumulated causing poorer performance. For all  cases the 

OVSB scheme shows  superior performance compared to 

the OSSB scheme. Since the OSSB and OVSB schemes are 

optical sideband modulation schemes, they are transparent 

to any electrical modulation format’s signal. Any higher 

order electrical modulation format’s signal can be applied 

for performance comparison. For any kind of electrical 

modulation format’s signal the OVSB scheme shows 

superior performance compared to the OSSB scheme. To 

work in higher frequency regime such as in millimeter 

wave, one needs to employ a fiber amplifier to increase the 

signal strength along with photonic approaches for higher 

frequency carrier generation and modulation [16-18]. 

 

 

Fig. 5.  Received signal power for various sideband modulation 
schemes for different frequencies at 50 km fiber 

length. 

 

 

 

Fig. 6.   SER performance of OSSB and OVSB schemes for 
different frequencies and fiber lengths for 5 Gbps, 

4QAM modulation format. The curves with (.) are for 

OSSB scheme and solid plain curves are for OVSB 
scheme. The SER were estimated using Gaussian 

estimation method. 

 

B. Impact of Harmonic Distortion 

 

As discussed earlier in previous section, the nonlinear 

transfer characteristic of the modulator causes creation of 

an infinite number of sidebands. Among these, second and 

third order sidebands are considered significant for 

harmonic distortion. We studied the behavior of the 

harmonics’ power for MZM and series MZM and PM cases 

at 20 GHz frequency for various fiber lengths. Figure 7 

shows the fundamental (𝜔𝑑), second (2𝜔𝑑), and third 

(3𝜔𝑑) order harmonics’ power variations with fiber lengths 

for single MZM and for series MZM and PM cases. The 

fiber attenuation was not considered for these simulations 

to observe the harmonics’ power variations due to CD.  

In Fig. 7 for the single MZM case, first order sideband 

(𝜔𝑑) shows its deep power dip at 8.6 km and 26 km and so 

on. When the MZM and PM are connected and the indices 

are set for OSSB scheme, the (𝜔𝑑) power variation remains 

almost constant, showing the CD compensation. However, 

the third order sideband (3𝜔𝑑) power level is increased 

slightly, leading to higher third order harmonic distortion 

than with a single MZM. The cyclic rotation of the second 

order sideband (2𝜔𝑑) for the series MZM and PM case is 

two times faster than with the single MZM case. As the 

fiber length increases the levels of the deep power dips 

(nulls) of (2𝜔𝑑) and (3𝜔𝑑), are increased showing the 

increased distortion level. 
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Fig. 7.   Harmonic powers. Colours- blue: fundamental, red: 

second   order, black: third order. Lines- with(.): 

MZM, solid plain: series MZM  and PM.  

 

V. CONCLUSIONS 

 

In this paper, we presented the series configuration of a 

MZM and a PM as a flexible approach to generate the 

optical vestigial sideband modulation scheme (OVSB), 

which enhances the signal to noise ratio (SNR) compared 

to the optical single sideband modulation scheme (OSSB). 

We theoretically verified the proposed generation method 

and validated through experiment. With the proposed 

scheme, SNR enhancement can be achieved without the 

need of tunable optical filter, band pass optical filter and 

optical amplifier.  

We investigated the optimum parameters for OSSB and 

OVSB schemes and compared the SER performance for 

4QAM signal. We showed that the OVSB performance is 

better than the OSSB scheme in series MZM and PM 

configuration, if proper PM index is selected. The second 

and third order distortions were analyzed for both single 

MZM and series MZM and PM cases. The second order 

harmonics is a major harmonic distortion contributor in the 

single MZM case. Third order harmonic has a higher level 

of power in the proposed series MZM and PM 

configuration compared to single MZM case. However still 

second order distortion dominates in the system. 

Acknowledgments 

This project has received funding from the European 

Union's Horizon 2020 research and innovation programme 

under the Marie Sklodowska-Curie grant agreement No 

642355.  

References 

[1] RAPPAPORT T.S., SUN S., MAYZUS R., Millimeter wave 
mobile communications for 5g cellular: It will work!. IEEE Access 

vol. 1, pp.  335-349, 2013. DOI: 10.1109/ACCESS.2013.2260813. 

[2] CHANG G.K., ChENG L., XU M. et al., Integrated fiber-wireless   
access architecture for mobile backhaul and fronthaul in 5g 

wireless data  networks. In 2014 IEEE Avionics, Fiber-Optics and 

Photonics Conference (AVFOP), Atlanta, GA. pp.  49-50, 2014. 

DOI: 10.1109/AVFOP.2014.6999461. 

[3] LIM C., NIRMALATHAS A. et al., Fiber-wireless networks and 
subsystems technologies. Journal of Light wave Technology, vol. 

28, no. 4, pp. 390-405, 2010. DOI: 10.1109/JLT.2009.2031423. 

[4] UDVARY, E., BERCELI, T. Combined optical amplification and 
dispersion compensation in radio over fibre link. IET 

Optoelectronics, vol. 4, no. 6, p. 260–266, 2010. DOI: 
10.1049/iet-opt.2009.0061. 

[5] LIU C. et al., Enhanced vector signal transmission over double 

sideband carrier suppressed optical millimetre waves through a 

small LO feed through. IEEE Photonic Technology Letters. vol. 
24, no. 3, pp. 173-175, 2012. DOI: 10.1109/LPT.2011.2175719. 

[6] GAO Y., WEN A., et al., Analog photonic link with tunable 

optical carrier to sideband ratio and balanced detection.  IEEE 

Photonics Journal. vol. 9, no. 2, pp. 1-10, 2017. DOI: 

10.1109/JPHOT.2017.2667891. 

[7] HRAIMEL B., ZHANG X., PEI Y. et al., Optical single sideband 
modulation with tunable optical carrier to sideband ratio in radio 

over fiber systems. Journal of Lightwave Technology. vol. 29, no. 

5, pp. 775-781, 2011. DOI: 10.1109/JLT.2011.2108261. 

[8] THOMAS V.A., El-HAJJAR M., HANZO L., Performance 

improvement and cost reduction techniques for radio over fiber 

communications. IEEE Communications Surveys Tutorials. vol. 17 
no. 2, pp. 627-670, 2015. DOI: 10.1109/COMST.2015.2394911. 

[9] GAO Y., WEN A. et al., An analog photonic link with 

compensation of dispersion induced power fading. IEEE Photonic 
Technology Letters. vol. 27, no. 12, pp. 1301-1304, 2015. DOI: 

10.1109/LPT.2015.2421271. 

[10] S JAVIER, FANDINO  S. et. al., A monolithic integrated photonic 
microwave filter. Nature Photonics .2016. DOI: 10. 1038 /nphoton 

.2016.233. 

[11] XIONG J. et al., A novel approach to realizing SSB modulation 

with optimum carrier to sideband ratio. IEEE Photonics 

Technology Letters.vol.25, no. 12, pp. 1114-1117, 2013. DOI: 

10.1109/LPT.2013.2260141. 

[12] PARAJULI  H. N., UDVARY  E., A vestigial sideband 

modulation scheme in radio over fiber system using electro-optic 

modulators. 2016 18th International Conference on Transparent 
Optical Networks (ICTON). pp. 1-4, 2016. 

DOI:10.1109/ICTON.2016.7550477. 

[13] THOMAS V.A. et al., Millimeter-wave radio over fiber optical 

upconversion techniques relying on link nonlinearity. IEEE 

Communications Surveys & Tutorials, vol. 18, no. 1, pp. 29-53, 
Firstquarter 2016. DOI: 10.1109/COMST.2015.2409154. 

 

[14] SAGHAEI H. EBNALI-HEIDARI M.  et al., A systematic study 
of linear and nonlinear properties of photonic crystal fibers. 

OPTIK, vol. 127, p. 11938-11947, 2016. DOI: 
10.1016/j.ijleo.2016.09.111. 

[15] EBNALI HEIDARI M., DEHGHAN F. et al., Dispersion 

engineering of photonic fibers by means of fluidic infiltration. 

Journal of Modern Optics.vol 59, p. 1384-1390, 2012. DOI: 
10.1080/09500340.2012.715690. 

[16] NOVAK D., WATERHOUSE R.B., et al., Radio –over-fiber 

technologies for emerging wireless systems. IEEE Journal of 
Quantum Electronics. vol 52, no. 1, pp. 1-11, 2016. DOI: 

10.1109/JQE.2015.2504107. 

[17] SAFARI L., BAGHERSALIMI G., et al., On the equalization of 
an OFDM-based radio-over-fiber system using neural networks. 

Radio Engineering. vol. 26, no. 1, April, 2017. DOI: 

10.13164/re.2017.0162. 

[18] LISIUK Anna, GODZISZEWSKI Konrad et. al., Design and 

investigation of photonic remote antenna units for bidirectional 

0 10 20 30 40 50 60
-80

-70

-60

-50

-40

-30

-20

Fiber Length (km)

H
ar

m
o
n
ic

s 
P

o
w

er
 (

d
B

m
)

http://dx.doi.org/10.1080/09500340.2012.715690


 

 

transmission in the last mile wireless over fiber system. Radio 

Engineering. vol. 22, no. 4, p. 1239-1248 , 2013. 

About the Authors... 

Hum Nath PARAJULI is a Marie Curie early stage 

researcher in Budapest University of Technology and 

Economics, Budapest, Hungary. He received his B.Eng. 

degree from Pokhara University, Nepal in 2008 and joint 

M.Sc. degree from Osaka University, Japan and Scula 

Superiore Sant’ Anna, Italy in 2012. His current research 

interests include design of high capacity optical wireless 

links, millimeter wave communication, digital signal 

processing for optical communication and design of 

optoelectronic systems.  

Eszter UDVARY received Ph.D. degree in electrical 

engineering from Budapest University of Technology and 

Economics (BME), Budapest, Hungary, in 2009. She is 

currently an Associate Professor at BME, Department of 

Broadband Info-communications and Electromagnetic 

Theory, where she leads the Optical and Microwave 

Telecommunication Lab. Dr. Udvary’s research interests 

are in the broad areas of optical communications, include 

optical and microwave communication systems, Radio over 

fibre systems, optical and microwave interactions and 

applications of special electro-optical device. 

 

 

 



 

 

3. Hum Nath Parajuli, Eszter Udvary,”Wired-Wireless 

Converged Passive Optical Network Using 4-PAM and 

FBMC”, Info communication Journal, 10(2), June 2018. 

Wired-Wireless 
Converged Passive 
Optical Network with 
4-PAM and Multi-sub-

bands FBMC  
 

Hum Nath Parajuli and Eszter Udvary, 
Member, IEEE 

Abstract— Future 5G based passive optical networks (PON) are 

expected as capable of the simultaneous provision of wired and wireless 

services for multi-users. In this paper, for the first time, we propose and 

demonstrate the simultaneous delivery of wired 4-pulse amplitude 

modulation (4-PAM) and wireless multi-sub-bands filter bank 

multicarrier (FBMC) signals in one wavelength using one laser source for 

the future 5G PON. The 4-PAM can be used in cost-efficient intensity 

modulation direct detection (IM/DD) systems and it provides the double 

bandwidth efficiency compared to conventional on-off keying (OOK). 

FBMC is considered as a potential candidate for future wireless 5G due 

to its high suppression for out of band emissions, which allows combining 

multiple sub-bands with very narrow band-gaps. Using multi-sub-bands 

with a narrow band gap, the overall transmission capacity can be 

increased. In the designed system, the composite wired 4-PAM and 

wireless multi-sub-bands FBMC signal is generated and transmitted with 

intensity modulation in optical line terminal (OLT). In the optical 

network unit (ONU) the wired and wireless signals from the received 

composite signal are extracted using an electrical square band-pass filter 

and separately demodulated using digital signal processing techniques. 

The designed 4-PAM has baseband bandwidth of 4.8 GHz and multi-sub-

bands FBMC consists of 4 sub-bands of 500 MHz each, having very 

narrow inter-sub-bands gap of 488.28 kHz and the aggregate bandwidth 

of 2.0015 GHz.  The bit error rate (BER) has been evaluated for the 

performance analysis of the 4-PAM and multi-sub-bands FBMC for two 

cases (a) separate transmission and (b) composite transmission. 

 

Index Terms— passive optical network, filter bank multi- 

carrier, wired-wireless convergence, fifth generation 

VI. INTRODUCTION 

The passive optical network (PON) provides the high capacity and 

flexibility in signal delivery through the fixed access network. PON 

is considered as an effective solution for 5G based wireless signals 

backhauling and fronthauling [1-3]. The future 5G systems should be 

capable of supporting multi-services/signals to keep the compatibility 

with the current legacy wired/wireless services. In this regard, it is 

important to study and analyze the convergence and delivery of 

potential 5G wireless signals with wired signals in the future PON 

systems. 

Future 5G networks are expected to provide 1-10 Gbps wireless 

access to the end users [4-6]. The multicarrier modulation formats are 

potential solutions to increase the spectral efficiency in future 5G 

based wireless communication system. One of the widely studied 

modulation format in a multicarrier system is orthogonal frequency 

division multiplexing (OFDM) because of its advantages such as 

better spectral efficiency and robustness to the fiber optic 

impairments such as chromatic dispersion (CD) [7, 8]. However, 

OFDM requires a cyclic prefix (CP) in the overhead to reduce the 

inter symbol interference (ISI) and inter carrier interference (ICI), 

which reduces the spectral efficiency. Moreover, large out of band 

emission of the OFDM subcarriers require large guard bands in 

multi-sub-bands systems. These problems can be overcome through 

filter bank multicarrier (FBMC) system [9, 10]. The side lobe 

suppression of FBMC is about 40 dB in comparison with OFDM 

which is about 13 dB [10]. Sufficient reduction of out of band 

emission and the combination of the filter banks and offset-QAM 

(OQAM) leads to no need of the CP overhead. The feature of 

suppression of side lobes in large extent in FBMC enables 

asynchronous carrier aggregation very efficiently with a very low 

effect of interference in comparison with other multi-carrier systems 

[9-13]. 

4-pulse amplitude modulation (4-PAM) supports the current 

intensity modulation and direct detection (IM/DD) system and 

provides the double bandwidth efficiency compared to the on-off 

keying (OOK). Due to these benefits, recently huge research interests 

are shown on this modulation format for cost-effective optical access 

network design [14-16]. 

OFDM and FBMC based passive optical network was 

experimentally demonstrated in [17]. The performance comparison of 

OFDM and FBMC carrier aggregated signals at mm-wave 

frequencies was studied with the aggregated bandwidth of less than 

1.5 GHz [10, 12]. These demonstrations show that the FBMC 

outperforms the OFDM for equivalent design parameters. Adaptively 

modulated FBMC was also demonstrated in the wired-wireless 

converged network with the aggregated bandwidth of 1.507 GHz 

[18]. This demonstration deals with the OFDM and FBMC both 

modulation formats as a wired/wireless converged system. The 

convergence of potential 5G modulation formats such as universal 

filter multi-carrier (UFDM) and generalized filter multi-carrier 

(GFDM) as wireless signals and 4-PAM signal as a wired signal in a 

PON has been demonstrated [19]. This demonstration deals with the 

single sub-band UFDM and GFDM modulation formats with a very 

low bandwidth of 1.95 MHz for each modulation format. 

All of the above mentioned recent demonstrations of 

wired/wireless convergence in PON have not been dealt with the 

convergence of multi-sub-bands FBMC as a wireless and 4-PAM as a 

wired signal. In this paper, we demonstrate the convergence of 4 sub-

bands FBMC as a wireless signal and 4-PAM as a wired signal in a 

PON. The aggregate bandwidth of the designed 4 sub-bands FBMC 

signal is 2.0015 GHz with inter-sub-band gap frequency of 488.28 

kHz. The bandwidth of the designed 4-PAM baseband signal is 4.8 

GHz. The 4-PAM and FBMC sub-bands are extracted and 

demodulated in the receiver by using digital signal processing (DSP) 

techniques. The aggregate data rate with 16QAM modulation order 

for 4-sub-bands FBMC is 4 Gbps and 4-PAM is 8 Gbps. We evaluate 

the performance of the converged signals by simulating various 

design parameters using bit error rate (BER) calculations. 

The organization of this paper is as follows. In section II, 4-PAM 

and FBMC multi-sub-bands signal generation method is given. In 

section III, the description of the implemented system model of 

optical transmission setup is given. Section IV presents the signal 



 

 

processing methods for received converged signal extraction and 

demodulation. Section V illustrates the simulation results and 

discussions. Finally, section VI concludes the paper. 

 

VII. CONVERGED 4-PAM AND MULTI-SUB-BANDS FBMC SIGNAL 

GENERATION 

The MATLAB routines are developed to generate offline code for 

4-PAM and multi-sub-bands FBMC signals. The baseband 4-PAM 

signal is generated with 4 GHz bandwidth. The sampling frequency is 

32 GS/s and each 4-PAM symbol is upsampled with 4 samples for 

each 4-PAM symbol. After this, the root raised cosine (RRC) filter 

with a roll-off factor of 0.2 is used for pulse shaping.  

 

 

 

 
 

Fig. 1. Functional block diagram of (a) FBMC signal generation 

 for single sub-band (b) 4 sub-band FBMC signals and  

4-PAM signal aggregation.  

 
Fig.1 (a) shows the simplified DSP block diagram for generating 

single sub-band FBMC signal. First, the input data stream is mapped 

into M quadrature amplitude modulation (M-QAM) format, and then 

it is converted from serial to parallel (S/P) streams. Then, the QAM 

to offset QAM (OQAM) conversion is achieved by making the 

adjacent symbols with half symbol period offset to each other. After 

this, inverse fast Fourier transform (IFFT) is applied. Each subcarrier 

is filtered with well-designed prototype filter (in our case we use 

prototype filter proposed in [13]), this process is called synthesis 

polyphase filtering (SPF). After the parallel to serial (P/S) conversion 

process, root raised cosine (RRC) filter is applied to optimize the 

signal to noise ratio (SNR). Then, the baseband FBMC signal is up-

converted to the desired carrier frequency. After this, the real part of 

the signal is taken. In this way, 4 sub-bands are generated and added 

up to generate 4 sub-bands’ composite FBMC signal. The 4-PAM 

signal is added up with composite FBMC signal to generate 

multiplexed 4-PAM and 4 sub-bands FBMC signal as shown in Fig. 1 

(b). 

 

Table 1. Design parameters of 4 sub-bands FBMC and 4-PAM 

signals generation 

 

Parameters Values 

Modulation 

format 

FBMC 4-PAM 

No. of bits 32768 131072 

 

Bit rate 4 Gbps 8 Gbps 

No of sub-

bands 

4 1 

Sub-bands 

spacing 

488.28 

kHz 

- 

BW 2.0015 
GHz 

4.8 
GHz 

Sampling 

frequency 

32 GS/s 

Time window 8.192µs 

 

The multi-sub-bands FBMC and 4-PAM signals design parameters 

are given in Table 1. The sampling frequency is 32 GS/s and each 

OQAM symbol is upsampled with 64 samples for each OQAM 

symbol. IFFT/FFT size of 1024 is used. 4 FBMC symbols are created 

which form one FBMC sub-band. Each sub-band has a bandwidth of 

500 MHz. 4 sub-bands are added up to constitute the composite 

multi-sub-bands FBMC signal of bandwidth 2.0015 GHz with gap 

frequency of 488.28 kHz between each sub-band. The slight 

broadening of bandwidth in the composite FBMC signal is due to the 

pulse shaping roll-off factor of 0.2. The central frequency of first sub-

band is chosen to be 5.1 GHz. With the equal gap frequency of 

488.28 kHz between each sub-band, the central frequencies of the 

second and subsequent sub-bands are 5.6005 GHz, 6.1010 GHz, and 

6.6015 GHz. Because of the multiplexing in frequency domain the 

time window of 4-PAM, single-sub-band FBMC and multi-sub-bands 

signals are identical and equal to 8.192µs.  

The 4-PAM signal has been broadened up to 4.8 GHz due to the 

pulse shaping roll-off factor of 0.2. Also, the multi-sub-bands FBMC 

signal has been broadened and started from 4.8 GHz. There is no gap 

frequency between the 4-PAM and FBMC signal. The total 

bandwidth of aggregated 4-PAM and multi-sub-bands FBMC from 

dc is 6.9015 GHz. The total number of bits used for the case of 

FBMC is 32768 and for the case of 4-PAM is 131072. For 4-PAM 

and for each sub-bands generation in FBMC, uncorrelated bits 

sequences are used. Fig. 2 (a) shows the offline generated spectra of 4 

sub-bands FBMC signal and (b) shows the aggregated 4-PAM and 

FBMC signal. As shown in Fig. 2 (a) the sidelobes suppression of 

FBMC sub-band is about 40 dB which allows tight packing of sub-

bands without significant interference. 

 

 

(b) 

(a) 

(a) 



 

 

 
 

Fig. 2. Offline generated spectra of (a) 4 sub-bands FBMC  
(b) multiplexed 4-PAM and 4 sub-bands FBMC signal.  

VIII. OPTICAL TRANSMISSION SYSTEM 

The idea of the proposed method of wired-wireless convergence in 

PON system is given in Fig. 3. The setup consists of optical line 

terminal (OLT) and optical network unit (ONU) connected through 

an optical fiber. In the OLT, the 4-PAM and multi-sub-bands FBMC 

composite signal is amplified and fed to the intensity modulator (IM) 

and sent through an optical fiber. In the ONU, the received composite 

signal is detected by the photodetector and processed offline using 

DSP techniques for demodulation. The typical PON system includes 

power splitter in ONU and fiber between OLT and ONU. The power 

splitter cannot separate individual signals from converged signal 

carried by fiber. To separate the individual signals through converged 

signal after photodetector one need to employ analog electrical filter 

with center frequency as corresponding signal’s frequency. In our 

case, we use the digital bandpass filter to separate the signals in 

ONU.   

 

 
 

Fig. 3. Block diagram of PON setup with OLT and ONU. 

 
VPItransmissionMaker simulator along with MATLAB co-

simulation is used to implement and evaluate the performance with 

various design parameters. As shown in Fig. 4 (a), in the OLT setup, 

a continuous wave DFB laser is operated at 5 mW output power and 

wavelength of 1553.6 nm. The linewidth of the laser is set to 10 

MHz. The Mach Zehnder modulator (MZM) is a chirp less 

modulator. The half wave voltage of MZM is at 8 V. The driving 

signal for modulator is a composite 4-PAM and multi-sub-bands 

FBMC signal which is generated offline developing MATLAB 

routines as described in section II. The MZM is biased at the 

quadrature point. The modulated optical signal is then transmitted 

through the optical fiber. The used optical fiber is a standard single 

mode fiber (SMF). The fiber dispersion is 18 ps/(nm km). 
 

 
 

 

 
 

Fig. 4. Design of PON setup in VPItransmissionMaker simulator  

with MATLAB co-simulation.  (a) OLT (b) ONU. ESA: 
electrical spectrum analyzer, OSA : optical spectrum  

analyzer, MZM: Mach Zehnder modulator 

 
As shown in Fig. 4 (b), in the ONU, the signal is detected with 

positive intrinsic negative (p-i-n) photodiode with a thermal noise 

parameter of 10-12 pA/Hz1/2. The signal is then processed offline 

using MATLAB routines. Fig. 5 shows the generated optical 

spectrum after MZM in OLT, which shows the aggregated baseband 

4-PAM signal along with the multi-sub-bands FBMC signal in the 

optical double sidebands. 

 

 

Fig. 5. Generated optical spectrum after MZM in OLT.  

IX. DSP RECEIVER OFFLINE PROCESSING 

The received signal after photodetector in ONU is captured at 32 

GS/s whose spectrum is shown in Fig. 6. The 4-PAM and multi-sub-

bands FBMC signals are extracted and demodulated separately. For 

the multi-sub-bands FBMC, the signal at baseband is achieved after 

downconverting with the corresponding sub-bands intermediate 

frequency (IF) along with the RRC low pass filtering. After this, the 

resampling is applied to downsample the signal at 2 samples for each 

OQAM symbols. The FBMC decoding routines are applied as shown 

in Fig. 7, as explained in [10, 13]. The decoding process involves S/P 

conversion, analysis filter bank, FFT, OQAM-QAM conversion and 

P/S conversion. The training length of first 16 QAM samples from 

each sub-bands are used to calculate the channel response which is 

(b) 
(a) 

(b) 



 

 

used to equalize the signal. Furthermore, simple 1 tap recursive least 

square (RLS) equalizer with forgetting factor of 0.9 is used to 

optimize the equalization process. After the equalization, the 

performance of the signal is evaluated with BER calculation. 

 
Fig. 6. Received photo-detected signal in ONU after 

 40 km fiber length. 

 

.  

Fig. 7. FBMC sub-bands extraction and decoding. 

Fig. 8 (a) describes the 4-PAM signal extraction and demodulation 

steps in ONU. Square bandpass filter with center frequency at 0 Hz 

and bandwidth of 9.6 GHz is applied to the received signal which 

extracts the two sidebands of the received 4-PAM signal as shown in 

Fig. 8 (b). Thus extracted 4-PAM signal is equalized with the 9 taps 

adaptive feed forward finite impulse response (FIR) equalizer (FFE) 

with least mean square (LMS) adaptation. The first 64 samples of the 

4-PAM signal are used as a training length for the adaptation of LMS 

algorithm. After equalization, the performance of the 4-PAM signal 

is evaluated with BER calculation. 

 

 

 

 

 
Fig. 8.  (a) 4-PAM signal extraction  and demodulation process. 

 (b) Extracted 4-PAM signal. 

 

X. RESULTS AND DISCUSSIONS 

Fig. 9 shows the BER versus received optical power (ROP) 

performance for separate transmission of 4-PAM and 4 sub-bands 

FBMC at the fiber length of 40 km and 10 MHz laser linewidth.  

 

Fig. 9.  BER versus ROP performance of separate 4-PAM  

and 4 sub-bands FBMC signal transmission. 

 

If 4-PAM and FBMC signals are separately transmitted (without 

mixing), for the equivalent design parameters, FBMC shows better 

performance compared to the 4-PAM as shown in Fig. 9. The BER 

of 10-3 can be obtained at ROP of -22 dBm for the case of FBMC 

and -21 dBm for the case of 4-PAM. For the ROP values greater 

than -22 dBm, the BER of FBMC becomes 0. Similarly, for the 

ROP values greater than -18 dBm, the BER of 4-PAM becomes 0. 

From this simulation result, it can be concluded that the 4 sub-

bands FBMC shows the better performance than 4-PAM for the 

equivalent design parameters. 

The 4 sub-bands FBMC and 4-PAM signals are now multiplexed 

and the composite signal is transmitted. The 4-PAM and FBMC 

signals were extracted separately from the received composite 

signal using square bandpass filter. The BER with different 

received optical power (ROP) is evaluated as shown in Fig. 10 with 

10 MHz linewidth and 40 km fiber length for the extracted 4-PAM 

(a) 

(b) 



 

 

and 4 sub-bands FBMC signals. By varying ROP, for lower values 

of ROP, both modulation schemes show the similar performance. 

For the ROP of -16 dBm, the BER of 10-3 can be obtained for both 

the modulation schemes. As the ROP increases the 4-PAM signal 

shows better performance than 4 sub-bands FBMC signal indicating 

the fact that FBMC is more affected by the signal mixing effect 

(interference) compared to 4-PAM in the composite signal case. 

 

 

Fig. 10.  BER  versus ROP performances of 4-PAM  
and FBMC signals. 

 

The BER versus fiber length performance is evaluated for the 

extracted 4-PAM and 4 sub-bands FBMC signal with the laser 

linewidth of 10 MHz as shown in Fig. 11. The FBMC has degraded 

performance compared to 4-PAM. In this simulation also, in the 

case of the composite signal, the FBMC signal is more affected by 

the interference compared to the 4-PAM signal. 

 

 

Fig. 11.  BER  versus fiber length performances of 4-PAM and  

 4 sub-bands FBMC signals. 

 

Fig. 12 (a) and (b) show the constellation diagrams of the 

extracted 4 sub-bands FBMC and 4-PAM signals at 40 km and 60 

km fiber lengths respectively. At 40 km fiber length, the 

constellations of the 4 sub-bands FBMC and 4-PAM signals are 

less distorted which corresponds to the BER of less than 10-6 for 

both the modulation schemes. As the fiber length increases the 

constellation of the FBMC is distorted more. For the 60 km fiber 

length, the 4-PAM signal BER is in the order of 10-5 as compared 

to 10-2 for the case of 4 sub-bands FBMC. 

 

 

 

 

 
 

Fig. 12.  Constellation diagrams of extracted 4 sub-bands FBMC  

and 4-PAM signals after (a) 40 km fiber length  
(b)  60 km fiber length. 

XI. CONCLUSION 

In this paper, by using FBMC signal of 4 sub-bands of 500 MHz 

each with the aggregated bandwidth of 2.0015 GHz and 4-PAM of 

4.8 GHz we demonstrated the performance of converged wired-

wireless signal transmission in the PON. The 4 sub-bands FBMC 

signal has the bit rate of 4 Gbps and 4-PAM has the bit rate of 8 

Gbps. The narrow-band gap of 488.28 kHz is used to separate each 

sub-bands in 4 sub-bands FBMC. With very low-performance 

degradation (BER < 10-6) the converged signal can be transmitted for 

a distance of up to 40 km for the received optical power (ROP) of -

4.1 dBm with the laser linewidth of 10 MHz. The BER of 10-3 can be 

obtained at ROP of -22 dBm for the case of 4 sub-bands FBMC and  

-21 dBm for the case of 4-PAM at 40 km fiber length and laser 

linewidth of 10 MHz. 

The FBMC shows better performance compared to 4-PAM for 

separate transmission. However, FBMC is more affected by the laser 

linewidth and the interference effect compared to 4-PAM in the 

converged signal transmission scenario. Also, due to the double 

bandwidth efficiency of the 4-PAM, it will be attractive candidate 

compared to conventional OOK in baseband signal transmission 

scenario. We believe that the convergence of multi-sub-bands FBMC 

and 4-PAM will make expected 5G high bandwidth multi-user, multi-

bands wireless services feasible.  
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Abstract— Universal Filtered Orthogonal Frequency Division 

Multiplexing (UF-OFDM) modulation format is considered as a potential 

candidate for future wireless 5G due to its features of better spectral 

efficiency and lower spectral side lobes compared to the cyclic prefix 

OFDM (CP-OFDM). In this paper, we demonstrate the generation of the 

UF-OFDM signal for 5G millimeter-wave (mm-wave) small cell radio 

access network (RAN). The data rate is 3.2 Gbps for 16 quadrature 

amplitude modulation (QAM) with a bandwidth of 1.25 GHz. The system 

performance is evaluated by bit error rate (BER) measurements. By 

varying the power of driving UF-OFDM signal to the MZM the optimum 

modulation point is determined. 

Keywords— mm-wave; UF-OFDM; 5G, 

optimum modulation 

XII. INTRODUCTION  

In the recent years, the demand of huge amount of 

bandwidth is rapidly increasing due to the growing use of 

bandwidth demanding devices and applications. The limited 

wireless bandwidth at conventional radio frequency (RF) 

bands (0.7-2.6 GHz) is not sufficient to fulfill these demands 

[1]. The frequency bands at higher carrier frequencies such as 

millimeter-wave (mm-wave) are considered as an alternative 

solution to overcome the problem of the frequency congestion 

of the current wireless transmission system and to provide 

Gbps wireless access to the end users. Due to the large free 

space path loss at mm-wave frequency, large numbers of 

small cells need to be deployed to cover given geographical 

area. The RoF technology is considered as a promising 

solution for deployment of such radio access networks 

(RAN). 

Future wireless 5G networks are expected to provide 1-10 

Gbps wireless access to the end users [1-3]. The multicarrier 

system is a potential solution to increase the spectral 

efficiency in future RoF systems. One of the heavily studied 

modulation format in the multicarrier system is orthogonal 

frequency division multiplexing (OFDM) because of its 

merits of better spectral efficiency and robustness to the linear 

optical impairments such as chromatic dispersion (CD) [4]. 

However, OFDM modulation requires cyclic prefix (CP) in 

the overhead to reduce the inter symbol interference (ISI) and 

inter carrier interference (ICI), which reduces the spectral 

efficiency. Moreover, the large out of band emission of the 

OFDM subcarriers requires large guard bands in the multi 

sub-bands system which requires large inter-sub-band gap to 

overcome the interference. Filter bank multi carrier (FBMC) 

system requires a narrow band gap between each sub-band 

but requires a filter in each subcarrier resulting increased 

complexity [5-7]. In the Universal Filtered Orthogonal 

Frequency Division Multiplexing (UF-OFDM), the total 

available bandwidth is divided into a number of smaller sub-

bands; each sub-band is separately modulated using OFDM 

and filtered thus reducing the complexity in comparison with 

FBMC. For maintaining orthogonally, UF-OFDM can use 

QAM modulation, unlike FBMC which requires converting 

QAM to offset QAM (OQAM) that doubles the sampling rate. 

UF-OFDM also works with MIMO scheme while FBMC 

does not work without adding further complexity [5-7]. 
The performance comparison of OFDM and FBMC 

carrier aggregated signals at mm-wave frequency was studied 

in previous years such as in [8]. Recently, UF-OFDM based 

RoF system at mm-wave is demonstrated using optical 

heterodyning technique [9, 10]. In these demonstrations, the 

heterodyning at 60 GHz has been achieved using laser comb 

source. Also, the bit rate of 4.56 Gbps has been achieved with 

5 sub-bands multiplexed system with band-gap of 15 MHz 

between each sub-band. 

In this paper, we experimentally demonstrate UF-OFDM 

transmission at 60 GHz in a RoF system by employing two 

Mach Zehnder modulators (MZM). The UF-OFDM signal is 

carried optically by a free running laser with a Mach-Zehnder 

modulator (MZM) operating at linear transmission point and 

converted to mm-wave at 60 GHz by another MZM operated 

at minimum transmission point driven by a 30 GHz electrical 

carrier. The UF-OFDM signal with 1.25 GHz bandwidth is 

generated with 400 MHz bandgap between dc to the UF-

OFDM signal to avoid the signal to signal beating 

interference (SSBI) [11]. At the receiver, the received 

electrical mm-wave signal is down-converted to an 

intermediate frequency (IF) and then post-processed using 

digital signal processing (DSP) techniques. The data rate of 



 

 

3.2 Gbps is achieved with 16 QAM modulation order. The 

optimum modulation point is determined by varying the 

driving UF-OFDM signal power to the modulator. The 

performance is optimized with the use of recursive least 

square (RLS) equalizer.  

The rest of the paper is organized as follows. In section II, 

the description of the UF-OFDM signal generation method is 

given. In section III, the implemented system model of optical 

transmission setup is described. Section IV presents the signal 

processing methods for received mm-wave UF-OFDM signal 

extraction and demodulation. Section V illustrates the 

experimental results and discussion of the UF-OFDM signal 

performance. Finally, section VI concludes the paper. 

 

XIII. UF-OFDM SIGNAL GENERATION 

Fig. 1 shows the simplified DSP block diagram for 

generating the UF-OFDM signal. The MATLAB routines are 

developed to generate offline code for the UF-OFDM signal 

[5-7]. The UF-OFDM signal design parameters are given in 

Table 1. The total number of bits used is 12288. First, the 

input data stream is mapped into M-QAM format, and then it 

is converted from serial to parallel (S/P) streams. After this, 

the sub-band size is defined and sub-band mapping is 

performed. The sampling rate is 12 GS/s and each QAM 

symbol is upsampled with 12 samples for each QAM symbol. 

32 QAM symbols form one UF-OFDM sub-band. Total 

numbers of UF-OFDM sub-bands are 32. 1024 point IFFT is 

used. Each sub-band is filtered with a well-designed filter to 

suppress the out of band emission. Each sub-band can be 

filtered separately with different filter types. In our case, we 

employed Chebyshev window-based filter. Each sub-band is 

added to constitute the composite UF-OFDM signal. After the 

parallel to serial (P/S) conversion process, root raised cosine 

(RRC) filter with a roll-off factor of 0.25 is applied to 

optimize the signal to noise ratio (SNR). The bandwidth of 

the generated signal is 1.25 GHz. The baseband UF-OFDM 

signal is upconverted to 1 GHz carrier frequency. After this, 

normalization and clipping are applied to maintain the peak-

to-peak voltage amplitude at 500 mV. Thus generated code 

output is uploaded into an arbitrary waveform generator 

(AWG). 

 

 

 

 

Fig.1. Functional block diagram of UF-OFDM signal generation.  

 

Table 1. Design parameters of UF-OFDM signal generation 

 

Parameters Values 

No. of bits 12288 

Bit rate 3.2 Gbps 

No of sub-bands 32 

BW 1.25 GHz 

AWG Sampling 

frequency 

12 GS/s 

Type of sub-band 

filter 

Dolph-

Chebyshev 

 

XIV. SYSTEM SETUP 

 

Fig. 2 represents the simplified block diagram of the 

optical transmitter and receiver at the back-to-back 

configuration. In the optical transmitter, a distributed 

feedback (DFB) laser at 1551.82 nm wavelength with a 

linewidth of 1 MHz is used. The first Mach-Zehnder 

modulator (MZM) is driven by a 30 GHz electrical carrier 

generated from the signal generator and biased in minimum 

transmission point to suppress the optical carrier. The optical 

carrier suppression of about 16 dB is achieved. Thus 

modulated optical signal is then optically amplified by 

erbium-doped fiber amplifier (EDFA) to compensate the 

optical power loss from the first modulator. The second MZM 

is biased at the quadrature point. The second modulator is 

driven by an UF-OFDM signal generated from AWG channel. 

The peak-to-peak amplitude from AWG is 500 mV, and the 

sampling rate is 12 GS/s. The AWG channel output is 

amplified with a radio frequency (RF) amplifier before 

applying to the modulator. The RF amplifier has a gain of 25 

dB. By varying input signal driving power to the second 

modulator, the optimum modulation point is determined. 

  

 

Fig. 2. Experimental setup of transmitter and receiver.  

 

In the receiver, the optical signal is converted to mm-wave 

at 60 GHz by the fast photodiode of 70 GHz bandwidth. The 

received optical power before the photodetector is 4 dBm. 

The generated mm-wave signal is then amplified with the 

broadband amplifier of 20 dB gain which can work from 1 

MHz to 65 GHz and mixed with an electrical LO at 63 GHz 

to down-convert it to an intermediate frequency (IF) at 3 

GHz. The received IF signal is recorded with the real-time 

scope (RTS) for further offline DSP using the developed 

MATLAB code. 

XV. RECEIVER DSP PROCESSING 

      



 

 

 

Fig. 3. UF-OFDM signal extraction and decoding. 

 

     Fig. 3 represents the simplified block diagram of the 

applied DSP at the receiver. The received IF signal is 

captured at 20 GS/s from the real-time scope, and the 

spectrum of the received signal is shown in Fig. 4(a). First, 

the IF signal is digitally down-converted to the baseband 

signal by using an envelope detector whose output spectrum 

is shown in Fig. 4(b). After dc removal and after applying 

Butterworth low pass filter of order 4, the obtained signal 

spectrum is as shown in Fig. 4(c). 

 

 

 

 

 

 

 
 

Fig. 4.  Electrical spectra of the received UF-OFDM 

signal after (a) capturing from scope (b) envelope 
detector, and (c) low pass filter. 

 

After the above steps, the original transmitted signal is 

obtained with center frequency of 1 GHz. The transmitter and 

receiver symbol alignment is achieved with the cross-

correlation technique [12]. Baseband UF-OFDM signal is 

extracted by down-converting it with its RF frequency of 1 

GHz which was used in the signal generation, and then, RRC 

low pass filter of roll off factor 0.25 is applied as in the 

transmitter side. The produced signal is resampled at 2 

samples per QAM symbol. The UF-OFDM decoding routines 

are applied as shown in Fig. 3 [5-7]. First, the serial sample 

points are converted into a parallel stream. After this, 2N 

points FFT is applied. The lower half of the inputs to the FFT 

is padded zeros due to which alternate subcarriers of FFT 

output corresponds to the desired output. After this, for each 

subcarrier zero forcing frequency domain equalization is 

applied to combat the effect of sub-band filtering and channel 

effect. Consequently, P/S conversion process is performed. 

The first 32 QAM samples are used as a training signal to 

calculate the channel response which is used to equalize the 

signal. Furthermore, a simple 1 tap RLS equalizer with 

forgetting factor of 0.92 is employed to optimize the 

equalization process. Then, the performance of the signal is 

evaluated with BER calculation. 

XVI. RESULTS AND DISCUSSIONS 

 Fig. 5 represents the measured bit error rate (BER) 

values at the different driving signal power. The BER is 

obtained with direct bits comparison. As shown in Fig. 5 for 

the higher values of the driving signal power, the BER 

performance is degraded due to the increment of power of the 

higher order sidebands of the modulator output that lead to 

harmonic distortion reducing signal to noise ratio (SNR). As 

the driving signal power is decreased the BER is degraded 

due to the lower modulation index which lowers the SNR. For 

the power of 3 dBm, the BER of 0.001 is obtained with 14 

bits error out of 12288 transmitted bits. This BER can satisfy 

the standard forward error correction limit (FEC) [13]. The 

constellation diagram at the driving signal power of 3 dBm is 

also given in the inset of Fig. 5. 

 
                                

Fig. 5.  BER versus driving signal power. 

 

 In this experimental setup, we used a mixer, an RF 

amplifier and broadband amplifier which add extra electronics 

noise to the signal that reduce the SNR of the received signal. 

The amplifiers with better flatness in the frequency response 

can improve the results. Also, the SNR can be improved by 

employing the analog envelope detector instead of LO and 

mixer.  

XVII. CONCLUSIONS 

       In this paper, we experimentally demonstrated UF-

OFDM signal of 3.2 Gbps data rate transmission at 60 GHz 

radio over fiber system. The BER value of 10-3 is achieved 

satisfying the standard FEC limit for the driving RF signal 

power of 3 dBm. Due to the high suppression of out-of-band 

emission and better spectral efficiency, the UF-OFDM signal 

will meet the expectation for the future 5G wireless with high 

data rate transmission. 

(a) 

(b) 

(c) 
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Abstract— In this paper, we propose a new technique for 

synchronization and channel estimation in M-QAM OFDM radio over 

fiber (RoF) system by using constant amplitude zero auto-correlation 

(CAZAC) sequence based training preamble. Delay and correlate method 

is used to identify the training sequence in the received signal vector and 

to correct the symbol timing offset. For an optimum demodulation of 

OFDM signal, optimum down sampling offset position has to be identified 

before applying symbol timing algorithm. To solve this issue, we present 

the iterative method of finding optimum down sampling offset position. 

We show that the training preamble used for synchronization can also be 

applied to estimate the channel response using averaging technique. 

Moreover, we used the least square estimation based channel estimation 

method using pilot subcarriers and compare the results with training 

preamble based estimation. 

Keywords— Channel estimation; frequency offset; OFDM; 

pilot; radio over fiber; synchronization; training sequence 

I.  INTRODUCTION  

The wireless bandwidths at conventional radio frequency (RF) 
bands (0.7-2.6 GHz) are not sufficient to fulfill the higher 
capacity demands [1]. Higher frequency bands such as 
millimeter-wave (mm-wave) bands are considered as a 
solution to overcome the problem of frequency congestion in 
current wireless transmission systems [2]. Due to the existence 
of the license free frequency band of 7 GHz from 57 to 64 
GHz, extensive research interests are shown on this band. The 
major challenge at this band is huge signal attenuation [1-3]. 
This requires deployment of the large number of small cells to 
cover the geographical area. Thus, the base station (BS) 
should be as simple as possible to reduce the overall cost of 
the system.  At higher frequency regime with optical fiber 
transmission the chromatic dispersion (CD) affects the system 
performance significantly. The photonic technologies with 
mm-wave signal generation capability are considered as 
suitable technologies to solve the above mentioned issues [4]. 
Such systems can be considered as a conventional radio over 
fiber (RoF) system with millimeter wave signal delivery 
capability.  

 

In RoF systems with mm-wave generation, RF signal is 
generated and transmitted through low loss and huge 
bandwidth optical fiber. Such links have the ability to deliver 
RF signals into remote cells without deteriorating their 
characteristics (RF, modulation formats etc.). In such systems, 
all signal processing (e.g. signal generation, data modulation, 
up conversion etc.) can be provided in central station (CS) 
and, hence enables a simple, and low cost BS. This makes the 
deployment of large number of remote femto cells/ pico cells 
easier that can provide few Gbps wireless access and makes 
the network simple and scalable [3]. 

The target goal for 5G network is to provide 1-10 Gbps 
wireless access solution to the end user [1, 5]. The current 
research trends at 60 GHz range use direct detection as well as 
coherent detection technologies [6-8]. Due to the potential 
deployment of large number of small cells, complex BS 
transceiver is not cost effective. Therefore, simple modulation 
and detection methods are required. The multicarrier systems 
are essential to increase the spectral efficiency in future RoF 
systems. Since OFDM provide highly spectral efficient system 
and robust to the linear optical impairments such as chromatic 
dispersion(CD), it is still an attractive candidate for 5G 
research [9].The study of OFDM system also provides the 
basis for advanced multicarrier system such as FBMC (filter 
bank multicarrier) systems [10]. OFDM modulation is a simple 
and well studied method of multicarrier system which has also 
been studied in 60 GHz radio over fiber systems with various 
design aspects [11-13]. 

One of the major problems of the OFDM system is to 

synchronize the transmitted and received signal. OFDM is 

very sensitive to the synchronization error which causes fast 

Fourier transform (FFT) window misalignment, hence, an 

imperfect demodulation. The synchronization problem can be 

considered as timing estimation as well as carrier frequency 



 

 

offset estimation (FOE). The timing estimation problem 

consists of correct down sampling and correct symbol 

alignment. The frequency offset causes misalignment of the 

inverse fast Fourier transform (IFFT) and FFT subcarriers 

resulting inter carrier interference (ICI). The frequency 

response of the channel is estimated through channel 

estimation method and it is used to equalize the channel. 

Several research works exists to solve these issues [14]. 

Training preamble based and pilot based methods are more 

common and widely applied in practical situations [14, 15]. 

Delay and correlate methods can be applied for symbol timing 

and frequency offset correction. In [16], Moose proposed a 

technique for FOE using repeated training preamble. This 

method was also employed by Schmidl for symbol timing 

estimation [17]. In a similar way, different repetitive preamble 

structures were designed to improve the accuracy by Minn 

[18], Park [19] and Ren [20]. In this paper, we propose an 

iterative method for finding the optimum position for down 

sampling offset and lowest errors. We use a training preamble 

based on Ren method and apply in experimental 16QAM 

OFDM RoF system. We show also the consequence of the 

inaccurate down sampling. Moreover, we use the same 

training preamble to estimate the channel response and to 

equalize the channel using averaging technique. 

 

The organization of this paper is as follows. In section II, the 

descriptions of the implemented system model of optical 

transmission setup and signal processing methods are given. 

Section III presents brief theoretical background of used 

symbol time estimation; frequency offset estimation, and 

channel estimation methods. Section IV illustrates the 

proposed iterative method for finding the optimum down 

sampling offset position that improves the system 

performance. In section V, the description of the least square 

(LS) channel estimation method with interpolation using pilot 

subcarriers and the training preamble based channel estimation 

using averaging technique are provided. Finally, section VI 

concludes the paper. 

 

II. SYSTEM DESCRIPTION 

Fig. 1 represents the simplified block diagram of the optical 
transmitter and receiver setups in the lab. In the optical 
transmitter, a distributed feedback (DFB) laser at 1553.7 nm 
wavelength with line width of 10 kHz is used to generate an 
optical comb. The optical comb consists of a dual drive 
modulator and is driven with 15 GHz electrical local oscillator 
(LO) signal generator. Then, the optical signal is filtered to 
generate two optical tones spaced by 54 GHz by using 
wavelength selective switch (WSS). MATLAB routines are 
used to generate 16QAM OFDM signal which is electrically 
up converted to 6 GHz and uploaded to Arbitrary Waveform 
Generator (AWG). Two output channels of the AWG are used 
to drive the optical IQ modulator with the same OFDM signal 
shifted in phase by 90˚. The IQ modulator bias voltages are 
adjusted to generate single sideband (SSB) optical signal. 
Then, the modulated optical signal is amplified and filtered by 
optical band pass filter (OBPF) to remove the amplified 

spontaneous emission (ASE) noise before transmission over 
the fiber. In the optical receiver, the detected optical signal by 
the photodiode is amplified and mixed with another electrical 
LO at 54 GHz to down-convert it to intermediate frequency 
(IF) at 6 GHz. Then, the signal is recorded by the real time 
scope and the data is processed offline using MATLAB code. 

Fig. 2 shows the DSP block diagrams inside both the 

transmitter and receiver side. In the transmitter DSP; the 

OFDM signal is created using common OFDM coding 

techniques such as QAM mapping, serial to parallel 

conversion, IFFT and cyclic prefix (CP) insertion. The OFDM 

signal generation parameters are given in Table I. The pilot 

carriers are inserted to achieve channel estimation at the 

receiver and fixed preamble based training symbol is inserted 

for synchronization and used also for channel equalization. 

The root raised cosine (RRC) filter is used for pulse shaping 

with a roll off factor of 0.4. Then, the OFDM signal is up 

converted to IF frequency at 6 GHz. After normalization, the 

signal is uploaded to the two AWG channels with same 

magnitude but with different phase. The AWG has a sampling 

rate of 50 GS/s, which gives 10 samples/OFDM symbols 

points.  

 

 

 

Fig.1. Experimental block diagram. 

TABLE I.  OFDM    PARAMETERS 

parameter value 

No. of bits 57344 

Baud rate 5 Gbaud 

QAM order 16 

CP 25 % 

NFFT 1024 

RRC roll off 0.4 

Training 

symbol 
1 

Pilots 5 

 

In the DSP at the receiver side, the received electrical signal 

from the scope is processed offline. The scope sampling rate is 

80 GS/s. Each symbol has 16 samples/symbol. The signal is 



 

 

first down converted to the baseband, and then filtered by a 

matched raised cosine filter with same roll off factor as in 

transmitter side. Afterword, all the signal processing 

algorithms are applied at the baseband signal. In order to 

obtain the subcarriers values, the baseband signal has to be 

down sampled into 1 sample/symbol. Therefore, the new 

proposed iterative method is used (described in section III) to 

pick the optimum down-sampling offset position. The 

imperfect selection of the sample point degrades the system 

performance. After down sampling, symbol timing alignment, 

and frequency offset compensation are performed. Then, the 

common OFDM decoding methods such as serial to parallel 

conversion, CP removal and FFT are processed in sequence as 

shown in the block diagrams in Fig. 2. The channel estimation 

is then applied using pilot subcarriers as well as training 

preamble for comparison. After removing pilots, parallel to 

serial conversion is done and QAM demodulation is 

performed. 

 

 

 
 
Fig.2. Simplified digital signal processing (DSP) block diagrams in 
transmitter side and receiver side. 

Fig. 3 shows the structure of the OFDM symbols payload with 

training preamble symbol and pilot subcarriers. One training 

preamble symbol is used for synchronization and 5 pilot 

subcarriers are used for channel estimation. The pilots are 

inserted as a comb type at a same frequency interval. 

 

 

Fig.3. Structure of OFDM data payload with the training preamble symbol 
and pilot subcarriers.  The pilot subcarriers are placed in comb type structure. 

III. THEORITICAL BACKGROUND OF SYNCHRONIZATION 

A. Symbol timing estimation 

Symbol timing estimation in OFDM means finding the 

position in a received vector where the OFDM symbol starts. 

The error positioning of the sample points can be considered 

as a FFT window misalignment in transmission side and 

receiver side. To solve this problem, the starting sample 

position of IFFT and FFT should be aligned. The timing offset 

could be either in a leading or lag position from the best 

accurate position. For the leading offset, due to the use of 

cyclic prefix (CP) the orthogonality between the subcarriers 

might still exist, and this introduces the phase rotation to all 

subcarriers. However, the lag offset will cause the 

misalignment in FFT window which will destroy the 

orthogonality among the subcarriers leading to ICI.   

 

 
 
Fig.4. Timing metrics of different algorithms.  

 

To proceed with symbol timing algorithms, Schmidl [17], 

Minn [18] and Ren [20] methods are implemented in 

MATLAB and series of computer simulations were performed 

with AWGN noise for different SNR values. The illustration 

of timing metric of these methods is given in Fig. 4. In 

Schimdl method, the symbol starting position is at the end of 

flat region. The flat region arises from the existence of the CP. 

Due to this region; it is difficult to predict the accurate timing 

information for low SNR signals. For accurate estimation, it is 

required sharp slope between the flat region and sloppy 

region; in addition, the flat region should be strictly flat. In the 

Minn and Ren methods, the major peak provides the OFDM 

symbol starting position, and the minor peak is due to the used 

CP.  
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In our scheme of synchronization, we use the preamble 

sequence based on Ren’s method. This method employs the 

constant envelop preamble based on constant amplitude zero 

auto-correlation (CAZAC) sequences. These sequences are 

weighted by the real valued pseudo noise (PN) sequence 

whose values are +1 or -1. This preamble structure provides 

the constant peak to average power ratio (PAPR) and can be 

used as a training signal for all orders of modulations in M-

QAM OFDM. The preamble structure can be given as 

 

𝑃𝑟𝑒𝑎𝑚𝑏𝑙𝑒𝑅𝑒𝑛 =  [(𝐶𝐴𝑍𝐴𝐶)𝑁

2

    (𝐶𝐴𝑍𝐴𝐶)𝑁

2

 ] ∘  𝑆𝑁   (1) 

 

where, ∘ is the Hardmard product operator which implies the 

element wise multiplication between the vectors, 𝑁 is the FFT 

length and 𝑆 is the real valued PN sequence. The timing 

metric can be calculated from equation (2), whose maximum 

peak gives the starting position of the OFDM symbol 

 

          𝑀𝑅𝑒𝑛(𝑑) =
|𝑃𝑅𝑒𝑛(𝑑)|2

(𝐸𝑅𝑒𝑛(𝑑))2    .                                              (2)                                                                

Where,  

         𝑃𝑅𝑒𝑛(𝑑) = ∑ 𝑆𝑘

𝑁

2
−1

𝑘=0 . 𝑆
𝑘+

𝑁

2

. 𝑟∗(𝑑 + 𝑘). 𝑟 (𝑑 + 𝑘 +
𝑁

2
)  (3)      

 

is the delay and correlate vector, 𝑟 is the received signal vector 

whose starting point has to be determined, 𝑑 is the time index 

with which delay and correlation task has to be accomplished. 

The energy vector 𝐸𝑅𝑒𝑛(𝑑) is used to normalize the 

correlation vector given by 

  

𝐸𝑅𝑒𝑛(𝑑) =
1

2
∑ |𝑟(𝑑 + 𝑘)|2

𝑁

2
−1

𝑘=0    .                             (4)                                           

 

After the timing error correction, the other signal processing 

tasks such as frequency offset correction and channel 

equalization can be achieved more appropriately.   

 

B. Frequency offset estimation (FOE) 

The frequency offset introduces the ICI caused by adjacent 

carriers. The frequency offset also causes the reduction of 

amplitude. The frequency offset can be calculated as [20] 

 

𝑓𝑜𝑓𝑓𝑠𝑒𝑡 =
1

𝜋
𝑎𝑛𝑔𝑙𝑒[𝑃𝑅𝑒𝑛(𝑡𝑠𝑡𝑎𝑟𝑡)]                              (5)                                                                     

 

where, 𝑡𝑠𝑡𝑎𝑟𝑡 is  the starting position of the OFDM symbol 

which is determined by equation (2). The frequency offset 

error is calculated by a fraction of the subcarrier spacing. 

Since the range of 𝑎𝑛𝑔𝑙𝑒 function is ±π, equation (5) can 

estimate only ±1 range of subcarrier frequency spacing.  

 

IV. PROPOSED METHOD OF SYMBOL TIMING ESTIMATION  

Due to DAC and ADC are not operating on the same sampling 

rate, it is required to find the accurate down sampling offset 

before applying the symbol timing algorithm. Even if DAC 

and ADC operate on the same sampling rate, optimum down 

sampling position needs to be determined. Due to the 

inaccurate sampling point the amplitude and phase of the 

extracted samples will not represent the valid symbols, and 

that degrades the system performance. To solve this issue, we 

construct an iterative algorithm as given in Fig. 5. With our 

method, the signal is first down sampled from x 

samples/symbol into 1 sample/symbol and then delay and auto 

correlation process is applied. The peak of autocorrelation 

gives the maximum amplitude for the sample which represents 

the correct starting symbol.   

 

With the algorithm given in pseudo code of Fig. 5, the Ren 

metric given in equation (2) has to run for (ADC sampling 

rate)/(QAM symbol rate)  times to calculate the peak values of 

each run. If the captured data from the scope is x times 

repeated transmitted signal, x numbers of peaks will appear in 

each iteration. Each peak represents the starting position of the 

OFDM symbol. For each iteration, the first peak is chosen and 

its value and position are stored in the buffer. Then, the 

maximum value of the peak is selected from the buffer. The 

position of the selected peak corresponds to the optimum 

down sampling offset position. After finding the optimum 

down sampling offset position, the signal is down-sampled at 

this optimum position to extract 1 sample/symbol. At this 

stage the FFT window will be at the optimum aligned position. 

After frequency offset correction OFDM decoding and 

channel estimation procedures can be applied. 

 

 
 

Fig. 5. Block diagram of optimum position for down sampling using iterative 
method.  



 

 

 
 

  

     

Fig. 6. Timing metric plots: (a) with incorrect down sampled signal (b) with 
optimum down sampled signal. 

 

Fig. 6 shows the plots of timing metric of equation (2) for the 

cases of not correct offset position of down sampled signal, 

and the optimum down sampled signal. Two peaks in each 

figure results from the two times repetitions of the transmitted 

signal in the captured data from the scope. The lower peaks 

that are adjacent to the higher peak is due to the used CP. Due 

to the weak correlation, the peak values are lowered and noise 

level is increased in Fig. 6 (a). In Fig. 6 (b) the peak values are 

higher. These metric plots are for optical channel signal in 

which SNR is low. For higher SNR signals, the peak values 

appear with higher magnitude. 

 

To observe the effect of inaccurate down sampling, Fig. 7 

provides some illustrations. Fig. 7 (a) is the constellation 

diagram for the back-to-back configuration (without optical 

channel) with optimum offset position of the down sampled 

data. Fig. 7 (b) is the constellation diagram with not correct 

offset position. Fig. 7 (c), and Fig. 7 (d) are the constellation 

diagrams with optical channel with few meters of fiber with 

optimum, and not correct offset position of down sampled 

data, respectively. The constellations are affected by the 

amplitude dependent noise, could be due to the nonlinear 

distortion due to electrical amplifier and optical components. 

These experimental imperfections will be solved in future 

work.  

 

 
 
 

 

 

 

 
 

 

 

 

 
 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 
 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 
 

 

 

 
Fig. 7. . Constellation diagrams to illustrate the effect of optimum and not 
correct offset position of down sampling. (a) and (b) without optical channel 
(back to back) with optimum and not correct offset position of down sampled 

signals respectively. (c) and (d) with optical channel with few meters of fiber 
with optimum and not correct offset position of down sampled signal, 
respectively. 

 

V.  CHANNEL ESTIMATION METHODS 

This process estimates the frequency response of the channel. 

Channel estimation is mandatory in the OFDM system to 

remove the channel degradation. Channel estimation can be 

done using training symbols or with pilot subcarriers along 

with interpolation. 

 

A. Least square (LS) estimation using pilot subcarriers 

Let us suppose 𝑥(𝑛) is the transmitted time domain symbols 

after IFFT and 𝑦(𝑛)is the received OFDM symbols in receiver 

after removing cyclic prefix. Where, 𝑛 = 0,1,2 … . . 𝑁 − 1, 𝑁 

is the FFT length. The FFT on 𝑦(𝑛) can be given as 

 

𝑌(𝑘) =
1

𝑁
∑ 𝑦(𝑛)𝑒−𝑗2𝜋

𝑘𝑛

𝑁𝑁−1
𝑛=0                                    (6) 

                                        

where, 𝑘 = 0,1,2, … , 𝑁 − 1 . With the channel response 𝐻(𝑘), 

transmitted signal response 𝑋(𝑘) and noise response 𝑊(𝑘) , 

𝑌(𝑘) can be written as 

 

𝑌(𝑘) = 𝑋(𝐾). 𝐻(𝑘) + 𝑊(𝑘)                                  (7)  

       

The pilot symbols from 𝑌(𝑘) and 𝑋(𝑘) are extracted and 

corresponding channel response can be estimated using  

 

�̂�𝑝𝑖𝑙𝑜𝑡(𝑘) =
𝑌𝑝𝑖𝑙𝑜𝑡(𝑘)

𝑋𝑝𝑖𝑙𝑜𝑡(𝑘)
   .                                            (8)        

 

To apply the channel estimation for equalizing OFDM signal, 

the interpolation method has to be used. After the 

interpolation, the size of the channel estimation vector 

�̂�𝑝𝑖𝑙𝑜𝑡(𝑘) is the same size as in the vector �̂�(𝑘). In our 

method, we apply the linear method of interpolation. In this 

type of interpolation, two pilots are used to estimate the 

channel response at the OFDM data subcarriers which are 

located between those pilots. In this way the pilots’ channel 

response �̂�𝑝𝑖𝑙𝑜𝑡(𝑘) is interpolated to �̂�(𝑘). 

 

B. Training preamble based estimation 

We use the same training preamble structure for both 

synchronization and channel estimation. In our arrangement 

the training preamble symbol occupies all the subcarrier 

frequencies as given in Fig. 3. The frequency response of the 

channel can be calculated using LS method. To apply this 

channel response for equalizing the channel, we use the 

averaging method as given in Fig. 8 and compute the common 

channel response factors. The obtained response is applied to 

all OFDM data payload to equalize the channel.  
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 Fig. 8. Illustration of averaging method for correcting amplitude and phase 
response using training preamble. 

 

Fig. 9 shows the comparison of the equalized constellation 

diagrams using the channel estimation of pilot subcarriers and 

training preamble. The channel estimation using training 

preamble along with averaging method has given improved 

constellation points than using pilot subcarriers. For better 

channel equalization the MMSE (minimum mean square error) 

method can be applied [21]. 

 
 

      

  

Fig. 9. Constellation diagrams of optical channel using few meter fiber length: 
(a) LS method with interpolation using pilots (b) averaging method using 
training preamble. Constellation diagrams of back to back (without optical 
channel): (c) LS method with interpolation using pilots (d) averaging method 
using training preamble. 

VI. CONCLUSIONS 

In this paper, we proposed an iterative method for the 

synchronization and channel estimation for MQAM OFDM 

based radio over fiber (RoF) system based on constant 

amplitude zero auto-correlation (CAZAC) sequence preamble. 

We experimentally verified the use of this preamble for 

synchronization and channel estimation in 16QAM OFDM 

RoF by obtaining the optimum position of the down sampling. 

We also applied this preamble for equalizing the channel using 

averaging technique.  
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