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Resumo 

 
 
 

Este trabalho tem por objetivo a implementação de um amplificador  

de radiofrequência (RF) baseado no efeito não-linear mistura de quatro ondas 

aplicado a um sistema de rádio sobre fibra (RoF) com modulação CAP 

(modulação de amplitude e fase sem portadora). Tal sistema viabiliza o 

transporte da informação utilizando um backhaul óptico, no qual a fibra 

óptica é utilizada como canal de comunicação e como meio ativo de ganho de 

RF. O ganho de  RF é definido com a diferença entre a potencia elétrica 

fotodetectada utilizando o produto de FWM e aquela do sistema RoF 

convencional. Este ganho depende fortemente dos parâmetros elétricos e 

ópticos do sistema, tais como separação dos laseres, estado de polarização, 

frequência da portadora de RF e tensão de polarização do modulador óptico.  

O trabalho baseou-se em simulações numéricas, utilizando 

OptiSystem ® da Optiwave Inc., e resultados experimentais obtidos em 

parceria com o laboratório Lasor do Centro de Pesquisa e Desenvolvimento 

em Telecomunicações (CPqD) de Campinas. Obteve-se experimentalmente 

amplificação de RF baseada em tecnologia fotônica na faixa de 4,0 a 19,0 

GHz, relação sinal-ruído (SNR) de até 51 dB e ganhos de até 26 dB. 

 

 

Palavras-chave: Comunicações Ópticas, Fibras Altamente Não-

Lineares, Fotônica de Micro-ondas, Modulação em amplitude e fase, 

Mistura de Quatro-Ondas, Rádio sobre fibra e Amplificação de RF. 
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Abstract 

 
 
 

The objective of this work is the implementation of a radio-frequency 

(RF) amplifier based on the four-wave mixing nonlinear effect applied to a 

radio over fiber (RoF) system with CAP (Carrierless Amplitude Phase 

modulation). Such system enables the transmission of information using an 

optical backhaul, wherein the optical fiber is used as the communication 

channel and as an active medium for RF gain. The RF gain is defined as the 

difference between the photodetected electrical power in the FWM product 

and that of the conventional RoF system. This gain strongly depends on the 

electrical and optical parameters of the system, such as separation of lasers, 

state of the light polarization, frequency of the RF carrier and the bias voltage 

of the optical modulator. 

The work is based on numerical simulations using OptiSystem ®, by 

Optiwave Inc., and experimental results obtained in cooperation with the 

Lasor laboratory from the research and development center (CPqD) of 

Campinas-SP, Brazil. Experiments results demonstrate photonics-based RF 

amplification from 4.0 to 19.0 GHz, signal-to-noise ratio (SNR) up to 51 dB 

and electrical gains up to 26 dB. 

 

 

Keywords: Optical Communications, Highly Non-Linear Fibers, 

Microwave Photonics, Carrierless Amplitude Phase modulation, 

Multiple Four-Wave Mixing, Radio over Fiber and RF amplification.
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Chapter 1 

 

1. Introduction 

Over the past years, the world has seen a remarkable growth in the usage and 

acceptance of information and communication technology (ICT); moreover, by the 

end of 2014 approximately three billion people were using the internet. Due to the 

uptake in mobile and fixed-broadband subscribers, appropriate infrastructure for 

broadband internet access is a priority for telecommunication service providers and 

governments over the world [1]. Fig. 1 shows a chart of the mobile-broadband 

growth and penetration percentage in the world from 2005 to year 2014, and the 

percentage of subscribers in specific regions of the world in 2014. It is worth 

mentioning that in Europe, the fixed-broadband penetration is much higher than in 

other regions (27.7%), it is almost three times as high as the world average (9.8%). 

 

Fig. 1 - Wired-broadband subscriptions by country development level between 2005 and 

2014 (left), and estimated subscribers by region in 2014 (right). LDC: Least developed countries. 

Figure taken from [1]. 
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During the past years, broadband subscriptions around the world have 

increased along with the growth of backbone infrastructure, capacity and internet 

bandwidth. In 2001 it was estimated that the average international internet bandwidth 

was of approximately 1600 Gbit/s, in 2010 it increased to around 60400 Gbit/s, and 

more than 140000 Gbit/s in year 2014 [1], as shown in Fig. 2. The growth in 

international bandwidth reflects a development in infrastructure to provide internet 

services in all the regions of the world. 

 

Fig. 2 - International internet bandwidth per internet user by region. Figure taken from [1]. 

 

Fixed broadband is a critical characteristic for high speed, capacity and 

consistent internet services. Households and offices are its main subscribers. By the 

end of 2014, it was estimated that approximately a 44% of the world’s households 

had internet access. In contrast, 78% of the households in developed countries had 

access to the internet by the end of the same year [1].  Moreover, data capacity has 

increased due to Dense Wavelength Division Multiplexing (DWDM), which enables 

the simultaneous transmission of multiple wavelengths for several different services 

and traffic types over the same network [2]. One of the DWDM advantages is that 

data capacity has increased to around 10 Tb/s per fiber. The 10 Tb/s could be 

allocated to one million subscribers, each one of them with 10 Mb/s; however, the 

problem is to provide the mentioned data rate to each one of the subscribers. Fiber 

networks are connected to telephone companies, which use switching stations to 

provide users with internet access. Users usually do not have direct access to the 

fiber network because service providers use twisted-pair wiring with data rates from 

128 kb/s to 2.3 Mb/s, or cable modems to provide shared access at a rate of about 30 
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Mb/s. The high cost of laying optical fiber to each household is the main reason to 

look for alternatives other than optical fibers to connect users to the network; this is 

referred as the last-mile problem [3]. 

Optical wireless communications is a complementary technology for Radio 

Frequency (RF) and optical fiber that combines the advantages of both transmission 

media in a unique one: flexibility and mobility from wireless systems with wide 

bandwidth and absence of electromagnetic interference from optical fibers. This 

technology is an attractive solution for the last-mile problem in dense populated 

areas. The service can be provided by demand without any special infrastructure: 

Optical receivers can be installed in windows or rooftops of buildings, where they 

can communicate with a local communication node that sends independent optical 

signals to each subscriber; then, only paying subscribers receive the optical wireless 

service [3]. Moreover, optical wireless communications has the potential of 

transmitting data at a high rate for short distance indoor and outdoor applications in 

short haul. It is an attractive wireless broadband technology for providing internet 

access in different places including public facilities; in some countries, libraries and 

post offices offer free internet access using optical wireless.  For indoor applications, 

Infrared (IR) and visible light communication systems are preferred; on the other 

hand, outdoor applications mainly use semiconductor lasers with broad bandwidths 

and high power [4]. However, optical wireless communications may present 

performance impairments in indoor systems due to dispersion, and in outdoor 

systems due to atmospheric conditions. Thus, suitable mitigation techniques are 

required to maintain the link operation [5].  

Mobile communications have shown a constant evolution since first 

generation, a change of generation occurs approximately every ten years. In the early 

1980’s, at the beginning of first generation (1G), systems were intended to provide 

voice services and low rate circuit switched data services, the mobile devices were 

large in size, and the employed technologies were analog frequency modulation 

along with Frequency Division Multiple Access (FDMA). The critical problems of 

1G included capacity bottlenecks and incompatible standards [6] [7]. Mobile 

technology had a second boost in the 1990’s with 2G digital technology standards, 

including Global System for Mobile Communications (GSM), IS-136 (Time-division 
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multiple access, TDMA), IS-95 (code division multiple access, CDMA), and 

Personal Digital Cellular (PDC), which were designed to improve voice quality, 

higher capacity and a continental system with full international roaming and handoff 

[8]. Digital technology not only enhanced voice quality and services, but also 

significantly reduced the cost of handsets and infrastructure systems [9]. 

Furthermore, 3G systems improved spectral efficiency, costs, and data capacity; 

Third generation cellular systems rates can reach up to 2Mb/s in indoor, and 144kb/s 

in vehicular environments [10]. 

The mobile generation evolution has influenced in the upgrade of mobile 

networks worldwide, in order to support new technologies. As seen in Fig. 3, in 2010 

the number of 3G subscriptions surpassed those of 2G in developed countries, even 

though the growth of 3G seems to be slowing down in the following years due to the 

uptake of 4G technology. In developing countries, a large majority of subscriptions is 

2G, but the number of 3G users is increasing rapidly. The difference between 

technology acceptance between developed and developing countries is due the fact 

that fixed and mobile broadband technologies entered earlier in the market of 

developed countries than in other countries. 

 

 

Fig. 3 - Mobile subscriptions by technologies between years 2000 and 2015 in developed 

countries (left) and developing countries (right). Figure taken from [1]. 

 

Current cellular networks provide services that were not available before, 

such as e-mail, internet access and video exchange; next generation devices and 
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applications may demand faster internet speeds and an increase in data capacity. In 

addition, it is estimated the global IP traffic will reach 1.6 zettabytes per year in 2018 

[1].  Higher data capacity can be achieved through advanced transmission techniques 

with efficient speech coding, codes for error correction, and band efficient 

modulation [8].  Besides  high-speed, symmetric, and guaranteed bandwidth 

demands for future internet connection technologies, next generation access 

networks are driving the needs for the convergence of wired and wireless services.  

Broadband communications is a solution that offers high-speed internet 

access, mobile voice and data services. Fig. 4 shows the most widely used 

communication technologies for broadband communications. Optical communication 

systems can support Tb/s capacities over many thousand kilometers; consequently, it 

is an ideal technology for high-capacity landline networking. Growing capacities and 

bandwidth demand of data services can be satisfied by a wavelength division 

multiplexing (WDM) systems. Furthermore, a system cost reduction is achieved by 

sharing optical components among all WDM channels, such as optical fiber, used for 

transport and dispersion management, and optical amplifiers, placed along the 

transmission path for WDM channel re-amplification [11].  

 

 

Fig. 4 - Broadband communication technologies [11].  

The need to exploit optical bandwidth more efficiently, while employing 

advanced modulation formats can satisfy reducing cost per bit. Multilevel formats 



6 

 

enable the reduction of symbol rate in the system, nevertheless as a counterpart, there 

is an increase in the transmitter and receiver complexity. Multilevel signaling 

consists on encoding 𝑙𝑜𝑔2𝑀 data bits on M symbols that are transmitted at a reduced 

symbol rate of   𝑅/𝑙𝑜𝑔2𝑀, where R is the bit rate; this technique offers high spectral 

efficiencies at the cost of a reduced tolerance to noise [12] [13]. According to 

Shannon’s theory if the constellation size increases, so does the spectral efficiency, 

and in contrast the Euclidean space between two constellations points decreases, 

thereby requiring a higher signal-to-noise ratio (SNR) [14].  

Multilevel formats reduce the channel optical bandwidth consumption and 

enables WDM transmission with narrow bandwidths. In addition, by increasing the 

symbol rate per channel and/or the size of symbols constellation, higher optical 

signal power that can be launched into the fiber without generating excessive 

nonlinear distortions for the same bit rate [15]. Several multilevel modulation 

formats have been studied for multi-gigabit transmission, including multilevel 

intensity modulation [16][17], multilevel phase modulation [18][19], and also hybrid 

multilevel intensity/phase modulation [20][21]. However, multilevel optical phase 

and amplitude have complex transmitters and receivers because optical phase is lost 

upon detection; only the envelope of the signal is received, thereby requiring 

coherent detection [22]. Thus, from this point of view it is attractive to consider 

different modulation methods.  

Other techniques that have been used for advanced modulation in short-range 

communications are discrete multitone (DMT) [23] [24], Quadrature amplitude 

phase modulation [25][26] and carrierless amplitude phase modulation (CAP) 

[27][28][29][30]. CAP is technique that outstands between the others due to its high 

data rate, spectral efficiency and flexibility; it is a multidimensional and multilevel 

modulation scheme that was proposed in the 70’s by Bell Labs [31]. CAP has been 

included in few communication standards including 155Mbps ATM-LAN 

transmission [32], and high-bitrate digital subscriber line (HSDL) [33]. If CAP is 

compared to other modulation schemes, such as Quadrature Amplitude Modulation 

(QAM) and Orthogonal Frequency Division Multiplexing (OFDM), no electrical or 

optical complex-to-real-value conversion is necessary; neither requires discrete 
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Fourier transform used in OFDM demodulation. For high-speed transmission, CAP 

has been demonstrated to have less complex transmitter and receiver design, and a 

better performance than DMT [34]. CAP is similar to QAM, but employs a different 

way to generate two orthogonal components of the signal; in QAM two sinusoidal 

waves are generated, but CAP employs two digital filters with orthogonal impulse 

responses.  

This work presents contributions in the research areas of microwave 

photonics, optical-wireless communications and CAPS modulation, which was 

chosen as the modulation format due to its high capacity. We present numerical and 

experimental results on photonics-based RF amplification in radio over fiber systems 

using CAP modulation. The RF amplification is based on the non-linear effect of 

Multiple Four-wave Mixing (MFWM). We use HNLF to increase the FWM 

efficiency and generate new wavelengths for optical transmission. The optical 

spectrum at the output of the fiber consists of optical carriers and sidebands equally 

spaced between them, and generated from various combinations of interacting 

signals. The high RF powers of the generated idler frequencies suggest that these 

wavelengths are more suitable for transmission than the optical carriers. In other 

words, we propose a novel CAP modulated radio over fiber scheme with a HNLF to 

produce photonic amplification using FWM.  

To study the feasibility of the proposed scheme, several numerical and 

experimental analyses were carried out starting with the multiple four-wave mixing 

techniques on a radio over fiber scheme using highly nonlinear fiber. Then, 

MATLAB was used as a tool for CAP modulation algorithm design and simulation 

of the transmitter and receptor block diagrams. Finally, the RoF scheme is simulated 

using OptiSystem ® in order to study the feasibility of using CAP as the modulation 

format, and therefore achieving a photonic assisted amplification of a CAP 

modulated signal on a radio over fiber scheme. This document presents contributions 

in the following areas of microwave photonics: i) a novel optical signal generation 

scheme of amplified microwave carriers based on controlled generation of optical 

nonlinear effects, ii) a high capacity radio over fiber system for intermediate reach 

applications, iii) an optical signal generation scheme based on CAP modulation and 

RoF architecture for high capacity transmission. 
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The dissertation is structured as follows: chapter 2 is a short review of 

Microwave photonics, multiple four-wave mixing and carrierless amplitude phase 

modulation, which are the main techniques used in this research project. Secondly, 

chapter 3 treats on radio over fiber systems including CAP modulation; the first part 

includes a short introduction to radio over fiber systems; then, details of the 

implementation of the radio over fiber system with CAP modulation are presented, 

including numeric simulations. Chapter 4 provides information regarding radio 

frequency amplification using multiple four-wave mixing, along with simulations 

using OptiSystem ® software and results of the experiments carried out at the Centro 

de Pesquisa e Desenvolvimento (CPqD) in Campinas - SP. Chapter 5 is intended as a 

revision of the work, and a set of conclusions and future works is presented. 
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Chapter 2 

 

2. Theoretical Background 

In this chapter, three main topics are explained for providing a theoretical 

background on the main research area of this Dissertation. First, we describe the 

generation of microwaves and millimeter waves using different optical generation 

methods. Then, the nonlinear phenomenon of four-wave mixing is defined; this 

phenomenon allows to obtain the photonic amplification we propose in our 

experimental setup. Finally, the modulation format used in our research, Carrierless 

Amplitude Phase modulation, is explained step by step including simulations and 

results obtained with MATLAB for CAP-16, CAP-32, CAP-64 and CAP-128. 

  

2.1. Microwave Photonics  

Microwave photonics has been proposed as an area concerning the interaction 

between microwave and optical signals [59]. Its applications of microwave photonics 

in telecommunication engineering include broadband communications, design of 

broadband and more sensitive radar systems, satellite communications, high capacity 

wireless signal transmission, optical signal processing [60] and remote sensing [61]. 

At first, optical signal generation of microwave carriers has been widely reported due 

to physical advantages of optical devices such as lower optical power attenuation 

compared to conventional electrical components for RF applications and broader 

bandwidth compared to RF sources, modulators and amplifiers [62].  
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2.1.1. Optical signal generation of microwave signals 

Many applications require low-phase noise and frequency tunable sources of 

microwave and millimeter-wave signals, as well as distribution of generated signals 

to remote areas. Optical fibers represent a potential solution for microwave signal 

distribution due to its broad bandwidth and low loss characteristics; hence, the 

generation of optical microwave and millimeter-wave signals represent an advantage 

in signal distribution via optical fiber from a central office to remote areas [59]. 

The first method to generate microwave and millimeter-wave signals in the 

optical domain are called optical heterodyning, depicted in Fig. 5 [62]. This method 

consists of two optical waves of different wavelengths that beat into a photodetector 

(PD). The optical waves are given by 

𝐸1 = 𝐸01cos (𝜔1𝑡 + ф1)    (1) 

𝐸2 = 𝐸02cos (𝜔2𝑡 + ф2)    (2) 

 

where 𝐸01 and 𝐸02 represent the amplitude, 𝜔1 and 𝜔2 are the angular frequency, 

and ф1 and ф2 are phase terms of the optical signals. The resulting electrical field 

(E0) is the sum of the wavelength’s input fields  𝐸0 = 𝐸1 + 𝐸2. The intensity at the 

output (𝐼𝑅𝐹) of the light beam at the output of the photodetector is proportional to the 

square of  𝐸0. The square of the resulting electrical field is expressed as follows 

|𝐸0|
2 = |𝐸1 + 𝐸2|

2 = |𝐸1|
2 + |𝐸2|

2 + 𝐸1𝐸2
∗ + 𝐸1

∗𝐸2  (3) 

|𝐸0|
2 = |𝐸1|

2 + |𝐸2|
2 + 2|𝐸1||𝐸2|cos ((𝜔2 − 𝜔1)𝑡 − (ф2 − ф1))  (4) 

 

The current at the output of the photodetector is given by 

𝐼𝑅𝐹 = 𝐼1 + 𝐼2 + 2(𝐼1𝐼2)
1/2 cos ((𝜔2 − 𝜔1)𝑡 − (ф2 − ф1))  (5) 

𝐼𝑅𝐹 = 𝐴𝑐𝑜𝑠[(𝜔1 − 𝜔2) + (ф1 − ф2)]   (6) 
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where the terms 𝐼1 and 𝐼2 represent currents produced at the photodiode by 

the optical waves. The term 2(𝐼1𝐼2)
1/2 cos ((𝜔2 − 𝜔1)𝑡 − (ф2 − ф1)) is a cosine 

varying intensity at the beat frequency given by the frequency difference of the two 

light beams [100]. The generated RF frequency is equal to the difference of the 

optical waves` frequencies. This technique allows electrical signal generation with 

frequencies of up to the THz band, and the only limitation depends on the bandwidth 

of the photodetector. 

 

 

Fig. 5 – Block diagram for the optical heterodyning technique. PD: Photodetector. 

However, two different laser sources generate the optical waves, 𝐸1 and 𝐸2; 

since it is not possible to guarantee phase correlation between them, it is probable to 

have high phase noise. To avoid this problem, different techniques have been 

proposed. The first one is optical injection locking (OIL) [62][63]. This technique 

consists of a master laser directly modulated by a RF signal reference and two slave 

lasers (see Fig. 6). At the output of the master laser, frequency modulation generates 

optical sidebands of different orders. Then, this signal is injected into the slave 

lasers, whose free-running wavelengths are close to two sidebands. If the free-

running wavelengths are close to the 2nd upper and lower sidebands, then the 

wavelengths of the two slave lasers are locked to those sidebands and the optical 

injection locking is achieved. The two optical wavelengths that beat into the 

photodetector are then separted four times the frequency (fm) of the RF reference 

signal that feeds the master laser, thus generating an electrical signal with a 

frequency equal to 4fm [63]. The phases of the locked sidebands are correlated, 

hence, the resulting electrical signal at the photodetector will have a low-phase noise. 
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Fig. 6 - Optical injection locking of two slave lasers. Slave lasers are wavelength-locked by 

the +2nd and -2nd order sidebands. 

 

Another method is optical phase locked loop (OPLL), which is illustrated on 

Fig. 7 [62]. This method consists of two narrow linewidth lasers that are coupled and 

photodetected. The phase of photodetected electrical signal is compared with a RF 

reference signal from a microwave generator. An electrical phase detector, 

represented by the dotted square, has an output voltage proportional to the phase 

difference between the photodetected signal and the RF reference. This error voltage 

is fed to one of the laser sources to control its phase by changing the laser’s cavity 

length or the injection current. The loop makes possible for the phase fluctuation 

between the lasers to be reduced, and consequently, the photodetected signal are 

locked to the RF reference. This technique has been widely implemented in different 

types of laser source [64][65] and microwave frequencies [66]. 

 

 

Fig. 7 - Optical Phase Locked Loop. PD: Photodetector. 

 



13 

 

Optical injection phase locking (OIPL) is another photonics technique 

developed for further improvement of the signal quality [62][67]. OIPL combines 

OIL and OPLL in a new optical locking system; the diagram of this technique is 

shown in Fig. 8. In OIPL the light from a master laser is divided into two channels, 

one of them coupled into the modulator before being injected into the slave laser. 

The slave laser is locked to one of the sidebands of the modulated signal (OIL). The 

other channel is combined with the slave laser output, and then the signals are 

photodetected. The electrical signal at the output of the photodetector is mixed with a 

microwave reference signal, and the mixer output passes through a low pass filter to 

phase-lock the wavelength of the master laser. Experimental results show that using 

this technique; a lower phase noise is obtained in comparison with OIL or OPLL. 

 

 

Fig. 8 - Diagram of optical injection phase locking. 

 

Moreover, high quality microwaves are generated using external modulation. 

In 1992, microwave generation using external modulation was proposed for the first 

time, where a Mach-Zehnder modulator was biased to suppress the even order 

sidebands. As a result, the signal generated had twice the frequency of the RF driving 

the MZM [67]. MZM can also be biased to suppress even order sidebands in addition 

to a notch filter to filter out the optical carrier [96]. In this way, a signal with four 

times the frequency of the RF driving the MZM can be obtained. This technique has 
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been used in different approaches to generate 60 GHz mm-wave signals using 15 

GHz drive signals applied to the MZM [68][69].  

Frequency tunable microwave and millimeter-wave signals are highly 

desirable for different applications. Intensity and phase modulation are two 

approaches that allow generating frequency tunable microwave signals using an 

optical filter. The intensity modulator based approach shown in Fig. 9a, shows a 

MZM biased at the maximum transmission point of the transfer function to suppress 

odd-order sidebands. The notch filter, which can be a fiber Bragg grating (FBG), 

filters out the optical carrier. As a result, the photodetected electrical signal has four 

times the frequency of the RF drive signal [70]. In the Phase modulator based 

approach, the MZM is replaced with an optical phase modulator, which does not 

require a dc Bias and consequently eliminates the bias drifting problem. Fig. 9b 

shows the diagram the mentioned approach that consists of an optical carrier 

generated with a tunable laser source (TLS) that is sent to the optical phase 

modulator through a polarization controller. The modulated signal and its sidebands 

pass through a FBG that filters out the optical carrier. Then, the remaining sidebands 

are amplified using an Erbium Doped Fiber Amplifier (EDFA) and launched to a 

single mode fiber. SMF chromatic dispersion affects the phase of the sidebands, then 

the system requires dispersion compensation techniques to eliminate power 

fluctuation of the generated electrical signals and to maintain the odd-order 

sidebands suppression [71]. 
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Fig. 9 - External modulation approaches using: (a) an intensity modulator; (b) a phase 

modulator. 

 

2.2. Radio over Fiber 

A Radio over Fiber (RoF) system is based on the transmission of RF signals 

using an optical fiber link. The use of RoF systems in telecommunications is possible 

due to photonic technologies that convert electrical signals into optical though 

modulation. The conversion from the electrical to the optical domain and vice-versa 

is ensured, with the purpose of transporting the mentioned RF signal through an 

optical fiber. RoF provides untethered access to wireless broadband communications 

and offers a potential solution to the capacity and mobility needs; furthermore, this 

technology decreases costs in access networks [35]. Moreover, RoF architecture for 

wireless signal distribution may vary according to the service application; many RoF 

architectures for both optical intensity and optical phase modulated have been lately 

reported in the literature [36] [37] [38] [39]. Infrastructure sharing at a centralized 

location, wide bandwidth operation, and lower data signal attenuation and robustness 
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to electromagnetic interference can be listed as the main advantages offered by the 

RoF technology [78].  

RoF is a promising candidate in wireless access networks since it combines 

microwave and optical networks for different applications in a cost efficient way. 

However, due to its optical nature, nonlinear effects can affect the performance of a 

RoF system. For instance, the optical power over the fiber could be high enough to 

excite nonlinear effects such as SBS and four-wave mixing (FWM). The first 

nonlinear effect affects signals with narrow optical spectrum and limits the power 

that can be transmitted on a single-mode fiber (SMF) [35], and the second one, four-

wave mixing, generates new wavelengths at different frequencies when two or more 

ligthwaves are transmitted simultaneously. Furthermore, if a Mach-Zehnder 

modulator (MZM) is used for modulation in the transmission chain of orthogonal 

frequency division multiplexed subcarriers, the modulator nonlinearity can affect the 

RoF link resulting in distorted signals [40] and chromatic dispersion due to double-

sideband transmission [41].  

The versatility of this technology makes RoF to be considered for many 

communication standards because signals from different technologies can share the 

same transmission medium [79]. This technology entails the use of optical fiber links 

to distribute RF signals from a central location to Remote Antenna Units (RAUs). 

The signal processing of narrowband and wireless Local Area Network (WLAN) 

communication systems, including coding, multiplexing, RF regeneration, is made in 

the central station (CS) instead of the base station (BS) [80]. The data signals from 

the CS are sent through an optical band via a RoF network to the BS. BS may have a 

simple architecture, they consists mainly from optical-to-electrical (O/E) and 

electrical-to-optical (E/O) converters, an antenna and microwave circuitry (two 

amplifiers and a diplexer).  

Fig. 10 shows a block diagram of a system that uses a RoF link for central 

office (CO) and RAU connection. The CO performs switching, routing and network 

operation administration maintenance, the optical fiber interconnects the BS’ 

antennas responsible for wireless distribution, and the main function of the BS is to 

convert signals from optical to wireless and vice versa. 
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Fig. 10 - RoF system. PA: Power amplifier, LNA: Low Noise Amplifier. 

 

The downlink (from base station to mobile) operation of the RoF system 

consists on a RF signal that modulates an optical carrier, the modulated signal is 

transmitted through the optical fiber to the RAU. At the RAU, the RF signal is 

recovered through photodetection and electrically amplified before antenna 

transmission. In the uplink (from mobile to base station) operation, a radio signal is 

received through the antenna and electrically amplified using a low noise amplifier 

(LNA). The RF amplification is necessary because the power of the user’s 

transmission is low, and consequently, the margin of the SNR is low as well. Then, 

the amplified signal is used to modulate the optical carrier that will be transmitted 

through an optical fiber to the CO, where the signal is recovered using a 

photodetector. In this case, only one antenna is used for both transmission and 

reception, the RF circulator is used to direct one of the signals at its entrance to be 

transmitted to one of the other interfaces (antenna or LNA) with only one direction. 

Mobile networks is an important application area of the RoF technology. The 

ever-rising number of mobile subscribers together with the increasing demand for 

broadband services have kept sustained pressure on mobile networks to offer 

increased capacity. One method to satisfy capacity demands is using micro-cells and 

pico-cells, which have a radius from 200 m to 1km, and 10 to 200 m respectively 

[80]. The goals of microcellular mobile communications systems include service 
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availability over high demand environments along with the provision of a 

combination of services including voice, data and video. To provide high quality 

services, it is necessary to have a high density of remote antennas (BS) per square 

kilometer, which will allow more subscribers per unit service area. Therefore, the 

cost of this system architecture might increase due to the higher number of radio base 

stations required. To make BS more compact and cost effective, RoF systems have 

been proposed to communicate BS and centralized control stations. Therefore, 

distributed antenna systems (DAS) using RoF are an efficient solution between 

central offices and RAUs. Fig. 11 shows a system architecture in which most of the 

complex pieces of equipment are kept at the CO, and the RAUs are simple; RoF 

links connect a CO with RAUs that are positioned to provide wide area coverage. It 

is a potential solution for communication coverage in shopping centers, buildings 

and tunnels [81]. 

 

Fig. 11 - RoF system with centralized processing at the central office. CO: Central office.  

RBS: Radio Base Station. 

Moreover, the RoF possibility of sharing infrastructure for different wireless 

communication patterns has attracted much attention. In [82], a RoF system was 

proposed and successfully demonstrated for indoor transmission of multi-service 

multiple input multiple output (MIMO) radio signals from different communication 

patterns (Long Term Evolution (LTE), GSM (800 MHz), DCS (1.8 GHz), 3G UMTS 

(2.1 GHz), WLAN (2.4 GHz), future service wireless-VHT (60 GHz) over in-

building active DAS. Furthermore, RoF has been also used for the transmission of 
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Wi-Fi, Wi-Max, and UWB signals simultaneously [83]. For this case, the system 

employed a Vertical Cavity Surface Emitting Laser (VCSEL) lasers and reflective 

electro-absorption transceivers to make the system more cost-attractive. 

The tendency of an increased number of connected devices inside the home 

forces telecommunication providers to satisfy high data rates up to multigigabit 

transmission. Main applications of RoF include Home-Area networks [84], and DAS 

[38][41]. In-door systems are another application of RoF that has been studied for 

millimeter-waves distribution and high data rates. In [85], a RoF link was used for 

the distribution of UWB signals in a fiber to the home (FTTH) network with data 

rates up to 1.25 Gbps per user. Such systems are potential solutions to provide high 

capacity connection at high density events in a limited area such as stadiums or 

auditoriums. In addition, RoF links can be used for RF signal distribution inside 

tunnels and underground train or metro stations.  

RoF systems offer the possibility of integrating wireless and optical networks 

to provide fixed and mobile users with high capacity, wide coverage, broadband 

connection and mobility [99]. Different RoF system architectures have been 

proposed and studied for millimeter-wave (60 GHz) due to the broadband available 

for the users [86][87][88].  

 

2.2.1.   RoF link configurations 

There are different configurations to transport RF signals over optical fiber in 

a RoF system, which are classified depending on the RF frequency bands as follows: 

RF bands, intermediate frequency (IF) bands, and basebands (BB). These 

configurations are shown in Fig. 12.  
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Fig. 12 - RoF transport schemes [61]. 

 

The electrical data signal, which can be RF, IF or BB, modulates the optical 

carrier from a laser diode. RF signals can be directly modulated using laser diodes, or 

with external modulators. After modulation, the modulated signal is transmitted to 

the BS through an optical fiber [61]. The electrical signal is recovered at the BS 

using a photodetector; moreover, it is upconverted if it was transmitted in IF or BB 

band. IF and BB bands reduce the bandwidth required for optical modulation, even 

though, IF and BB require additional hardware such as local oscillator and a mixer 

for RF upconversion at the BS [89].  

 

2.2.2. RoF architectures 

RoF architectures may assume different formats depending on the service 

application. The basic RoF architecture consists of a central office and a remote site 

connected by an optical fiber. However, this simple system has evolved to supply 

different services at areas that vary in many characteristics including number of 

levels and extension. Fig. 13 shows four different RoF architectures. 
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Fig. 13 - RoF architectures.  (a) Point-to-point. (b) Point-to-multipoint. (c) Active-star.   

(d) Fiber distributed antennas. 

 

The first and most simple architecture is point-to-point, shown in Fig. 13a. 

The first type of point-to-point architecture is called remote antenna and consists of a 

single area covered by a RoF transducer. The transducer is composed by one or two 

antennas, a laser for transmission, a photodetector for reception and electrical 

amplifiers for loses induced by the air [90]. The second type of point-to-point RoF 

architecture has two hops in the air and it is called optical tunnel, this architecture is 

mainly used in home area networks. The second architecture, Fig. 13b, is called 

point-to-multipoint. In this architecture the signal is split into different optical links 

using a 1 x N splitter that shares optical power between all the nodes. The drawback 

is that the home gateway       might be overloaded since there is only one switch to 

support the whole architecture.  

Fig. 13c shows the active-star architecture. This architecture uses several 

remote antennas that are connected to a switch or multiplexer/demultiplexer; since 
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the switch is an active component and it is located in the transducer, it requires 

energy to be powered. If the transducer is powered, the architecture is considered 

active. Moreover, the active-star architecture is optimal because its significant 

number of branches offer the best bandwidth x branch [90]. And finally, Fig. 13d 

shows the architecture for fiber distributed antennas. This configuration is widely 

used in locations such as stadiums, buildings and subways. In DAS, a base station is 

in charge of conversion of radio signals to optical signals, and then the signals are 

transmitted to remote nodes locations, where the signal is converted again to RF 

domain and directed to the antenna for wireless transmission [81].  

 

2.3. Multiple Four-Wave Mixing 

 

Four-wave mixing is a nonlinear effect caused by the third-order electrical 

susceptibility  (𝑃𝑁𝐿 = 휀0𝜒
(3) ⋮ 𝐸𝐸𝐸). This phenomenon occurs when two or more 

high power optical signals satisfy a phase matching condition and propagate 

simultaneously through a nonlinear medium, such as optical fiber. As a result, new 

waves are created at frequencies 𝜔f =  𝜔i +  𝜔j  −  𝜔k, where 𝜔i , 𝜔j  ≠  𝜔k. Along 

with the generation of new wavelengths at different frequencies, these can also 

interact with each other and also with the original pump waves to create more new 

waves at new frequencies [72]. This process is known as Multiple Four-Wave Mixing 

(MFWM) [93][94][95].  

The dynamics of FWM in optical fibers were investigated in the early 1990’s 

[42], where a mathematical model for FWM was developed that considered the 

propagation equations of the two pumps and four generated sidebands. This model 

successfully predicted the exchange of energy between the pumps and FWM 

sidebands. Moreover, an interesting study in the FWM process is the energy 

exchange between the pumps and its sidebands [43]. It has been demonstrated that 

the energy exchange between pumps and the first sidebands of FWM can be solved 

using Jacobian elliptic functions, which suggests chaotic evolutions in the FWM 

process. In addition, another research presents a model that describes four-wave 
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mixing among an arbitrary number of incident waves [44], said model is applied to 

investigate the behavior of multi-wavelength Erbium-doped fiber lasers exploiting 

FWM; results showed that a proper value of phase mismatch could accelerate energy 

exchange among pumps and reduce power of sidebands. 

 In the FWM process, the energy of three photons can be transferred to a 

single photon at a frequency 𝜔4 = 𝜔1 + 𝜔2 + 𝜔3. Some of the phenomena that may 

arise in this process are third harmonic generation, which occurs when 𝜔1 = 𝜔2 =

𝜔3, and frequency conversion, when two of the four frequencies coincide  𝜔1 =

𝜔2 ≠ 𝜔3. The last mentioned case receives the name of degenerate four wave 

mixing.  Fig. 14 shows the difference between degenerate and non degenerate four-

wave mixing.  

 

Fig. 14 - Generation of wavelengths in four wave mixing: (a) Nondegenerate FWM using three 

pumps; (b) Degenerate FWM using two pumps. 

Another case is when two photons of wavelengths at frequencies 𝜔1 and 𝜔2 

are annihilated along with the creation of two photons at 𝜔3 and 𝜔4; it occurs when 

𝜔3 + 𝜔4 = 𝜔1 + 𝜔2. For this particular situation, the phase matching condition is 

required to meet 

 ∆𝑘 = 𝑘3 + 𝑘4 − 𝑘1 − 𝑘2     (7) 

 

The FWM effect happens only if the phase mismatch is approximately zero 

(∆𝑘 = 0); this condition requires a specific choice of frequencies, which create a 
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refractive index modulation at the difference frequency [72]. Moreover, in partially 

degenerate FWM (𝜔1 = 𝜔2), a pump wave at 𝜔1 generates two side bands 

symmetrically located at 𝜔3 and 𝜔4 with a frequency shift equal to 

 

Ω𝑠 = 𝜔1 − 𝜔3 = 𝜔4 − 𝜔1.     (8) 

 

considering 𝜔3 < 𝜔4 (see Fig. 15). The energy of the pump wave is transferred to 

the signal and idler bands 𝜔3 and 𝜔4, which are also known as the Stokes and anti-

stokes bands respectively. On the other hand, if a second signal at 𝜔3 is transmitted 

simultaneously with pump 𝜔1 through the optical fiber, the signal is amplified, and a 

new wave 𝜔4 is generated.   

 

Fig. 15 - Pump wave generating two sidebands. 

 

FWM in optical fibers can be an advantage or disadvantage depending on the 

application. It can induce crosstalk in WDM systems, which causes a limitation on 

the performance. In the case of equal channel spacing between the signal 

frequencies, the frequencies generated through FWM will be overlapped due to equal 

frequency separation [73].  Another effect of FWM is the noise in the bit pattern, 

FWM induced noise affects more fibers with low group velocity dispersion (GVD) 

values. Since FWM depends on the bit pattern of the three generating channels, the 

signal power fluctuates [74]. 

Different methods have been reported to overcome impairments due to fiber 

[46] [47] and external modulator [48][49] nonlinearities. Although nonlinear effects 
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are most of the times not wanted, research has been carried out to propose the use of 

nonlinearities with the purpose of using modulation sidebands for data transmission. 

Regarding the potential applications of FWM, numerous investigations have been 

conducted for wavelength conversion, new frequency generation [50][51], 

parametric oscillation [52], and quantum information processing [53][54]. Reported 

studies demonstrated that Stimulated Brillouin Scattering (SBS) can be used to 

increase the modulation depth and efficiency of fiber optic links [55][56], and self-

phase modulation (SPM) in optical fiber can be used to enhance RF gain of 

microwave photonic links by over 8 dB [57]. Moreover, in 2012, Wall and Foster 

proposed the use of partially degenerated four-wave mixing effect to achieve a gain 

in a microwave link using a highly non-linear fiber (HNLF) [58]. Their study 

demonstrated that FWM efficiency can be improved using a HNLF, a constant gain 

of 9 dB along a 14 GHz band was achieved in the first product of FWM. 

Furthermore, FWM and MFWM can be efficiently applied to develop 

nonlinear optical devices [97] [98]. For instance, the efficient generation of 

broadband MFWM products could be extremely useful for many applications, such 

as multi-wavelength generation, multiple-channel optical communications, ultra-

short pulse generation, generation of frequency combs and optical metrology. One 

remarkable advantage is that it uses low cost diode lasers. Fig. 16 shows a 

measurement of an optical spectra of non-degenerate MFWM process at the output 

of HNLF; two incident wavelengths, λ1=1556.3 nm and λ2=1559.6 nm, generate four 

FWM products. 
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Fig. 16 – Example of a non-degenerate FWM spectra obtained in our experiments. 

 

To analyze the FWM process, we consider four input signals at different 

frequencies, ω1, ω2, ω3 and ω4, which are linearly polarized on axis x. Their total 

electric field can be expressed as 

 

𝐸 =
1

2
�̂� ∑ 𝐸𝑗exp [𝑖(𝐾𝑗

4
𝑗=1 𝑧 − 𝜔𝑗𝑡)] + 𝑐. 𝑐.   (9) 

 

where 𝐾𝑗 = 𝑛𝑗𝜔𝑗/𝑐  is the propagation constant, 𝑛𝑗  is the refractive index, 𝜔𝑗 is the 

oscillation frequency of each optical wave, and 𝑐 is the speed of light in vacuum. The 

four waves are assumed to propagate in the same direction. Moreover, the optical 

fiber polarization, which has a linear and a nonlinear component, can be written as 

�⃗� (𝑟 , 𝑡) = 𝑃𝐿
⃗⃗⃗⃗ (𝑟 , 𝑡) + 𝑃𝑁𝐿

⃗⃗ ⃗⃗ ⃗⃗  (𝑟 , 𝑡)     (10) 

 

The linear 𝑃𝐿
⃗⃗⃗⃗ (𝑟 , 𝑡) and nonlinear 𝑃𝑁𝐿

⃗⃗ ⃗⃗ ⃗⃗  (𝑟 , 𝑡) components are given by 

𝑃𝐿
⃗⃗⃗⃗ (𝑟 , 𝑡) = 휀0 ∫ 𝜒(1)∞

−∞
(𝑡 − 𝑡′)𝑑𝑡′    (11) 

𝑃𝑁𝐿
⃗⃗ ⃗⃗ ⃗⃗  (𝑟 , 𝑡) = 휀0𝜒

(3) ⋮ 𝐸(𝑟, 𝑡)𝐸(𝑟, 𝑡)𝐸(𝑟, 𝑡)   (12) 
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where 휀0 is the permittivity of vacuum, 𝜒(1) is the linear susceptibility, 𝜒(3) is the 

third-order nonlinear susceptibility and 𝐸(𝑟, 𝑡) is the electric field. If eq. (9) is 

substituted in eq. (12), we can express nonlinear polarization as 

 

𝑃𝑁𝐿 =
1

2
�̂� ∑ 𝑃𝑗exp [𝑖(𝐾𝑗

4
𝑗=1 𝑧 − 𝜔𝑗𝑡)] + 𝑐. 𝑐.   (13) 

Eq. (13) contains terms that are responsible for the effects of SPM and cross phase 

modulation (XPM).  

The efficiency of the FWM process depends on different parameters such as 

channel frequency separation, chromatic dispersion of the fiber, fiber length, and 

parametric gain, which will be explained in detail further in this chaper. If the phase 

matching condition is satisfied along with the group velocity, the efficiency of FWM 

improves [73]. The phase matching condition is based on the mismatch caused by 

material dispersion Δ𝑘𝑀, waveguide dispersion Δ𝑘𝑊, and nonlinear effects Δ𝑘𝑁𝐿 as 

follows 

 

Δ𝑘 = Δ𝑘𝑀+ Δ𝑘𝑊 +  Δ𝑘𝑁𝐿 = 0    (14) 

 

If eq. (14) is expressed in terms of the equivalent of the propagation constant, 

for the case of partially degenerate FWM (when 𝜔1 = 𝜔2),  the matching condition 

can be written as   Δ𝑘 = (𝑛4𝜔4 + 𝑛3𝜔3 − 2𝑛1𝜔1)/𝑐. 

G. P. Agrawal (2001) made a detailed vector theory explanation of the non-

degenerate FWM process, which is governed by four coupled amplitude equations 

that can be solved using a numerical approach [91].  

By not considering the phase shifts induced by SPM and XPM, [91]. The 

amplitude 𝐴𝑓 inside a multimode fiber of the FWM component at 𝜔𝑓 is defined as 

𝑑𝐴𝑓

𝑑𝑧
=

∝

2
𝐴𝑓 + 𝑑𝑓𝛾𝐴𝑖𝐴𝑗𝐴𝑘

∗ exp(−𝑖∆𝑘𝑧)   (15) 
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where ∝ is the power attenuation coefficient of the fiber, 𝐴𝑚(𝑧) = 𝐴𝑚(0)exp (−∝

𝑧/2) for 𝑚 = 𝑖, 𝑗, 𝑘,  𝑑𝑓 = 2 − 𝛿𝑖𝑗 is the degeneracy factor that is equal to 1 when 

𝑖 = 𝑗, and 𝛾 is the nonlinear parameter of the optical fiber. Many nonlinear effects 

depend on the non linear parameter 𝛾, which is determined by  

 𝛾 =
𝑛2𝜔𝑗

𝑐𝐴𝑒𝑓𝑓
      (16) 

and 𝑛2 =
3

8𝑛
𝑅𝑒(𝜒(3)) is nonlinear refraction index of the fiber, and 𝐴𝑒𝑓𝑓 =

[
∫ ∫ 𝑟𝑑𝑟𝑑𝜃𝐼(𝑟,𝜃)

𝜃𝑟

∫ ∫ 𝑟𝑑𝑟𝑑𝜃𝐼2(𝑟,𝜃)𝜃𝑟

]  is the effective core area of the fiber, where 𝑟 and 𝜃 denote the 

polar coordinates. In terms of the nonlinear parameter 𝛾 and pump powers P1 and  P2, 

the net phase mismatch can be expressed as 

𝑘 = Δk + γ(P1 + 𝑃2)     (17) 

where Δk  is the phase mismatch given in Eq. (11).  

Eq. (17) is considered for two distinct pump waves, even though if there is 

only one pump, P1 = P2 = P0. Therefore  

𝑘 = Δk + γ(2𝑃0)     (18) 

 The parametric gain is defined as the amplification generated in the optical 

carriers ω1, ω2, ω3, and ω4 that take part of the FWM process, and it is expressed in 

m/W. It depends on the polarization of the pumps, and it has a peak value when the 

phase mismatch is equal to zero 𝑘 = 0 [72]. When one or two pumps are responsible 

for the FWM effect, the parametric gain would be defined as 

𝑔 = √(γP0𝑟)2 − (
𝑘

2
)
2

     (19) 

where    𝑟 =
2√(P1P2)

P0
 , and P0 = √P1 + P2. Where r is the difference between the 

arithmetic and geometric average mean of the pump powers. 

The power transferred to the FWM product at 𝜔𝑓 in a fiber length L is given 

by 
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𝑃𝑓 = |𝐴𝑓(𝐿)|
2
= 𝜂𝑓(𝑑𝑓𝛾𝐿)

2𝑃𝑖𝑃𝑗𝑃𝑘𝑒
−𝛼𝐿   (20) 

 

where 𝑃𝑚 = |𝐴𝑚(0)|2 , for 𝑚 = 𝑖, 𝑗, 𝑘, is the launched power in the mth channel, 𝐿 is 

the length of the fiber, 𝑑𝑓 = 2 − 𝛿𝑖𝑗 is the degeneracy factor that is equal to 1 when 

𝑖 = 𝑗 and 2 when 𝑖 ≠ 𝑗, and 𝜂𝑓 is the FWM efficiency, which indicates the power of 

the FWM process, [72] and it is given by 

𝜂𝑓 = |
1−𝑒𝑥𝑝[−(𝛼+𝑖Δ𝑘)𝐿]

(𝛼+𝑖Δ𝑘)𝐿
|
2

    (21) 

 

As mentioned before, the FWM efficiency depends on the phase 

mismatch Δ𝑘, and also on the group velocity dispersion of the fiber. If the GVD is 

large (|𝛽2| > 5 ps2/km) and the dispersion (𝐷) is more than 2 ps/km, 𝜂𝑓 is 

approximately zero for a channel spacing of 50 GHz. However, in low dispersion 

fibers, and when the pump frequency is close to the zero-dispersion wavelength, 

  𝜂𝑓 ≈ 1; as a result the new FWM component has high power [91]. 

According to eq. (20), the power of the FWM idler waves, ω3 and ω4, depend 

on the power of the pump waves generating them along with the phase mismatch. 

The power behavior oscillates and varies according to a sinc2(x) function. When x 

takes a value that is an integer multiple of 𝜋, the FWM efficiency will be zero [75]. 

Consequently, it is possible to define a pattern in the fiber length called coherence 

length, which is defined by 

𝐿𝑐𝑜ℎ = 2𝜋/|𝑘|     (22) 

where 𝑘 = ∆𝑘 is the maximum value of the tolerated wave-vector mismatch. 

Moreover, it is difficult to maintain the phase mismatch condition due to core 

diameter variations; thus, a high efficiency FWM occurs when 𝐿 < 𝐿𝑐𝑜ℎ, and if ∆𝑘 =

0, the coherence length would be infinite. This means that the FWM process would 

be efficient if the fiber has a length L. 
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2.4. Carrierless Amplitude Phase Modulation 

 

2.4.1. Introduction to CAP 

In 1975, Bell Labs originally proposed Carrierless Amplitude Phase (CAP) 

modulation, originally called Carrierless AM/PM, to be a viable alternative for 

modulation of high-speed communications in copper wires [31]. This modulation is 

based on Quadrature Amplitude Modulation (QAM), even though the difference lies 

in the way the signal is generated. Fig. 17 shows the block diagrams of CAP 

modulation. In QAM low pass filters shape the information in the modulation and 

demodulation parts; on the other hand, CAP employs passband filters, a product of 

square root raise cosine filter (SRRC) and sine/cosine waveforms, which give the 

data signal a limited bandwidth, zero inter-symbol interference (ISI) and zero cross-

channel interference (CCI). These characteristics allow a perfect reconstruction at the 

receiver [76]. 

The transmitter block consists of an encoder that divides the bit stream into 

groups of binary numbers, which will be mapped into CAP symbols. The level of 

CAP modulation gives the number of positions in the constellation diagram, each 

different position corresponds to a different symbol. For instance, if CAP-16 is 

chosen, the constellation will have 16 positions that correspond to the 16 symbols of 

the constellation diagram. Each symbol has an In-phase and a Quadrature 

component, which are divided into two different vectors. Both In-phase and 

Quadrature vectors are up-sampled and shaped using band-pass filters. The shaped 

digital signals are then added and converted into the digital domain using a Digital 

Analog converter (DAC). After conversion, the signal can be transmitted.  

The inverse process takes place at the receiver. An analog signal is converted 

to the digital domain using a DAC. The analog signal is divided into two parts, each 

one has an inverse bandpass filter that will recover the In-phase and Quadrature 

components of the signal. The recovered component are down-sampled to recover 

the original datarate. Finally, both components pass through a decoder that converts 
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the symbol vectors into bits. The received bit stream and the original data message 

are compared to find out if there are transmission errors. 

 

Fig. 17 - Carrierles Amplitude Phase modulation block diagrams: (a) Transmitter;   

(b) Receiver. 

 

2.4.2. CAP Modulation: The importance of filter design 

CAP is a multilevel, multidimensional modulation format; the incoming data 

bits are encoded into multilevel symbols. Before filtering the signal components Q, 

and I the symbols have to be up-sampled; if a digital filter is used for pulse shaping, 

it must be operated at a rate of at least twice the data rate to span. Common up-

sampling factors are 3 or 4 [77]. 

The raised cosine waveform and the square root raised cosine waveform, 

which are shown in Fig. 18, can be expressed as in eq. (23) and eq. (24).  

ℎ𝑅𝐶(𝑡) =
𝑠𝑖𝑛𝑐(

𝑡

𝑇
)𝑐𝑜𝑠(

𝜋𝛼𝑡

𝑇
)

1−4(
𝛼𝑓𝑡

𝑇
)
2      (23) 
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ℎ𝑆𝑅𝑅𝐶(𝑡) =
4𝛼𝑓

𝜋√𝑇

𝑐𝑜𝑠(
(1−𝛼𝑓)𝜋𝑡

𝑇
)+

𝑇

4𝛼𝑓𝑡
𝑠𝑖𝑛(

(1−𝛼𝑓)𝜋𝑡

𝑇
)

1−4(
𝛼𝑓𝑡

𝑇
)
2    (24) 

 

where T represents the period, and 𝛼𝑓 is the roll-off factor that is defined by                    

𝛼𝑓 = (
𝑊−

1

2𝑇
1

2𝑇

).  𝛼𝑓 is a measurement of the excess bandwidth; the smaller the roll-off 

factor, the narrower the bandwidth. However, if a small roll-off factor is chosen, the 

side lobes of the impulse response increase and the attenuation in the stop band is 

reduced  (see Fig. 19). The roll-off also has a direct influence on the eye diagram: as 

roll-off increases, the eye diagram opens up [12]. 

 

 

Fig. 18 - Impulse response of the raised cosine (RC) and the square root raised cosine 

(SRRC) filter. (𝛼 = 0.15).  
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Fig. 19 - Square root raised cosine impulse response for different roll-off factors. 

 

Square-root cosine filtering is adopted in commercial communications, such 

as cellular technology. A combined response of two SRRC filters, which is generally 

used to share the pulse shaping between transmitter and receiver, is the same as of a 

raised cosine filter. The SRRC filters in CAP modulation are very important; in 

theory, SRRC filters have infinite number of taps in order to have infinite attenuation 

in the stop band. Therefore in implementation, the response of this type of filter is 

affected by the tap length, which has to be a finite value. As the tap number 

increases, the length of the time sequence increases along with the rejection of the 

filter. Moreover, the number of samples (filter delay) reduces the stopband 

attenuation [12].  

Two signals are used as signature waveforms to modulate data. The passband 

filters are filters of the transmitter in CAP modulation are given by 

 

𝑓1 = ℎ𝑆𝑅𝑅𝐶(𝑡) cos(2𝜋𝑓𝑐𝑡)     (25) 

 

𝑓2 = ℎ𝑆𝑅𝑅𝐶(𝑡) sin(2𝜋𝑓𝑐𝑡)     (26) 
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where 𝑓𝑐 is the frequency of the passband filter. The filter 𝑓1 is the in-phase filter, and 

filter 𝑓2 is the quadrature filter. Fig. 20a. shows the responses of these filters, called 

the Hilbert pair: two signals with the same magnitude response, but shifted of 90°. 

 

 

Fig. 20 - Impulse responses of the in-phase and quadrature filters in (a) Transmision   

(b) Reception. 

 

At the receiver, the incoming signal passes through two matching filters that 

have their coefficients reversed (see Fig. 20b). The filtered symbol signals are down-

sampled to the original symbol rate. Later, these data streams are decoded, to recover 

the data bits sent at the transmitter. 
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2.4.3. CAP System Model 

The CAP transmission system has been modeled using algorithms designed 

in MATLAB. Fig. 21 shows an overview in the form of a block diagram of the 

model used to achieve CAP modulation. The algorithm was divided into three 

different blocks: CAP transmitter, which is in charge of data generation, modulation 

and creation of the signal to be transmitted; channel, which allows to simulate 

interference by adding white Gaussian noise to the transmitted signal; and CAP 

receiver, which decodes the incoming data signal and recovers the original sent data 

stream. Moreover, the transmitter block creates a signal that can be saved as an 

external variable, which can be accessed from MATLAB; therefore, the receiver 

input can be loaded from the file that corresponds to the external variable created in 

MATLAB. The blocks have been designed with the intention of using them not only 

for simulation, but also for future experimental work in the lab. 

 

 

The first part of the transmitter and receiver CAP algorithms contains the 

initialization functions. Their purpose is to pre-calculate variables that take part of 

the different processes of the transmitter block. In other words, if you would like to 

compare the constellation diagrams recovered in the receiver block for different 

mapping levels, you may need to modify, in this case, the parameter “M”.  The 

initialization function of the CAP algorithm is shown in Fig. 22. 

Fig. 21 - Overview  of the CAP algorithm in MATLAB. 
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The most important parameters of the transmitter and receiver blocks are 

represented as variables, and all other simulation factors are calculated based on 

them. The explanation of the initialization variables is given below. 

1. Nos – Upsampling factor of the transmitter and receiver.  

2. PRBS – The data bit stream is loaded to this variable. PRBS_15 is the 

source file, which contains a semi-random binary arrange. This variable is 

only present in the transmitter block. 

3. M – Level of the encoding constellation. 

4. roll-off – Parameter for SRRC filter design, takes values between 0 and 1. 

Measures how much bandwidth is being used over the ideal bandwidth. 

5. delay – Delay value used to design the SRRC filter. 

Those variables define other variables in the algorithm that should not be 

modified directly. The first block of the CAP algorithm is the transmitter. As shown 

in Fig. 23, the transmitter is composed by a data generation block, data to symbol 

encoder, up-sampling function, filtering block and summation block. 

%% Initialization 
Nos = 4; %Upsampling factor 

  
load PRBS_15 
PRBS = PRBS'; 
PRBS = [PRBS ; 0]; 

 

%% CAP Mapping 
M=16; %Alphabet size (8 QAM, 16 QAM, etc...) 

 
%% Hilbert filter design 
roll_off=0.15; %roll-off factor influences amount of the excess 

bandwidth 
delay=8; %Number of period symbols between start of filter 

response and peak of filter 

 

 
Fig. 22 – Initialization function of the CAP algorithm. 
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Fig. 23 - Schematic of the CAP transmitter. 

 

At the CAP transmitter, the input data is encoded into a previously defined 

M-level QAM constellation. The bit stream is divided into groups of binary numbers 

called symbols.  The number of bits on each symbol corresponds to 𝑙𝑜𝑔2𝑀. Then, 

the symbols are transformed to decimal; the MATLAB function “qammod” is used to 

encode the decimal numbers into the M-QAM constellation. Each position on the 

constellation has a real (x axis, in-phase) and an imaginary (y axis, quadrature) 

component. The real and imaginary components of each mapped symbol are 

gathered into two different symbol arrays, which are separately up-sampled. The real 

symbol array is the data that will be filtered with the in-phase filter; therefore, the 

imaginary symbol array contains the data that will be filtered with the quadrature 

filter. Later, in-phase and quadrature components are summed up, and the resulting 

signal can be transmitted through the channel. 

The signal generated in the transmitter is passed to the channel. The channel 

block allows the possibility to add white Gaussian noise to the transmitted signal. 

The signal to noise ratio per sample in dB can be adjusted to any desired value in 

order to simulate noise that may affect the signal through the transmitting process. 

The signal, after being transmitted and affected by the channel, is passed to 

the receiver section (Fig. 24). This block is similar to the transmitter block. First, the 

signal  passes through the receiving filters, which are the matched to their equivalent 

in the transmitter. The filters allow recovering the correct component from the 

transmitted signal. After recovering in-phase and quadrature components, signals 

pass through a decoder or de-mapper that makes interprets and makes a decision on 
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the received symbols. Later, the recovered data can be compared to the sent data for 

bit error rate (BER) calculation. 

 

Fig. 24 - Schematic of the CAP receiver. 

2.3.4. Simulation results 

Several simulation setups have been carried out to test different 

configurations of CAP signals: different orders of modulation have been tested and 

the effect of white Gaussian noise through the channel has been studied. In this 

subsection, the results of those simulations will be presented. The experiments were 

performed with a data sequence of 32768 bits, and an up-sampling factor of four was 

used in the CAP transmitter. 

 

a) CAP-16 

The first simulation carried out was a transmission of the signal modulated with CAP 

16. The received constellations of the CAP 16 modulation for different levels of SNR 

are in Fig. 25. The presented constellation in Fig. 25a has been obtained from a 

simulation after the transmission without any noise or other distortions. The spread in 

the points of constellation, which is barely perceivable, is caused by the limited 

accuracy of the filter coefficients [12].  The constellations in Fig. 25b, c and d show 

how the signal to noise ratio increases the distortion of the signal sent. For a SNR 

above 15 dB, there is a number of errors during each transmission, therefore the bit 

error rate can be found by comparing the original signal with the recovered signal. A 

summary of the results obtained in the simulation with CAP-16 is presented in Table 

1. 
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Fig. 25 - Constellation of CAP-16 signal with (a) no channel distortion (b) SNR = 20 dB  

(c) SNR = 15 dB  (d) SNR = 10 dB. 

 

Table 1 -  BER as a function of SNR for CAP-16. 

Signal-to-noise ratio Bit Error Rate Number of errors 

20 dB 0 0 

15 dB 1,524x10-4 5 

10 dB 0,0283 928 

 

b) CAP-32 

The second simulation performed was a transmission of the signal modulated with 

CAP-32. The CAP-32 constellations for different values of signal to noise ratio are 

shown in Fig. 26. The constellation from Fig. 26a was obtained with a simulation in 
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which the channel did not have any effect on the signal. It means no distortions or 

noise were added. The constellations in Fig. 26b and Fig. 26c present a distortion 

caused by white Gaussian noise added to the transmitted signal. The SNR for each 

figure is 20 dB and 15 dB, respectively. For this modulation format, no constellation 

diagram was generated for SNR<15 dB because for a SNR = 15 dB, there is a 

considerable number of errors, and the BER for this case was 0.0075 as shown in 

Table 2. 

 

 

Table 2 - BER as a function of SNR for CAP-32. 

Signal-to-noise ratio Bit Error Rate Number of errors 

20 dB 0 0 

15 dB 0.0075 245 

 

c) CAP-64 

The third simulation performed was a transmission of the filtered data stream 

previously modulated with CAP-64. In CAP-64, there is a total of 8 bits per symbol, 

and 64 points in the constellation where a symbol can be positioned. Fig. 27 shows 

the effect of the white Gaussian noise on the constellation diagrams. 

Fig. 26 -  Constellation diagrams at the receiver for a signal modulated with CAP-32 for  (a) No 

distortion  (b) SNR = 20 dB  (c) SNR = 15 dB. 
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The constellation in Fig. 27a was obtained when a transmission of the data 

stream was simulated using CAP-64 as the modulation format. In this case, the 

channel did not have any effect on the signal, which means it was directly send to the 

receiver as in a Back-to-Back (B2B) scheme. The constellations in Fig. 27b and c 

present a distortion caused by white Gaussian noise added to the transmitted signal. 

The signal to noise ratio for each figure is 20 dB and 15 dB, respectively. For this 

modulation format, as well as for CAP-32, no constellation diagram was generated 

for SNR<15 dB because for a SNR = 15 dB, the BER was already 0.042. Table 3 

contains information regarding the bit error rate and signal to noise ratio of 

constellations in Fig. 27b and Fig. 27c. 

 

Table 3 - BER as a function of SNR for CAP-64. 

Signal-to-noise ratio Bit Error Rate Number of errors 

20 0.0010 34 

15 0.042 1,376 

 

 

d) CAP-128 

Finally, the last simulation to test the CAP algorithm was for CAP-128. The 

simulation performed was a transmission of a CAP-128 modulated data stream. Fig. 

28 shows the effect of the white Gaussian noise on the CAP-128 constellation 

diagrams. 

Fig. 27 - Constellation diagrams for the CAP/64 modulated signal with (a) no distortion   

(b) SNR = 20  dB  (c) SNR = 15 dB. 
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The constellation from Fig. 28a was obtained with the simulation of a data 

stream transmission; the data was previously modulated with CAP-128. This 

constellation shows how the channel did not have any effect on the signal; no white 

Gaussian noise was added, similar to a B2B connection. The constellation in Fig. 28b 

presents a distortion caused by white Gaussian noise added to the transmitted signal, 

the signal to noise ratio is 20 dB and the BER was 0.0145.  

One advantage of using higher order modulation forms is that symbols carry 

more bits of information than other modulation forms, and as a result the data rate of 

a link increases too. On the other hand, the higher the order of a modulation scheme, 

the less resilient to noise and interference. As the signal to noise ratio decreases, the 

errors increase, in some cases requiring a re-send of the data. Those observations 

reflect what happens in the constellations in Figs. 21 – 24. The transmission is 

errorless for all the levels of CAP when there is no channel to affect the transmitted 

signal. However, when white Gaussian noise is added to the signal, the constellation 

points become more spread for all levels of CAP modulation. The higher order CAP 

constellations show that there is a higher chance of having errors in the transmission 

process, therefore higher order modulation formats require a higher signal to noise 

ratio. 

 

Fig. 28 -  Constellation diagrams for the CAP-128 modulated signal with (a) no distortion  

(b) SNR = 20  dB. 
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Chapter 3 

 

3. Photonic-assisted microwave 

amplification in radio over fiber 

systems  

Fig. 29a and Fig. 29b shows the setups of a conventional RoF system and the 

technique proposed to enable photonic-assisted microwave amplification by taking 

advantage of multiple FWM process. Based on the radio over fiber architecture, the 

scheme consists of two continuous wave (CW) lasers, represented by symbols 𝜆1 and 

𝜆2 respectively, with wavelengths values of 1556.3 nm and 1559.6 nm, and optical 

power fixed at 16 dBm, which is the maximum power of each laser. The separation 

between the pumps is 3.3 nm, when optical wavelengths are widely separated it is 

necessary to increase optical power using and EDFA, which increases the amplified 

spontaneous emission (ASE) in the optical spectra. Moreover, the separation could 

not be chosen to be smaller since there is a limitation in the bandwidth of the optical 

filter. The optical carriers pass through polarization controllers (PC) to adjust the 

polarization state and maximize the optical power. Then, a 3 dB coupler couples the 

carriers. The electrical power of the sinusoidal RF signal driving the MZM is set to 

14 dBm and the frequency value was set to 17 GHz, which is modulating with the 

CW optical carriers on a Mach-Zehnder Modulator (Fujitsu FTM 7929, TN00047). 

The optically amplitude modulated signals are then amplified by EDFA. Then, the 

high optical power carriers are launched into a highly nonlinear fiber (Zero-

dispersion wavelength 𝜆0 = 1,560 nm; L = 90 m; α = 0.674 dB/km; S0 = 0.02 

ps/nm2/km; γ = 10 W-1km-1). After passing through 90 m of HNLF, the optical 
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carriers as well as the optical products generated by the Four-Wave Mixing effect 

into the optical fiber, are split by a 10/90 optical coupler. The 10% is used to monitor 

the optical spectra and the nonlinear effect of four-wave mixing using an optical 

spectrum analyzer (Anritsu MS9720A). On the other hand, the 90% passes through a 

3.2nm Band Pass Filter (BPF) that is used to filter out the optical carrier of interest 

(1552.6 nm) that feeds a 50 GHz photodetector (XPDV1250R u2t). The 

photodetected signal is then connected to an electrical spectrum analyzer (SDA 

830Zi) to monitor the carrier electrical power. 

 

 

 

3.1. Simulations using OptiSystem ® 

The simulations were carried out to confirm hypotheses regarding the initial 

idea of using the idler frequencies generated through a FWM process for photonic 

amplification. The amplified RoF system based on radio over fiber shown in Fig. 58b 

Fig. 29 – (a) Conventional RoF system (b) Photonic-assisted microwave amplification 

technique:   PC, Polarization controller;  MZM, Mach-Zehnder Modulator; VSG, Vector Signal 

Generator; SMF, Single Mode Fiber; HNLF, Highly Non-linear Fiber; EDFA, Erbium Doped Fiber 

Amplifier; BPF, Band Pass Filter; PD, Photodetector. 
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was simulated to study and analyze the FWM process response and the system 

behavior under different system conditions. The system was simulated using the 

software OptiSystem ® to understand the experiment at each stage. First, the MZM 

was studied by modulating a signal that was composed by binary ones (1), into the 

light beam of a CW laser to obtain a figure of the MZM’s transfer function. Then, the 

simulation of the proposed scheme was carried out, paying particular attention to the 

optical fiber characteristics, which is the component that makes new wavelength 

creation and optical amplification possible. 

3.1.1. MZM characterization  

Numerous simulations were carried out to proper understand the MZM 

behavior and effects of different conditions on the modulation of the input RF signal. 

To start, the output optical field of the MZM is given by 

𝐸0 = 𝐸𝑖(𝑡)
𝑒𝑖𝜋𝑉1(𝑡)/𝑉𝜋+𝑒𝑖𝜋𝑉2(𝑡)/𝑉𝜋

2
    (27) 

 

where 𝑉𝜋 is the pi voltage, 𝑉1 and 𝑉2 are the voltages VBias at the input of the 

electrical drives 1 and 2 respectively, and 𝐸𝑖(𝑡) is the input optical field. Since we 

need to simulate a one single electrical drive MZM,  𝑉2 must be zero. In addition, the  

𝑉𝜋 value of the MZM in the simulation must match with the one of the MZM used in 

the experiments at the laboratory (MZM FTM 7929FB, TN00047), which is 𝑉𝜋 =1 

V. Next, taking into account that 𝑉2 = 0, eq. (27) will be 

 

𝐸0 = 𝐸𝑖(𝑡)
𝑒

𝑖𝜋𝑉1(𝑡)
𝑉𝜋 +𝑒0

2
= 

𝑒𝑖𝜋𝑉1(𝑡)/𝑉𝜋+1

2
    (28) 

 

 In eq. (28), if  𝑉1 = 𝑉𝜋, then  𝑒𝑖𝜋 = −1, therefore  𝐸0(𝑡) = 0. On the other 

hand, if  𝑉1 = 0, then  𝑒𝑖𝜋 = 1, therefore  𝐸0(𝑡) =  𝐸𝑖(𝑡), where 𝑒𝑖𝑛𝜋 = 1 for 𝑛 =

0,2,4, … and 𝑒𝑖𝑛𝜋 = −1 for 𝑛 = 1,3,5, …, where 𝑛 is the 𝑉1 value. 
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Fig. 30 shows the simulation diagram used in characterization of the MZM in 

OptiSystem ®. A LiNb dual drive MZM was used for modulation, and, as mentioned 

before, the second VBias and the electrical drive were set to zero to disable this input. 

It is important to mention that the 𝑉𝜋 of the MZM changes with the frequency of the 

electrical signal [101]. This characterization is carried out with an electrical sine 

wave with a power of 14 dBm and a frequency of 17 GHz. 

 

Fig. 30 – Characterization of the MZM in OptiSystem ®. 

 

Fig. 31  shows simulation result of the transfer function of the MZM. To 

obtain this figure, the bias voltage (VBias) of the MZM’s first electrical drive was 

swept from 0 to 10 V, and the optical power was measured for each value of VBias. 

The highest optical power/optical field is obtained when 𝑉1 = 𝑉𝜋, and due to the fact 

the VBias can be higher, high optical power/field can be obtained when the value of  

𝑉1 is a pair integer multiple of 𝑉𝜋. 
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Fig. 31 - Transfer function of the MZM. Optical power as a function of the bias voltage for 

𝑉𝜋 = 1. 

 

3.1.2. Numerical Simulations of RoF Systems 

Numerical simulations were carried out to evaluate the proposed photonics-

assisted amplified RoF system using OptiSystem 13.0 ® by Optiwave. The first 

purpose is to study the optical and electrical powers that can be reached in several 

points of the system; these values will be helpful to avoid damages in the 

experimental setup components at the laboratory. The second purpose is to obtain 

simulated optical and electrical spectra, which will allow us to modify some 

parameters in the system to improve results. And third, simulated results provide 

information regarding the behavior of the setup and the expected results in the 

experimental work in the laboratory. Fig. 32a shows the block diagram of the 

traditional RoF system, and Fig. 32b shows the RoF setup employed for simulation 

using OptiSystem ® software.  
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Fig. 32 - Radio over fiber (a) Traditional setup  (b) Scheme for simulations. 
 

The insets in Fig. 32b indicate the points where the three different spectrums 

of Fig. 30 were taken. Fig. 33a shows the sine wave used as the electrical signal that 

modulates the optical carrier from the CW laser. In this case, the sine wave has a 

frequency of 16 GHz and an electrical power of 14 dBm. An optical carrier at 1556.3 

nm is modulated by the 16 GHz sine wave using a MZM modulator. Fig. 33b shows 

the optical spectrum obtained after modulation; the optical carrier and optical 

sidebands, which are the result of the intensity modulation, are observed. After 

modulation, an optical attenuator limits the power that feeds the photodetector. The 

optical signal is photodetected and analyzed using an electrical spectrum analyzer; 

electrical spectra is shown in Fig. 33c, which is an electrical carrier at the same 

frequency of the sine wave, which is 16 GHz. 
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Fig. 33- Spectrum in a radio over fiber system: (a) Sine wave;  (b) Modulated signal;   

(c) Photodetected signal. 

  Different types of spectra can be obtained depending on the VBias of the 

MZM; if the VBias varies, the modulation index also changes. The modulation index 

indicates the level of modulation applied to the carrier. If the modulation level is too 

low, then the modulation does not use the carrier efficiently. On the other hand, if the 

modulation index is too high the carrier can be over-modulated, which may cause 

sidebands to extend beyond the allowed bandwidth and interference. Fig. 31 shows 

three different cases in which the modulation index affects the optical carrier. Fig. 

34a shows the spectra for high modulation index. Fig. 34b shows a modulated optical 

carrier with low modulation index, which occurs when the MZM is biased at the 

maximum transmission point of the transfer function. Fig. 31c shows an optical 

carrier with carrier suppression; if the MZM is biased at the minimum transmission 

point, odd-order optical sidebands are suppressed. Sideband suppression is mainly 

used for RF frequency multiplication [62]. Moreover, high modulation index allows 

to obtain a higher FWM efficiency, therefore increasing the FWM product’s 

electrical power, making them more suitable for signal transmission. However, an 

optical carrier with a low modulation index has been shown to be optimal for data bit 

transmission, as it will be explained in section 3.1.3. 
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Fig. 34 - Spectrum of the modulated signal:  (a) High modulation index VBias=1.16V   

 (b)  Low modulation index VBias = 2V  (c) Carrier supression  VBias = 3V. 

 

3.1.3. Simulation of radio frequency amplification scheme 

Fig. 35 shows the proposed scheme for radio frequency amplification using 

MFWM in OptiSystem ®. The two optical carriers are generated with two CW lasers 

at 1556.3 nm and 1559.6 nm and an optical power of 16 dBm respectively; then, a 3 

dB coupler couples the carriers. A sinusoidal signal with an electrical power of 14 

dBm and a frequency that varies between 4 and 19 GHz is modulating the optical 

carriers with a MZM. The optically amplitude modulated signals are amplified 9.1 

dB by and Erbium-doped fiber amplifier and launched into 90 m of HNLF, in which 

the non-linear phenomena of FWM occurs and generates optical carriers at new 

frequencies (see Fig. 36). These new optical lightwaves contain the information of 

the modulated carriers. A 10/90 coupler splits the optical comb obtained at the output 

of the HNLF. The 10% is used to monitor the optical spectra using a spectrum 

analyzer. The remaining 90% passes through a 3.3 nm band pass filter that filters out 

the optical carrier of interest, which is feed to a 50 GHz photodetector. The 

photodetected signal is connected to an electrical spectrum analyzer to monitor the 

carrier electrical power. 
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Fig. 35 - Radio over fiber scheme with HNLF for photonic amplification. 

 

 

Fig. 36 - Optical spectra of the multiple four-wave mixing effect. 

 

As mentioned in section 3.1.1, the VBias value directly affects the optical 

power at the output of the MZM. Simulation results showed that three different 

optical spectral can be obtained for different VBias values. Fig. 37 shows the three 

spectrum where occurs: carrier suppression for VBias= 1 V, high modulation index for 

VBias= 1.5 V, and low modulation index for VBias = 1.3 V. 
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Fig. 37 – Variation VBias and its effect in optical spectra at the output of the MZM showing 

different modulation indexes. Left, carrier suppression. Center, high modulation index. Right, low 

modulation index. 

Simulations carried out showed that it is possible to obtain a 29 dB RF gain  

when the first product of FWM is used for transmission. The optical carriers λ1 and 

λ2  had an optical power of 16 dBm, the MZM’s VBias=1.969696 V, and the EDFA 

gain was set to 11 dB. Fig. 38 shows the 29 dB achieved amplification with the 

proposed system. 

 

 

Fig. 38 - Electrical power for the carrier at 1556.3 nm and FWM 1st productat 1552.6 nm. 
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3.1.4. Simulation of a novel photonically amplified 10Gbit/s 

radio over fiber system 

The photonics-based amplification setup for data transmission is show in Fig. 

39a. Simulations were carried out using OptiSystem ®; the simulation setup is shown 

in Fig. 39b. For data transmission, the photonic assisted RoF system was simulated 

with an RF input signal generated by a Non-Return to Zero (NRZ) pseudo-random 

binary sequence combined with a 14 dB sine wave with a frequency of 17 GHz. The 

resulting signal is modulating the CW optical carriers through the MZM. Once the 

optical carriers are modulated and carry the data information, they are amplified and 

launched to a HNLF. The bit rate of the system is 10 Gbit/s is chosen because the 

purpose of this work is to study the feasibility of using CAP for metro access 

networks. At the output of the HNLF, an OSA monitors the optical spectra of the 

optical carriers and FWM products, which carry data as well. 
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Fig. 39 – Description of the 10 Gbit/s NRZ photonic assisted radio over fiber system. (a) 

Block diagram. (b) Simulation setup. 

 

The objective of this section is to compare the transmission system 

performance using the optical carrier and FWM product, including eye diagrams on 

different conditions of optical signal-to-noise radio (OSNR) for a 10-Gbit/s data rate. 

The purpose is to study the advantages of sending information using the FWM first 

product instead of using an optical carrier. To minimize the BER parameter, the 

value of the MZM`s VBias has to been set to Vπ, which is 1 V for 17 GHz.  

Experimental and numerical results showed that by making VBias= Vπ, the spectrum 

of the optical signals λ1, λ2, and FWM products are similar in shape and show carrier 

suppression as shown in Fig. 40. The setup in Fig. 39b is used for simulations. It is 

under the same conditions and parameter values for numerical analysis when the 

optical carrier λ1 and the FWM first product are used for data transmission. In order 

to study the effect of attenuation in the transmission, an optical attenuator is placed 

after the HNLF. Attenuation is varied between 0 and 35 dB, eye diagrams and BER 
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are obtained for the ideal setup with no attenuation and attenuations of 20 dB, 24 dB 

and 35 dB.  

 

 

Fig. 40 - Optical spectrum for modulation VBIAS = 1 V showing carrier suppression. (a) 

Numerical simulation. (b) Experimental result. 

Fig. 41 shows the eye diagrams for different attenuations when the FWM first 

product and the pump carrier are used for signal transmission. First, it was studied 

the effect of attenuation when the FWM first product is used for data transmission. 

When the FWM first product is used for transmission under ideal conditions, the 

optical power of the filtered wave is -3.76 dBm and the BER=0, which suggests that 

errors are undetectable for the amount of bits used in the simulation (524,288). The 

eye diagram obtained for a transmission using the FWM first product with no 

attenuation in the signal is shown in Fig. 41a. The second case is when the 

attenuation is 20 dB. The optical power of the filtered carrier is -11.2 dBm, the BER 

obtained was 1.55x10-15 and the eye diagram is shown in Fig. 41b. When the FWM 

first product is used for data transmission and the attenuation is 24 dB, the optical 

power is -27.75 dBm, the BER is equal to 2.58x10-5 and the eye diagram is shown in 

Fig. 41c. The results suggest that the attenuation threshold is around 24 dB in order 

to avoid having a BER higher than the forward error correction (FEC) limit set to 2.7 

x10-3. 
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To complete the study, the BER and eye diagrams were obtained for 

transmission using the optical carrier at 1556.3 nm. The first case was for an ideal 

transmission with no attenuation. The optical carrier had a power equal to 8.8 dBm,  

BER= 0 and the eye diagram is shown in Fig. 41d. When transmission has an 

attenuation of 20 dB, the optical power in the carrier is -11.2 dBm and the BER=0; 

the eye diagram is shown in Fig. 41e. And finally, to increase the BER an attenuation 

of 35 dB was set. The optical power in the carrier was -26.15 dBm,  BER=3.29x10-6 

and the eye diagram is shown in Fig. 41f. 

 

 

Fig. 41 - Eye diagrams for different values of optical attenuation. Data sent using the first 

FWM product: (a) Attenuation= 0 dBm, BER=0;  (b) Attenuation= 20 dBm, BER=1.55x10-15;   (c) 

Attenuation= 24 dBm, BER=2.58x10-5. Data sent using the optical carrier at 1556.3 nm:  

(d)  Attenuation= 0 dBm, BER=0;  (b) Attenuation= 20 dBm, BER=0; c) Attenuation= 35 dBm, 

BER=3.29x10-6.     
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Fig. 42 presents the BER results as a function of the OSNR at the entrance of 

the photodetector. Comparing the BER performance of the transmission using the 

FWM first product and the optical carrier at BER value of 2.7 x10-3, which is defined 

as FEC limit, results show that using the optical carrier for data transmission has a 

power penalty of approximately 12 dB.  

 

Fig. 42 - BER performance of the system. 

 

 

3.2. Experimental Results of the photonics-assisted 

microwave amplification RoF system 

Several experiments were carried out to better understand the proposed setup. 

These essays included optical carrier evaluation, EDFA effect in the optical and 

electrical power of FWM products, effect of different VBias values in the electrical 

power of the photodetected signal, and first FWM product electrical gain in 

comparison with optical carrier. A photograph of the experimental setup is presented 

in Fig. 43. 
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Fig. 43 - Experimental setup of the photonics-based RF amplified RoF system. 

 

 

3.2.1.  Optical carrier evaluation 

The experimental work was carried out at the LASOR laboratory at the 

research and development center, CPqD, in Campinas, Brazil. The first experimental 

results regarding the optical carrier evaluation were carried out as follows. It consists 

of a B2B connection between the signal generator and the electrical spectrum 

analyzer (ESA), as shown in Fig. 44a. The purpose of this first part is to make sure 

the components that were going to be used for the complete experiment were 

working adequately. A sine wave was generated with a frequency of 16 GHz and a 

power of 0 dBm. The photodetected electrical signal is shown in Fig. 44b. The 

electrical power of the signal generator had to be limited to avoid damages in the 

ESA, for this reason an attenuator was placed in between both pieces of equipment. 
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Fig. 44 - Back-to-back.  (a) Experimental setup.  (b) Photodetected signal. 
 

The second experimental setup is a Radio over fiber system. The setup, in 

Fig. 45a, consists of a CW laser at 1556.3 nm with an optical power of 16 dBm. The 

electrical signal driving the MZM has a power of 0 dBm and a frequency of 16 GHz, 

it modulates the CW optical carrier. In this setup, the modulated optical carrier is 

directly connected to the photodetector using a polarization maintaining fiber (PMF). 

The optical signal is photodetected and the electrical spectra obtained at the ESA can 

be seen in Fig. 45b.  

 

Fig. 45 - Radio over fiber. (a) Experimental setup. (b) Photodetected signal. 

 

And finally, the third setup of the carrier evaluation, on Fig. 35 (Pag. 51), 

includes two coupled CW lasers, and a sine wave that modulates the CW laser 



60 

 

optical carriers. In the experimental setup the optical power of the lasers and the 

electrical power of the RF signal are set 16 dBm and 14 dBm, respectively. For this 

case, the frequency of the RF signal is 16 GHz. The modulated optical carriers pass 

through a HNLF, where the non-linear effect of FWM occurs. The high optical 

power of the launched carriers influence the number of FWM products. The optical 

spectra at the output of the HNLF is shown in Fig. 46 in which one can clearly 

observe the two initial pump waves and five FWM products. Then the carrier of 

interest is filtered out and fed to a photodetector. The optical spectra of the 

photodetected signal is shown in Fig. 47. 

 

Fig. 46 - Optical frequency comb obtained by Multiple four-wave mixing. 

 

Fig. 47 – Photodetected RF signal obtained by the electrical spectrum analyzer.  
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3.2.2.  Optimizing the RF gain as a function of the 

electrical and optical parameters 

This section contains numerous experimental studies by varying the values of 

different system parameters of the scheme in Fig. 35, with the purpose of optimizing 

the photonics-based RF gain. The CW lasers were always at 1556.3 nm and 1559.6 

nm, both with an optical power of 16 dBm, and the HNLF is from Sumitomo with 

the same specifications given at the beginning of this chapter, unless otherwise is 

stated. First, we start by varying the current of the EDFA. 

One of the most important elements of the scheme in Fig. 35 is the EDFA, 

which controls the carriers’ optical amplification. The optical power that the EDFA 

enhances in the optical carriers affects the FWM process. Not only it increases FWM 

efficiency, but also high optical power is desired to generate idler sidebands with 

high optical power, that can generate at the same time more new wavelengths by 

combining themselves with optical carriers or other products (MFWM). In this 

particular measurement, the purpose is to analyze the effect of the EDFA 

amplification in both the electrical and optical power levels of the first products of 

FWM.  

Two different setup scenarios with different VBias are considered to analyze 

the influence of the variation of the current that controls the EDFA amplification. 

The first measure, (a), was taken in the proposed scheme with a  sinusoidal RF signal 

set to 14 dBm, a frequency of 6 GHz, and the VBias = 6.31 V. The current that 

controls the EDFA amplification is varied between 0.4 and 0.7 A since the optical 

power in the wavelengths must be limited to avoid accidents. The relationship 

between the optical and electrical powers of the first products of FWM (left is stokes, 

and right is anti-stokes) and different values of the current in the EDFA is shown in 

Fig. 48a. The second measure, (b), was taken in the proposed scheme of Fig. 35 with 

a sinusoidal RF signal set to 14 dBm, a frequency of 6 GHz, and the MZM VBias  of 

8.3 V. The current that controls EDFA amplification took values starting from 0.35 

to 0.9 A. The influence of the different current values in the electrical and optical 

power of the first products of FWM is reported in Fig. 48b. 
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Fig. 48 - Electrical and optical power of the first products of FWM for different EDFA 

amplification levels: (a) Setup with an RF signal set to 14 dBm with a frequency of 6 GHz, and VBias  = 

6.31 V; (b)  Setup with an RF signal set to 14 dBm with a frequency of 6 GHz, and VBias  = 8.3 V. 

 E.P.L: Electrical power first FWM product in the left. O.P.L: Optical power first FWM product in the 

left E.P.R: Electrical power first FWM product in the right. O.P.R: Optical power first FWM product 

in the right. 

 

In Fig. 48a, from an EDFA current from 0.4 to 0.6 A, the electrical power of 

the stoke band is higher than the anti-stoke band; even though for higher values, the 

electrical powers of both first products tend to stabilize at the same value, which is 

approximately 5 dBm. Moreover, it is worth mentioning that the electrical powers of 

the two first FWM products are higher than their optical power levels. On the other 

hand, Fig. 48b shows that for the chosen system parameters, the electrical power of 

the Stokes band is higher than the anti-stokes band for any EDFA current (IEDFA). 

However, for IEDFA values higher than 0.8 A the electrical and optical power of the 

stokes band take approximately the same value, which is around -9 dBm. In addition, 

the anti-stokes band had a higher optical power, approximately 15 dB higher than the 

electrical power for an IEDFA starting in 0.35 to 0.6 A. For higher IEDFA values, this 

difference decreases but the optical power maintains a higher level. These measures 

were taken to analyze the feasibility of data transmission using FWM products. 

Consequently, results show that the Stokes band is more suitable due to its higher 

electrical power for different IEDFA and MZM values. 

Fig. 49 shows how the optical and electrical powers are related; for this case 

of study, the RF power and frequency were 14 dBm and 6 GHz, and IEDFA = 0.8 A 
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and a VBias = 8.3 V. Moreover, the behavior of the optical and electrical power was 

measured. It is the same for different wavelengths, results were obtained measuring 

the anti-stokes band (first product of FWM at 1663.3 nm).  According to Fig. 48b, 

the optical power must be higher than the electrical power of the anti-stokes band, 

which is confirmed in Fig. 49. In addition, it is possible to observe that the optical 

power is affected as well by the VBias of the MZM. Optical power presents a shape 

similar to the one of the electrical power, the peak and valley values occur for the 

same VBias in both types of powers. Moreover, the difference between the minimum 

and maximum optical power measured is of 10 dB. The maximum difference 

between the maximum and minimum point of the electrical power is approximately 

40 dB. 

Another parameter studied was the variation of VBias and its influence in the 

RF power gain; even changes as small as 0.02 V in the VBias, influence the electrical 

power of the wavelengths. The microwave gain is defined as the difference between 

the electrical power photodetected using a FWM product and that from the 

conventional RoF system at the same optical power level. Fig. 50 reports a 

comparison of the measured electrical power as a function of the modulator Bias 

voltage for the conventional (Fig. 45a) and photonic-assisted amplified (Fig. 29) RoF 

system. The RF power and RF frequency driving the MZM have been set to 14 dBm 

and 17 GHz respectively. An RF power gain around 24 dB and 15 dB of the FWM 

first product is observed for values of VBias of 1.1 and 8.6 V respectively, 

demonstrating the microwave amplification targeted at this work. Fig. 51 shows 

measured optical spectra before photo-detection associated to the three inset labels a, 

b and c in Fig. 50, illustrating the variation of the modulation index as a function of 

the VBias at the MZM.  

Fig. 49 and  Fig. 50 show a similar pattern in the behavior of the optical 

power, the maximum and minimum values are placed for the same VBias values. The 

minimum values occur when there is carrier suppression as shown in Fig. 51a and 

maximum values occur when there is a high modulation index as shown in Fig. 51b. 

This behavior occurs in all the optical carriers that take part of the FWM spectrum, 

meaning that the pump carriers and the MFWM products show a similar behavior. 
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Fig. 49 - Optical and electrical power of the first product of FWM. 

 

 

Fig. 50 – RF power as a function of modulator bias: conventional RoF system vs the first 

FWM product. 
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Fig. 51 - Optical spectrum for three different conditions of modulation bias: (a) carrier 

suppression; (b) high modulation index; (c) low modulation index. 

 

To support obtained results related to microwave electrical gain, we proceed 

to obtain the electrical power spectrum of the optical carrier at λ=1556.3 nm and the 

first product of FWM at λ=1552.6 nm. It is worth mentioning that that the optical and 

electrical power levels are affected by different interferences such as dirty connectors 

or changes of the light polarization in the nonlinear optical fiber. Thus, Fig. 52 shows 

an example of the measured electrical spectra at 16 GHz for an optical power of -2.2 

dBm. The measured microwave gain for this case was 24 dB. 

 

 

Fig. 52 - Measurement of the photonic-assisted microwave gain at 16 GHz. 
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Similar to the microwave gain obtained by comparing the photodetected 

electrical spectra of the RoF conventional system and that of the photonic-assisted 

amplified RoF system, there is also a microwave gain obtained when comparing the 

electrical power of the first FWM product to the electrical power of one of the pump 

carriers. Fig. 53 shows a comparison of the measured electrical power of FWM first 

product and optical carrier (pump) when the VBias varies. The RF power and 

frequency were of 14 dBm and 17 GHz, respectively. The difference in electrical 

power between pump and first product of FWM can be noticed specially for a VBias 

of  1.4, 1.7 and 3.4 V, where the electrical power of the pump exceeds the electrical 

power of the first product of FWM in approximately 9, 7 and 16 dB. Nevertheless, at 

a VBias of 1.25 and 8.75 V the first product of FWM has a gain of 17 and 19 dB, 

respectively over the pump`s electrical power. Moreover, a gain around 5 dB can be 

obtained for a VBias of 5.0, 5.5, 8.5 and 9 V. 

 

Fig. 53 - Gain analysis as a function of modulator bias comparing first product of FWM and 

optical carrier at 1556.3 nm. 

 

Measures presented in Fig. 53 demonstrate that electrical gains of up to 19 dB 

can be obtained when electrical power of the pump and the first FWM product are 

compared. The electrical spectra that demonstrate that the optical power of the first 

product of FWM is enhanced by 6 dB in comparison to the electrical power of the 
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optical carrier are shown in Fig. 54. The conditions of the setup were: RF power and 

frequency was 14 dBm and 17 GHz, respectively. The MZM VBIAS was 5 V.  

 

Fig. 54 –Measured electrical power at the first FWM product and optical carrier.  

 

Microwave gain measurements were performed from 4 to 19 GHz. Fig. 55 

shows the measured maximum electrical power after photo-detection of both the 

optical carrier at λ=1556.3 nm and the first product of FWM of the proposed scheme 

at λ=1552.6 nm, as a function of the RF frequency driving the MZM. The input 

power at the input of the MZM was set to 14 dBm and the VBias was set to 8,6 V. An 

electrical power gain of the FWM first product of approximately 26 dB is observed 

for a frequency value of 17 GHz. The highest RF gain is obtained for a frequency of 

17 GHz because the polarization controllers were optimized for this frequency. 
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Fig. 55 - Measured gain as a function of microwave frequency. 
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Chapter 4 

4.  Photonics-based RF amplification 

system used for wavelength generation 

for a RoF system with CAP modulation 

 

4.1. Radio over Fiber using CAP 

 

A RoF setup with CAP modulation is shown in Fig. 56. This numerical setup 

consists of a CAP transmission block that creates the electrical signal that drives an 

electro-absorption (EA) modulator and modulates the optical carrier. The modulated 

optical signal is launched to a single mode optical fiber and then photodetected. The 

photodetected electrical signal is demodulated using the CAP reception block and 

data bits are recovered. Simulations were carried out to test different system 

configurations using OptiSystem ®. CAP modulation of different orders and bit rates 

have been tested and analyzed.  
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Fig. 56 - Radio over fiber system with CAP modulation. PRBS: Pseudo random bit sequence.  

MZM: Mach-Zehnder modulator.  SMF: Single-mode fiber. 

 

3.1.1.  Co-simulation MATLAB – OptiSystem  

The strategy for simulating a RoF with CAP modulation is based on the 

following procedure: OptiSystem ® as the main software for simulating the optical 

system; MATLAB for CAP modulation and demodulation. The MATLAB algorithm 

used in subsection 2.4.3 was slightly modified and divided into two different 

algorithms so that each one could be called at different moments of the simulation: 

transmission and reception. The first step in co-simulation is to establish a B2B 

connection in OptiSystem ® between the MATLAB blocks of CAP transmission and 

reception. A pseudo random bit generator from the transmitters/Bit sequence 

generator’s library is used to generate the data bits that are going to be modulated; 

the number of bits, sample frequency, and other parameters can be modified. Then, 

the bit array enters into the MATLAB block along with an electrical signal, which in 

this case is a sine wave generator that will be used as a base for the signal at the 

output of the first MATLAB block (transmission), which is electrical as well. The 

output of the CAP transmission block is connected to the input of the MATLAB 

block diagram that represents CAP reception as seen in Fig. 57. 
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Fig. 57 - Co-simulation MATLAB-OptiSystem ®. CAP transmitter and receiver connected in Back-to-

Back. 

 

The purpose of this first simulation setup is to confirm that the algorithm 

works properly and therefore a low BER can be obtained. This simulation setup was 

designed in such a way that results could be obtained in OptiSystem ® and 

MATLAB. Fig. 58  shows the first bits of the data sent array, the first bits of the 

recovered data (both obtained using OptiSystem ®), and a figure of the overlaid first 

bits of sent and recovered data (obtained with MATLAB). For this first simulation, 

CAP-16 was the modulation format and no errors were obtained. The transmission 

and reception algorithms were successfully designed. The next step is to prove this 

algorithm on a RoF system. 
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Fig. 58 - Data bits sent (a) and recived (b) using OptiSystem ®, and (c) MATLAB. 
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Different system configurations varying bit rate and M-CAP modulation 

format have been simulated for a data array of 16384 bits. Results are found in Table 

4. Since this is an evaluation setup to prove co-simulation between MATLAB and 

OptiSystem ®, it is expected to have a BER=0 for the different system 

configurations; no noise is affecting the connection between transmission and 

reception blocks. 

Table 4 – Simulation results of different system configurations varying CAP level and bit rate, 

B2B configuration. 

Modulation format Bit rate (Gbit/s) BER 

 10 0 

8-CAP 20 0 

 30 0 

 10 0 

16-CAP 20 0 

 30 0 

 10 0 

32-CAP 20 0 

 30 0 

 10 0 

64-CAP 20 0 

 30 0 

 10 0 

128-CAP 20 0 

 30 0 

 

a) Radio over Fiber with CAP modulation 

Once it is proven that the co-simulation between MATLAB and OptiSystem 

® is working properly, CAP modulation is simulated on a conventional RoF system. 

The first simulation setup is the optical B2B shown in Fig. 59, which is a RoF system 

with intensity modulation direct detection (IM/DD). It consists of an electrical signal 

generated through CAP modulation that modulates the optical carrier of a CW laser 

(λ=1556.3 nm and optical power of 10 dB) using the analytical model of an electro-

absorption (EA) modulator. EA modulator was chosen due to its low insertion loss, 
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broad modulation bandwidth, large extinct ratio and low wavelength chirp; this 

component maps electrical signals into the optical domain [92]. The modulated 

optical signal is launched to a SMF that is connected to a photodetector. The optical 

signal is photodetected and processed by the CAP reception block for bit recovery 

and BER calculation. 

 

 

Fig. 59 - Simulation setup. Radio over Fiber with CAP modulation. 

 

Fig. 60a shows the CAP electrical signal that drives the EA modulator, which 

modulates the optical carrier from a CW laser using an intensity modulator. At the 

output of the modulator, the optical carrier intensity varies depending on the values 

of the received electrical signal. Optical spectra of the modulated signal are shown in 

Fig. 60b. The modulated signal is launched to an optical fiber at a data rate of 10 

Gbit/s; for this study, the fiber length is 0 Km since we are first establishing an 

optical B2B connection. Later, the optical signal is photodetected, and an RF signal 

is obtained, which is shown in Fig. 60c. The signal spectrum at different points of the 

system varies in domain (optical/electrical) and amplitude, even though its shape is 

maintained. At the CAP receiver block, a normalization function is used to give the 

original values to the incoming data. This function measures the highest and lowest 

symbol in the received data stream and normalizes its values according to the 

maximum and minimum values of the transmitted data stream. Once symbols have 

their original amplitude, the data stream passes through a de-mapping process to 

recover the bits. Finally, recovered and sent bits arrays are compared (Fig. 60d) to 

find the number of errors and the BER.  
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Different simulations were carried out varying the bit rate and the CAP level. 

Results showed that independent of the level of the CAP modulation format and the 

bit rate used in the system simulations, a BER = 0 is achieved for system with an 

optical B2B connection. Table 5 shows a summary of the simulations: the level of 

CAP modulation and the bit rate were varied. 

 

Fig. 60 - Electrical and optical spectra in the RoF system with CAP modulation:  

(a) CAP generated electrical signal;  (b) Optical spectra after modulation;  (c) Photodetected 

electrical signal;  (d) Sent and recovered bits (BER=0). 

 

Table 5 - Simulation results of different system configurations varying CAP level and bit rate 

for a RoF system with an optical B2B connection. 

Modulation format Bit rate (Gbit/s) BER 

 10 0 

8-CAP 20 0 

 30 0 

 10 0 

16-CAP 20 0 
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 30 0 

 10 0 

32-CAP 20 0 

 30 0 

 10 0 

64-CAP 20 0 

 30 0 

 10 0 

128-CAP 20 0 

 30 0 

 

 

4.2. Photonics-based RF amplification system used 

for wavelength generation for a RoF system with 

CAP modulation 

 

The photonic-assisted microwave amplification system is used to generate the 

optical wavelength of a RoF system with CAP modulation. The main advantage of 

using this setup is the possibility to use carriers at different frequencies to transmit 

data; the bandpass filter filters out the optical carrier of interest that will be 

modulated with the CAP signal using an EA modulator. Fig. 61 shows the block 

diagram of the proposed scheme. 
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Fig. 61 - RF amplification system used for wavelength generation for data transmission 

using a RoF system. 

 

To prove this scheme we carried out numerical simulations in OptiSystem ®, 

and Fig. 62 shows the block diagram of the simulation. The left part of the system 

corresponds to the photonic-based RF amplification stage. The optical carriers 𝜆1 and 

𝜆2, with wavelengths values of 1556.3 nm and 1559.6 nm respectively, had an 

optical power fixed at 16 dBm; a 17 GHz sine-wave with a power of  14 dBm drives 

the MZM, which is biased at 1.969696 V. The EDFA amplifies the optical signal in 

11 dB, which passes a Sumitomo HNLF (Zero-dispersion wavelength 𝜆0 = 1560 nm; 

L = 90 m; α = 0.674 dB/km; S0 = 0.02 ps/nm2/km; γ = 10 W-1km-1) and an optical 

filter with a bandwidth of 3.45 nm that filters the optical carrier of interest. A 

sequence of 16,384 bits CAP signal modulates the filtered wavelength, the bit rate 

was set to 10, 20 and 30 Gbit/s. Different levels of CAP are studied for each filtered 

wavelength and bit rate. The filtered optical wavelengths,1556.3 nm and 1552.6 nm, 

are fixed to have an optical power of 12.25 dBm before CAP modulation; an optical 

attenuator is used to adjust optical power.  
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Fig. 62 - Setup for simulations; Wavelength generation and CAP modulation. 

 

The spectra at different points of the simulation setup are shown in Fig. 63. 

First, Fig. 63a shows the FWM effect on the HNLF, which corresponds to point 

marked as (a). Then, the optical carrier chosen for modulation is filtered out using a 

bandpass filter, and its optical spectra is shown in Fig. 63b, spectrum taken at point 

marked with inset (b) on the simulation setup (Fig. 62). Once the optical carrier is 

modulated with the CAP signal (Fig. 63c, spectrum obtained at point marked with 

inset (c) in Fig. 62), it is photodetected and the data bits are recovered. Fig. 63d 

shows that the bit recovery is successful, the first 100 sent and recovered bits are 

overlaid in this figure as a proof of this result.   
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Fig. 63 - Optical spectra at different points of the simulation setup: (a) FWM at the end of 

the HNLF; (b) Filtered optical carrier;  (c) Optical carrier modulated by a CAP signal;  

(d) Recovered bits Vs. Sent bits. 

 

Table 6 contains the results obtained from the simulations carried out for 

CAP transmission on a RoF system with an optical B2B connection. 

 

Table 6 - Results obtained for CAP modulation using optical carrier at 1556.3 nm 

Modulation format Bit rate (Gbit/s) BER Electrical power 

(dBm) 

 10 0 -24,110 

8-CAP 20 0 -25,030 

 30 0 -25,230 

 10 0,00134277 -24,311 

16-CAP 20 0 -25,760 

 30 0 -25,210 

 10 0,03302002 -24,111 

32-CAP 20 0 -26,420 

 30 0 -26,310 
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 10 0,08654785 -24,532 

64-CAP 20 0 -24,620 

 30 0 -24,612 

 10 0,14324951 -24,123 

128-CAP 20 0 -26,123 

 30 0,00018311 -26,932 

 

Simulations carried out using the first FWM product for signal transmission 

show that a higher amount of errors can occur in transmission at lower bit rates; in 

this case, errors were obtained for data transmission at 10 Gbps. Results that show a 

BER=0 indicate that the number of errors is undetectable for the amount of bits that 

were used in the simulation, which were a total of 16384 and 128 samples per bit. 

Table 7 - Results obtained for CAP modulation using FWM product at 1552.6 nm. 

Modulation format Bit rate 

(Gbit/s) 

BER Electrical power (dBm) 

 10 0,16168213 5,102 

8-CAP 20 0,03173828 4,956 

 30 0,03308105 4,732 

 10 0,25305176 4,012 

16-CAP 20 0,05285645 3,670 

 30 0,05554199 3,990 

 10 0,31170654 3,876 

32-CAP 20 0,13134766 3,923 

 30 0,13470459 3,982 

 10 0,3460083 3,290 

64-CAP 20 0,16534424 3,901 

 30 0,15496826 4,012 

 10 0,36090088 3,787 

128-CAP 20 0,20947266 3,125 

 30 0,20269775 3,120 

 

Simulations carried out using the FWM first product for data transmission 

show that data is received with a higher BER in comparison to the BER of the data 

received when the optical carrier at 1556.3 nm was used for transmission. Moreover, 
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results show that the BER increases as the level of CAP used in the modulation, and 

also as the bit rate decreases. Similar BER were obtained for 20 and 30 Gbps, as well 

as a similar value in the optical power before photodetection.  

In general, simulations show that sending data using the optical carrier has a 

lower BER, and results indicate that data will be successfully recovered. Moreover, 

simulation results show that the number of errors increases with the level of CAP 

modulation used. Furthermore, the number of errors is lower at the highest bit rate, 

30 Gbps. Since the optical power of both the wavelengths at 1556.3 nm and 1552.6 

nm is the same, it is possible that the BER is higher when the information is sent 

using the first product of FWM due to interference caused in the CAP modulation 

stage. The effect of a higher optical power in the source signal was studied, however 

the noise increment caused by optic amplification decreased the signal quality, which 

did not benefit the BER. It is worth mentioning that the RF gain between the FWM 

first product and the optical carrier, which were used as a source for data 

transmission, was approximately 29 dB. This RF gain maintained after CAP 

modulation, the electrical power was higher but the difference between the electrical 

peak powers of the carriers at 1556.3 n and 1552.6 nm was 29 dB. 

In addition, the effect of higher optical power in the laser sources was 

studied. Results show that an increased optical power in the sources only affects the 

number of products of FWM; the higher the power of the optical carriers, the more 

FWM products in the comb optical spectra. Therefore, the optical power of the 

filtered carrier is limited to a power around 16 dBm, because for higher optical 

powers, it will be distributed to the new wavelengths generated through FWM, and 

not in the optical power of the FWM first products. 
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Chapter 5 

 

5. Conclusions and Future Works 

This work is based on the study and development of a novel radio over fiber 

based approach for photonics-based amplification of radio frequency signals using 

four-wave mixing. Its main objective was to evaluate the proposed system feasibility 

for data transmission in convergent networks based on optical backhauls. Moreover, 

the aim of the study had other two principal purposes: i) analysis of the proposed 

scheme for data transmission using the first product of FWM, ii) feasibility of 

including CAP modulation for high capacity transmission.  

Chapter 1 included an overview of the subscribers increasing demand for 

higher internet data rates due to current services requirements, the need of optical 

wireless networks for mobile communications, and the need of new modulation 

formats to meet the bandwidth capacity and speed requirements. In addition, this 

chapter includes a bibliographic review of the main works in the areas of broadband 

communications, radio over fiber, and four-wave mixing. This state-of-the-art 

allowed understanding not only the radio over fiber development over the years, but 

also it was the key to find a gap in the research area in which it could be possible to 

make a contribution.  

Chapter 2 presented the main technologies studied during the development of 

this work. A theory study was carried out in microwave photonic generation, 

multiple four-wave mixing and carrierless amplitude phase modulation; 

mathematical equations and simulation results included. Whereas Chapter 3 included 

the simulation study of a radio over fiber system with CAP modulation. First, the 
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radio over fiber technology was briefly explained, and an introduction to RoF 

systems with CAP modulation was included to justify our efforts in this area. 

Numerical simulations and experimental results are presented in Chapter 4 with the 

purpose of proving the feasibility of the proposed RF amplification system. 

Numerical simulations were carried out using the OptiSystem ® software by 

Optiwave Inc. Experimental results were carried out at the LASOR laboratory of the 

Research and development center CPqD in Campinas, Brazil. 

We proved experimentally that photonic amplification of RF signals could be 

achieved using the first FWM product. Experimental results showed gains up to 24 

dB could be achieved when comparing the photodetected signal spectra of the first 

product of FWM and that of a traditional RoF system. Moreover, if the first FWM 

product is compared to one of the optical carriers, a RF gain of up to 26 dB can be 

achieved. We could experimentally demonstrate that photonic-based amplification 

using the first product of FWM can be accomplished for frequencies between 4 and 

19 GHz. These results motivated us to study through simulations the possibility of 

data transmission using the proposed photonic amplification RoF system. We proved 

that data transmission at 10 Gbit/s is possible, even though there is a 12 dB penalty 

for transmission when the first product of FWM wavelength is chosen.  

Furthermore, we wanted to use an advanced modulation format in our 

proposed scheme, and we chose CAP due to the low complexity of its transmitter and 

receiver blocks. On the one hand, we successfully implemented a photonics-based 

RoF amplification scheme that generates optical carriers at different frequencies with 

high electrical power. On the other hand, we study CAP as data modulation format to 

improve the transmission bit rate. Finally, we simulated a traditional RoF system 

with CAP modulation, achieving a BER = 0 for a B2B connection. Then, we include 

the photonics-based amplification setup to generate an optical carrier that is 

modulated with the CAP signal in a radio over fiber system. Simulation results show 

a BER = 0 when using an optical carrier for data transmission and 8-CAP to 32-CAP 

modulation formats. The use of the first product of FWM as the optical carrier that is 

modulated by the CAP signal has been proven to be inadequate due to its lower 

optical power when compared to the power of the optical carrier. 
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Future works 

The novel photonically amplified RoF system opens the door to new high 

capacity and longer reach fiber wireless systems compared to conventional RoF 

architectures. Further experimental evaluations are strongly recommended as next 

steps to identify system design challenges and improvements. 

Moreover, we propose to carry out more experiments to validate CAP 

modulation including a traditional RoF scheme to continue research in this area 

including transmission with antennas designed at the Laboratory WOCA from Inatel. 

Another interesting effect to be studied in the RoF with CAP modulation setup is the 

fiber length. RoF systems are commonly used in FTTH, therefore the effect that 

different fiber lengths may have on signal transmission and recovery is useful for 

future applications. Furthermore, we propose the implementation of a RoF system 

with CAP modulation using a field programmable gate array (FPGA). The FPGA 

will allow us to enable or disable photonic amplification and transmission using 

optical carrier or FWM product. 

We also encourage studying ways of compensating nonlinearities in optical 

fibers to ensure a successful data recovery. In addition, it would be interesting to see 

how the photonic amplification scheme proposed can be used to generate optical 

carriers at different frequencies for different purposes.  
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