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ABSTRACT 
 

 

SANCHES., A. L. Single and Multirate FFH-OCDMA Networks Based on PSK 

Modulation Formats. 2015. Thesis (DSc) – São Carlos School of Engineering, University of 

São Paulo, São Carlos, 2015. 

 

Aiming to achieve the better efficiency in the use of bandwidth (spectral efficiency), 

as well as a compromise with the energy utilized in the process (power efficiency), the 

service operators are obliged to change the way in which the information is conveyed. The 

simplicity of the OOK modulation format has always been the main reason for using it in 

optical communications. Hence, once the coherent technologies had reached the maturity 

from a commercial point of view, they have become real alternatives to extend the capacity 

of networks. 

In this thesis, the performance of single and multirate FFH-OCDMA networks based 

on coherent modulation formats is addressed. The following modulation formats are 

assumed: binary and quadrature phase shift keying (BPSK and QPSK). For single rate 

networks, BPSK or QPSK are used as the modulation format for all users. For multirate 

networks, on the other hand, BPSK and QPSK modulation formats are employed for low and 

high rate transmission users, respectively. For both networks, new bit error rate (BER) 

formalisms regarding the main deleterious source in OCDMA are derived, namely multiple-

access interference (MAI). The mathematical formalism developed here accounts for any 

kind of users’ signal waveforms (which are accurately accounted for at the desired user’s 

receiver). As a result, it can be successfully used to carry out performance analysis of any 

OCDMA network. Moreover, it is shown that both low and high rate users can surprisingly 

achieve similar BER levels. In addition, it is demonstrated that incoherent OOK-based 

networks are not good candidates for future single and multirate FFH-OCDMA 

implementations in this interference limited scenario. On the other hand, our results pave the 

way for BPSK- and QPSK-based networks, which are seen as potential candidates for next 

generation passive optical networks (NG-PON2), where higher data rates and a vast amount 

of users will be major network requirements. 

 

 

Key-words: optical code division multiples access, modulation formats, coherent networks, 

fast frequency hopping, multiple access interference, multirate, bit error rate. 
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RESUMO 
 
 

SANCHES., A. L. Redes FFH-OCDMA Convencionais e de Múltiplas Taxas Baseadas 

em Formatos de Modulação PSK. 2015. Tese (Doutorado) – Escola de Engenharia de São 

Carlos, Universidade de São Paulo, São Carlos, 2015. 

 

 No intuito de alcançar uma melhor eficiência no uso da largura de banda (eficiência 

espectral), bem como um compromisso com a energia utilizada no processo de transmissão 

de informações (eficiência em potência), as operadoras de serviços estão sendo obrigadas a 

alterar o modo em que a informações estão sendo transmitidas. Neste sentido, a simplicidade 

do formato de modulação OOK sempre foi a principal razão para a sua utilização em 

sistemas de comunicações ópticas. Assim, uma vez que a tecnologia coerente tem alcançado 

a maturidade do ponto de vista comercial, estas são reais alternativas para aumentar a 

capacidade das redes de comunicação ópticas. 

 Nesta tese, são avaliados os desempenhos de redes FFH-OCDMA convencionais e de 

múltiplas taxas baseadas em formatos de modulação coerentes. Os seguintes formatos de 

modulação assumidos são: modulação por chaveamento de fase binário e por quadratura 

(BPSK e QPSK). Para redes convencionais, BPSK e QPSK são utilizados como formatos de 

modulação para todos os usuários. Por outro lado, para redes de múltiplas taxas de 

transmissão, os formatos de modulação BPSK e QPSK são empregados para baixas e altas 

taxas, respectivamente. Para ambas as redes, foram derivados novos formalismos 

matemáticos considerando a principal fonte deletéria de desempenho em OCDMA, 

comumente chamada de MAI, no cálculo da BER. Os formalismos matemáticos 

desenvolvidos são generalizados para quaisquer tipos de formas de onda empregada nos 

sinais dos usuários (as quais são contabilizadas precisamente no receptor do usuário de 

interesse). Como resultados, o formalismo matemático pode ser utilizado com sucesso para 

realizar a análise de desempenho de qualquer rede OCDMA. Adicionalmente, é demonstrado 

que ambos os usuários em baixa ou alta taxa de transmissão podem surpreendentemente 

alcançar níveis similares de BER. Concomitantemente, é observado que redes incoerentes 

baseadas em OOK não são boas candidatas para implementações convencionais e de 

múltiplas taxas de transmissão considerando esse cenário limitado por interferência. Por 

outro lado, os resultados trilham o caminho para redes baseadas em BPSK e QPSK, as quais 

são potenciais candidatas para a próxima geração de redes ópticas passivas (NG-PON2), 



XIII 

 

onde os maiores requisitos são as altas taxas de transmissão e grande capacidade de inserção 

simultânea de usuários.  

 

Palavras-chave: acesso múltiplo por divisão de código óptico, formatos de modulação, redes 

coerentes, codificação com saltos rápidos em frequência, interferência de acesso múltiplo, 

múltiplas taxas de transmissão, taxa de erro de bit. 
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CHAPTER 1 
 

 

1 INTRODUCTION 

 

In order to meet clients’ demands satisfactorily using a wider bandwidth, 

telecommunication service operators are obliged to migrate their access networks to 

technologies that are economically more viable and have a larger capacity for information 

traffic. It is expected that future telecommunication networks will be capable of providing a 

large number of broadband services to subscribers. However, in order to meet this demand, a 

substantial increase in the transmission rate is required. Conventional networks, which use 

twisted pair cables or coaxial cables as the transmission medium, are limited in bandwidth 

and are no longer considered viable alternatives for the near future. Technology advances 

over the last decades have used optical fiber as the appropriate medium of information 

transmission. There are innumerous advantages of optical fiber in relation to twisted pair 

cables or coaxial cables, such as: wider bandwidth, lower susceptibility to signal degradation, 

low weight and electromagnetic immunity [1]-[3]. Currently, optical fibers are used in 

communication systems that require multiple access to transmit data at high speeds. Multiple 

access is when a transmission medium is shared by several users in a given domain. 

Establishing unique channels enable different users to join and coexist in the network by 

multiplexing and demultiplexing signals. 

The three best known schemes of access and multiplexing are illustrated in Figure. 1.1, 

namely time division multiple access (TDMA), wavelength or frequency division multiple 

access (WDMA or FDMA), and code division multiple access (CDMA). Optical systems 

based on TDMA and WDMA technologies have fixed channel allocations, characterizing 

them as deterministic systems. For the first scheme, the main advantage is that all encoders 

can operate using the same wavelength and the simpler structure of this receptor. 

The main disadvantage is the fact that allocating time slots to users does not allow for 

statistical multiplexing gain, a desirable feature when burst data traffic occurs [4]. By taking 

this into account, bandwidth allocation algorithms need to be applied, adding complexity to 

the system. 
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The advantage of the second scheme is that it is able to use virtual point-to–point 

topology, as well as dynamical optical routing based on wavelengths and traffic capacity 

reallocation. The main drawback of this network topology is the need to fine tune and 

monitor wavelengths emitted from each source, as well as the central wavelength of each 

filter to eliminate crosstalk among distinct wavelengths [5]. These two technologies are 

considered efficient alternatives and are viable in both metropolitan area networks (MAN) 

and wide area networks (WAN). However, local area networks (LAN) have requirements that 

are not easily met by TDMA and WDMA technologies. Hardware and additional protocols 

imposed by TDMA and WDMA technologies in the node distribution adds cost and 

complexity to the LAN [6]. The optical CDMA (or simply OCDMA), on the other hand, has 

greater flexibility in the available access bandwidth with the capacity of hiding (using 

codification) transmitted data.  

By concerning the architecture used in networks, the passive optical network (PON) is 

one of the most promising solutions for fiber-to-the-home (FTTH) due to it being cost 

effective [7]. Moreover, equipment to implement the Gigabit PON (G-PON) standard has 

been commercialized all over the world. In order to increase network capacity, the 

International Telecommunication Union - Telecommunication Standardization Sector (ITU-

T) has already found the specification of the standard capable of transmitting 10-Gigabits 

(XG-PON) [8] and has included it in the next generation of passive optical networks (NG-

PON1).  The NG-PON1 upgrade is based on time-division multiple-access (TDMA) and can 

transparently coexist with current G-PON technology, therefore offering a smooth transition 

path between both scenarios. Nonetheless, serious efforts are already being made to define 

 
a)                                                     b)                                                        c) 

 

Figure 1.1: Multiple access schemes for 𝑚 users. a) TDMA, b) FDMA or WDMA and c) CDMA. 
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the future upgrade of NG-PON1 [9], namely the NG-PON2. NG-PON2 is currently under 

standardization, and has requirements such as: aggregate data ranging from 40 Gbps to 100 

Gbps with ~1Gbps per user, 64 to 1000 optical network units (ONUs), extended reach of 60 

km, and higher security level [9]. 

All of these requirements can be fully satisfied by joining the PON architectures with the 

OCDMA technique in order to constitute the passive optical code-division multiple-access 

(OCDMA-PON). OCDMA-PON networks also have several other remarkable attributes, 

such as asynchronous access, capacity on demand, lower cost/complexity for new users, the 

possibility of offering virtual point-to-point technology, high scalability, security, flexibility 

in code projects, and support for multiple data rate transmission at the physical layer [10]-

[14]. 

Unfortunately, these networks are fundamentally dependent on the amount of 

simultaneously active codes (users). Concerning detection, the desired user code is identified 

by the autocorrelation peak (of significant amplitude), whereas the other users (interfering 

users) are seen by the system as background interference (due to cross-correlation). Thus, 

OCDMA-PON networks accept more degradation due to the amount of users accepted by the 

system, which characterizes it as a multiplexing statistical gain system. Therefore, using 

codification means an increase in security for the OCDMA-PON network related to user 

information when compared to other techniques. In addition, these networks can provide 

security at the physical layer level regardless of the data type transmitted since only the 

transmitted codes knowledge are necessary to retrieve the signals correctly [15]. Due to these 

comparative advantages, PON-OCDMA networks will be discussed in more detail later. Only 

for convenience sake, the term PON will be omitted after this point. 

Starting with the code project, the utilized algorithms in the codification should meet 

some correlation properties, which can be defined in terms of orthogonality (ability to 

provide differentiation among the codes) and cardinality (ability to generate a larger number 

of codes with the highest orthogonality possible). 

A good code project satisfies both properties and is of fundamental importance to reduce 

the main deleterious source of errors of this kind of network, namely multiple access 

interference (MAI) [16]-[24].  In OCDMA systems, MAI is directly proportional to the 

number of simultaneous users in the network; therefore, the MAI level increases as users are 

added simultaneously to the network. This interference source severely limits the overall 

performance of the system and should be minimized at all costs.  
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There is a large body of literature concerning codification alternatives, which provide 

different ways of dealing with the MAI. The most traditional codes available provide 

temporal spread utilizing only one wavelength and are known as unidimensional codes (1-D). 

A good example of this code family is optical orthogonal codes (OOC) [16]-[20]. These 

formulations use quite extensive code sequences, favoring the dispersive effects that result in 

temporal spread of pulses, thus limiting the applications that require high transmission rates. 

It should be mentioned that OCDMA systems based on 1-D codes experience low efficiency 

in bandwidth utilization and capacity. 

There is also another group of codification algorithms capable of simultaneously 

providing spread in both time and wavelength domains. Codes with these characteristics are 

known as bi-dimensional codes (2-D) [21]-[24]. The 2-D codes are of particular interest, as 

they can reduce the temporal dimension of sequences in comparison with 1-D codes and 

increase the number of simultaneous users for the same bit error rate (BER) [25]. These 

optical codes are constructed in matrix form, whereby the rows represent wavelengths and the 

columns represent temporal displacements. The number of wavelengths and time slots are 

defined strictly by utilized code, whereby the code weight is defined by illuminated chips in a 

given code (signature). At the receiver side, the decoder should produce the ―mirror‖ image 

of the codification matrix in order to correctly decipher the code incorporated in the desired 

information and, therefore, recover the desired user’s transmitted data. All other codes are 

seen as interfering users, whereby the interference level is directly related to the code 

orthogonality.  

There are many code schemes available in this family. For example, the time 

spreading/wavelength hopping (TS/WS) and the fast frequency hopping (FFH) proposed in 

[22] and [23], respectively. The low cardinality of these schemes was corrected afterwards by 

using a new approach based on extended congruence quadratic sequences for spreading and 

prime sequences (considering their cyclic shifts) for wavelength hopping (EQC-TS/WH) 

[26], [27]. However, the non ideal correlation properties of these codes make them unsuitable 

when a high number of simultaneous transmissions are required. In addition, both the code 

length and the number of wavelengths cannot be chosen independently. This limitation can be 

eliminated with OOC codes based on prime sequence permutations (PC/OOC), which present 

ideal correlation properties.  Nevertheless, the requirement that the number of wavelengths is 

a prime number might be a problem in OCDMA systems because it directly affects the 

parameters related to the optical codes, such as cardinality and orthogonality, as explained in 
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detail in [23]. Later, this inconvenience was eliminated in [28] by using orthogonal codes 

based on multiple wavelengths (MWOOC) at the cost of higher complexity related to the 

algorithm generation. Another example of 2-D codes is the formulation introduced by 

Shurong et al. [29], whereby the code length can be chosen regardless of the number of 

wavelengths, without hindering the ideal properties of the correlation. These codes were 

based on one coincidence sequence for frequency hopping and OOC for time spreading 

(OCFH/OOC). However, these codes have a limited weight when few wavelengths are 

utilized. In addition, there are codes that can reuse wavelengths, therefore, making an 

increase of flexibility possible in the choice of code weight per wavelength and ideal 

correlation properties [30]. A good example of theses codes was proposed by Yang et al. 

[31], which besides the aforementioned benefits, have high cardinality. Such 2-D codes 

(called FOOC) are constructed by joining 1-D OOC codes to ideal correlation properties.  In 

addition, other families of these codes can be found in [32]-[34]. As can be seen above, there 

are innumerous alternatives for performing encoding in OCDMA networks.  It is worth 

mentioning that the mentioned codes were initially designed to support single rate 

transmissions (all users transmit at the same bit rate).  

Nonetheless, diversified multimedia traffic (which creates the need for multirate 

transmissions) has encouraged communication companies to invest in access network 

architectures capable of offering bandwidth-hungry applications such as HDTV and 3D/4K 

video, as well as supporting the growing number of terminals (smartphones, tablets, e-

reader). In OCDMA networks, the multirate transmission can be achieved by specific projects 

(while preserving the correlation properties) of multilength codes. In these cases, since the bit 

rate is inversely proportional to the code length (whereas the time chip is constant), the 

reducing/increasing factor in code length increases/reduces the bit rate proportionally. 

The first proposal that supported multirate transmissions in OCDMA was based on 

unidimensional OOC codes [35]. In these networks, such codes offer support to two different 

user class rates and present non-ideal correlation properties (specifically cross-correlation of 

tree units, i.e., up to three hits can occur for each asynchronous time shift). Since this code 

family does not present ideal correlation properties, the deleterious effect of MAI also 

increases the BER.  The strict multi-weight multi-length OOC (MWML-OOC) code family, 

which supports various rate transmissions and ideal correlation properties, was proposed in 

[36]. In this case, the different code lengths and code weights are assigned to the rate and 

quality of service (QoS) differentiation, respectively, among users. 
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It is also important to mention that all codes designed initially for single rate OCDMA 

can be utilized in multirate OCDMA networks when truncated. This only occurs due to the 

fact that truncation does not alter the code correlation properties. Nonetheless, the worst 

inconvenience of using this artifice is less control of the final parameter codes (code weight 

and/or number of wavelengths). However, in situations where the values of code weights 

and/or code wavelengths used in the final truncation are still significant for the considered 

network scenario, this method is very attractive because it does not need specially designed 

codes.  The best case in terms of performance for truncated multirate codes occurs for the 

FFH algorithm, which can present the same code parameters for both especially designed and 

single rate truncated codes. In this thesis, 2-D codes based on fast frequency hopping (FFH) 

proposed in [37] and implemented experimentally in [38] are used as an alternative to 

encoding the users and carrying out the performance evaluation. The most attractive features 

that made us choose FFH codes are the possibility of obtaining the minimal code length 

dimension among all code families (considering both 1-D and 2-D kinds) and selecting few 

wavelengths of a group for code user composition. The first characteristics are desirable to 

reduce the linear dispersion (consequently, also the intersymbol interference) by maintaining 

the chip and the bit period comparable. On the other hand, the second characteristic has a 

greater distinction among the code users, thereby reducing MAI. 

The first approach of OCDMA networks based on FFH codes (FFH-OCDMA) was 

proposed in [39]. Unfortunately, the performance analysis of the networks in terms of the 

BER was not investigated. Inaty et al. [40] have also proposed a version of the FFH-OCDMA 

network with multirate transmission and power control (for MAI mitigation) and showed  its 

performance analysis. 

Besides using the FFH coding scheme, a better network performance can be achieved if 

advanced modulation formats are utilized instead of the ordinary on-off keying (OOK). The 

simplicity of the OOK generation has always been the main reason for using it in optical 

communications. Previously, it was necessary for a modulation to maintain a commitment 

with the simplicity in detection. Consequently, OOK modulation format has been used, even 

in high rate transmissions (≥10 Gb/s). However, high susceptibility to harmful fiber effects, 

such as group velocity dispersion (GVD) and polarization mode dispersion (PMD) makes 

some practical applications impossible as the data rate increases. Considering this, the project 

and practical implementation of high performance modulators contribute significantly to data 

rates above 10 Gb/s. 
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Afterwards, some attempts based on slightly more complex modulation techniques to 

exceed the 10 Gb/s data rate were carried out. In these implementations, optical duobinary 

(ODB) and differential phase shift keying (DPSK) modulation formats were used in order to 

transmit data rates in 40 Gb/s. However, commercial use has not been successful because 

requiring direct detection for both modulation techniques severely limits the reach of the 

optical signal [41]. In addition, the simultaneous decrease in the effective cost of OOK 

modulated transponders maintained this technique for transmissions of 40 Gb/s. The main 

technological breakthrough, which transmitted bit rates higher than 40 Gb/s, was coherent 

optical technology. Moreover, while developing coherent optical technology, the sufficient 

linewidth of distributed feedback (DFB) lasers (around 50 MHz) and erbium doped fiber 

amplifiers (EDFA) capable of extending the reach and capacity of legacy networks 

minimized the urgency to commercialize coherent technologies [42]. However, two main 

reasons were predominant and crucial for coherent technologies be adopted commercially. 

First, the greater spectral efficiency related to systems based on intensity modulation and 

direct detection (IM-DD). Second, the possibility of using digital signal processing (DSP) in 

order to minimize the impact of chromatic and polarization mode dispersions in IM-DD 

systems. Hence, once coherent technologies reached maturity from a commercial point of 

view, these technologies would greatly increase the capacity of transmitted information in 

comparison to IM-DD based networks. 

Moreover, with the remarkable progress in optical device technology observed in the past 

few years, a large variety of devices targeting OCDMA applications has been proposed, such 

as encoders/decoders, source- (without a laser source) and color-less (non-wavelength 

specific), in-line dispersion-compensation-free using code bandwidth optimization, and also 

thresholding devices [43]-[45]. This has made coherent OCDMA networks a promising 

multiple access technique for PONs [46]. For example, phase-shift keying (PSK) modulation, 

such as single binary PSK (BPSK) and two bits per symbol quadrature PSK (QPSK), were 

implemented using all-optical modulation format conversion techniques (OOK to BPSK, and 

BPSK to QPSK) [47], [48]. Several researches perceive these techniques as potential 

candidates for symbol modulation in conventional and adaptive multirate networks [49]. 

In this thesis, two distinct single rate FFH-OCDMA networks based on BPSK and QPSK 

modulation formats are proposed. Also is proposed a new multirate FFH-OCDMA network 

through the simultaneous allocation of BPSK and QPSK modulation formats in order to 

support users with low- and high-data rate transmission, respectively. 
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For both single and multiple rate networks, new BER expressions are derived taking into 

account MAI. The mathematical formalism developed here assumes that the waveforms of 

the users' signals are accurately accounted for in the decision variable at the desired user’s 

receiver. As a result, the developed formalism can be successfully applied to any OCDMA 

network. Moreover, the BER expressions can be further used to access the performance of 

both single rate and multirate FFH-OCDMA networks based also on the OOK modulation 

format. This is quite interesting not only for validation purposes, but also for future analysis 

of FFH-OCDMA networks based on the OOK modulation format, operating either in a MAI-

limited scenario or with both MAI and several other deleterious sources (such as channel 

impairments and time jitter). It is further demonstrated that both single and multi rate PSK-

based networks are more tolerant to MAI than OOK-based networks. In addition, concerning 

multirate PSK-based networks, it is shown that, unlike previous studies [35], [39], [40], [49]-

[53] (which use OOK and different code lengths to achieve different rates), both low- and 

high-rate users can surprisingly achieve BER levels very close to the error-free region. 

To the best of my knowledge, this is the first report on the performance of both single and 

multirate coherent PSK-based OCDMA networks. 

This thesis is organized as follows. Chapter 2 revisited some usual configurations of 

OCDMA networks. Chapter 3 lays out the description of the sequential process carried out in 

the users’ signals (from data/information source to data recovery) accomplished by the PSK-

based FFH-OCDMA and presents the mathematical framework used to model the signal 

waveforms through these networks. The specific mathematical formalism for BER 

evaluations of single and multirate PSK-based FFH-OCDMA networks is presented in the 

Section 3.3. Chapter 4 presents relevant results regarding the proposed networks, describing 

the effects of MAI, and the effectiveness of the PSK modulation formats in the increase of 

signal-to-interference ratio (SIR). Finally, Chapter 5 presents some concluding remarks. 
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CHAPTER 2 
 

 

2 OCDMA ENCODING, MAI AND 

MODULATION FORMATS 

 

In this chapter, it is revisited some of most usual encoding techniques employed in 

OCDMA networks. In addition, it is presented a detailed description of several encoding and 

decoding techniques, including optical FFH, and its capacity of dealing with the MAI. 

Moreover, the structures and process involved in both optical BPSK and QPSK modulation 

of the users' signals are characterized. 

 

 

2.1 OCDMA ENCODING 

 

 In OCDMA networks, the integrity and security of the users' signals is ensured by 

unique codes, i.e., codes attributed exclusively to each user. Currently, there are various 

options of codes in the literature, and each one has implementation requirements that should 

be fulfilled with respect to the availability of resources. The codes can be classified according 

to the domain where encoding occurs, i.e., time, wavelength, space, phase or a combination 

of them. When only one of these domains is adopted, these codes are classified as 1-D codes. 

On the other hand, when two or three domains are used for encoding, 2-D or 3-D codes are 

formed, respectively. The latter has a high degree of complexity considering its practical 

implementations and this is not the aim of the study here. The main features of 1-D and 2-D 

codes, often found in OCDMA applications, will be presented next. 

 

 

2.1.1 TIME ENCODING (1-D ENCODING) 

 

 In conventional OCDMA-based transmission systems, one bit corresponds to 

one pulse with a much shorter duration than the generated data bit of duration 𝑇𝑏 . The 

codification process consecutively creates 𝐿 (code length) replicas of this pulse at different 



10 

 

time intervals.  Each one of these pulses is called chip and its temporal width time is called 

𝑇𝑐 . Therefore, the initial pulse (before the encoding process) must have a period equal or less 

than 𝑇𝑏/𝐿 so that interferences within the sequence attributed to a given user do not occur. 

Figure 2.1 illustrates this case with the three uncoded a) and coded b) BPSK modulated bit 

{1 0 1} transmission sequence. The BPSK modulated representation will be used throughout 

this chapter for the sake of convenience only, as the OCDMA networks accept other 

modulation formats (as will be seen in the following sections) without changing the encoding 

process. As it can be observed, the generated data bits alternating between ―0‖ and ―1‖ create 

phase reversals, i.e., 180° degree phase shifts as the data bits shift state.  

The first implementation of this type of codification used several optical delay lines 

(ODL) interconnected to pulse time allocation. The encoding process of data bit ―1‖ using 

this technique is illustrated in Figure 2.2 a). In this scheme, the information data bit is 

represented by an optical pulse of high amplitude and a short duration, where the duration of 

each chip is related to the code weight adopted by the specific code algorithm. Therefore, the 

full width at half maximum width (FWHM) of a chip is given by 𝑇𝑐 = 𝑇𝑏/𝐿, where 𝐿 is the 

 
 a) 

 
b) 

Figure 2.1: Generated pulse train for generated data bits {1,0,1}. a) Short pulses representing each 

generated bit data. b) Encoded short pulses representing each generated bit data. 

 

 

 
. 
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code length (number of chips that fragments 𝑇𝑏). 

    The codification corresponds to sequences of short pulses, of a number proportional 

to the code weight (𝑤), as shown in Figure 2.2 b). Signals from other users, represented by 

their specific sequence of chips (codes) are multiplexed in a star coupler. A set of similar 

delay lines (in the complementary configuration to be used in the encoder) is utilized to 

reconstruct the original pulse at the receiver, as can be seen in Figure 2.2 c). The decoding 

operation is carried out by intensity correlation.  

Thus, if the pulses are positioned correctly, they form a defined pattern in the auto-

correlation function (ACF).  If they are not, they form a background signal (interfering 

signal), defined by a cross-correlation function (CCF). The outputs of the decodification 

process are shown in Figure 2.2 d). 

In addition to traditional ODLs [54], other artifices which use photonic crystals [55] 

and integrated optics [56] have been suggested.  Each data information bit is encoded in a 

waveform 𝑠 𝑡  that corresponds to a code signature. Furthermore, each receiver correlates the 

mask of this code, 𝑓 𝑡 , with the transmitted signal, 𝑠 𝑡  [57]. The receiver output, 𝑟 𝑡 , is a 

correlation operation which shows the similarity degree between them, and is given by 

 

𝑟 𝑡 =  𝑠 𝜏 

∞

−∞

𝑓 𝜏 − 𝑡 𝑑𝜏. 
 

(1) 

 

The algorithms generally seek to maximize the auto-correlation, 𝑠 𝑡 = 𝑓 𝑡 , and minimize 

the cross-correlation between codes, 𝑠 𝑡 ≠ 𝑓 𝑡 , in order to extract the maximum in 

orthogonality (degree of differentiation between them) and cardinality (quantity of available  

codes). The general conditions for code orthogonality are [19]: 

 

 Each version can be distinguished from the shifted version of itself; 

 

 Each version (possibly a shifted version) can be distinguished from other sequences of 

the set of used codes. 

 

Let us express the above statements in a mathematical form.  For two sequences of length 𝐿, 

𝑋 =  𝑥0 , 𝑥1 , 𝑥2, … , 𝑥𝐿−1  and 𝑌 =  𝑥0 , 𝑥1 , 𝑥2 , … , 𝑥𝐿−1 , there are two results of discrete 

correlation that represent the interaction between them [17] 
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 For sequence 𝑋 = 𝑥 𝑘  

 

 Z𝑥,x =   xi

L-1

i=0

xi+k =  
w, for     k=0 

     ≤ λa, for     1≤k≤L-1
 . 

 

(2) 

 

 For each pair of sequences 𝑋 = 𝑥 𝑘  and 𝑌 = 𝑦 𝑘  

 

 Zx,y =   xi

L-1

i=0

y
i+k

  ≤ λc,     for     1≤k≤L-1, 
 

(3) 

 

where 𝑍𝑋,𝑋  and 𝑍𝑋,𝑌  correspond to the auto-correlation and cross-correlation, respectively, 𝜆𝑎  

is the auto-correlation peak out of phase (lateral lobules corresponding to the shifted versions 

of the same sequence, 𝑘 ≠ 0)  and λc  is the cross-correlation peak (between different 

sequences). The strict orthogonality would achieve 𝜆𝑎 = 𝜆𝑐 = 0. However, if we consider 

 
 

Figure 2.2: Time domain encoded with ODL: a) encoder; b)  

decoder (optical correlator); c) encoded signal; d) auto-correlation function (ACF) and cross-correlation 

function (CCF). 

 

. 
 

 
. 
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that the same modulated signal was sent from the users, this case would not be possible, as 

the manipulation of the optical pulses in the decoding process occurs using signal intensity. 

Therefore, there is a need to minimize 𝜆𝑎  and 𝜆𝑐  using encoding techniques.  

 The problem with this codification type is related to temporal duration of the chips  

when the data transmission rate becomes too high (hundreds of Mb/s or more). This problem 

becomes more critical when the number of simultaneous users is increased in the network. 

 

 

2.1.2 SPECTRAL ENCODING (1-D ENCODING) 

 

In the spectral domain, there is a possibility of manipulating signals of coherent or 

incoherent optical sources for phase or amplitude treatment of the optical signal (FE-

OCDMA). The main motivation is the independence between the bandwidth signal and 

bandwidth source. Therefore, the parameters that define the code become independent from 

the information to be transmitted. The process is illustrated in Figure 2.3. 

 The frequency encoded process is similar to the phase coherent encoding in the sense 

that the spectral components of the broadband optical source are initially resolved [58], [59]. 

Each channel uses one amplitude spectral encoder in order to selectively transmit some 

wavelength components. In the receiver, two balanced photodetectors are used.  Initially, the 

receiver filters the received signal with the same spectral amplitude filter used in the 

transmitter, 𝐴 𝑤 , as well as its complementary filter, 𝐴 𝑤        . Next, the outputs of the 

 
 

Figure 2.3: OCDMA Encoding system of incoherent spectral amplitude. 

 

 

 
. 
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complementary filters are detected by two photodetectors connected at balanced mode. For a 

mismatched photodetector, half of the spectral components transmitted are related to the direct 

filter and the other half to the complementary filter. Once the output of the balanced receptor 

represents the difference between the outputs of the two photodetectors, mismatched signals 

will be cancelled, whereas matched signals will be correctly demodulated. Finally, the 

recovered signal is modulated by amplitude, specifically by amplitude shift keying (ASK), and 

a decision threshold device concludes the transmitted data bit. 

 

 

2.1.3 SIMULTANEOUS TIME AND FREQUENCY ENCODING (2-D ENCODING) 

 

Aiming at overcoming the problems concerning the inefficient bandwidth and power 

usage of the first encoding implementations using unipolar pseudo-orthogonal  sequences, 

Mendez and Gagliardi, proposed ways to convert the 1-D sequences into 2-D sequences by 

manipulating time and space (T/S) [60], [61], and Lancevski and Andonovic [21] proposed 

the same for time and frequency.  

Frequency and time encoding provides better flexibility in optical code choice, 

resulting in system capacity increase. Such flexibility allows for reduced code length design 

without hindering the code cardinality or the system performance in relation to one-

dimensional codes. In addition, the frequency and time encoding can also reach longer 

transmissions at high rates to such an extent that the linear dispersion becomes less critical.  

In addition, each simultaneous time and frequency OCDMA encoded signal can be 

seen as a combination of all OTDMA and OWDMA available resources (time slots and 

wavelengths). Figure 2.4 shows the relation between the TDMA and OWDMA systems with 

the OCDMA. 

Accordingly, it has been proposed to add the wavelength dimension to the code 

design in order to construct codes with larger cardinality while maintaining good auto- and 

cross-correlation properties. In a 2-D coding technique, allocation of the chips is carried out 

simultaneously both in time and wavelength. In this case, the time and wavelength selections 

are decided according to a code construction algorithm, which not only increases the 

flexibility of the code design, but also improves the cardinality dramatically.  

 Furthermore, in this type of coding scheme, the code sequences are characterized by 

frequency hopping (FH). If a fast jumps occur at wavelengths that change for every pulse of a 
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given temporal sequence, the process is defined as FFH. The difference between FH and FFH 

signals in terms of frequency hopping occupancy is depicted in Figure 2.5. It can be observed 

from this figure that, as time advances, the signal occupies a separate frequency band as 

determined by the pseudo-random hopping code sequence. It can be further observed that 

hops in FFH must be for an exclusive frequency, i.e., for a frequency different from the 

previous one used. Therefore, optical FFH (or OFFH) is a promising 2-D code to be 

implemented in multirate OCDMA systems. Both frequency hopping techniques are 

described in more detail in the next sub-sections. 

The 2-D wavelength/time (W/T) codes have a matrix representation of 𝑚 × 𝑛, with 

the number of rows 𝑚 associated with the available wavelengths, and the column number 𝑛 

related to the chip interval (code length). For instance, consider 2-D codes with 𝑥  and 𝑦 

belonging to set 𝐶. By assuming orthogonality for different used wavelengths (neglecting 

interactions) implies that displacements will be considered only in time. Therefore, with 

0 <  𝜏 <  𝑛, the results for the discrete binary correlation functions are given by [22] 

 

 

 

 
 

Figure 2.4: Relation between the TDMA and WDMA systems with OCDMA. 
 

 

 
. 
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 For the auto-correlation out of phase 𝑥 

 

𝑍𝑥 ,𝑥 𝜏 =     𝑥𝑖 ,𝑗 𝑥𝑖 , 𝑗 +𝜏 mod 𝑛 

𝑛−1

𝑗 =0

 

𝑚−1

𝑖=0

≤ 𝜆𝑎 . 

 

(4) 

 

 For the cross-correlation of 𝑥 and 𝑦 

 

𝑍𝑥 ,𝑦 𝜏 =     𝑥𝑖 ,𝑗 𝑦𝑖 , 𝑗 +𝜏 mod 𝑛 

𝑛−1

𝑗 =0

 

𝑚−1

𝑖=0

≤ 𝜆𝑐 , 

 

(5) 

 

where 𝑍𝑥 ,𝑥  and 𝑍𝑥 ,𝑦  correspond to the auto-correlation and cross-correlation, respectively. 

The in-phase auto-correlation value is equal to the code weight, 𝑍𝑥 ,𝑥(0) = 𝑤. The cardinality 

depends on the utilized algorithm and the notation follows the identification standard (𝑚 ×

𝑛, 𝑤,𝜆𝑎 ,𝜆𝑐  ) or (𝑚𝑛, 𝑤,𝜆𝑎 ,𝜆𝑐  ), with the length given by 𝐿 = 𝑚𝑛. The correct decoding 

signal of a given user fundamentally depends on the proper implementation of this correlation 

function in the network. 

 

 

 

                                   a)b) 

Figure 2.5: Frequency hopping technique. a) Time and frequency occupancy of frequency-hopping (FH) 

signal; b) Time and frequency occupancy of fast frequency-hopping (FFH) signal. 
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2.1.3.1 FREQUENCY HOPPING ( FH-OCDMA) 

 

In frequency hopping, the carrier frequency of the transmitter hops an apparently 

random pattern. This pattern is, in fact, a pseudo-random code sequence. The order of the 

frequencies selected by the transmitter is taken from a predetermined set as dictated by the 

code sequence 2-D wavelength-hopping time-spreading (WH/TS), which was proposed [21], 

[22], [27] as an alternative to overcome the shortcomings of 1-D codes. 

A 2-D WH/TS is a family of codes based on 2-D FH coding capable of performing 

frequency spreading in time and wavelength domains simultaneously. It is worth mentioning 

that this code family covers many coding schemes proposed in the literature, such as the 

prime code/optical orthogonal code (PC/OOC) [5], [62], multiple-wavelength optical 

orthogonal code (MWOOC) [23], and one-coincidence frequency-hopping code/optical 

orthogonal code (OCFHC/OOC) [29]. The OCFHC/OOC should receive special attention due 

to its good performance [11], [62] and good code generation features since the code length 

can be chosen regardless of the number of available wavelengths without forgoing good 

correlation properties. FH codes provide a significant increase in code cardinality, allowing 

for a larger number of active users in the system. In addition, it provides greater flexibility in 

the choice of code parameters.  

In this encoding scheme, some chip positions are not filled and the same wavelength 

is used more than once (this never happens in FFH). Figure 2.6 illustrates a 2-D optical 

encoder/decoder suitable for WH/TS OCDMA [26]. The encoder in Figure 2.6 a) consists of 

a 1  W wavelength-division demultiplexer, W delay lines, and an W  1 wavelength-division 

multiplexer. Firstly, in the coding process, a short pulse corresponding to data bit ―1‖ is 

separated by the wavelength-division demultiplexer into W pulses using a pre-established 

wavelength set. Next, the W pulses are delayed by their respective ODLs. Afterwards, the 

pulses are combined in the encoding output by a wavelength-division multiplexer. Similarly, 

the decoder in Figure 2.6 b) consists of a 1  W splitter, with W delay lines, and an W  1 

wavelength-division multiplexer. Note that the time delays produced by the corresponding 

delay lines at the encoder and decoder are complementary to each other. When the decoder 

outputs an auto-correlation peak, the data bits are correctly restored after optical-to-electrical 

conversion and threshold decision. The performance of a 2-D WH/TS OCDMA system was 

investigated in [11], [62], [63]. 
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2.1.3.2 FAST FREQUENCY HOPPING (FFH-OCDMA) 

 

The FFH-CDMA system was originally proposed by Fathallah [64], [65], and is based 

on a series of multiple Bragg gratings (MBGs) [64] to generate fast hopping frequency 

patterns. These gratings spectrally and temporally slice an incoming broadband pulse into 

several components, thus generating optical frequency patterns, as can be seen in Figure 2.7. 

The passive all-optical signal coding, based on MBGs, implies in both low-cost and robust 

implementation of FFH-CDMA systems [64].  

An inherent feature of FFH systems is that the frequency changes at a significantly 

higher rate than the information rate, which means that each pulse in a code sequence is 

transmitted at an exclusive wavelength. Thus, FFH systems are defined by several frequency 

hops within each data bit. 

A possible architecture for FFH-CDMA systems depicting the desired user encoder 

with 12 gratings is illustrated in Figure 2.7. This figure illustrates the fiber Bragg grating 

(FBG) structures arranged in series to select 12 wavelengths. 

 

a) 

 

 b) 

Figure 2.6: 2-D incoherent coding scheme based on time and frequency spreading, WH/TS OCDMA. a) 

Encoder using ODLs, multiplexer (MUX) and demultiplexer (DEMUX); b) Decoder using ODLs, MUX, and 

DEMUX. 
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Initially, the users’ data bits are modulated via coherent advanced modulation formats 

and then encoded with a low crosstalk code algorithm to guarantee the network quality of 

service. Assuming that the data bits have been modulated properly, the optical broadband 

short pulse is transmitted to the MBGs in the encoding process, shown in Figure 2.7 a). The 

time-frequency hopping patterns that compose the desired user’s transmitted signals are 

formed by the time/wavelength matrix presented in Figure 2.7 b). The FFH encoded pulses 

are shown in Figure 2.7 c) for the desired user and the time-frequency hopping patterns that 

compose the transmitted signals from the wavelength subset matrix presented in Figure 2.8 

d). Following this reasoning, the encoding technique will generate independent frequency 

pulses and places each of them in an appropriate time-frequency, as previously established by 

the FFH hopping sequence pattern [64]. 

It is worth mentioning that this coding scheme is based on a correlation of an 

incoherent short pulse modulated by the data source with the impulse response of each Bragg 

grating. This type of encoder can be considered as a logical combination of the first two 1-D 

 

 

Figure 2.7: 2-D FFH-CDMA transmitter implementation scheme using MBG.a) Desired user incident 

broadband signal; b) Time-frequency hopping patterns matrix representation before encoding; c) and d) FFH 

pulses of desired user and FFH hopping patterns matrix representation , respectively, after encoding. 
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encoders previously described in Sections 2.1.1 and 2.1.2 of this chapter. As can be observed 

in Figure 2.7, while the Bragg gratings produce the frequency spectrum slicing, the Bragg 

grating positions produce the respective time delays in a similar fashion to that of the ODLs 

in 1-D coding. The response of each Bragg grating is defined as the inverse Fourier transform 

of the grating complex reflectivity and the incident pulses associated with the transmitted 

data are normally much narrower than the response duration of the grating. 

In addition, the time frequency hopping pattern is determined by the order in which 

the wavelengths are tuned in the Bragg gratings [65], [66]. The time chip and the number of 

gratings in the encoder establishes the nominal data bit rate of the system, i.e., all reflected 

pulses of a data bit should leave the encoder before the next bit’s pulses enter [67]. 

At the decoder, the gratings are placed in the reversed order in comparison to that of 

the encoder in order to accomplish the decoding function. This scheme is illustrated in Figure 

2.8. Finally, the matched filter based-decoder removes the translation between the 

wavelengths and realigns all chips from the received signal into a single pulse, as shown in 

Figures 2.8 a) - b) and Figures 2.8 c) - d), respectively. As can be seen in Figure 2.8 c), if the 

pulses are positioned correctly, they form a defined pattern by the correlation property 

(similarity level between the transmitted and received desired signal). If they are not, the 

pulses would form an interfering background signal defined by the cross-correlation property 

(known as MAI).  

In FFH coding, the available bandwidth is subdivided into contiguous frequency 

intervals, where the transmitted signal occupies a frequency range in each time chip 𝑇𝑐  =

2 × 𝑛𝑒𝑓𝑓 × 𝐿𝑠/𝑐, where 𝐿𝑠 is the sum of one grating length plus one space distance between 

an adjacent grating, 𝑛𝑒𝑓𝑓   is the effective index, and 𝑐 is the light speed [64], [66]. Since the 

Bragg gratings are equally spaced, i.e., 𝑇𝑐  is constant, the pulses are correspondingly spaced 

at time intervals 𝑇𝑐  seconds apart from each other, which corresponds to the round-trip time 

(RTT) between two consecutive gratings [65]. The bandwidth associated with the data rate is 

𝐵 =  1/𝑇𝑏 , and 𝑇𝑏  = 2 ×  𝐿 − 1 𝑛𝑒𝑓𝑓 × 𝐿𝑠/𝑐 , where 𝐿  is equivalent to the number of 

gratings [64]. The gratings can be written at the wavelength 𝜆𝐵 (Bragg wavelength) and tuned 

to different wavelengths (𝜆1 , 𝜆2, . . . , 𝜆𝐹), which are allocated in time intervals in accordance 

with the adopted algorithm. Parameter 𝐹  accounts for the total number of available 

wavelengths. The Bragg wavelength of each grating (𝜆1 , 𝜆2, . . . , 𝜆𝐹) should, thus, comply with 

the code needs and be allocated in time intervals according to the adopted algorithm.  
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As mentioned before, the fiber Bragg gratings also offer the possibility of tuning the 

Bragg wavelength, which is very attractive for reconfiguring the encoder/decoder [64]. 

Currently, each Bragg grating can be individually tuned using piezoelectric devices in order 

to adjust an intended wavelength from an available wavelength range [64]. The wavelengths 

tuned outside the bandwidth are not reflected by the FBGs, i.e. the FBGs become transparent 

to these wavelengths [64]-[66]. 

 The tuning set of each pair of encoder-decoders will determine the code sequence 

used. Furthermore, each of these gratings contributes to a single reflected pulse. The number 

of available frequencies is limited by the tunability of the gratings, which establishes the 

system capacity. A possible way to implement FFH coding in practice is by using frequency-

hopping patterns generated by the algorithm proposed by Bin [37]. This algorithm uses 

𝐹 ≥ 𝐿 for the code set construction. Furthermore, the codes are classified as one-coincidence 

sequences [68] and characterized by the following three properties: 1) all the sequences have 

the same length; 2) each frequency is used at most once in each sequence; 3) the maximum 

number of hits between any pair of sequences for any time shift equals one.  

 

Figure 2.8: 2-D FFH-CDMA receiver implementation scheme using MBG. a) and b) Desired user signal 

and matrix representation, respectively, of the received FFH signal; c) Desired (high peak) and interfering 

(sidelobes) decoded signals and d) Matrix representation of the desired user decoded signal. 
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2.2 MULTIPLE ACCESS INTERFERENCE (MAI) 

 

 Using codes with good orthogonality does not ensure total differentiation between the 

users, as the manipulation of optical pulses occurs by signal intensity [69]-[77]. This can be 

understood as follows:  consider an OCDMA 2-D system, which uses temporal displacements 

of optical pulses in several wavelengths, arranged according to a specific algorithm for the 

code that will be attributed to each user. The information of each user is encoded using a 

specific signature sequence, multiplexed and sent through the channel (optical fiber) to all the 

users simultaneously. Each receiver contains the replica of the code attributed to each user, 

which enables the information to be extracted from a correlation operation. At the decoder 

side, the pulses of different wavelengths overlap to form an auto-correlation peak of high 

intensity if the corresponding user to the code contained in the receiver sends some 

information. Otherwise, the pulses in different wavelength will remain far apart and low 

cross-correlation signals will be generated [73]. 

 When the network accommodates many users simultaneously, the cross-correlation 

signals can accumulate and generate an interfering power comparable to the autocorrelation 

peak [16]-[19]. This interference, known as MAI, can cause a significant increase of the BER 

and severely limit the capacity of users to be served by the network.  Figure 2.9 illustrates 

that the MAI of various simultaneous users influences the signal of the desired user. For this 

example, three users have their data bits encoded by specific codes based on FFH. The 

encoded signals use 12 of a larger number of available wavelengths, arranged in 12 time 

 

Figure 2.9: Time and Frequency of chip allocations in FFH-OCDMA. 
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chips in accordance with the generated FFH code. In addition, the encoded signals are shown 

in matrix form and the rows and columns represent the time and wavelength assigned to each 

chip, respectively. In addition, the matrix consists of chips from three users: the desired user 

(cyan boxes); the interfering user denoted by number 1 (green boxes) and the k-th interfering 

user (black boxes). 

 Note that there are hits from chips emitted by the users in time, wavelength and both 

dominions.  Moreover, the FFH property of one coincidence code ensures that maximum one 

hit occurs (overlap of two chips at the same time and wavelength) between two encoded user 

signals for each asynchronous access in the network. The hits contribute to errors in the 

desired user receiver due to the fact that these additional contributions generated by MAI are 

allocated at the decision window after the autocorrelation of the desired user.  

 With the aim of showing the errors caused by MAI, Figure. 2.10 illustrates the 

transmission of 5 data bits  0, 1, 0, 0, 1  by the user and the simultaneous asynchronous 

access of six interfering users.  Asynchronous access is easily identified (observe that the 

 

 

Figure 2.10: Contributions of MAI on the desired user in the BPSK- based FFH-OCDMA network. 
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start of each sequence of the users does not occur at the same time). Consequently, the hits 

among the chips of the users occur naturally after accessing the channel. As can be observed, 

the coincidence function of the FFH codes and the bipolar characteristics of the BPSK 

modulation ensures that the errors occur only when a minimum of 2𝑤 (𝑤 is the code weight) 

users are simultaneously active in the network. This happens because  𝑤 users are needed to 

produce opposite polarity overlaps (eliminating the original signal of the desired user) and 

more 𝑤  users to reproduce the pattern of chips with opposite polarity to the original 

(concerning the transmission of the other data bit). 

 

 

2.3 MODULATION FORMATS 

 

 

Modulation is the process of manipulating the signal waveform to accurately transmit 

information. Modulation formats refer to the technique used to apply information to a carrier. 

Two strategies are used to carry out modulation in optical domain. In the first option, 

commonly known as direct modulation, the dependence between the power at the output of a 

semiconductor laser and the current injected through the laser diode is used to convert the 

information from the electrical to optical domain. In practical terms, the output of the 

semiconductor laser is maintained without power until the current at its input reaches the 

threshold level. Then, the input current increment above the threshold level accomplishes the 

inversion of population and, as a result, increases proportionally the output power until a 

saturation value. Thus, the output current depends on the data bits in a way that the optical 

signal is emitted from a semiconductor laser only when the data bits are ―1‖, whereas the ―0‖ 

data bits transmissions are represented by the absence of the optical signal. 

 However, this is not a practical option due to various problems generally associated 

to non-ideality of the optical source. The main disadvantage of directly modulated lasers is 

the chirp, i.e., the residual phase modulation generated with the intensity modulation. 

Unfortunately, the chirp causes variations in the intensity, frequency and optical signal phase, 

even when submitted to negligible electric current fluctuations. This occurs due to 

spontaneous emission and recombination of carriers within the lasers.  

In the second option, called external modulation, a laser that produces a continuous 

output beam or continuous wave (CW) can be used to emit optical signals. In this case, a 
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second device, known as a modulator, is used to switch the optical signal according to the 

data bits. A classical external modulator known as Mach-Zehnder interferometer (MZI) 

modulator based on litium niobate (LiNb03) is shown in Figure 2.11. 

With appropriate orientation, an electro-optic crystal (the LiNb03 is the crystal more 

widely used for this application) provides phase modulation when excited by a voltage in a 

given direction. Here, for simplicity, the phase displacement in just one arm is shown, but 

this can be present in both arms. 

The principle of the MZI is to divide the pulse amplitude and phase modulation of one 

part of the signal to produce constructive or destructive interferences after recombining it. 

This can be better understood by considering that the incoming optical signal is added to the 

input of the MZI, as illustrated in Figure. 2.11. Initially, the incoming signal is divided into 

two arms.  In the lower arm, light experiences a phase delay (as a consequence, the effective 

velocity is changed) due to a change in the refractive index of the waveguide. Finally, when 

the two optical signals are combined, a series of phase changes are attributed to the input 

signal. After describing the MZI operation, it is interesting to analyze the mathematical 

formalism associated with the light in the device. After this point, it will be considered a 

practical MZI with modulation signals present in both arms. Furthermore, an equivalent 

circuit that has the phase modulation in both MZI branches will be considered. 

Then, the combined signal in the ideal MZI output can be written as [74] 

 

𝐸𝑜 𝑡 =  
𝐸𝑖 𝑡 

2
𝑒

 
𝑗𝜋 𝑣1 𝑡 

𝑉𝜋
 

+
𝐸2 𝑡 

2
𝑒

 
𝑗𝜋 𝑣2 𝑡 

𝑉𝜋
 
, 

(6) 

 

where 𝐸𝑖 𝑡  and 𝐸2 𝑡  are the optical fields at the upper and lower arms of the MZI, 

 

Figure 2.11: Structure and operating scheme of the MZI fabricated in LiNb03. 
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respectively, 𝑉𝜋  is the parameter that causes a shift of 𝜋 in the optical field phase in a given 

MZI arm (corresponding to a point of inflection in the transference curve of the optical field 

in the output) and, 𝑣1 𝑡  and 𝑣2 𝑡  are the applied phase modulation voltages. 

 

 

2.3.1 ASK AND PSK MODULATION 

 

The MZI structure can be used to implement basic to advanced modulation formats. A 

basic modulation format, which is widely used in networks is based on OOK. This 

signalizing technique is a specific case of ASK whereby the presence or absence of an optical 

field represents data bits ―1‖ and ―0‖, respectively. In this implementation, the representation 

of ―1‖ data bits can be achieved without applying voltage to the MZI.  Consequently, the 

relative phase of the signals in the MZI branches remains unchanged. Thus, after 

recombining the two signals that propagated in the branches, the wave added to the MZI 

input is restored. To represent the ―0‖ data bits, in turn, the modulation voltages applied must 

produce a difference of phase 𝜋  between the lower and upper MZI branches. The 

representations of OOK modulated data bits are shown in Figure 2.12.  

For several years, the modulation format based on OOK has been the one used in 

optical communications. The main motivation for using it is the simplicity in both generation 

and detection, which is an intrinsic characteristic of IM-DD process. However, recent 

advances in photonic engineering have enabled the use of more sophisticated modulation 

formats than the ordinary OOK. Such techniques are classified as advanced modulation 

formats and can achieve simultaneously higher spectral and power efficiencies. There has 

been increasing interest in advanced modulation formats based on PSK to transmit one and 

several bits per symbol. For one bit per symbol, BPSK transmits the optical field signal for 

 

Figure 2.12: Representation of the OOK modulation format. a) Signal waveform of the modulated signal. b) 

Constellation diagram. 
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both the ―1‖ and ―0‖ data bits by changing the 0 and 𝜋 phases, respectively. Considering this, 

the ―1‖ data bits are represented by the constructive interference of the signals in the MZI 

arms when there is no difference of the relative phase, as in the above case. Nonetheless, the 

―0‖ data bit transmission is represented by the combination of the 𝜋 phase shifted versions of 

the signals in the branches. The BPSK modulated data bits are shown in Figure 2.13. 

Another technique which also uses PSK modulation, but can represent the 

transmission of two bits with just one phase modulated waveform, is called QPSK. The 

modulator and its outputs waveforms are illustrated in Figure 2.14.  

 

Figure 2.14: Representation of BPSK modulation format. a) Waveform of the modulated signal.  

b) Constellation diagram. 

 

 
                                                                              a) 

 

                                           b)                                                             c) 

Figure 2.13: Structure of QPSK Modulator showing the In-Phase (I) and Quadrature-Channels (Q). a) 

QPSK modulator b) Data bits and their associated QPSK modulated signals c) Constellation diagram. 
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In this technique, each one of the four phases 𝜋/4 , 3𝜋/4 , 5𝜋/4  and 7𝜋/4  are 

assigned to represent the following pairs of bits 00, 01, 11 and 10, respectively.  

Moreover, despite the 𝜋/2  phase difference between the signal waveforms, the 

amplitude of all the symbols is maintained constant (points on the circle in the constellation 

diagram). To implement, it requires a series of nested MZI components (known as super 

MZI), where the upper MZI forms the named in-phase (I) channel and the lower MZI 

(passing through a 𝜋/2 phase shifter) forms the quadrature (Q) channel.  

  

 

2.3.2 ASK AND PSK DEMODULATION 

 

The modifications carried out in signal waveforms by the modulation process must be 

removed at the receiver side in order to extract the data bit pattern of the sent information. 

There are several ways to carry out demodulation depending on how the baseband data 

signals are transmitted in the carrier signal. Moreover, the demodulation techniques can be 

either coherent or incoherent, according to whether the carrier phase information is needed or 

not, respectively. The ASK modulated signals can be demodulated using incoherent methods, 

since only is the comparison of the signal amplitude with the previously established threshold 

is required. In Figure 2.15, the demodulator for a network based on the OOK modulation 

format is shown. It should be remembered that OOK is a specific case of ASK when the 

optical field is not transmitted for ―0‖ bit.  In this case, a photodetector receives the optical 

signal and carries out the opto-electrical conversion, i.e., it generates an electrical current 

proportional to the optical field amplitude. Afterwards, the output level of the integrator is 

delivered to the optical decision device, which infers if the ―0‖ or ―1‖ data bits in its input are 

less or greater than the previously determined threshold, respectively. Finally, if the level in 

the input of the decision device is equal to the threshold, the decision concerning the sent bit 

 

Figure 2.15: Demodulator for OOK symbols. 
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is made randomly. On the other hand, the coherent demodulation requires the phase 

information to be preserved to extract the data bits. Fortunately, there are some artifices to 

maintain the phase of the received signal after photodetection. One of the most used methods 

consists of using another signal to force the square detection followed by photodetection to 

carry out signal multiplication. In this simple scheme, shown in Figure 2.16, multiplication is 

carried out in a few steps. Firstly, the reference signal is generated and added to the phase 

modulated signal via a 3 dB coupler.  Next, the sum of the optical signals is converted into 

the proportional electric current.  

 Then, the resultant electrical current in the photodetector can be written as 

 

𝐼1 𝑡 =  ℜ ×   
𝐸𝑠𝑖𝑔  𝑡 

 2
+

𝐸𝐿𝑂 𝑡 

 2
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 2
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 2
 

∗
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ℜ

2
×   𝐸𝑠𝑖𝑔  𝑡  

2
+  𝐸𝐿𝑂 𝑡  2 + 𝑅𝑒 𝐸𝑠𝑖𝑔  𝑡 𝐸𝐿𝑂

∗ 𝑡 + 𝐸𝑠𝑖𝑔
∗ 𝑡 𝐸𝐿𝑂 𝑡   , 

 

          =  
ℜ

2
×  𝑃𝑠𝑖𝑔  𝑡 + 𝑃𝐿𝑂 𝑡 + 2 𝑃𝑠𝑖𝑔  𝑡 𝑃𝐿𝑂 𝑡 cos 2𝜋∆𝑓 + ∆𝜃   

(7) 

 

where 𝐸𝑠𝑖𝑔  𝑡  and 𝐸𝐿𝑂 𝑡  are the optical field of the modulated signal and LO signal, 

respectively, 𝑃𝑠𝑖𝑔  𝑡  and 𝑃𝐿𝑂 𝑡  are the instantaneous powers of the modulated signal and LO 

signal, respectively, ∆𝑓= 𝑓𝑠𝑖𝑔 − 𝑓𝐿𝑂  is the intermediary frequency, 𝑓𝑠𝑖𝑔  and 𝑓𝐿𝑂  are the 

frequency of the modulated signal and LO signal, respectively, ∆𝜃= 𝜃𝑠𝑖𝑔 − 𝜃𝐿𝑂  is the 

deviation of phase and, 𝜃𝑠𝑖𝑔  and 𝜃𝐿𝑂  are the phase of the modulated signal and LO signal, 

respectively. Note that the optical field amplitude 𝐸 𝑡  is normalized so that  𝐸 𝑡  2 gives the 

instantaneous power 𝑃 𝑡 . Generally, the two first terms on the right hand side of (7) can be 

neglected, either because the LO signal is chosen to be much stronger than the signal or due 

to using balanced detection with the second port of a 3 dB coupler [75]. Balanced detection is 

preferred in practice due to its capacity of suppressing undesired signals (including possible 

 

Figure 2.16: Demodulation of the phase modulated signal using a reference signal. 
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intensity noise generated by LO). For effective suppression of undesired signals, the second 

output port of the 3dB coupler should produce the difference between the modulated signal 

and the LO signal. Consequently, the photodetector located at the second port of the 3 dB 

coupler has the following electrical current in its output 

 

𝐼2 𝑡 =  ℜ ×   
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          =  
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2
×  𝑃𝑠𝑖𝑔  𝑡 + 𝑃𝐿𝑂 𝑡 − 2 𝑃𝑠𝑖𝑔  𝑡 𝑃𝐿𝑂 𝑡 cos 2𝜋∆𝑓 + ∆𝜃  , 

(8) 

 

Thus, the electrical current in the output of the balanced detection is given by 

 

𝐼 𝑡 =  𝐼1 𝑡 − 𝐼2 𝑡 = ℜ ×  2 𝑃𝑠𝑖𝑔  𝑡 𝑃𝐿𝑂 𝑡 cos 2𝜋∆𝑓 + ∆𝜃  , 
(9) 

 

Sequentially, as shown in Figure 2.17, the BPSK demodulator integrates the signal 

provided by the balanced detection, it compares the level obtained with the threshold and 

decides on the bit which is sent.  

A similar scheme can be used to demodulate the QPSK signals which transport two 

bits simultaneously. In QPSK transmission, combinations of two bits are associated to phase 

modulated signals. These phase modulated signals can be represented by the sum of two 

orthogonal phase modulated signals, namely in- and quadrature signals. Moreover, each of 

the orthogonal signals is responsible for transporting one bit.  

Consequently, demodulation is carried out using two independent channels identical 

to the BPSK demodulator, as shown in Figure. 2.18. As can be observed, the modulated 

 

Figure 2.17 Demodulator for BPSK symbols. 
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phase signal is divided into two branches and multiplied by the LO signal. Note that due to 

the orthogonality between the components of the modulated phase signal, the LO signal 

should be added to the in-phase and quadrature in the upper and lower branches, respectively. 

Afterwards, the modulated phase signal and the two versions of the signal provided by LO 

are multiplied in the balanced detection of each branches. The operations are commonly 

achieved by 90
◦
-hybrid devices (represented in the dashed square), couplers and fibers.  

The electrical currents of the photodetectors (grouped in a balanced mode 

configuration) present in the in- and quadrature phase of transmitted signal, can be 

mathematically described as 

 

 
 
 
 
 
𝐼1
𝐼 𝑡 

𝐼2
𝐼 𝑡 

𝐼1
𝑄 𝑡 

𝐼2
𝑄 𝑡  

 
 
 
 

=

 
 
 
 
 
 
 
 
 
 
 ℜ ×  

𝐸𝑠𝑖𝑔  𝑡 

2
+

𝐸𝐿𝑂 𝑡 

2
 

2

ℜ ×  
𝐸𝑠𝑖𝑔  𝑡 

2
−

𝐸𝐿𝑂 𝑡 

2
 

2

ℜ ×  
𝐸𝑠𝑖𝑔  𝑡 

2
+

𝐸𝐿𝑂 𝑡 

2
𝑒𝑗

𝜋

2 

2

ℜ ×  𝐸𝑠𝑖𝑔 𝑡 −
𝐸𝐿𝑂 𝑡 

2
𝑒𝑗

𝜋

2 

2

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

=  

 
 
 
 
 
 
 
 

ℜ

4
×   𝐸𝑠𝑖𝑔  𝑡  

2
+  𝐸𝐿𝑂 𝑡  2 + 𝑅𝑒 𝐸𝑠𝑖𝑔  𝑡 𝐸𝐿𝑂

∗ 𝑡 + 𝐸𝑠𝑖𝑔
∗ 𝑡 𝐸𝐿𝑂 𝑡   

ℜ

4
×   𝐸𝑠𝑖𝑔  𝑡  

2
+  𝐸𝐿𝑂 𝑡  2 − 𝑅𝑒 𝐸𝑠𝑖𝑔  𝑡 𝐸𝐿𝑂

∗ 𝑡 + 𝐸𝑠𝑖𝑔
∗ 𝑡 𝐸𝐿𝑂 𝑡   

ℜ

4
×   𝐸𝑠𝑖𝑔  𝑡  

2
+  𝐸𝐿𝑂 𝑡  2 + 𝐼𝑚  𝐸𝑠𝑖𝑔  𝑡 𝐸𝐿𝑂

∗ 𝑡 𝑒−𝑗
𝜋

2 + 𝐸𝑠𝑖𝑔
∗ 𝑡 𝐸𝐿𝑂 𝑡 𝑒𝑗

𝜋

2  

ℜ

4
×   𝐸𝑠𝑖𝑔  𝑡  

2
+  𝐸𝐿𝑂 𝑡  2 − 𝐼𝑚  𝐸𝑠𝑖𝑔  𝑡 𝐸𝐿𝑂

∗ 𝑡 𝑒−𝑗
𝜋

2 + 𝐸𝑠𝑖𝑔
∗ 𝑡 𝐸𝐿𝑂 𝑡 𝑒𝑗

𝜋

2   
 
 
 
 
 
 
 

 

 

 

Figure 2.18: Demodulator for QPSK symbols. 
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=

 
 
 
 
 
 
 
 
 
ℜ

4
×  𝑃𝑠𝑖𝑔  𝑡 + 𝑃𝐿𝑂 𝑡 + 2 𝑃𝑠𝑖𝑔  𝑡 𝑃𝐿𝑂 𝑡 cos 2𝜋∆𝑓 + ∆𝜃  

ℜ

4
×  𝑃𝑠𝑖𝑔  𝑡 + 𝑃𝐿𝑂 𝑡 − 2 𝑃𝑠𝑖𝑔  𝑡 𝑃𝐿𝑂 𝑡 cos 2𝜋∆𝑓 + ∆𝜃  

ℜ

4
×  𝑃𝑠𝑖𝑔  𝑡 + 𝑃𝐿𝑂 𝑡 + 2 𝑃𝑠𝑖𝑔  𝑡 𝑃𝐿𝑂 𝑡 sin 2𝜋∆𝑓 + ∆𝜃  

ℜ

4
×  𝑃𝑠𝑖𝑔 𝑡 + 𝑃𝐿𝑂 𝑡 − 2 𝑃𝑠𝑖𝑔  𝑡 𝑃𝐿𝑂 𝑡 sin 2𝜋∆𝑓 + ∆𝜃  

 
 
 
 
 
 
 
 
 

, 

 

 

 

 

 

(10) 

 

 After the balanced detection, the electrical currents at the decision variable can be 

written as 

 

𝐼𝐼 𝑡 =  𝐼1
𝐼 𝑡 − 𝐼2

𝐼 𝑡 = ℜ ×  𝑃𝑠𝑖𝑔  𝑡 𝑃𝐿𝑂 𝑡 cos 2𝜋∆𝑓 + ∆𝜃 , 
(11) 

and 

 

𝐼𝑄 𝑡 =  𝐼1
𝑄 𝑡 − 𝐼2

𝑄 𝑡 = ℜ ×  𝑃𝑠𝑖𝑔  𝑡 𝑃𝐿𝑂 𝑡 sin 2𝜋∆𝑓 + ∆𝜃 , 
(12) 

 

 Finally, each channel takes a decision concerning the bit sent and the two generated 

bits are serially transmitted by the multiplexer. 
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CHAPTER 3 
 

 

3 MATHEMATICAL FORMALISM 

 

In this section, a detailed description of FFH-OCDMA networks based on coherent 

advanced QPSK or BPSK modulation formats, the two modulation formats considered in this 

thesis, is presented (see Figure 3.1). 

 

3.1 DESCRIPTION OF THE PROPOSED FFH-OCDMA NETWORKS 

 

 At the transmitter side, the data information bits from each user (green blocks) are 

QPSK/BPSK modulated. Sequentially, the optical pulses are simultaneously encoded in 

sequential time slots and disjoint wavelength subbands by the FFH encoder (blue blocks). 

 Therefore, a unique code sequence, in which each chip signaling interval occupies one 

wavelength slot, is assigned to each user. After attributing code sequences to users, the next 

step is to access the fiber channel, which is provided by the passive combiner. Here, it is 

considered that all optical fiber impairments are appropriately compensated. Despite the ideal 

channel characteristics, the simple superposition of users’ signals in the combiner produces 

MAI, which is delivered to each user by the splitter. As well known, MAI severely affects the 

data recovery at the receiver side. However, when the wavelength translation introduced at 

the transmitter is removed by the FFH decoder (blue blocks), only the additional energy 

 

 

Figure 3.1: Block diagram of the proposed FFH-OCDMA based on the QPSK or BPSK modulation formats. 
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generated by the MAI within the chip period at which the autocorrelation peak is formed has 

an impact on the overall network performance. Then, the decoded information (along with 

MAI) is sent to the demodulation unit. 

 Finally, as well as the conventional function of detecting the transmitted information 

data bits, the proposed QPSK and BPSK demodulators (red blocks) also increase the SIR 

before recovering the data (green blocks). Such functions can be better understood by 

analyzing the QPSK and BPSK formats in modulation and demodulation processes, which 

will be addressed in the following sections. 

 

 

3.1.1 QPSK MODULATED NETWORK 

 

 For the QPSK modulation format, the carrier phase is shifted of π/2. Four values are 

assigned to the carrier phase, namely π/4, 3π/4, 5π/4 and 7π/4. In the demodulator unit shown 

in Figure 3.2, one reference signal is generated locally, which is the desired user signal in the 

demodulator. Specifically, the reference signal is a replica of the desired decoded user signal 

exempt from MAI, i.e., the autocorrelation signal of the desired user. It can be generated by 

adding one incoming broadband pulse sequentially to the desired user’s FFH encoder and 

FFH decoder. Sequentially, the output signal of the FFH decoder and the reference signal 

provided by the LO are inserted into the 90° optical hybrid. A commercially available 

implementation of the optical hybrid consists of a photonic integrated circuit composed by 

one 2×4 multimode interference (MMI) structure and four photodetectors [78]-[80], as shown 

in the dashed box in Figure 3.2. The MMI circuit is composed by optical couplers 

interconnected in such a way to present four distinct vectorial additions of the received and 

LO signals. Moreover, the two MMI in-phase (𝐼) outputs are proportional to the sum and 

subtraction between the signals, while the other two quadrature-phase (Q) outputs perform 

the same operations, but after the LO signal undergo a π/2 phase shift. Once the I and Q 

components of the received signal are discriminated, the balanced detection amplifies the 

desired signal (generated by the square-law detection) in each component while suppresses 

all other signals. 

 Next, the resulting signals are integrated. This sequence of operations amplifies 

significantly the SIR at the desired user receiver. As result, the combined interfering chip 

pulses are less likely to reproduce the auto-correlation signal (and thus to exceed the 
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threshold for error detection) than in an OOK-based network. Therefore, this process 

accounts for increasing the SIR when compared with the legacy OOK-based FFH-OCDMA 

networks. 

 Afterwards, the bit decision in each channel is made based on the comparison 

between the integrator output level with a threshold level previously established. Finally, 

since each channel infers over only one bit, the multiplexer combines the bits serially to 

restore the original two bits sent by the transmitter. 

 

 

3.1.2 BPSK MODULATED NETWORK 

 

 In the BPSK modulation format, the most basic form of PSK, the users transmit data 

bits ―1‖ and ―0‖ using carriers of phase 0 and π, respectively [47]. Information data bits can 

be detected using a demodulation scheme such as shown in Figure 3.3. Although the decision 

of a single bit does not require the Q components of the received signal, the same photonic 

integrated circuit (with one 90° optical hybrid and four balanced photodetectors) is also 

adopted here. In this case, the signal present in the output of the FFH decoder is mixed with a 

reference signal generated locally. As previously discussed, the reference signal is the desired 

user’s auto-correlation signal generated by the sequential operation of encoding and decoding 

of the broadband pulse. Consecutively, with the mixing operation realized in the 90° optical 

 

 

Figure 3.2: – Proposed QPSK demodulator for the FFH-OCDMA networks. 
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hybrid, the signal is integrated and further compared with the fixed threshold. Thus, if the 

integrator output remains below or exceeds the throughput level, the decision is made by data 

bit ―0‖ or 1‖, respectively. 

 

 

3.2 MODELING OF THE NETWORKS 

 

3.2.1 QPSK MODULATION FORMAT 

 

 In QPSK modulation, the information bits are represented by 𝜋/2 phase shifts of the 

optical field. With four distinct phases, QPSK can transmit two information bits per symbol 

[48]. When the QPSK modulation format is applied to FFH-OCDMA, each information bit 

from m users is encoded into a code sequence as 

 

𝑐𝑄𝑃𝑆𝐾𝑚
 𝑡, 𝜃𝑏 =  𝑝  

𝑡 − 𝑙𝑇𝑐

𝑇𝑐0
 𝑒𝑗  𝜔 𝑙𝑡+𝜃𝑏  ,

𝐿

𝑙=1

 

 

(13) 

 

where 𝜃𝑏 ∈ {𝜋/4, 3𝜋/4, 5𝜋/4, 7𝜋/4 } is the phase associated to the data bit, 𝐿 is the code 

length, 𝑝(𝑡) is the chip signaling waveform, 𝑇𝑐  is the chip period, 𝑇𝑐0=𝑇𝑐 /𝑓𝑐  is the half width 

 

 

Figure 3.3:– Proposed BPSK demodulator for the FFH-OCDMA networks. 
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of the pulse, 𝑓𝑐  is the pulse compression factor, and  𝜔𝑙  is the l−th chip’s wavelength. Here, 

the optical field amplitude 𝑐𝑄𝑃𝑆𝐾𝑚
 𝑡, 𝜃𝑏  is normalized so that  𝑐𝑄𝑃𝑆𝐾𝑚

 𝑡, 𝜃𝑏  
2

gives the 

instantaneous power [81]. 

 At the receiver side, the composed users’ signal is applied to a matched filter with 

impulse response 𝑛 𝑡  given by the inverse Fourier transform of the reflectivity spectrum of 

the gratings. In all simulations, the encoders and decoders were modeled using multiple 

apodized fiber Bragg gratings (𝑠𝑖𝑛𝑐 reflectivity profile) via the transfer matrix method [82]. 

Hence, the desired user decoder 𝑛 outputs an optical autocorrelation signal given by 

 

𝐸𝑎𝑐 _𝑄𝑃𝑆𝐾𝑛
 𝑡, 𝜃𝑏 =  𝑐𝑄𝑃𝑆𝐾𝑛

 𝜏, 𝜃𝑏 𝑛 𝜏 − 𝑡 

∞

−∞

𝑑𝜏, 
 

(14) 

 

where−𝐿 + 1 ≤ 𝜏 ≤ 𝐿 − 1 is the chip delay. 

A similar expression can be obtained for the optical cross-correlation signal between 

the 𝑛 and 𝑘 users, which reads as 

 

𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑛 ,𝑘
 𝑡, 𝜃𝑏 =  𝑐𝑄𝑃𝑆𝐾𝑘

 𝜏, 𝜃𝑏 𝑛 𝜏 − 𝑡 

∞

−∞

𝑑𝜏. 
 

(15) 

 

 Assuming that there are 𝐾 interfering active users transmitting signals in the network, 

the received optical field at the decoder output of the desired user 𝑛 is 

 

𝐸𝑄𝑃𝑆𝐾𝑛
 𝑡, 𝜃𝑏 = 𝐸𝑎𝑐 _𝑄𝑃𝑆𝐾𝑛

 𝑡, 𝜃𝑏 +  𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑛 ,𝑘
 𝑡 − 𝜏𝑘 , 𝜃𝑏 ,

𝐾

𝑘=1  𝑘≠𝑛 

 

 

(16) 

 

where 𝜏𝑘  is the relative network transit delay of the 𝑘-th interferer. 

 After decoding, the demodulation process is initiated by inserting both received and 

LO signals into the 90° optical hybrid. Once in the optical hybrid (and assuming the received 

and the LO signals as co-polarized) the MMI produces the following signal combinations in 

the I outputs  
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𝐸𝑃𝐷1𝑛

𝐼  𝑡 =
1

2
 𝐸𝑄𝑃𝑆𝐾𝑛

 𝑡, 𝜃𝑏 + 𝐸𝐿𝑂𝑛
 𝑡   

(17) 

 

and 

 

𝐸𝑃𝐷2𝑛

𝐼  𝑡 =
1

2
 𝐸𝑄𝑃𝑆𝐾𝑛

 𝑡, 𝜃𝑏 − 𝐸𝐿𝑂𝑛
 𝑡  , 

(18) 

 

The Q channel output, in turn, are given by 

 

𝐸𝑃𝐷1𝑛

𝑄  𝑡 =
1

2
 𝐸𝑄𝑃𝑆𝐾𝑛

 𝑡, 𝜃𝑏 + 𝐸𝐿𝑂𝑛
 𝑡 𝑒𝑗𝜋/2  

(19) 

 

and 

 

𝐸𝑃𝐷2𝑛

𝑄  𝑡 =
1

2
 𝐸𝑄𝑃𝑆𝐾𝑛

 𝑡, 𝜃𝑏 − 𝐸𝐿𝑂𝑛
 𝑡 𝑒𝑗𝜋/2 , 

(20) 

 

where 

 

𝐸𝐿𝑂𝑛
 𝑡 = 𝐸𝑎𝑐 _𝑄𝑃𝑆𝐾𝑛

 𝑡, 0 , (21) 

 

is the LO signal. Afterwards, each photodetector converts the optical field signals into 

electric currents. In this step, the square detection performs the mixing between the received 

and LO signals. Then, the electric current output of the square-law photodetectors at the I 

channel are given by 

 

𝑖𝑃𝐷1𝑛

𝐼  𝑡 = ℜ ×  𝐸𝑃𝐷1𝑛

𝐼  𝑡 × 𝐸𝑃𝐷1𝑛

𝐼 ∗
 𝑡    

                 =
ℜ

4
×  𝑃𝑄𝑃𝑆𝐾𝑛

+  𝑅𝑒 𝐸𝑄𝑃𝑆𝐾𝑛

∗ 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡    

 

                   + 𝐸𝑄𝑃𝑆𝐾𝑛
 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡  + 𝑃𝐿𝑂𝑛

  (22) 

 

and 
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𝑖𝑃𝐷2𝑛

𝐼  𝑡 = ℜ ×  𝐸𝑃𝐷2𝑛

𝐼  𝑡 × 𝐸𝑃𝐷2𝑛

𝐼 ∗
 𝑡    

                 =
ℜ

4
×  𝑃𝑄𝑃𝑆𝐾𝑛

− 𝑅𝑒 𝐸𝑄𝑃𝑆𝐾𝑛

∗ 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡    

 

                   + 𝐸𝑄𝑃𝑆𝐾𝑛
 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡  + 𝑃𝐿𝑂𝑛

  (23) 

 

Analogously, the electric current output of the square-law photodetectors at the Q 

channel are given by 

 

𝑖𝑃𝐷1𝑛

𝑄  𝑡 = ℜ ×  𝐸𝑃𝐷1𝑛

𝑄  𝑡 × 𝐸𝑃𝐷1𝑛

𝑄 ∗
 𝑡    

                 =
ℜ

4
×  𝑃𝑄𝑃𝑆𝐾𝑛

+ 𝐼𝑚 𝐸𝑄𝑃𝑆𝐾𝑛

∗ 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡 𝑒𝑗𝜋/2    

 

                   + 𝐸𝑄𝑃𝑆𝐾𝑛
 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡 𝑒−𝑗𝜋/2 + 𝑃𝐿𝑂𝑛

 , (24) 

 

and 

 

𝑖𝑃𝐷2𝑛

𝑄  𝑡 = ℜ ×  𝐸𝑃𝐷2𝑛

𝑄  𝑡 × 𝐸𝑃𝐷2𝑛

𝑄 ∗
 𝑡    

                 =
ℜ

4
×  𝑃𝑄𝑃𝑆𝐾𝑛

− 𝐼𝑚 𝐸𝑄𝑃𝑆𝐾𝑛

∗ 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡 𝑒𝑗𝜋/2   

 

                   + 𝐸𝑄𝑃𝑆𝐾𝑛
 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡 𝑒−𝑗𝜋/2 + 𝑃𝐿𝑂𝑛

 , (25) 

 

where ℛ𝑒 ∙ and 𝐼𝑚 ∙ denote the real and the imaginary part, respectively, ℜ  is the 

photodetector responsivity, 𝑃𝑄𝑃𝑆𝐾𝑛
 and 𝑃𝐿𝑂𝑛

are the received and LO instantaneous  signal 

powers, respectively. However, the interaction between the signals also creates undesired 

signals, which can be overcome with the balanced detection arrangement. Finally, the electric 

current of the mixed signal after balanced detection at the I- and Q channels are given, 

respectively, by 

 

𝑖𝑛
𝐼  𝑡 = 𝑖𝑃𝐷1𝑛

𝐼  𝑡 − 𝑖𝑃𝐷2𝑛

𝐼  𝑡   

          = ℛ𝑒  
ℜ

2
×   𝐸𝑄𝑃𝑆𝐾𝑛

∗ 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡    + 𝐸𝑄𝑃𝑆𝐾𝑛

 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡    

(26) 

 

and 
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𝑖𝑛
𝑄 𝑡 = 𝑖𝑃𝐷1𝑛

𝑄  𝑡 − 𝑖𝑃𝐷2𝑛

𝑄  𝑡   

           = 𝐼𝑚  
ℜ

2
×   𝐸𝑄𝑃𝑆𝐾𝑛

∗ 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡 𝑒𝑗𝜋/2    + 𝐸𝑄𝑃𝑆𝐾𝑛

 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡 𝑒−𝑗𝜋/2   

(27) 

 

 Thus, the signal phase is implicitly maintained in this expression as long as the LO 

and the received optical field are multiplied at the decoder output. After this operation the 

integration and comparison of the resulting signal can occur. 

 Therefore, the decision variables at the I and Q channels in the desired user’s receiver 

are denoted by 

 

𝑍𝑄𝑃𝑆𝐾𝑛

𝐼 =  𝑖𝑛
𝐼  𝑡 𝑑𝑡

𝑇𝑐𝑎

 

 

             = ℛ𝑒  
ℜ

2
×    𝐸𝑎𝑐 _𝑄𝑃𝑆𝐾𝑛

∗ 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡 + 𝐸𝑎𝑐 _𝑄𝑃𝑆𝐾𝑛

 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡  

𝑇𝑐𝑎

  𝑑𝑡 

 

              + 
1

2
   𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑛 ,𝑘

∗ 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡  

𝑇𝑐𝑎

𝐾

𝑘=1  𝑘≠𝑛 

 

 

                 + 𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑛 ,𝑘
 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡  𝑑𝑡   

(28) 

 

and 

 

𝑍𝑄𝑃𝑆𝐾𝑛

𝑄 =  𝑖𝑛
𝑄 𝑡 𝑑𝑡

𝑇𝑐𝑎

 

 

              = 𝐼𝑚  
ℜ

2
×    𝐸𝑎𝑐 _𝑄𝑃𝑆𝐾𝑛

∗ 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡 𝑒𝑗𝜋/2  

𝑇𝑐𝑎

   

 

               + 𝐸𝑎𝑐 _𝑄𝑃𝑆𝐾𝑛
 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡 𝑒−𝑗𝜋/2 𝑑𝑡  

              + 
1

2
   𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑛 ,𝑘

∗ 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡  

𝑇𝑐𝑎

𝐾

𝑘=1  𝑘≠𝑛 

𝑒𝑗𝜋/2 

 

                 + 𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑛 ,𝑘
 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡 𝑒−𝑗𝜋/2 𝑑𝑡  . (29) 
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 The 1 2  factor in the second term of both (28) and (29) is necessary to eliminate the 

redundancy of the negative frequency components in the decision variable, once that the 

frequency of MAI emitted by each interfering user is always lower than the frequency of the 

signal. Note that in both (28) and (29), the first integral is the desired user’s signal while the 

second integral is the MAI. 

 

 

3.2.2 BPSK MODULATION FORMAT 

 

 In BPSK modulation, the simplest form of PSK modulation, the information bits are 

represented by 𝜋  phase shifts of the optical field. When the BPSK modulation format is 

applied to FFH-OCDMA, each information bit from the 𝑚  users is encoded into a code 

sequence as 

 

𝑐𝐵𝑃𝑆𝐾𝑚
 𝑡, 𝜃𝑏 =  𝑝  

𝑡 − 𝑙𝑇𝑐

𝑇𝑐0
 𝑒𝑗  𝜔 𝑙𝑡+𝜃𝑏  ,

𝐿

𝑙=1

 

 

(30) 

 

where 𝜃𝑏 ∈ { 0, 𝜋} is the phase associated to the information bit. In addition, due to the 𝜋/2  

offset between two adjacent QPSK symbols, both I and Q channels can be regarded as BPSK 

signals. Thus, without any loss of generality, the BPSK mathematical formalism is written by 

modifying only the QPSK I channel equations (presented in the previous section). For 

convenience sake, the acronym 𝐼  will be omitted. Yet, the same waveform parameters, 

encoders and decoder impulse response (transfer functions) of the previous scenario are 

maintained. At the receiver’s side, assuming 𝐾 interfering active users transmitting signals in 

the network, the received optical field at the decoder output of the desired user 𝑛 will be 

 

𝐸𝐵𝑃𝑆𝐾𝑛
 𝑡, 𝜃𝑏 = 𝐸𝑎𝑐 _𝐵𝑃𝑆𝐾𝑛

 𝑡, 𝜃𝑏 +  𝐸𝑐𝑐 _𝐵𝑃𝑆𝐾𝑛 ,𝑘
 𝑡 − 𝜏𝑘 , 𝜃𝑏 ,

𝐾

𝑘=1  𝑘≠𝑛 

 

 

(31) 

 

where the decoder of the desired user 𝑛 outputs an auto-correlation optical signal given by 
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𝐸𝑎𝑐 _𝐵𝑃𝑆𝐾𝑛
 𝑡, 𝜃𝑏 =  𝑐𝐵𝑃𝑆𝐾𝑛

 𝜏, 𝜃𝑏 𝑛 𝜏 − 𝑡 

∞

−∞

𝑑𝜏, 
 

(32) 

 

 A similar expression can be obtained for the optical cross-correlation signal between 

the 𝑛 and 𝑘 users, which reads  

 

𝐸𝑐𝑐 _𝐵𝑃𝑆𝐾𝑛 ,𝑘
 𝑡, 𝜃𝑏 =  𝑐𝐵𝑃𝑆𝐾𝑘

 𝜏, 𝜃𝑏 𝑛 𝜏 − 𝑡 

∞

−∞

𝑑𝜏. 
 

(33) 

 

Similarly, as in previous section, the output current after the balanced detection is 

 

𝑖𝑛  𝑡 = 𝑖𝑃𝐷1𝑛
 𝑡 − 𝑖𝑃𝐷2𝑛

 𝑡   

            = ℛ𝑒  
ℜ

2
×   𝐸𝐵𝑃𝑆𝐾𝑛

∗ 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡    + 𝐸𝐵𝑃𝑆𝐾𝑛

 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡   . 

(34) 

 

Therefore, the detection of the BPSK system produces the following decision variable 

 

𝑍𝐵𝑃𝑆𝐾𝑛
=  𝑖𝑛  𝑡 𝑑𝑡

𝑇𝑐𝑎

 

 

              = ℛ𝑒  
ℜ

2
×    𝐸𝑎𝑐 _𝐵𝑃𝑆𝐾𝑛

∗ 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡  + 𝐸𝑎𝑐 _𝐵𝑃𝑆𝐾𝑛

 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡  𝑑𝑡 

𝑇𝑐𝑎

   

 

              + 
1

2
   𝐸𝑐𝑐 _𝐵𝑃𝑆𝐾𝑛 ,𝑘

∗ 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡  

𝑇𝑐𝑎

𝐾

𝑘=1  𝑘≠𝑛 

 

 

                 + 𝐸𝑐𝑐 _𝐵𝑃𝑆𝐾𝑛 ,𝑘
 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡  𝑑𝑡  , (35) 

 

where the LO signal is given by 

 

            𝐸𝐿𝑂𝑛
 𝑡 = 𝐸𝑎𝑐 _𝐵𝑃𝑆𝐾𝑛

 𝑡, 0 , (36) 
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Again, the 1 2 factor is necessary to eliminate the redundancy of the negative 

frequency components in the decision variable since the frequency of MAI emitted by each 

interfering user is always lower than the frequency of the signal. In addition, note that in (35) 

the first integral is the desired user’s signal while the second integral is the MAI. 

 

 

3.2.3 OOK MODULATION FORMAT 

 

 The OOK is a particular case of ASK modulation format which represents the data as 

the presence or absence of optical field. When the OOK modulation format is applied to 

FFH-OCDMA network, each information bit from the 𝑚  users is encoded into a code 

sequence as 

 

𝑐𝑂𝑂𝐾𝑚
 𝑡 = 𝑏𝑚  𝑝  

𝑡 − 𝑙𝑇𝑐

𝑇𝑐0
 𝑒𝑗𝜔 𝑙𝑡 ,

𝐿

𝑙=1

 

 

(37) 

 

where 𝑏𝑚 ∈ { 0, 1} is the value associated to the information bit. In addition, once each 

waveform represents one bit transmission, the OOK mathematical formalism can be written 

by modifying the BPSK equations (presented in the previous section). Also, the same 

waveform parameters, encoders and decoder impulse response (transfer functions) of the 

previous scenario are maintained. At the receiver’s side, assuming 𝐾 interfering active users 

transmitting signals in the network, the received optical field at the decoder output of the 

desired user 𝑛 will be 

 

𝐸𝑂𝑂𝐾𝑛
 𝑡 = 𝐸𝑎𝑐 _𝑂𝑂𝐾𝑛

 𝑡 +  𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛 ,𝑘
 𝑡 − 𝜏𝑘 ,

𝐾

𝑘=1  𝑘≠𝑛 

 

 

(38) 

 

where the decoder of the desired user 𝑛 outputs an auto-correlation optical signal given by 

 

𝐸𝑎𝑐 _𝑂𝑂𝐾𝑛
 𝑡 =  𝑐𝑂𝑂𝐾𝑛

 𝜏 𝑛 𝜏 − 𝑡 

∞

−∞

𝑑𝜏, 
 

(39) 
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 A similar expression can be obtained for the optical cross-correlation signal between 

the 𝑛 and 𝑘 users, which reads  

 

𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛 ,𝑘
 𝑡 =  𝑐𝑂𝑂𝐾𝑘

 𝜏 𝑛 𝜏 − 𝑡 

∞

−∞

𝑑𝜏. 
 

(40) 

 

In this case, it is realized the conventional detection from received optical field at the 

decoder output. Therefore, the output current after the decoding operation is 

 

𝑖𝑛  𝑡 = ℛ𝑒 ℜ ×    𝐸𝑂𝑂𝐾𝑛
 𝑡, 𝜃𝑏 𝐸𝑂𝑂𝐾𝑛

∗ 𝑡, 𝜃𝑏    (41) 

 

Therefore, the detection of the OOK system produces the following decision variable 

 

𝑍𝑂𝑂𝐾𝑛
=  𝑖𝑛  𝑡 𝑑𝑡

𝑇𝑐𝑎

 

 

            = ℛ𝑒  ℜ ×   𝐸𝑎𝑐 _𝑂𝑂𝐾𝑛
 𝑡 𝐸𝑎𝑐 _𝑂𝑂𝐾𝑛

∗ 𝑡 𝑑𝑡

𝑇𝑐𝑎

   

 

            +   𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛 ,𝑘
 𝑡 − 𝜏𝑘 𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛 ,𝑘

∗ 𝑡 − 𝜏𝑘 𝑑𝑡

𝑇𝑐𝑎

𝐾

𝑘=1  𝑘≠𝑛 

 

 

            + 
1

2
   𝐸𝑎𝑐 _𝑂𝑂𝐾𝑛

 𝑡 𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛 ,𝑘

∗ 𝑡 − 𝜏𝑘  

𝑇𝑐𝑎

 

 

               + 𝐸𝑎𝑐 _𝑂𝑂𝐾𝑛

∗ 𝑡 𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛 ,𝑘
 𝑡 − 𝜏𝑘  𝑑𝑡   (42) 

 

Again, the 1 2 factor is necessary to eliminate the redundancy of the negative 

frequency components in the decision variable since the frequency of MAI emitted by each 

interfering user is always lower than the signal frequency. Also, note in (42) that the first 

term is the desired user’s signal, and the other terms accounts for the MAI. 
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3.3 BIT ERROR RATE (BER) 

 

In this section, the mathematical framework for assessing the performance of both 

single and multirate FFH-OCDMA networks illustrated in Figure 3.1 is presented. Note that 

the block diagram shown is generalized enough to consider both scenarios: 1) the same 

modulation format is assigned to all users (single rate network) and 2) a different modulation 

format is assigned to each users' group or class (multirate network). 

For convenience sake, only the full detailed expressions for the QPSK are shown. 

Nonetheless, the new equations and necessary substitutions in the I and Q channel equations 

for performance evaluation of BPSK-based networks are clearly given and indicated. 

Remarkably, the proposed formalism can also be used to evaluate legacy FFH-

OCDMA networks based on OOK modulation formats through appropriate parameter 

substitutions. In addition, such substitutions are made and explicitly given to the reader in this 

section. 

 

 

3.3.1 SINGLE RATE NETWORKS  

 

3.3.1.1 QPSK MODULATION FORMAT 

 

 The BER formalism explicitly requires the decision variables of the desired user to be 

defined in terms of auto- and cross-correlation signals. Therefore, both (28) and (29) can be 

rewritten as 

 

𝜇𝑄𝑃𝑆𝐾
𝐼,𝑄

𝑛
= 𝜇𝑄𝑃𝑆𝐾𝑎𝑐

𝐼,𝑄 + 𝜇𝑄𝑃𝑆𝐾𝑀𝐴𝐼

𝐼,𝑄 , (43) 

 

where the equations associated to the I channel are given by 

 

𝜇𝑄𝑃𝑆𝐾𝑎𝑐

𝐼 = ℛ𝑒  
ℜ

2
×    𝐸𝑎𝑐 _𝑄𝑃𝑆𝐾𝑛

∗ 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡  

𝑇𝑐𝑎

     +𝐸𝑎𝑐 _𝑄𝑃𝑆𝐾𝑛
 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡  𝑑𝑡  , 

 

(44) 

 

and 
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𝜇𝑄𝑃𝑆𝐾𝑀𝐴𝐼

𝐼 = ℛ𝑒  
ℜ

4
×     𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑛 ,𝑘

∗ 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡  

𝑇𝑐𝑎

𝐾

𝑘=1  𝑘≠𝑛 

   

 

 

                     + 𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑛 ,𝑘
 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡  𝑑𝑡  ,  

(45) 

 

The equations associated to the Q channel, by their turn, can be expressed as 

 

𝜇𝑄𝑃𝑆𝐾𝑎𝑐

𝑄 = 𝐼𝑚  
ℜ

2
 ×    𝐸𝑎𝑐 _𝑄𝑃𝑆𝐾𝑛

∗ 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡 𝑒𝑗𝜋/2  

𝑇𝑐𝑎

  

 

                 +  𝐸𝑎𝑐 _𝑄𝑃𝑆𝐾𝑛
 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡 𝑒−𝑗𝜋/2 𝑑𝑡  , (46) 

 

and 

 

𝜇𝑄𝑃𝑆𝐾𝑀𝐴𝐼

𝑄 = 𝐼𝑚  
ℜ

4
×     𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑛 ,𝑘

∗ 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡 𝑒𝑗𝜋/2  

𝑇𝑐𝑎

𝐾

𝑘=1  𝑘≠𝑛 

   

 

 

                     + 𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑛 ,𝑘
 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡 𝑒−𝑗𝜋/2 𝑑𝑡  , (47) 

 

with 𝜇𝑄𝑃𝑆𝐾
𝐼,𝑄

𝑛
 representing the decision variable, and 𝜇𝑄𝑃𝑆𝐾𝑎𝑐

𝐼,𝑄
 and 𝜇𝑄𝑃𝑆𝐾𝑀𝐴𝐼

𝐼,𝑄
 representing the 

contributions of the autocorrelation and cross-correlation signals to decision variable, 

respectively. 

 In addition, as the interfering users are statistically independent, it is convenient to 

express the cross-correlation signal level when only two interfering users transmit 

simultaneously. Thus, the instantaneous MAI power in the 𝑗 interfering user’s receiver when 

the 𝑘 interfering user transmits data at the I and Q channels are given, respectively, by 

 

𝜇𝑄𝑃𝑆𝐾𝑀𝐴𝐼 𝑗 ,𝑘

𝐼 = ℛ𝑒  
ℜ

4
×    𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑗 ,𝑘

∗ 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑗
 𝑡  

𝑇𝑐𝑎

   

 

 

                         + 𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑗 ,𝑘
 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑗

∗
 𝑡  𝑑𝑡  , (48) 
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and 

𝜇𝑄𝑃𝑆𝐾𝑀𝐴𝐼 𝑗 ,𝑘

𝑄 = 𝐼𝑚  
ℜ

4
×    𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑗 ,𝑘

∗ 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑗
 𝑡 𝑒𝑗𝜋/2  

𝑇𝑐𝑎

   

 

 

                        + 𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑗 ,𝑘
 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑗

∗
 𝑡 𝑒−𝑗𝜋/2 𝑑𝑡  , (49) 

 

 First, since it is not known which coded symbols will be active at any given time, an 

average calculation (𝜇𝑄𝑃𝑆𝐾𝑀𝐴𝐼 𝑗 ,𝑘

𝐼,𝑄              
) considering all possible coded symbols and random-access 

delay of every user is required [65]. Therefore, the interference variance becomes, 

 

𝜎𝑄𝑃𝑆𝐾𝑀𝐴𝐼 𝑗 ,𝑘

2         𝐼,𝑄 =  𝜇𝑄𝑃𝑆𝐾𝑀𝐴𝐼 𝑗 ,𝑘

𝐼,𝑄 − 𝜇𝑄𝑃𝑆𝐾𝑀𝐴𝐼 𝑗 ,𝑘

𝐼,𝑄               
2

. 
(50) 

 

 Similarly, the average interference variance of all users is denoted by 𝜎𝑄𝑃𝑆𝐾𝑀𝐴𝐼

2         𝐼,𝑄           =

𝜎𝑄𝑃𝑆𝐾𝑀𝐴𝐼 𝑗 ,𝑘

2         𝐼,𝑄              
. By considering the occurrence of data bits ―0‖ and ―1‖ to be independent 

variables and that their probability density functions (pdfs) can be represented by Gaussian 

functions, the error probabilities conditioned to decision variables of the desired user in 

QPSK networks are given, respectively, by 

 

𝑃𝑟 𝑍𝑄𝑃𝑆𝐾𝑛

𝐼,𝑄 = 1 ≥ 𝛾/0 =  
1

 2𝜋𝜎0
𝐼,𝑄 𝑒

 −
 𝑍𝑄𝑃𝑆𝐾 𝑛

𝐼,𝑄
−𝜇 0

𝐼,𝑄
 

2

2𝜎0
2 𝐼,𝑄  

𝑑𝑍𝑄𝑃𝑆𝐾𝑛

𝐼,𝑄

∞

𝛾

 

 

(51) 

 

and 

 

𝑃𝑟 𝑍𝑄𝑃𝑆𝐾𝑛

𝐼,𝑄 = 0 < 𝛾/1 =  
1

 2𝜋𝜎1
𝐼,𝑄 𝑒

 −
 𝑍𝑄𝑃𝑆𝐾 𝑛

𝐼,𝑄
−𝜇 1

𝐼,𝑄
 

2

2𝜎1
2 𝐼,𝑄  

𝑑𝑍𝑄𝑃𝑆𝐾𝑛

𝐼,𝑄 ,

𝛾

−∞

 

 

(52) 

 

where 𝛾 is the general threshold level, 𝜇0
𝐼,𝑄

 and 𝜎0
2 𝐼,𝑄

 are, respectively, the mean and variance 

associated to bit ―0‖ transmission, and 𝜇1
𝐼,𝑄

 and 𝜎1
2 𝐼,𝑄

 are, respectively, the mean and variance 

associated to bit ―1‖ transmission. Consequently, the BER can be written as 
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𝐵𝐸𝑅𝑄𝑃𝑆𝐾𝑛

𝐼,𝑄 = 𝑃 0 𝑃𝑟 𝑍𝑄𝑃𝑆𝐾𝑛

𝐼,𝑄 = 1 ≥ 𝛾/0 +  𝑃 1 𝑃𝑟 𝑍𝑄𝑃𝑆𝐾𝑛

𝐼,𝑄 = 0 < 𝛾/1 , (53) 

 

where 𝑃 0  and 𝑃 1  are the transmission probabilities of bits ―0‖ and ―1‖, respectively. As 

usual, these probabilities are considered equiprobable, so (53) can be rewritten as 

 

𝐵𝐸𝑅𝑄𝑃𝑆𝐾𝑛

𝐼,𝑄 =
1

2
 

1

 2𝜋𝜎0
𝐼,𝑄 𝑒

 −
 𝑍𝑄𝑃𝑆𝐾 𝑛

𝐼,𝑄
−𝜇 0

𝐼,𝑄
 

2

2𝜎0
2 𝐼,𝑄  

𝑑𝑍𝑄𝑃𝑆𝐾𝑛

𝐼,𝑄

∞

𝛾

 

 

 

 

                                                    +
1

2
 

1

 2𝜋𝜎1
𝐼,𝑄 𝑒

 −
 𝑍𝑄𝑃𝑆𝐾 𝑛

𝐼,𝑄
−𝜇 1

𝐼,𝑄
 

2

2𝜎1
2 𝐼,𝑄  

𝑑𝑍𝑄𝑃𝑆𝐾𝑛

𝐼,𝑄

𝛾

−∞

. 

 

(54) 

 

 Next, the value of 𝛾 that minimizes the BER causing 
∂BER

∂γ
= 0 is required. Solving the 

above equation for 𝛾 and observing that the desired user signal is much larger than the MAI 

signal, the optimum threshold is 

 

𝛾𝑜
𝐼,𝑄 =

𝜇1
𝐼,𝑄𝜎0

𝐼,𝑄 + 𝜇0
𝐼,𝑄𝜎1

𝐼,𝑄

𝜎0
𝐼,𝑄 + 𝜎1

𝐼,𝑄 . 
 

(55) 

 

 Finally, it can be observed in [83] that the pdfs related to the MAI limited network are 

symmetrical at the optimum threshold level, which implies in 𝜎0
𝐼,𝑄 = 𝜎1

𝐼,𝑄 = 𝜎𝑄𝑃𝑆𝐾𝑀𝐴𝐼

2         𝐼,𝑄           
. As a 

result, the optimum threshold level is reduced to 

 

𝛾𝑜
𝐼,𝑄 =

𝜇1
𝐼,𝑄 + 𝜇0

𝐼,𝑄

2
. 

(56) 

 

 Hence, the ―0‖ and ―1‖ bit contributions in the decision variable are given, 

respectively, by 

 

𝜇1
𝐼,𝑄 = 𝜇𝑄𝑃𝑆𝐾𝑎𝑐

𝐼,𝑄
 (57) 
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and 

 

𝜇0
𝐼,𝑄

= −𝜇𝑄𝑃𝑆𝐾𝑎𝑐

𝐼,𝑄
. (58) 

 

 After substituting (57) and (58) into (56), it can be observed that the bipolar signal 

characteristics pushes the optimal threshold level to zero, i.e., 𝛾𝑜
𝐼,𝑄 = 0. Then, after simple 

algebraic substitutions, and assuming that the 𝐾 interfering users are statistically independent, 

the average interference variance for 𝐾 interfering users can be expressed as the minimal 

BER for QPSK based networks as 

 

𝐵𝐸𝑅𝑄𝑃𝑆𝐾
𝐼,𝑄 = 𝑄   𝑆𝐼𝑅𝑄𝑃𝑆𝐾

𝐼,𝑄   
(59) 

 

where 

 

𝑆𝐼𝑅𝑄𝑃𝑆𝐾
𝐼,𝑄 =

 𝜇𝑄𝑃𝑆𝐾𝑎𝑐

𝐼,𝑄  
2

𝐾𝜎𝑄𝑃𝑆𝐾𝑀𝐴𝐼

2         𝐼,𝑄           
 

 

(60) 

 

is the SIR in the FFH-OCDMA network based on the QPSK modulation format. Note that 

each channel takes an independent decision on the bit that represents the transmitted symbol. 

 Consequently, the mean BER resulting from the combined actions of the two channels 

can be calculated as 

 

𝐵𝐸𝑅𝑄𝑃𝑆𝐾 = 1 −  1 − 𝐵𝐸𝑅𝑄𝑃𝑆𝐾
𝐼   1 − 𝐵𝐸𝑅𝑄𝑃𝑆𝐾

𝑄   (61) 

 

 

3.3.1.2 BPSK MODULATION FORMAT 

 

As in the previous section, it is necessary to express explicitly the desired user’s decision 

variables in terms of auto- and cross-correlation signals. Therefore, (35) should be rewritten 

as 
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𝜇𝐵𝑃𝑆𝐾 𝑛
= 𝜇𝐵𝑃𝑆𝐾𝑎𝑐

+ 𝜇𝐵𝑃𝑆𝐾𝑀𝐴𝐼 , (62) 

 

where 

 

𝜇𝐵𝑃𝑆𝐾𝑎𝑐
= ℛ𝑒  

ℜ

2
×    𝐸𝑎𝑐 _𝐵𝑃𝑆𝐾𝑛

∗ 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡  

𝑇𝑐𝑎

     +𝐸𝑎𝑐 _𝐵𝑃𝑆𝐾𝑛
 𝑡, 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡  𝑑𝑡   

 

(63) 

 

and 

 

𝜇𝐵𝑃𝑆𝐾𝑀𝐴𝐼
= ℛ𝑒  

ℜ

4
×     𝐸𝑐𝑐 _𝐵𝑃𝑆𝐾𝑛 ,𝑘

∗ 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛
 𝑡  

𝑇𝑐𝑎

𝐾

𝑘=1  𝑘≠𝑛 

   

 

 

                     +𝐸𝑐𝑐 _𝐵𝑃𝑆𝐾𝑛 ,𝑘
 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛

∗
 𝑡  𝑑𝑡  , (64) 

 

where 𝜇𝐵𝑃𝑆𝐾 𝑛
 representing the decision variable and, 𝜇𝐵𝑃𝑆𝐾𝑎𝑐

 and 𝜇𝐵𝑃𝑆𝐾𝑀𝐴𝐼
 representing the 

contributions of the autocorrelation and cross-correlation signals to decision variable, 

respectively. 

 By considering the same steps and assumptions adopted to obtain (47)-(50), the user’s 

interference variance can be expressed as 𝜎𝐵𝑃𝑆𝐾𝑀𝐴𝐼

2                    = 𝜎𝐵𝑃𝑆𝐾𝑀𝐴𝐼 𝑗 ,𝑘

2                       . Due to the distance of 

BPSK symbols also being symmetrical to the origin, the optimum threshold for this 

modulation format is also zero. Therefore, proceeding with the same steps as for (51)-(58), 

the minimal BER for BPSK based network can be expressed as 

 

𝐵𝐸𝑅𝐵𝑃𝑆𝐾 = 𝑄   𝑆𝐼𝑅𝐵𝑃𝑆𝐾  
(65) 

 

where 

 

𝑆𝐼𝑅𝐵𝑃𝑆𝐾 =
 𝜇𝐵𝑃𝑆𝐾𝑎𝑐

 
2

𝐾𝜎𝐵𝑃𝑆𝐾𝑀𝐴𝐼

2                    
, 

 

(66) 

 

is the SIR of the FFH-OCDMA network based on the BPSK modulation format. 
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3.3.1.3 OOK MODULATION FORMAT 

 

As in the above sections, it is necessary to express explicitly the desired user’s 

decision variables in terms of auto- and cross-correlation signals. Therefore, (42) should be 

rewritten as 

 

𝜇𝑂𝑂𝐾𝑛
= 𝜇𝑂𝑂𝐾𝑎𝑐

+ 𝜇𝑂𝑂𝐾𝑀𝐴𝐼
, (67) 

 

where 

 

𝜇𝑂𝑂𝐾𝑎𝑐
= ℛ𝑒  ℜ ×   𝐸𝑎𝑐 _𝑂𝑂𝐾𝑛

 𝑡 𝐸𝑎𝑐 _𝑂𝑂𝐾𝑛

∗ 𝑡 𝑑𝑡

𝑇𝑐𝑎

   

 

(68) 

 

and 

 

 

𝜇𝑂𝑂𝐾𝑀𝐴𝐼
= ℛ𝑒  ℜ ×    𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛 ,𝑘

 𝑡 − 𝜏𝑘 𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛 ,𝑘

∗ 𝑡 − 𝜏𝑘 𝑑𝑡

𝑇𝑐𝑎

𝐾

𝑘=1  𝑘≠𝑛 

   

 

                 +
1

2
   𝐸𝑎𝑐 _𝑂𝑂𝐾𝑛

 𝑡 𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛 ,𝑘

∗ 𝑡 − 𝜏𝑘  

𝑇𝑐𝑎

 

 

                    + 𝐸𝑎𝑐 _𝑂𝑂𝐾𝑛

∗ 𝑡, 𝜃𝑏 𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛 ,𝑘
 𝑡 − 𝜏𝑘  𝑑𝑡  , (69) 

 

where 𝜇𝑂𝑂𝐾𝑛
 representing the decision variable and, 𝜇𝑂𝑂𝐾𝑎𝑐

 and 𝜇𝑂𝑂𝐾𝑀𝐴𝐼
 representing the 

contributions of the autocorrelation and cross-correlation signals to decision variable, 

respectively. 

By considering the same steps and assumptions adopted to obtain (47)-(50), the user’s 

interference variance can be expressed as  𝜎𝑂𝑂𝐾𝑀𝐴𝐼

2                    =  𝜎𝑂𝑂𝐾𝑀𝐴𝐼 𝑗 ,𝑘

2                      . Due to the distance of 

BPSK symbols also being symmetrical when related to the origin, the optimum threshold for 

this modulation format is also zero. Therefore, proceeding with the same steps performed in 

(51)-(58), the minimal BER for OOK based network can be expressed as 
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𝐵𝐸𝑅𝑂𝑂𝐾 = 𝑄   𝑆𝐼𝑅𝑂𝑂𝐾 , 
(70) 

 

where 

 

𝑆𝐼𝑅𝑂𝑂𝐾 =
 𝜇𝑂𝑂𝐾𝑎𝑐

 
2

𝐾𝜎𝑂𝑂𝐾𝑀𝐴𝐼

2                   
, 

 

(71) 

 

is the SIR of the FFH-OCDMA network based on the OOK modulation format. 

 

 

3.3.2 MULTI RATE NETWORKS 

 

3.3.2.1 PSK MODULATION FORMATS 

 

 The multirate scenario also requires the decision variables of the desired user (also 

defined in terms of the auto- and cross-correlation signals) to be rewritten. However, the BER 

formalism must account separately for the MAI from the high- and low-rate user classes [40], 

[49]-[53]. Recall that the QPSK and BPSK modulated users transmit their data bits at high- 

and low-rates, respectively. Then, the variance associated to high-rate users is the same one 

derived for the QPSK modulation format, but restricted to the number of users in this class. 

Thus, considering that 𝐾𝑟  interfering users are active in a high-rate class, the average 

interference from these users is given by 𝜎𝑄𝑃𝑆𝐾𝑀𝐴𝐼 ,𝑟

2         𝐼,𝑄              
.  

 Similarly, the variance associated to low-rate users is the same one derived for the 

BPSK modulation format, but restricted to the number of users in this class. Thus, 

considering that 𝐾𝑙𝑟  interfering users are active in low-rate classes, the average interference 

from these users is given by 𝜎𝐵𝑃𝑆𝐾𝑀𝐴𝐼 ,𝑙𝑟

2                      . 

 Now, it is necessary to express the variance for the cases where the interfering users 

of a given class are demodulated by the receiver of the desired user that is active in another 

class. Therefore, consider first that the interfering users transmit data bits at a low-rate and 

their signals are demodulated in the receptor of the desired user, which is designed for high-
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rates. Consequently, the MAI at the I and Q channels in the receiver of the desired user 

𝑛𝑄when 𝐾𝑙𝑟  interfering users transmit are given by 

 

𝜇𝑄𝑃𝑆𝐾/𝐵𝑃𝑆𝐾𝑀𝐴𝐼

𝐼 = ℛ𝑒  
ℜ

4
×     𝐸𝑐𝑐 _𝐵𝑃𝑆𝐾𝑛𝑄 ,𝑘𝐵

∗ 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛𝑄
 𝑡  

𝑇𝑐𝑎

𝐾𝑙𝑟

𝑘𝐵=1

   

 

 

                                           +𝐸𝑐𝑐 _𝐵𝑃𝑆𝐾𝑛𝑄 ,𝑘𝐵
 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛𝑄

∗
 𝑡  𝑑𝑡   

(72) 

 

and 

 

𝜇𝑄𝑃𝑆𝐾/𝐵𝑃𝑆𝐾𝑀𝐴𝐼

𝑄 = 𝐼𝑚  
ℜ

4
×     𝐸𝑐𝑐 _𝐵𝑃𝑆𝐾𝑛𝑄 ,𝑘𝐵

∗ 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛𝑄
 𝑡  

𝑇𝑐𝑎

𝐾𝑙𝑟

𝑘𝐵=1

  𝑒𝑗𝜋/2 

 

 

                                      + 𝐸𝑐𝑐 _𝐵𝑃𝑆𝐾𝑛𝑄 ,𝑘𝐵
 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛𝑄

∗
 𝑡 𝑒−𝑗𝜋/2 𝑑𝑡  . (73) 

 

Again, following the same steps and assumptions to obtain (47)-(50), the average interference 

among active users of different classes is given by 𝜎𝑄𝑃𝑆𝐾/𝐵𝑃𝑆𝐾𝑀𝐴𝐼

2         𝐼,𝑄                  = 𝜎𝑄𝑃𝑆𝐾/𝐵𝑃𝑆𝐾𝑀𝐴𝐼 𝑗𝑄 ,𝑘𝐵

2         𝐼,𝑄                       
, 

where 𝑗𝑄  and 𝑘𝐵  are active interfering users in high- and low-classes, respectively. 

 Next, the case where the interfering users transmit data at a high-rate and their signals 

are demodulated in the receptor of the desired user, which is designed for a low-rate, is 

considered. Then, the MAI in the receiver of the desired user 𝑛𝐵  when 𝐾𝑟  interfering users 

transmit is given by 

 

𝜇𝐵𝑃𝑆𝐾/𝑄𝑃𝑆𝐾𝑀𝐴𝐼
= ℛ𝑒  

ℜ

4
×     𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑛𝐵 ,𝑗𝑄

∗ 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛𝐵
 𝑡  

𝑇𝑐𝑎

𝐾𝑟

𝑗𝑄=1

   

 

 

                               +𝐸𝑐𝑐 _𝑄𝑃𝑆𝐾𝑛𝐵 ,𝑗𝑄
 𝑡 − 𝜏𝑘 , 𝜃𝑏 𝐸𝐿𝑂𝑛𝐵

∗
 𝑡  𝑑𝑡   

(74) 

 

 In a similar fashion, the average interference among users of different classes can be 

denoted as 𝜎𝐵𝑃𝑆𝐾/𝑄𝑃𝑆𝐾𝑀𝐴𝐼

2                           = 𝜎𝐵𝑃𝑆𝐾/𝑄𝑃𝑆𝐾𝑀𝐴𝐼 𝑘𝐵 ,𝑗𝑄

2                                . 
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 Hence, the BER of multirate networks can be adapted from [39] and [40] based on the 

specific features of the here-proposed network, where users achieve different rates via QPSK 

and BPSK modulation formats. Now, by considering that the desired user is active in the 

high-rate class, the BER of this user is given by 

 

𝐵𝐸𝑅𝑄𝑃𝑆𝐾 _𝑀𝑅 = 1 −  1 − 𝐵𝐸𝑅𝑄𝑃𝑆𝐾 _𝑀𝑅
𝐼   1 − 𝐵𝐸𝑅𝑄𝑃𝑆𝐾 _𝑀𝑅

𝑄  , (75) 

 

where 

 

𝐵𝐸𝑅𝑄𝑃𝑆𝐾 _𝑀𝑅
𝐼,𝑄 = 𝑄   𝑆𝐼𝑅𝑄𝑃𝑆𝐾 _𝑀𝑅

𝐼,𝑄   
(76) 

 

and 

 

𝑆𝐼𝑅𝑄𝑃𝑆𝐾 _𝑀𝑅
𝐼,𝑄 =

 𝜇𝑄𝑃𝑆𝐾𝑎𝑐

𝐼,𝑄  
2

𝐾𝑟𝜎𝑄𝑃𝑆𝐾𝑀𝐴𝐼 ,𝑟

2         𝐼,𝑄 +                 𝐾𝑙𝑟𝜎𝐵𝑃𝑆𝐾/𝑄𝑃𝑆𝐾𝑀𝐴𝐼

2                           
 

 

(77) 

 

is the BER and SIR measured in each channel of the users' demodulator, respectively. 

Finally, when the desired user is active at the low-rate class, the BER of this user class can be 

expressed as 

 

𝐵𝐸𝑅𝐵𝑃𝑆𝐾 _𝑀𝑅 = 𝑄   𝑆𝐼𝑅𝐵𝑃𝑆𝐾 _𝑀𝑅  
(78) 

 

where 

 

𝑆𝐼𝑅𝐵𝑃𝑆𝐾 _𝑀𝑅 =
 𝜇𝐵𝑃𝑆𝐾𝑎𝑐

 
2

𝐾𝑙𝑟𝜎𝐵𝑃𝑆𝐾𝑀𝐴𝐼 ,𝑙𝑟

2                      + 𝐾𝑟𝜎𝑄𝑃𝑆𝐾/𝐵𝑃𝑆𝐾𝑀𝐴𝐼

2         𝐼,𝑄                  
, 

 

(79) 

 

is the SIR measured in the desired user demodulator. 
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3.3.2.2 OOK MODULATION FORMAT  

 

As in the previous sections, the decision variables of the desired user (also defined in 

terms of auto- and cross-correlation signals) should be rewritten. However, the BER 

formalism must separately account for the MAI from high- and low-rate user classes [40], 

[49]-[53]. Recall that in legacy FFH-OCDMA multirate networks all users are OOK 

modulated and for high and low rate users are allocated small and large code length, 

respectively. 

With this, the variance associated to high-rate users is the same one derived for the 

single rate OOK modulation format, but restricted to the number of users in this class. Thus, 

considering that 𝐾𝑟  interfering users are active in a high-rate class, the average interference 

from these users is given by 𝜎𝑂𝑂𝐾𝑀𝐴𝐼 ,𝑟

2                     .  

 Similarly, the variance associated to low-rate users is the same one derived for the 

BPSK modulation format, but restricted to the number of users in this class. Thus, 

considering that 𝐾𝑙𝑟  interfering users are active in low-rate classes, the average interference 

from these users is given by 𝜎𝑂𝑂𝐾𝑀𝐴𝐼 ,𝑙𝑟

2                     . 

Now, it is necessary to express the variance for the cases where the interfering users 

of a given class are demodulated by the receiver of the desired user that is active in another 

class. Therefore, consider first that the interfering users transmit data bits at a low-rate and 

their signals are demodulated in the receptor of the desired user, which is designed for high-

rates. Consequently, the MAI at the receiver of the desired user 𝑛𝑄  when 𝐾𝑙𝑟  interfering users 

transmit is given by 

 

𝜇𝐻𝑖𝑔/𝐿𝑜𝑤𝑀𝐴𝐼
= ℛ𝑒 ℜ  

                         ×    𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛𝑄 ,𝑘𝐵
 𝑡 − 𝜏𝑘 𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛𝑄 ,𝑘𝐵

∗ 𝑡 − 𝜏𝑘 𝑑𝑡

𝑇𝑐𝑎

𝐾𝑙𝑟

𝑘𝐵=1

  

 

                         +
1

2
   𝐸𝑎𝑐 _𝑂𝑂𝐾𝑛𝑄

 𝑡 𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛𝑄 ,𝑘𝐵

∗ 𝑡 − 𝜏𝑘  

𝑇𝑐𝑎

 

 

                            + 𝐸𝑎𝑐 _𝑂𝑂𝐾𝑛𝑄

∗ 𝑡 𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛𝑄 ,𝑘𝐵
 𝑡 − 𝜏𝑘  𝑑𝑡  , 

(80) 
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when𝑗Q  and 𝑘B interfering users are active in high- and low-classes, respectively. Again, 

following the same steps and assumptions to obtain (47)-(50), the average interference among 

active users of different classes is given by 𝜎𝐻𝑖𝑔/𝐿𝑜𝑤𝑀𝐴𝐼

2                         = 𝜎𝐻𝑖𝑔/𝐿𝑜𝑤𝑀𝐴𝐼 𝑗𝑄 ,𝑘𝐵

2                              . 

Next, the case where the interfering users transmit data at a high-rate and their signals 

are demodulated in the receptor of the desired user, which is designed for a low-rate, is 

considered. Then, the MAI at the receiver of the desired user 𝑛𝐵 when 𝐾𝑟  interfering users 

transmit is given by 

 

𝜇𝐿𝑜𝑤 /𝐻𝑖𝑔𝑀𝐴𝐼
= ℛ𝑒 ℜ  

                         ×    𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛𝐵 ,𝑗𝑄
 𝑡 − 𝜏𝑘 𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛𝐵 ,𝑗𝑄

∗ 𝑡 − 𝜏𝑘 𝑑𝑡

𝑇𝑐𝑎

𝐾𝑟

𝑗𝑄 =1

  

 

                         +
1

2
   𝐸𝑎𝑐 _𝑂𝑂𝐾𝑛𝐵

 𝑡 𝐸𝑐𝑐_𝑂𝑂𝐾𝑛𝐵 ,𝑗𝑄

∗ 𝑡 − 𝜏𝑘  

𝑇𝑐𝑎

 

 

                            + 𝐸𝑎𝑐 _𝑂𝑂𝐾𝑛𝐵

∗ 𝑡 𝐸𝑐𝑐_𝑂𝑂𝐾𝑛𝐵 ,𝑗𝑄
 𝑡 − 𝜏𝑘  𝑑𝑡  , 

 

(81) 

 

 In a similar fashion, the average interference among users of different classes can be 

denoted as 𝜎𝐿𝑜𝑤 /𝐻𝑖𝑔𝑀𝐴𝐼

2                         = 𝜎𝐿𝑜𝑤 /𝐻𝑖𝑔𝑀𝐴𝐼 𝑘𝐵 ,𝑗𝑄

2                              . 

 Hence, the BER of multirate networks can be adapted from [39] and [40] based on the 

specific features of the here-proposed generalized formalism. Now, considering that the 

desired user is active in the high-rate class, the BER of this user is given by 

 

𝐵𝐸𝑅𝐻𝑖𝑔_𝑀𝑅 = 𝑄   𝑆𝐼𝑅𝐻𝑖𝑔_𝑀𝑅 , 
(82) 

 

where 

 

𝑆𝐼𝑅𝐻𝑖𝑔_𝑀𝑅 =
 𝜇𝐻𝑖𝑔𝑎𝑐

 
2

𝐾𝑟𝜎𝐻𝑖𝑔𝑀𝐴𝐼 ,𝑙𝑟

2                      + 𝐾𝑙𝑟𝜎𝐿𝑜𝑤 /𝐻𝑖𝑔𝑀𝐴𝐼

2                        
, 

 

(83) 

 

is the SIR measured in desired user demodulator at the high rate class. 
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Finally, when the desired user is active at the low-rate class, the BER of this user class 

can be expressed as 

 

𝐵𝐸𝑅𝐿𝑜𝑤 _𝑀𝑅 = 𝑄   𝑆𝐼𝑅𝐿𝑜𝑤 _𝑀𝑅 , 
(84) 

where 

 

𝑆𝐼𝑅𝐿𝑜𝑤 _𝑀𝑅 =
 𝜇𝐿𝑜𝑤𝑎𝑐

 
2

𝐾𝑙𝑟𝜎𝐿𝑜𝑤𝑀𝐴𝐼 ,𝑙𝑟

2                     + 𝐾𝑟𝜎𝐻𝑖𝑔/𝐿𝑜𝑤𝑀𝐴 𝐼

2                        
, 

 

(85) 

 

is the SIR measured in the desired user demodulator. 

 

 

3.4 DECISION VARIABLES COMPARISON 

 

In this section, the differences between the power amount of signal and MAI that 

impact on the bit detection are demonstrated and discussed. To do so, it is compared the 

signal waveforms related to decision variables at the desired user receiver of PSK- and legacy 

OOK-based networks. Only for convenience sake, the analysis will be carried out for single 

rate networks. Nonetheless, the similarity of the transceivers allows the same considerations 

and the formalism can be easily modified in order to consider the particularities of multirate 

demodulation. Moreover, it is utilized the BPSK modulation and demodulation for this 

comparison. The results for QPSK demodulator, in turn, are the same because its receiver can 

be considered as two BPSK demodulators working in parallel configuration. 

Initially, it is convenient to reproduce the decision variable of the OOK modulation 

format described in (42) disregarding the negative frequencies. Thus, the decision variable for 

FFH-OCDMA based on OOK modulation formats can be rewritten as 

 

𝑍𝑂𝑂𝐾𝑛
= ℛ𝑒  ℜ ×    𝑃𝑎𝑐 _𝑂𝑂𝐾𝑛

𝑑𝑡

𝑇𝑐𝑎

   

 

              +     𝑃𝑐𝑐 _𝑂𝑂𝐾𝑛 ,𝑘
+𝐸𝑎𝑐 _𝑂𝑂𝐾𝑛

 𝑡 𝐸𝑐𝑐 _𝑂𝑂𝐾𝑛 ,𝑘

∗ 𝑡 − 𝜏𝑘  

𝑇𝑐𝑎

𝑑𝑡

𝐾

𝑘=1  𝑘≠𝑛 

  , 

 

(86) 
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where the first term is the desired user signal, the second and third terms are the MAI 

contribution. The spectral power as a function of angular frequency related to this decision 

variable is illustrated in Figure 3.4.  

Sequentially, it is described the decision variable of the network based on BPSK 

modulation format. Moreover, in order to clearly show the differences between the decision 

variables, let’s substitute the LO signal as the autocorrelation signal expressed in (36) and 

also disregarding the negative frequencies in (35). 

Thus, the spectral power as function of angular frequency for FFH-OCDMA networks 

based on BPSK modulation formats can be rewritten as 

 

𝑍𝐵𝑃𝑆𝐾𝑛
= ℛ𝑒  ℜ ×    𝑃𝑎𝑐 _𝐵𝑃𝑆𝐾𝑛

𝑒𝑗∆𝜃𝑏𝑑𝑡

𝑇𝑐𝑎

   

 

               +   
1

2
  𝐸𝑎𝑐 _𝐵𝑃𝑆𝐾𝑛

 𝑡 𝐸𝑐𝑐 _𝐵𝑃𝑆𝐾𝑛 ,𝑘

∗ 𝑡 − 𝜏𝑘 

𝑇𝑐𝑎

𝐾

𝑘=1  𝑘≠𝑛 

𝑑𝑡  , 

 

(87) 

 

where ∆𝜃𝑏  is the phase difference between auto- and cross-correlation signals. In this case, 

Figure 3.5 illustrates the spectral distribution of the decision variable.  

Further, it is interesting to note the differences between the decision variables and 

then infer on the mechanism that increases the network performance. As can be observed, the 

BPSK demodulation maintains the auto-correlation signal, whereas suppresses and reduces 

by half the ―dc‖ and ―ac‖ levels of the cross-correlation signal, respectively. As a matter of 

 

Figure 3.4:  – Spectral representation of the signals that compose the decision variable for FFH-OCDMA 

networks based on OOK modulation format. 
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fact, the balanced detection in the demodulation eliminates the desired signal because of the 

electric conversion in each photodetector.  

Then, the reconstruction and amplification of the desired user signal occur by 

homodyne demodulation (multiplication with signal of the same wavelength) provided from 

the LO. Nonetheless, the difference between the wavelengths of LO and cross-correlation 

signals does not allow recovery of the MAI ―dc‖ level. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 3.5:  – Spectral representation of the signals that compose the decision variable for FFH-OCDMA 

networks based on BPSK modulation format. 
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CHAPTER 4 
 

4 NUMERICAL RESULTS 

 

 The formalism developed in the previous section is now applied to the FFH-OCDMA 

network illustrated in Figure 3.1 for both QPSK and BPSK modulation formats.  Further, it is 

carried out a validation procedure of the proposed formalism where the BPSK or QPSK 

convergence towards conventional OOK is assumed as the validation criteria. Moreover, the 

network performance is investigated considering distinct encoding schemes, namely, ideal 

and nonideal.  

Before starting the network performance analyses, it is interesting to define the common 

encoding parameters adopted for both ideal and nonideal schemes. Then, the average power 

per symbol is maintained constant regardless of the modulation format adopted (in order to 

make a fair comparison between them). Further, only for the sake of simplicity, it is assumed 

that the photodetector responsivity is unitary and that the optical field amplitude (taken as a 

basis to maintain the same average power between the proposed PSK networks) of each 

individual chip is normalized to the chip peak amplitude of the OOK-based network. Thus, 

once there is power transmitted in all PSK symbols, the encoded BPSK/QPSK-modulated 

chips have their individual amplitudes reduced by 1/ 2 relative to OOK amplitude. Bragg 

gratings with a 𝑠𝑖𝑛𝑐  apodization profile are utilized to achieve nearly disjoint and high 

density wavelength slices [65], [66]. It is also considered chip synchronization, a situation 

that does not take advantage of the OCDMA concept where completely asynchronous traffic, 

either of bits or chips, is possible. Nonetheless, this assumption greatly simplifies the 

formalism, and the obtained expression for the BER reflects the worse possible scenario [11], 

[40], [49]-[53], [57]-[66]. In addition, it is assumed the desired user transmits at 10 Gbps, 

which is compatible with an eventual NG-PON2 standardization. 

With all common network configuration parameters properly described, the waveforms 

associated to the desired user can now be discussed. Nonetheless, it is worth mentioning that 

the present formalism can be successfully applied to any code family, pulse waveforms, 

wavelength range and spacing between them. 

 Next, before we proceed with the networks analysis itself, it becomes necessary to 

define the network scenarios of interest. The first and second scenarios refer to the ideal and 
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nonideal encoding schemes, respectively. Once they have been laid out, we will move to the 

performance comparison between them. 

 

a) First Scenario: Ideal Encoding 

 

In the ideal encoding scheme, the pulsed chips are spaced perfectly in both time and 

spectral domains. In this sense, the pulsed chips are compressed when compared to the chip 

time slot, and also the Bragg gratings support bandwidth sufficient for self-containing each 

chip of the encoded spectrum.  

Initially, it is interesting to analyze the signal evolution from generation until 

detection for the ideal scenario. For convenience sake, it is shown solely the waveforms of 

the desired user in the FFH-OCDMA network based on the QPSK modulation. Moreover, 12 

of the available 29 wavelengths in the range of 1.205 µm – 1.625 µm (0.015 µm spacing) are 

used, arranged in 12 time chips (code length) in accordance with the generated FFH code. 

Furthermore, the chip pulse shape is assumed to be Gaussian, compressed by a factor of ten 

when compared to the chip period. Consequently, the effective transmission rate is 

proportional to this compression factor with chip rate transmission at 1200 Gc/s (Giga chips 

per second). The current configuration is chosen exclusively to avoid interchip interference, 

which enables the validation procedure (reproducing idealized results in [11], [40], [49]-[53], 

[57]-[66]) to be carried out. For convenience sake, only the resulting signals for the I channel 

will be shown. The Q channel differs only by a 90° shift from the reference signal generated 

within the demodulator. 

 First, the normalized absolute value of the encoded pulse amplitudes (black curves) 

superposed by the impulse response of the encoder (blue curves) of the desired user signal as 

function of time is shown in Figure 4.1. The adopted modulation index depth of 1.2510
-2

 

and grating length of 1 mm allow for the spectral distribution of the transfer function to fully 

confine the pulse bandwidth [84]-[86]. As a result, the grating response approaches that of an 

ideal band pass filter.  

The normalized absolute value of the encoded spectral representation (black curves) 

superposed by the transfer function (blue curves) of the desired user encoder is shown in 

Figure 4.2. Once more, this approximation is chosen solely to reproduce the idealized results 

found in the literature [40], [49]-[53], [57]-[66]. Next, following the flow of the encoded 

signal in the network shown in Figure 3.1, the chips are regrouped according to the desired 

user decoder resulting in a high level autocorrelation peak when the data bit is transmitted. 
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In a situation in which the desired user does not send data bits, only the interfering 

users that exactly coincide in time and wavelength at the autocorrelation peak effectively 

contribute with errors. This statement can be more easily understood by analyzing the 

highlighted codes in Table 1. In this table, code #23, shown in black bold letters, is randomly 

assigned to the desired user (any other choice would produce the same result). The interfering 

users #24 and #25 (shown in orange and olive bold letters), despite having chips in the same 

wavelength, never contribute to errors when they access the network in bit synchronism with 

the desired user. This occurs because the chips with identical wavelengths do not coincide 

temporally and, therefore, are not detected at the autocorrelation window decision.  

 

Figure 4.2: – Spectral representation of the desired user encoded pulses (black curves) and transfer function of 

the desired encoder (blue curves). 

 

 

Figure 4.1:  – Time representation of the desired encoded pulses (black curves) and impulse response of the 

desired encoder (blue curves). 
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This can be seen in Figure 4.3, where the normalized amplitude is plotted as a 

function of time after the decoding. In this decoding process, it is considered that only three 

users should access the channel in a bit-synchronous manner. Such a low number of 

simultaneous users (three users) in the channel are only to show the interfering users' chips 

after the correlation procedure.  

As can be observed from Figure 4.3, the desired user is successfully decoded so that 

the delays introduced by the encoder for each wavelength element have a complementary 

delay in the decoder leading to a single cumulative delay for all elements (black curves 

within the red window decision). The interfering users, on the other hand, are illustrated as 

the background signal in Figure 4.3 (orange and olive curves). Finally, in the demodulation 

unit shown in the diagram of Figure 3.1, the decoded FFH-OCDMA signal is added to the 

90° optical hybrid and the indication of the phase transmitted with the user data bit is carried 

out after the mixed detection, i.e, multiplication with the broadband pulse of the 

autocorrelation peak. For convenience sake, only the resulting signal of the above mentioned 

multiplication is shown in Figure 4.4, where the absolute normalized power is plotted as a 

function of time. Moreover, regarding Figure 4.4, the black curve is maintained within the 

decision window, but it has been amplified by the multiplication with the reference signal. 

Codes Chips / Wavelengths 

  #1 17   1 25 15 22 20   3 19 24   5 27   0 

  #2 18   2 26 16 23 21   4 20 25   6 28   1 

  #3 19   3 27 17 24 22   5 21 26   7   0   2 

  #4 20   4 28 18 25 23   6 22 27   8   1   3 

  #5 21   5   0 19 26 24   7 23 28   9   2   4 

  #6 22   6   1 20 27 25   8 24   0 10   3   5 

  #7 23   7   2 21 28 26   9 25   1 11   4   6 

  #8 24   8   3 22   0 27 10 26   2 12   5   7 

  #9 25   9   4 23   1 28 11 27   3 13   6   8 

#10 26 10   5 24   2   0 12 28   4 14   7   9 

#11 27 11   6 25   3   1 13   0   5 15   8 10 

#12 28 12   7 26   4   2 14   1   6 16   9 11 

#13   0 13   8 27   5   3 15   2   7 17 10 12 

#14   1 14   9 28   6   4 16   3   8 18 11 13 

#15   2 15 10   0   7   5 17   4   9 19 12 14 

#16   3 16 11   1   8   6 18   5 10 20 13 15 

#17   4 17 12   2   9   7 19   6 11 21 14 16 

#18   5 18 13   3 10   8 20   7 12 22 15 17 

#19   6 19 14   4 11   9 21   8 13 23 16 18 

#20   7 20 15   5 12 10 22   9 14 24 17 19 

#21   8 21 16   6 13 11 23 10 15 25 18 20 

#22   9 22 17   7 14 12 24 11 16 26 19 21 

#23 10 23 18   8 15 13 25 12 17 27 20 22 

#24 11 24 19   9 16 14 26 13 18 28 21 23 

#25 12 25 20 10 17 15 27 14 19   0 22 24 

#26 13 26 21 11 18 16 28 15 20   1 23 25 

#27 14 27 22 12 19 17   0 16 21   2 24 26 

#28 15 28 23 13 20 18   1 17 22   3 25 27 

#29 16   0 24 14 21 19   2 18 23   4 26 28 

 
TABLE 1: FFH User codes generated from 29 available wavelengths 
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 It is noteworthy that the lateral side lobes are eliminated due to multiplication with the 

zero amplitude LO optical field outside the decision window (i.e., outside the red dotted 

rectangle). Once more, this type of MAI elimination does not alter the bit error occurrences 

because the threshold level is compared only to the power within the decision window. 

Therefore, the PSK modulation formats cannot be seen as MAI mitigators, but rather as an 

artifice to increase the SIR. 

 Next, before proceeding with the PSK performance analysis itself, it is necessary to 

compare the results with those published in the literature. By considering that, it is defined a 

 

Figure 4.3: Time representation of the FFH decoder output showing the desired user #23 autocorrelation (black 

curves) in decision window (red curves) superposed by interfering users pulses #24 (green) and #25 (orange). 

 

 

Figure 4.4: Time representation of the QPSK demodulator output showing the desired user #23 autocorrelation 

(black curves) in decision window (red curves). 
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validation criterion for the proposed PSK-based formalisms as to guarantee convergence 

towards the OOK modulation format. It is noteworthy that the proposed BPSK or QPSK-

based FFH-OCDMA network converge to the OOK-based FFH-OCDMA when the addition 

of the LO signal at the input of the 90° optical hybrid does not occur and conventional 

detection (instead of balanced detection) is employed. In order to prove the above statement, 

the networks analyzed by Fathallah et al. [65] are simulated with the proposed formalism. 

The performance evaluation is carried out by using FFH codes with 17 to 29 wavelength 

subbands. The results of the BER as a function of the number of simultaneous users are 

shown in Figure 4.5. The close agreement between the results in [65] and those obtained with 

the proposed formalism (Figure 4.5) proves the ability of this formalism to correctly evaluate 

the performance of legacy OOK-based FFH-OCDMA networks. Nonetheless, these results 

show that OOK-based networks only support a restricted number of users in acceptable BER 

levels, particularly if error-free networks are desired (BER~10
-12

). For example, the 

maximum number of simultaneous users that can be served technically error-free is 14 when 

19 wavelength slots (cross symbols) are available for FFH encoding. Up to roughly 19 

simultaneous users can be supported when 29 wavelength slots (circle symbols) are available 

for FFH encoding. 

The application of the PSK modulation formats allows the BER to be drastically 

reduced, making it possible error-free transmissions even when few wavelength sub bands 

are used. The results of the BER as a function of the number of simultaneous users for the 

PSK-based FFH-OCDMA networks are shown in Figure. 4.6. As the BER difference 

 

Figure 4.5: BER for legacy FFH-OCDMA based on OOK modulation formats using the following number of 

available wavelengths: 19 (cross), 23 (triangles), 27 (squares) and 29 (circles). 
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between these PSK formats is considerably small (the BER of QPSK is approximately twice 

that of BPSK), the BPSK results were omitted to avoid making the figure too dense. 

As can be observed in this figure, error-free transmissions are obtained even when a 

reduced number of 19 wavelengths (cross symbols) are used. As expected, this behavior is 

further improved as the number of wavelengths is increased. The best performance of PSK 

networks occurs, in fact, due to the demodulation process, which provides outputs 

proportional to the auto-correlation peak if the desired user code is transmitted. Moreover, it 

helps reduce the MAI contribution in the chip decision window due to reduction of cross 

correlation signals. Furthermore, note that even though all the curves presented in Figure 4.6 

show that the transmission of data bits occurs error-free, regardless of the number of 

simultaneous users, these curves are intended only to express the trends. 

Next, the performances of the proposed multirate PSK-based FFH-OCDMA networks 

is investigated. The BER as function of the number of simultaneous users for a two-class 

network using QPSK for high-rate user classes and BPSK for low-rate user classes is plotted 

in Figure 4.7. The proposed formalism is also applied to a conventional multirate OOK-based 

FFH-OCDMA as proposed in [40] for validation purposes. As previously mentioned, the 

proposed formalism is robust and shows a close agreement with the performance prediction 

of OOK-based networks (hollow symbols). 

Finally, it can also be observed from Figure 4.7 that the performance of high-rate 

users in the proposed multirate PSK-based network is not significantly penalized in terms of 

BER (or quality of service) as previous studies show [40], [49]-[52]. It should also be 

 

Figure 4.6: BER for proposed FFH-OCDMA based on BPSK/QPSK modulation formats using the following 

available wavelengths: 19 (cross), 23 (triangles), 27 (squares) and 29 (circles). 
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mentioned that even when all the 23 simultaneous users (17 low rate users plus 6 high rate 

users) are active in the network, the BER is still within the error-free limit. 

Once the ideal scenario has been fully considered, it will be discuss in the next section 

how the nonideal encoding scheme impacts the overall networks performance. 

 

b) Second Scenario: Nonideal Encoding 

 

As discussed in the first scenario, several factors are not favorable to the ideal 

encoding adoption in OCDMA networks. These requirements impose three constraints to the 

design of practical networks. Firstly, it implies the use of ultrashort pulses for encoding 

(higher chip rate), which degrades the user’s waveforms due to dispersive effects in the 

channel. Secondly, the encoders and decoders design may be impracticable as the Bragg 

gratings require a very wide bandwidth. Finally, the wide wavelength spacing employed in 

the code design can exceed the spectrum width available in the C-band (L-band should also 

be used). 

In the nonideal encoding scheme, on the other hand, the requirements previously 

mentioned are minimized allowing then a practical adoption of OCDMA networks. In this 

sense, the nonideal scenario includes an encoded pulse width equals to the time chip, feasible 

broadband Bragg gratings, and sufficient wavelengths within the C-band for users’ code 

design. 

 

Figure 4.7: BER for the proposed multirate FFH-OCDMA based on PSK modulation formats (solid symbols) 

and legacy FFH-OCDMA based on OOK modulation format (hollow symbols).  Circles refer to low-rate users 

and squares to high-rate users. 
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The FFH codes are designed to present 12 chips and, consequently, a chip 

transmission rate of 120 Gc/s. Moreover, 29 wavelengths are employed in the users’ code 

design in the spectral range of 1530 nm – 1630.8 nm (3.6 nm spacing). For convenience sake, 

the optical field amplitude of each chip is normalized to the unity.  

Once all the parameters were described accordingly, it is interesting to discuss the 

waveforms associated to the users’ signal before starting the network performance analysis 

itself. 

For convenience sake, only the resulting signal of the desired user in the FFH-

OCDMA network based on the QPSK modulation is shown, since the main purpose is to 

evaluate the influence of the desired signal at the autocorrelation waveform and, 

consequently, on the bit decision. Also, as it was done previously, only will the resulting 

signals for the I channel be shown.  

Initially, the normalized absolute value of the encoded pulses amplitudes of the 

temporal chips (black curves) superposed by the impulse response of the encoder (blue 

curves) as a function of time is shown in Figure 4.8. Note that it is impossible to distinguish 

the individual chips signals in the waveform of encoded signal due to the temporal 

superposition. 

Next, the normalized absolute value of the encoded spectral representation (black 

curves) superposed by the transfer function (blue curves) of the desired user encoder is shown 

in Figure 4.9. Bragg gratings are designed to present a high modulation index depth of 

2.6×10
-3

 with 1mm length in order to operate in large bandwidths [13], [14]. Moreover, the 

 

Figure 4.8: Time representation of the desired encoded pulses (black curves) and impulse response of the 

desired encoder (blue curves). 
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3.6 nm Bragg bandwidth (equal the minimum spacing among the wavelengths in order to not 

have the same wavelength reflection by different gratings) still maintains the 29 wavelengths 

employed in the FFH codes within the C-band. 

 As the main objective is to evaluate the network performance under a MAI limited 

scenario, it is again adopted a back-to-back network configuration, neglecting noises in the 

detector. Sequentially, the FFH decoder removes the wavelength translation introduced in the 

encoder. Then, the chips of the desired user are combined by superposition to form a high 

auto-correlation pulse. All the other interfering chips that do not coincide simultaneously in 

time and wavelength, but only coincide in wavelength, have their energy mostly presented 

aside the autocorrelation pulse. On the other hand, the remaining small part of the interfering 

chips energy is within the decision window and contributes to bit errors. It is worth pointing 

out that this error contribution does not happen in the ideal scenario. The hits from interfering 

users’ chips that coincide in both time and wavelength, in turn, are present at the auto-

correlation time window and, consequently, contribute most effectively to bit errors. Both 

kind of interfering chips are known as cross-correlation signals. 

This statement can be better understood if the FFH-OCDMA is analyzed with some 

users accessing simultaneously the network. Only for convenience sake, it is considered that 

three users share the network in a bit synchronous manner. Here, the highlighted codes in 

Table 1 are used again to make it clear the error contribution occurrence.  In this table, code 

#23, shown in black bold letters, is randomly assigned to the desired user (any other choice 

would produce the same result). The interfering users, in turn, are also assigned by #24 and 

#25 codes (shown in orange and olive bold letters). In this case, the chips of interfering users 

 

Figure 4.9: Spectral representation of the desired user encoded pulses (black curves) and transfer function of the 

desired encoder (blue curves). 
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with identical wavelengths do not coincide temporally when related to desired user sequence. 

Thus, at the same time as the decoding operation regroups the desired user chips to produce 

the autocorrelation signal, the interfering chips in same wavelengths are displaced and a small 

part of their energy is present at the decision window. This can be seen in Figure 4.10, where 

the normalized absolute value of the amplitudes is plotted as a function of time after the 

decoding process. As can be observed from Figure 4.10, the desired user is successfully 

decoded so that the complementary delays (related to the encoder) introduce a cumulative 

delay for all chips (black curves within the red window decision). The interfering users, in 

turn, manifest themselves as a background signal (orange and olive curves). 

Finally, the demodulation process is carried out by mixing the decoded signal (signal 

is added to the 90° optical hybrid) with a broadband pulse, replica of the auto-correlation 

signal, provided by the LO. The signal after demodulation is shown in Figure 4.11, where the 

normalized absolute value of power is plotted as a function of time. Note that the 

multiplication does not alter the waveform of the desired user signal nor the chip position at 

the auto-correlation peak. Moreover, the auto-correlation chip signal is maintained whereas 

the cross-correlation signals aside the decision window are suppressed by the LO signal. 

Once again, this type of MAI does not have influence over the errors because the bit decision 

is made by comparison with the signal within the window decision. Therefore, as in the 

previous section, the demodulation can be seen as a MAI mitigation method and, 

consequently, as a mechanism to increase the SIR. 

Next we evaluate the performances of both OOK- and PSK-based FFH-OCDMA 

 

Figure 4.10: Time representation of the FFH decoder output showing the desired user autocorrelation (black 

curves) in the decision window (red curves) superposed by interfering users pulses (orange and olive curves). 
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networks under nonideal scenario (regarding the waveforms shown along this section). 

Firstly, the BER as a function of the number of simultaneous users for OOK-based network is 

shown in Figure 4.12. 

 As can be observed, the BER performance is considerably penalized. This is due to 

the auto-correlation power set outside the window decision (the temporal width of the 

window decision is the same of one temporal chip) and also the cross-correlation power 

added at the window decision. In this case, the maximum number of simultaneous users that 

transmits in the error-free regime decreases to 11 and 15, respectively, when 19 and 29 

wavelength slots are available for the code generation.  

 

Figure 4.11: Time representation of the demodulation output showing the desired user autocorrelation (black 

curves) in the decision window (red curves) superposed by interfering users pulses (green and olive curves). 

 

 

Figure 4.12: BER for the proposed FFH-OCDMA based on OOK modulation formats considering a nonideal 

scenario and using the following wavelength subbands: 19 (cross), 23 (triangles), 27 (squares) and 29 (circles). 
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 Next, the performance of the PSK-based network over the nonideal scenario is 

investigated. The BER as a function of the number of simultaneous users is shown in Figure 

4.13. As can be noticed, the BER levels are maintained below the error-free limit even when 

all users are present in the network, independently of the number of available wavelengths 

slots employed in the code design. 

Finally, the multirate OCDMA performance based on both OOK and PSK modulation 

formats is analyzed under the nonideal encoding scenario. The results are shown in Figure 

4.14. Initially, the performance results of the OOK-based multirate OCDMA (hollow 

symbols) is considered. As can be seen, the desired user performance at high rate 

transmission is unacceptable if error-free communication is desired. On the other hand, OOK 

can support up to 11 simultaneous users under an error-free environment when the desired 

user transmits at low rate. However, this small number of users does not satisfy the PON 

standard requirements. Fortunately, the proposed PSK-based multirate network supports a 

number of users far superior than that of legacy OOK-based multirate network. The 

performance results of PSK-based networks (solid symbols), also shown in Figure 4.14, 

clearly reveals that, independently of the desired user transmission rate, the BERs remain 

under the error-free region. 

 

 

 

 

Figure 4.13: BER for the proposed FFH-OCDMA based on PSK modulation formats considering a nonideal 

scenario and using the following wavelength subbands: 19 (cross), 23 (triangles), 27 (squares) and 29 (circles). 
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Figure 4.14: BER for the proposed multirate FFH-OCDMA based on PSK modulation formats (solid symbols) 

and legacy FFH-OCDMA based on OOK modulation format (hollow symbols).  Circles refer to low-rate users 

and squares to high-rate users. 
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CHAPTER 5 
 

5 CONCLUSIONS 

 

 In this thesis, the performances of single and multirate FFH-OCDMA networks based 

on coherent modulation formats were addressed. The proposed formalism accounted for the 

influence of MAI on the desired user’s signal/receiver. It was shown that PSK modulation 

formats (BPSK or QPSK) can increase the SIR of the desired user's receiver when compared 

to legacy OOK-based networks. Consequently, the performance of the single rate PSK-based 

network indicated that users can transmit error-free even when the maximum number of users 

is simultaneously active in the network. This is true for any number of wavelength slots (i.e., 

17, 23, 27 or 29 wavelengths) available for FFH code generation. In addition, it was also 

investigated the performance of a new PSK-based multirate network (which employs BPSK 

and QPSK modulation formats for low- and high-rate user classes, respectively). This 

network configuration offers the advantage of not requiring code length reduction of high-

rate users by virtue of QPSK multiple bits per symbol transmission (two bits). The results 

show that when a maximum of 23 simultaneous users (17 low-rate users plus 6 high-rate 

users) are active in the PSK-based network and the SIR improvement is good enough to 

support error-free transmission of the desired user in both class. Furthermore, the users can 

surprisingly achieve similar BER performance for both low- and high-rate classes. Therefore, 

these advanced PSK formats are indeed potential candidates for NG-PON2 where higher data 

rates and vast amounts of users will be major network requirements. 
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5.1 FUTURE PERSPECTIVES 

 

In this section, some suggestions on how this work can contribute to improve the 

performance of OCDMA network are presented. Although the results presented here have 

demonstrated the effectiveness of the BPSK and QPSK for increasing the performance, many 

opportunities for extending the scope of this thesis still remains. The results of this thesis 

point to several interesting directions for future work: 

 

 Utilization of polarization multiplexing in order to double the spectral efficiency of 

phase modulation techniques; 

 Moving to higher order modulation formats to provide more differentiated services in 

multirate networks; 

 Employment of adaptive modulation techniques to improve the operational efficiency 

of networks. 
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APPENDIX A – FIBER BRAGG GRATING 

MODELING 

 

The fiber Bragg gratings are normally constructed in a short segment of optical fiber 

in order to reflect particular wavelengths. This is achieved based on a periodic variation of 

the refractive index of the optical fiber core. Then, in the generalized form, this variation can 

be represented by the combination of several functions as [87] 

 

𝛿𝑛𝑒𝑓𝑓  𝑧 = 𝛿𝑛    
𝑒𝑓𝑓  𝑧 + 𝐴𝑝 𝑧 𝑓  

Λ 𝑧 

cos θb 
, z , 

(A1) 

 

where 𝛿𝑛    
𝑒𝑓𝑓  𝑧  is the average value of the modulation index, 𝐴𝑝 𝑧  is the amplitude of the 

modulation along the grating (apodization), 𝑓 Λ 𝑧 / cos θb , z  is the function that 

represents the modulation profile, Λ 𝑧  is the grating period, and θb  is the inclined grating 

degree. 

 The writing technique process occurs via optical interference and increases the 

modulation amplitude (consequently, increasing the reflection index). Thus, 𝐴𝑝 𝑧  can be 

expressed as [87] 

 

𝐴𝑝 𝑧 = 𝛿𝑛    
𝑒𝑓𝑓  𝑧 𝑣 𝑧 , (A2) 

 

where 0 ≤ 𝑣 𝑧 ≤ 1 is the fringe visibily, which depends directly on the interference quality.  

 For example, the commonly adopted functions for the apodization profile are the 

following 

 

a. Sinc profile 

 

𝐴𝑝 𝑧 =

sin  
2𝜋 𝑧−

𝐿

2
 

𝐿
 

2𝜋 𝑧−
𝐿

2
 

𝐿

 

 

 

(A3) 
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b. Hiperbolic tangent 

 

𝐴𝑝 𝑧 =
tanh  P  1 − 2  

z−L 2 

L
   

tanh P 
 

 

(A4) 

 

c. Raised cosine 

 

𝐴𝑝 𝑧 =
1

2
 1 + cos  

π z − L 2  

FWHM
   

 

(A5) 

 

d. Raised Gaussian 

 

𝐴𝑝 𝑧 = exp  −  2 ln 2 1 P  
z − L 2 

FWHM
  

P

  
 

(A6) 

 

where FWHM is the full width at half maximum, 𝐿 is the grating length and 𝑃 is used to 

adjust the desired profile.  

 The writing of the Bragg gratings generates a modulation profile with sinusoidal 

characteristics. Thus, the 𝑧-dependence of the index perturbation is approximately quasi-

sinusoidal in the sense that it can be written as [82] 

 

𝛿𝑛𝑒𝑓𝑓  𝑧 = 𝛿𝑛    
𝑒𝑓𝑓  𝑧  1 + 𝑣 𝑧 cos  

2𝜋

Λ
𝑧 + 𝜙 𝑧   , 

(A7) 

 

where 𝜙 𝑧  is the slowly varying grating phase.  

The relation between the spectral dependence of a fiber grating and the corresponding 

grating structure is usually described by the coupled mode theory. Coupled mode theory is 

described in several works and detailed analysis can be found in [88]-[91]. Here, it is 

considered the fiber is lossless and single mode in the wavelength range of interest, i.e, it is 

considered only one forward and one backward propagating mode. Then, near the wavelength 

for which reflection of a mode of amplitude 𝐴 𝑧  into an identical counter-propagating mode 

of amplitude 𝐵 𝑧  is the dominant interaction in a Bragg grating, the coupled mode equations 
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may be simplified by retaining only terms that involve the amplitudes of the particular mode 

[82].  

The forward and backward propagating field envelopes are mutually coupled by the 

coupled mode equations 

 

𝑑𝑅 𝑧 

𝑑𝑧
= 𝑖𝜎 𝑅 𝑧 + 𝑖𝜅𝑆 𝑧 , 

(A8) 

 

and 

 

 

𝑑𝑆 𝑧 

𝑑𝑧
= −𝑖𝜎 𝑆 𝑧 − 𝑖𝜅∗𝑢 𝑧 , 

(A9) 

 

where the amplitudes 𝑅 𝑧 = 𝐴 𝑧 𝑒𝑖 𝛿𝑧−𝜙 2   and 𝑆 𝑧 = 𝐵 𝑧 𝑒−𝑖 𝛿𝑧+𝜙 2  , 𝜅 is the ―ac‖ 

coupling coefficient and 𝜎 is a general―dc‖ self-coupling coefficient defined as 

 

𝜎 = 𝛿 + 𝜎 −
1

2

𝑑𝜙

𝑑𝑧
, 

(A10) 

 

The detuning , which is independent for all gratings, is defined to be 

 

𝛿 = 𝛽 −
𝜋

Λ
= 2𝜋𝑛𝑒𝑓𝑓  

1

𝜆
−

1

𝜆𝐷
 , 

(A11) 

 

where 𝛽 is the mode propagation constant, 𝜆𝐷 ≡ 2𝑛𝑒𝑓𝑓 Λ is the ―design wavelength‖ and 𝑛𝑒𝑓𝑓  

is the effective index. Note that when 𝛿 = 0, the Bragg condition 𝜆 = 2𝑛𝑒𝑓𝑓 Λ is found. 

In addition, for a single-mode Bragg reflection grating, it is found the following 

simple relations 

 

𝜎 =
2𝜋

𝜆
𝛿𝑛    

𝑒𝑓𝑓  
(A12) 

 

and 

𝜅 = 𝜅∗ =
𝜋

𝜆
𝑣𝛿𝑛    

𝑒𝑓𝑓  (A13) 
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If the grating is uniform, 𝛿𝑛    
𝑒𝑓𝑓  is a constant, and 𝑑𝜙 𝑑𝑧 = 0, and 𝜅 , σ and σ  are 

constants. Thus, (A8) and (A9) are coupled first-order ordinary differential equations with 

constant coefficients, for which closed-form solutions can be found when appropriate 

boundary conditions are specified. 

Once the coupled mode formalism has been described, the numerical method utilized 

to model the encoders/decoders, known as transfer matrix method (TMM) [87], [92], is now 

presented. 

In TMM, the grating is divided into a sufficient number 𝑁 of sections so that each 

section can be approximately treated as uniform. Let the section length be 𝛥 =  𝐿/𝑁. By 

applying in the appropriate boundary conditions and solving the coupled-mode equations, it 

is found that the transfer matrix relation between the fields at 𝑧 and at 𝑧 +  𝛥 is 

  

 
𝐴𝑘−1

+

𝐵𝑘−1
+  = 𝑇𝑘  

𝐴𝑘
+

𝐵𝑘
+  

 

 

(A14) 

where𝜑 =  𝜅2 − 𝜎 2 and 𝐿𝑘  is length of the 𝑘-th section of the gratting. 

As a result, 𝑇𝑘  is a 2 × 2 matrix with elements [87] 

 

𝑇𝑘 =

 
 
 
 
 cosh 𝜑𝐿𝑘 − 𝑖

𝜎 

𝜑
sinh 𝜑𝐿𝑘               − 𝑖 

𝜅

𝜑
sinh 𝜑𝐿𝑘 

𝑖 
𝜅∗

𝜑
sinh 𝜑𝐿𝑘 cosh 𝜑𝐿𝑘 + 𝑖

𝜎 

𝜑
sinh 𝜑𝐿𝑘 

 
 
 
 
 

 

 

(A15) 

 

Once given all transfer functions of the 𝑀 sections, the full transfer function of the 

grating 𝑇 is calculated via products of individual matrices 𝑇𝑘  as 

 

 

𝑇 =  𝑇𝑘

𝑀

𝑘=1

 

(A16) 

 

and, consequently 
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𝐴+ 0 

𝐵+ 0 
 = 𝑇  

𝐴+ 𝐿 

𝐵+ 𝐿 
  

(A17) 

 

Finally, the coefficients of reflection and transmission can be calculated as 

 

𝑅 =  
𝑇21

𝑇11
 

2

 
(A18) 

 

and 

 

𝑇𝑟 =  
1

𝑇11
 

2

, 
(A19) 

 

respectively. 

 The mathematical formalism necessary to simulate the behavior of Bragg gratings has 

been described in order to show the encoded desired user signal. In all simulations performed, 

the same parameters adopted for the nonideal scenario given in the beginning of this thesis 

were used. The main objective is to evaluate the side lobes suppression of apodized gratings. 

 Figure A.1 shows the transfer function of the desired user encoder employing uniform 

gratings. As can be seen, the side lobes are quite noticeable, which impact significantly in a 

negative manner on the encoding quality. Nonetheless, as mentioned above, the encoding 

quality can be improved when considering gratings with a specific apodization profile. In this 

case, it is adopted the 𝑠𝑖𝑛𝑐 profile in order to also compare the results with those of Fathalah 

 

Figure A.1: Transfer Function of One Chip Encoder Using Uniform Grating.                                                                                                                           

Uniform Grating . 
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et. all [65]. Finally, the transfer function of the desired user encoder when 𝑠𝑖𝑛𝑐 apodized 

gratings are used is shown in Figure A2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2: Transfer Function of One Chip Encoder Using 𝑆𝑖𝑛𝑐 Apodized Grating. 
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APPENDIX B - OPTIMUM THRESHOLD 

EVALUATION 

 

The decision process influences directly in the network performances and, therefore, 

such stage should have utmost attention. In this sense, the threshold value has a critical 

impact on the bit decision and, therefore, it is a variable to be optimized. Here, it is obtained a 

threshold value that optimizes the general network performance in terms of BER, as 

demonstrated in [93], [94]. 

In order to illustrate the detection process of a Gaussian variable, the performance of 

the receptor is given by 

 

𝑃𝑒 = 𝑃 𝑍 = 1 ≥ 𝑇 0  𝑃 0 + 𝑃 𝑍 = 0 < 𝑇/1 𝑃 1  (B1) 

 

where 𝑍 is the decision variable, 𝑇  is the threshold and, 𝑃 0  and 𝑃 1  are the probabilities 

of transmission of bits ―0‖ and ―1‖, respectively. 

The decision variable 𝑍, in the instant of sampling, has a Gaussian probability density 

function when the bit ―1‖ is detected is given by 

 

𝑃 𝑍 =
1

 2𝜋𝜎1

𝑒
−

 𝑍−𝜇 1 2

2𝜎1
2

, 
 

(B2) 

 

where 𝜇1  and 𝜎1
2  are the mean and variances associated with the bit ―1‖ transmission, 

respectively. Similarly, the decision variable Z when the ―0‖ bit is detected has a Gaussian 

probability density function given by 

 

𝑃 𝑍 =
1

 2𝜋𝜎0

𝑒
−

 𝑍−𝜇 0 2

2𝜎0
2

,  
 

(B3) 

 

where 𝜇0  and 𝜎0
2  are the mean and variance associated to the bit ―0‖ transmission, 

respectively. 
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 Considering that both bits ―0‖ and ―1‖ are transmitted with equal probabilities, i.e, 

𝑃 0 = 𝑃 1 = 1
2 , the error probability in the receptor can be expressed as 

 

𝑃𝑒 =
1

2
 

1

 2𝜋𝜎1

𝑒
−

 𝑍−𝜇 1 2

2𝜎1
2

𝑑𝑍 +
1

2

𝑇

−∞

 
1

 2𝜋𝜎0

𝑒
−

 𝑍−𝜇 0 2

2𝜎0
2

𝑑𝑍

∞

𝑇

 

 

(B4) 

  

The optimum threshold can be obtained by equating the above equation to zero and, 

then, differentiating for 𝑇 . After the differentiation it is obtained the ensuing equation 

 

𝑑𝑃𝑒

𝑇
= 𝑃 𝑍 = 0 < 𝑇/1 𝑃 1 − 𝑃 𝑍 = 1 ≥ 𝑇 0  𝑃 0 = 0 

 

𝑃 𝑍 = 0 < 𝑇/1 = 𝑃 𝑍 = 1 ≥ 𝑇 0    

1

𝜎1
𝑒

−
 𝑍−𝜇 1 2

2𝜎1
2

=
1

𝜎0
𝑒

−
 𝑍−𝜇 0 2

2𝜎0
2

 
 

 𝑇 − 𝜇0 
2

2𝜎0
2 −

 𝜇1 − 𝑇 2

2𝜎1
2 = ln  

𝜎1

𝜎0
 , 

 

(B5) 

 

which can be substituted by the following equivalent quadratic equation 

 

𝑎𝑇
2 + 𝑏𝑇 + 𝑐 = 0, (B6) 

 

where 𝑎 = 𝜎1
2 − 𝜎0

2 , 𝑏 = 2 𝜇1𝜎0
2 − 𝜇0𝜎1

2 , and 𝑐 = 𝜇0𝜎1
2 − 𝜇1𝜎0

2 − 2𝜎1
2𝜎0

2 ln  
𝜎1

𝜎0
 . Thus, 

solving the quadratic equation for 𝑇 , it is obtained that 

 

𝑇 =

−𝜇1𝜎0
2 + 𝜇0𝜎1

2 +  𝜎1
2𝜎0

2 𝜇1 − 𝜇0 
2 + 2 𝜎1

2 − 𝜎0
2 ln  

𝜎1

𝜎0
 

𝜎1
2 − 𝜎0

2  

 

(B7) 

 

Further, if the signal is much larger than the noise, it can be considered that 

 

 𝜇1 − 𝜇0 
2 ≫

2 𝜎1
2 − 𝜎0

2 ln  
𝜎1

𝜎0
 

𝜎1
2𝜎0

2  

 

(B8) 
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Therefore, the optimum decision threshold is given by 

 

𝑇 =
𝜇1𝜎0 + 𝜇0𝜎1

𝜎1 + 𝜎0
 

 (B9) 

 

Finally, under the condition 𝜎1 = 𝜎0, the optimum threshold can be expressed as 

 

𝑇 =
𝜇1 + 𝜇0

2
 

(B10) 
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APPENDIX C – FFH CODES CONSTRUCTION 

 

The FFH sequences can be constructed by means of two distinct theorems related if 

the number of available wavelengths is odd or even [37], [38]. Only for convenience sake, 

this appendix is restricted to odd wavelength number approach, which is used in the codes 

construction used in this thesis. 

Firstly, let the number of available wavelengths 𝑞  be an odd integer. In addition, 

consider 𝐶 =  𝑐0 , 𝑐1 , … , 𝑐2𝑘−1  a permutation of 𝐷 =  𝑑 + 1, 𝑑 + 2, … , 𝑞 − 𝑑 − 1  , where 𝑑 

is the absolute value of the diference between two adjacent wavelengths and 2𝑘 = 𝑞 − 2𝑑 −

1. Further, let 

 

𝐷𝑛 𝑗 =   𝑐𝑖

 𝑛+𝑗−1 𝑚𝑜𝑑  2𝑘 

𝑖=𝑛

 𝑚𝑜𝑑 𝑞 , 

 

(C1) 

 

where 0 ≤ 𝑛 ≤ 2𝑘 − 1 and 2 ≤ 𝑗 ≤ 𝑘. Then, it is selected 𝐶 among all possible permutations 

of 𝐷 which satisfies 

 

1. 𝑐𝑖 + 𝑐𝑖+𝑘 = 𝑞, and 2 ≤ 𝑗 ≤ 𝑘; 

2. For each j, 2 ≤ 𝑗 ≤ 𝑘, all 𝐷𝑖 𝑗  are different for 0 ≤ 𝑖 ≤ 2𝑘 − 1; 

 

If the vector 𝐶  exists, it is called generator sequence, and a set of 𝑞  FFH sequences are 

generated by  

 

𝐹𝑗 =  𝐷0 1 + 𝑗, 𝐷0 2 + 𝑗, … , 𝐷0 2𝑘 + 𝑗  , (C2) 

 

where 0 ≤ 𝑗 ≤ 𝑞 − 1, and ―+‖ is modulo q addition. 

 Even though the main steps of the FFH construction proposed in [37] have been 

revisited, it is interesting to provide the final sequences generated from 19, 23 and 27 

available wavelengths (note that the codes sequences generated from 29 available 

wavelengths were presented in Table 1). The respective tables follow. 
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Codes Chips / Wavelengths 

  #1   2   3 16   9 18 10   8 7 13   1 11   0 

  #2   3   4 17 10   0 11   9   8 14   2 12   1 

  #3   4   5 18 11   1 12 10   9 15   3 13   2 

  #4   5   6   0 12   2 13 11 10 16   4 14   3 

  #5   6   7   1 13   3 14 12 11 17   5 15   4 

  #6   7   8   2 14   4 15 13 12 18   6 16   5 

  #7   8   9   3 15   5 16 14 13   0   7 17   6 

  #8   9 10   4 16   6 17 15 14   1   8 18   7 

  #9 10 11   5 17   7 18 16 15   2   9   0   8 

#10 11 12   6 18   8   0 17 16   3 10   1   9 

#11 12 13   7   0   9   1 18 17   4 11   2 10 

#12 13 14   8   1 10   2   0 18   5 12   3 11 

#13 14 15   9   2 11   3   1   0   6 13   4 12 

#14 15 16 10   3 12   4   2   1   7 14   5 13 

#15 16 17 11   4 13   5   3   2   8 15   6 14 

#16 17 18 12   5 14  6   4   3   9 16   7 15 

#17 18   0 13   6 15   7   5   4 10 17   8 16 

#18   0   1 14   7 16   8   6   5 11 18   9 17 

#19   1   2 15   8 17   9   7   6 12   0 10 18 

 
TABLE C.1: FFH User codes generated from 19 available wavelengths 

 

 

Codes Chips / Wavelengths 

  #1 10   2 21 18 12 17   7 15 19 22   5   0 

  #2 11   3 22 19 13 18   8 16 20   0   6   1 

  #3 12   4   0 20 14 19   9 17 21   1   7   2 

  #4 13   5   1 21 15 20 10 18 22   2   8   3 

  #5 14   6   2 22 16 21 11 19   0   3   9   4 

  #6 15   7   3   0 17 22 12 20   1   4 10   5 

  #7 16 8 4   1 18   0 13 21   2   5 11   6 

  #8 17   9   5   2 19   1 14 22   3   6 12   7 

  #9 18 10   6   3 20   2 15   0   4   7 13   8 

#10 19 11   7   4 21   3 16   1   5   8 14   9 

#11 20 12   8   5 22   4 17   2   6   9 15 10 

#12 21 13   9   6   0   5 18   3   7 10 16 11 

#13 22 14 10   7   1   6 19   4   8 11 17 12 

#14   0 15 11   8   2   7 20   5   9 12 18 13 

#15   1 16 12   9   3   8 21   6 10 13 19 14 

#16   2 17 13 10   4   9 22   7 11 14 20 15 

#17   3 18 14 11   5 10   0   8 12 15 21 16 

#18   4 19 15 12   6 11   1   9 13 16 22 17 

#19   5 20 16 13   7 12   2 10 14 17   0 18 

#20   6 21 17 14   8 13   3 11 15 18   1 19 

#21   7 22 18 15   9 14   4 12 16 19   2 20 

#22   8   0 19 16 10 15   5 13 17 20   3 21 

#23   9   1 20 17 11 16   6 14 18 21   4 22 

 
TABLE C.2: FFH User codes generated from 23 available wavelengths 
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Codes Chips / Wavelengths 

  #1 13   9 19 10 26 24 11 15   5 14 25   0 

  #2 14 10 20 11   0 25 12 16   6 15 26   1 

  #3 15 11 21 12   1 26 13 17   7 16   0   2 

  #4 16 12 22 13   2   0 14 18   8 17   1   3 

  #5 17 13 23 14   3   1 15 19   9 18   2   4 

  #6 18 14 24 15   4   2 16 20 10 19   3   5 

  #7 19 15 25 16   5   3 17 21 11 20   4   6 

  #8 20 16 26 17   6   4 18 22 12 21   5   7 

  #9 21 17   0 18   7   5 19 23 13 22   6   8 

#10 22 18   1 19   8   6 20 24 14 23   7   9 

#11 23 19   2 20   9   7 21 25 15 24   8 10 

#12 24 20   3 21 10   8 22 26 16 25   9 11 

#13 25 21   4 22 11   9 23   0 17 26 10 12 

#14 26 22   5 23 12 10 24   1 18   0 11 13 

#15   0 23   6 24 13 11 25   2 19   1 12 14 

#16   1 24   7 25 14 12 26   3 20   2 13 15 

#17   2 25   8 26 15 13   0   4 21   3 14 16 

#18   3 26   9   0 16 14   1   5 22   4 15 17 

#19   4   0 10   1 17 15   2   6 23   5 16 18 

#20   5   1 11   2 18 16   3   7 24   6 17 19 

#21   6   2 12   3 19 17   4   8 25   7 18 20 

#22   7   3 13   4 20 18   5   9 26   8 19 21 

#23   8   4 14   5 21 19   6 10   0   9 20 22 

#24   9   5 15   6 22 20   7 11   1 10 21 23 

#25 10   6 16   7 23 21   8 12   2 11 22 24 

#26 11   7 17   8 24 22   9 13   3 12 23 25 

#27 12   8 18   9 25 23 10 14   4 13 24 26 

 
TABLE C.3: FFH User codes generated from 27 available wavelengths 
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