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Resum 
 
Tras ser aplicada con éxito la tecnología de acceso CDMA en el ámbito de las 
comunicaciones inalámbricas, la variante óptica OCDMA se perfila como una 
alternativa para futuras redes ópticas. Este trabajo se centrará en las redes 
ópticas pasivas (PON) y tiene tres objetivos: 
En primer lugar, dada la profundidad y extensión del tema, ofrecer un resumen 
general. Varios tipos de códigos ópticos son examinados y se describen y 
comparan diversas tecnologías válidas para implementar dichos códigos. 
A continuación, proporcionar unas pautas que faciliten el diseño de redes PON 
basadas en  la tecnología OCDMA. Pueden considerarse diferentes 
aproximaciones debido a la flexibilidad en el diseño que proporciona OCDMA. 
Y, finalmente, esbozar una posible solución, discutiendo y analizando 
cuestiones clave como la codificación óptica o hardware 
codificador/decodificador. También se estudiarán el comportamiento del 
sistema o la arquitectura de la red. 
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Overview 
 
 
After successful application of CDMA techniques in wireless communications, 
optical CDMA has been considered as a candidate for future access networks. 
We will focus on passive optical networks (PONs) in particular. This work 
pursues three main goals: 
First, due to the depth and extension of the topic, offer a comprehensive 
overview. Several classes of optical codes are reviewed and different 
technologies for implementing codes are described and compared. 
Second, provide some guidelines in order to facilitate the design of OCDMA-
based PONs. Since OCDMA allows flexible network design, different 
approaches can be considered. 
Finally, outline a possible solution, discussing and analyzing key issues as 
optical coding and encoding/decoding hardware. System performance or 
network architecture are also studied. 
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INTRODUCTION 
 
 
After successful aplication of CDMA technology in wireless communications, 
optical CDMA has been considered as a candidate for future optical access 
networks. In this work we will focus on passive optical networks (PONs). 
 
OTDM and WDM have been proposed to support multiple access in PON 
networks. However, both of them have serious drawbacks: OTDM needs for 
strict synchronization and WDM hardware is currently too expensive. Besides, it 
is expected that a variety of services such as data, voice or video will require 
higher bit-rates. Customers served by fiber-to-the-home (FTTH) will demand 
more bandwidth and triple-play services including high-speed Internet, voice 
over IP (VoIP), and advanced television (high-definition TV or video on 
demand). 
 
An alternative approach is the use of OCDMA, which offers advantages such as 
security, simplified network control or service differentiation. In addition, by 
assigning a unique code to each user, many simultaneous users can share the 
optical bandwidth. At the receiver, the decoder recover the information in 
presence of interference. Multiple access interference (MAI) is the main source 
of bit errors. 
 
The key is finding suitable codes and proper encoding/decoding hardware. 
Different classes of codes are examined, both one dimensional (1-D) and two 
dimensional (2-D), known as wavelength-hopping time-spreading (WHTS). An 
important feature is that the optical encoding and decoding are performed in the 
optical domain. Due to the “all-optical processing”, the transmitter and the 
receiver do not require significant electrical equipment. 
 
Next, we summarize the numerous devices proposed for implementing the 
encoding an decoding operations, focusing on fiber Bragg gratings (FBG). FBG 
provide atractive features such as cheapness, simplicity or high performance. 
For this reason, we believe that FBG technology may enable eventual 
deployement of OCDMA-PON networks. 
 
Finally, we present the design of a OCDMA system with 2,5 Gb/s per user. 
WHTS codes are generated by using on-off keying (OOK). We analyse the 
dimensions of the codes in order to achive a BER of less than 10-9 . To 
implement the encoders and decoders we use linear arrays of uniform FBGs. 
The feasibility improves by choosing an hybrid architecture, compatible with the 
existing PON network. 
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CHAPTER 1. SYSTEM ARCHITECTURE 
 

1.1. OCDMA for PON networks 
 

1.1.1. Broadband optical access networks 
 
Passive optical network (PON) technology is viewed as a solution to the 
deployement of Fiber to the Home (FTTH) services [1, 2]. This is due to 
technical and economical reasons. It is expected that customers will demand  
broadband access and triple-play services. These include high-speed Internet, 
voice over IP (VoIP) and broadcasting video. High-definition TV (HDTV) or IP 
television (IPTV) will become new forms of entertainment and communications. 
 
There are basically two kinds of FTTH networks: the passive optical network 
(PON), or  P2P Ethernet. The PON is a point-to-multipoint (P2MP) network 
which is implemented with splitters/combiners, and with active equipment at the 
ends. P2P Ethernet uses switches instead of splitters/combiners. 
 
As shown in Fig.1.1, PON network is based on a tree architecture and passive 
splitters to distribute the signal. The optical line terminal (OLT) at the end office 
and a number of optical network units (ONUs) at the end users are the basic 
elements. The physical distance between the OLT and the ONUs varies, and 
can be as large as 20 km. The optical distribution network (ODN) uses standard 
single mode fiber.  
 
 

                      
 

Fig. 1.1 Tree architecture for PON implementation. 
 
The optical splitter can be considered the most important feature of PON 
because allows the access network to be ellectrically passive. This architecture 
needs for less fiber than a point-to-point architecture with fiber direct from the 
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OLT to each home. The cost reduction is achived using the splitter to take one 
fiber from the OLT and serve up to 32 homes. Most PONs are deployed with a 
split ratio 1x32. 
 
In the downstream direction, a wavelength broadcast to all the users while in 
the upstream direction, a different wavelength is used to carry data from each 
ONU to the OLT. The nominal wavelength of the upstream transmitter is 1310 
nm and downstream transmission is at 1490 nm. In addition, a  band at 1550 
nm can provide optional services such as broadcast video transmitted as 
analogue RF signals. Since users transmit in the upstream direction on the  
same wavelength, a multiple access technique is required. Both TDMA  and 
WDMA have been proposed for PONs. 
 
TDM PONs have been deployed using ATM and Ethernet standards and   WDM 
technologies could be a solution in the future [3]. Standards have been 
developed and published by ITU, and these include Broadband PON (B-PON), 
Gigabit PON (G-PON) or Ethernet PON (E-PON) as shown in Table 1.1. The 
first FTTH architecture was based on the ITU-T APON access network, which is 
standardized in the G.983 series of recommendations, with eventual migrations 
to G-PON and E-PON. 
 
 
Table 1.1.  Series of recommendations and standards. 
 
         Series                              Standards 

ITU-T G.983x        APON   (ATM PON) 
       BPON   (Broadband PON) 

ITU-T G.984x        GPON   (Gigabit PON) 
     IEEE 802.3ah        EPON  or GEPON (Ethernet PON) 
 
 
Each standard provides more capacity and allows more efficient transmission of 
services. Capacity ranges from 155 Mb/s to 2.5 Gb/s shared among 8-32 users. 
The original capacities have been extended  via amendments to meet the need 
for higher-speed access. A summary is given in Table 1.2. 
 
 
Table 1.2.  Comparison for capacities. 
 
         Standards                               Bit rates 
     BPON   155/155 Mb/s     

  622/155 Mb/s 
  622/622 Mb/s                                G.983.1 amemd 1 
  1244/622 Mb/s                              G.983.1 amemd 2 

     GPON   1.25 and 2.5 Gb/s                          downstream 
  155, 622 Mb/s  or 1.25, 2.5 Gb/s   upstream 

     EPON   1.25 / 1.25 Gb/s                             symmetrical 
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The most important design aspect of the PON is its lost budget and standards 
specify three classes of loss (A, B, and C). EPON supports only ODN (Optical 
Distribution Network) classes A and B, while BPON and GPON also support 
ODN class C. Class C allows PON network to extend beyond 20 Km reach and 
support a large number of end-users, reaching up to 64 ONUs. Fig 1.2 
compares the three classes in terms of distance and split ratio [4]. With class C 
the split ratio is doubled comparing to class B. Therefore, less fiber and OLTs 
have to be deployed, bringing cost savings. 
 
 

              
                      Fig. 1.2 Comparison between ODN classes. 
 
 
Wavelength-division multiple access (WDMA) is an approach that offers more 
uplink capacity. The WDM PON network architecture is a point-to-point 
connection between the OLT and the ONU,  because each ONU receives its 
own assigned wavelength. If in TDM PON is used a pasive optical splitter, in 
WDM PON is used a WDM mux/demux. In case of migrating from TDM PON to 
WDM PON, the optical splitter at the remote node can be replaced by a passive 
mux/demux. 
 
In comparison to TDM PON, WDM PON offers several advantages. First, higher 
bandwidth, with dedicated wavelength an bandwidth for each ONU. Each user 
can have its own downstream bandwidth without sharing with others users. 
Second, flexible bandwidth and format, data rate and format on each 
wavelength can be different. Third, there is no need for collision avoidance in 
the upstream direction. And, finally, higher upgrade-ability because there is a 
dedicated link and a dedicated wavelength. 
 
The main drawback of WDM-base access network is the cost of the 
components. However, it is expected a migration in the near future from TDM 
PONs to WDMA if can be reduced the cost of the optical network unit (ONU). 
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Implementations of WDM systems can be based on dense WDM or coarse 
WDM. The goal of DWDM is to maximize the distance without electrical 
regeneration and distribute the cost of an amplifier across the maximum number 
of wavelengths. On the other hand, in CWDM the goal is to minimize the cost of 
components in systems where the distance is short. Therefore, CWDM 
technologies are cheaper than DWDM technologies and CWDM-based PON 
deployement should be considered first. Fig 1.3 illustrates both types of 
systems [5]. 
 
 
 

 
 
                       Fig. 1.3 Dense vs. Coarse  WDM  transmission. 
 
 

1.1.2. OCDMA strengths and drawbacks 
 
In this scenario, OCDMA appears as an attractive alternative for access 
networks [6-8]. Despite some drawbacks, OCDMA  offers many advantages, 
mainly at the networking level [8, 9].       
 
Optical CDMA simplifies network control and management. All the users can 
operate asynchronously in the uplink. There is no need for a channel control 
mechanism (Medium Access Control protocol, for instance) to avoid collisions. 
TDMA requires control on synchronization and WDMA needs for control on 
wavelength. 
 
In OCMA systems, many simultaneous users can share the optical bandwidth 
by assigning a unique code to each user. The number of active users is much 
larger than the number of available wavelengths. Besides, new users can be 
added to the network by assigning new codes. The use of 2-D codes provides a 
larger number of codes (cardinality) and allows flexible network design. Both 
WDMA and OTDMA are limited in the scalability of the number of users by the 
number of available wavelengths and the number of time slots, respectively 
 
Another attractive feature is that optical CDMA can support a variety of 
services, with different bit rates and QoS. This is due to the use of codes with 



System architecture   7 

different lengths [10]. For example, video requires higher bit rates and QoS than 
voice or data. 
 
And, finally, OCDMA provides security at the physical layer. Each OCDMA 
transmitter/receiver pair uses a specific code. The receiver uses the exact code 
to separate  the information from other users that transmit on different codes. It 
is difficult for an eavesdropper to demodulate the signal without knowing the 
code that it is been used because an OCDMA coding scheme has a large 
number of possible codes. The degree of security of an OCDMA system 
depends on the size of its code space ( the number of different codes that may 
be used). In contrast, intercepting data from a WDM network would be easy. 
For instance, the data of a channel could be obtained with the use of the 
appropiate wavelength filter.  
 
When it comes to drawbacks, we can mention technical and economical issues. 
The application to real networks requires the reduction of noise. Note that in 
OCDMA systems, the signal quality depends on the number of active users. 
And cost barriers are due to en/decoding hardware and light sources, currently 
expensive. 
 
 

1.2. Working principle 
 
The architecture of a OCDMA-based PON is shown in Fig. 1.4.  At the OLT are 
placed several pairs of source an encoder while each ONU consists of the 
decoder and the electronic detector. To reduce interference, may be necessary 
include other subsystems at the receiver [11]. 
 
 

 
 

Fig. 1.4 Schematic of a OCDMA-based PON. 
 
 
For instance, In time-domain coding, the bit is divided into smaller time periods 
called chips. Optical codes are generated by placing narrow optical pulses in 
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some of these chips. To represent a data bit ‘1’ is sent the code sequence while 
to represent a bit ‘0’ is used an all-zero sequence . 
 
The bandwith of the encoded data is bigger than the signal that contains the 
information. This operation spreads the spectrum. The ratio between the bit 
period and the chip period is called processing gain or spreading factor. 
 
Since each user is asigned a unique code, the decoder can recover the desired 
signal by performing autocorrelation between the code that is applied at the 
transmitter and the code applied at the receiver. If both codes match, 
autocorrelation produces high level and crosscorrelation very low level. The 
other signals appear to the receiver as noise. Finally, after photodetection and 
thresholding, the original data is recovered [12,13]. 
 

1.3. Basic design options 
 
In this section we discuss important issues that have to be considered before 
choosing a code family and an en/decoding device. These include signal 
modulation, classes of noise or code dimensions. 
 

1.3.1. Incoherent and coherent OCDMA 
 
Two approaches can be used for OCDMA implementation, incoherent and 
coherent, with differents schemes of signal modulation and detection [9]. This 
choice has a great impact on the system design.  
 
Incoherent OCDMA is based on the modulation of the optical power (intensity) 
and requires unipolar coding while coherent OCDMA is based on the 
modulation of the optical phase and requires bipolar coding. Fig. 1.5 Illustrates 
both schemes [14]. 
 
 

                                        
 

Fig. 1.5 Modulation of the optical power and optical phase (time domain). 
 
 
The receiver consists of the decoder, the photodetector and an integrator.  Fig. 
1.6 shows the block diagram. Current is integrated over a bit period in 
incoherent OCDMA and over a chip period in coherent OCDMA. Therefore, 
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incoherent OCDMA relies on data-rate detection while coherent OCDMA relies 
on chip-rate detection [15]. 
 

1.3.2. Noise 
 
System performance is limited by noise and dispersion and depends on the 
code family and code dimensions. The two major sources of noise are multiple-
access interference (MAI) and beat noise [16]. The crosstalk between users that 
share the same channel is known as MAI. Beat noise is generated between 
pulses with close wavelengths or pulses of the same wavelength from differents 
users [17]. Due to the detection scheme shown in Fig. 1.6  MAI is the dominant 
source of noise in incoherent OCDMA and beat noise dominates in coherent 
OCDMA. 
 
Moreover, for fiber-optic transmission, has to be taken into account the effect of 
fiber nonlinearity, known as chromatic fiber dispersion. Dispersion can be a 
serious problem even over short distances (10-20 Km. in PON networks). 
Therefore, analytical expression of BER includes MAI, beat noise and 
dispersion. 
 
In comparison, an incoherent system is more robust to the effect of nonlinearity. 
It shows better BER performance and smaller spectral efficiency than a 
coherent system.  
 
To reduce interference and improve the system performance, may be 
convenient include variations [15,18] on the receiver block diagram shown in 
Fig. 1.6. Optical gating [19] or optical thresholding [20] can be used. 
 
 

/

0

b cT T

dt∫

 
 

Fig. 1.6 Block diagram of the system and sources of noise. 
 

1.3.3. Code dimensions 
 
Optical codes can be classified into two classes: one-dimensional, either in the 
time domain or the optical frequency domain, and two-dimensional (wavelength-
hopping time-spreading). Fig. 1.7 illustrates the three types of coding 
techniques [9].  
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Fig. 1.7 Optical coding techniques 
 
In time-domain coding, the bit is divided into smaller time periods called chips. 
Optical codes are generated by placing narrow optical pulses in some of these 
chips. To represent a data bit ‘1’ is sent the code sequence while to represent a 
bit ‘0’ is used an all-zero sequence . In wavelength-coding, a data bit ‘1’ is 
encoded as a subset of wavelengths unique for each user. 2-D codes use two 
domains, wavelength and time. A code sequence consists of consecutive chips 
of differents wavelengths. Fig. 1.8 illustrates 2-D coding [14]. 
 
 

                                            
Fig. 1.8 2-D codes (wavelength-hopping time-spreading). 
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A key characteristic of optical codes is code length. To obtain good 1-D codes is 
required a long code length. Due to the hardware requirements of this option, 
have to be considered 2-D codes [8]. WHTS codes provide better cardinality 
and performance than 1-D codes, as well as flexibility in the network design. By 
adjusting the number of wavelengths/chips, different numbers of simultaneous 
users can be accomodated for a given BER. Probability of error improves as the 
number of wavelengths/chips increase. Fig. 1.9 illustrates the probability of error 
of the (N,L) carrier-hopping prime code, where L is the number of wavelength 
and N is the number of chips [21]. 
 
 

             
 

        Fig. 1.9 Probability of error of the (N,L) carrier-hopping prime code. 
 
 

1.3.4. General strategies 
 
As mentioned before, OCDMA allows flexible network design. In every 
approach to implement OCDMA-based PONs, arise issues such as light 
sources [22], existing hardware [23] or integration solutions [24]. The practical 
use of OCDMA in PON networks requires considering these aspects. 
 
The optical domain provides bigger bandwidth than RF and higher data rates. 
The code period is shorter and this limit the number of chips. Therefore, the 
number of possible codes (cardinality) is reduced. Note that BER improves as 
the number of chips increase. 
 
Increasing the number of codes and a better performance in terms of BER 
determines lower data rates. In addition, optical pulses have to be placed within 
the chip interval. Short pulses (ps) and ultra-short pulses (femto-sec) can be 
encoded in the optical domain. Obviously, the second option is more complex. 
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However, the narrower the chip time becomes, the shorter the encoder length 
becomes, which eases integrated optical solutions. Fig.1.10 illustrates the 
relationship between variables involved in the network design. 
 
 

1 1
data

code c

r
T NT

= =

 
 

Fig. 1.10 Relationship between variables involved in the network design. 
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CHAPTER 2. OPTICAL CODES 
 

2.1. One-dimensional codes 
 
Finding suitable codes is a key issue in OCDMA  systems to support many 
simultaneous users. Since a number of optical codes have been proposed, we 
will focus on constructions of unipolar codes for incoherent OCDMA, our choice 
in the system design. We simply mention that construction of bipolar codes 
include maximal-length sequences, Walsh codes and Gold sequences, used in 
cellular and wireless CDMA.  
 
The signature code in incoherent OCDMA is a family of unipolar (0,1) 
sequences. To discriminate between the correct sequence and interfering 
noise, codes must have good correlation properties (high autocorrelation and 
very low crosscorrelation). As codes with these properties are sparse in binary 
ones, is required a long code length. A larger code length improves correlation 
properties. And, as a result, raises the system performance (MAI, BER and 
throughput). Optical ortogonal codes (OOC) [25,26] and prime codes [27] are 
the most known unipolar codes designed for incoherent OCDMA. 
 
An (n w, λa , λc ) optical ortogonal code (OOC) is a collection of binary n-tuples, 
each of weight w and length n, where λa  and λc  are the maximum auto-
correlation and cross-correlation values respectively. It also can be considered 
as a family of w sets of integers modulo n in which each set corresponds to a 
codeword and the integers within each w set specify the nonzero bits.  
 
For example, let’s think of a simple OOC, 1101000, caracterized by (7, 3, 1, 1). 
We can see three 1s as the nonzero bits, and their positions are 0th, 1st, and 
3rd, respectively. Then 1101000 can be simply represented by {0, 1, 3} (mod 7). 
This notation can represent codes instead of describing long (0,1) sequences. 
Some (n, 3, 1 1) OOC in this notation are shown in table 2.1. 
 
 
Table 2.1.  Optimal (n, 3, 1, 1) OOC codes. 
 
          n                  (n, 3, 1, 1) OOC codes 

7     {0, 1, 3} 
13     {0, 1, 4},  {0, 2, 7} 

         19     {0, 1, 5},  {0, 2, 8},  {0, 3, 10} 
25     {0, 1, 6},  {0, 2, 9},  {0, 3, 11},  {0, 4, 13} 

 
 
The number of code sequences in the prime code over Galois field GF(p) of a 
prime number p is p. A prime sequence Si  = (si,0, si,1 ,..., si,j ,..., si,p-1) is 
constructed by the element si,j = i . j (mod p), where si,j , i, and j are all in GF(p). 
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For example, the prime sequences over GF(5) are S0 = ( 0, 0, 0, 0, 0, ), S1 = (0, 
1, 2, 3, 4, 5), S2 = (0, 2, 4, 1, 3), S3 = (0, 3, 1, 4, 2), and S4 = (0, 4, 3, 2, 1). 
 
To construct the binary sequences of prime code, each one of the prime 
sequences is mapped into a binary (0, 1) sequence Ci =  (ci,0 , ci,1 , ...,ci,k ,..., 
ci, -1 2p ) of length n = p2 , according to ci,k  = 1 for k = si,j  + jp, but ci,k  = 0, 
otherwise, where i and j are both in GF(p). As there are p binary ones in each 
one of the p code sequences, the weight w and cardinality of the prime code 
over GF(p) are both equal to p.  
 
For example, the binary code sequences over Gf(5) are C0  = (10000 10000 
10000 10000 10000), C1 = (10000 01000 00100 00010 00001), C2  = (10000 
00100 00001 01000 00010), C3  = (10000 00010 01000 00001 00100), and C4  
= (10000 00001 00010 00100 01000).  
 
 
 

2.2. Two-dimensional codes 
 
As explained in previous section, 1-D codes need to be long to obtain good 
correlation properties. Due to hardware realizations, a reduction of the code 
length would reduce the cardinality of the system. 2-D codes use a second 
dimension (wavelength) and are also called wavelength-hopping time spreading 
codes (WHTS). In temporal spreading OCDMA, pulses are placed in different 
chips within the bit period and in WHTS are placed pulses of different 
wavelenghts. 
 
WHTS codes can be represented as code matrices with two axes, time and 
wavelength. The wavelength domain is divided into Nw channels and the time 
domain is divided into NT chips. Then the w pulses are placed within the matrix. 
 
WHTS codes provide better cardinality and performance than 1-D codes, as 
well as flexibility in the network design . These codes allow the adjustement of 
the number of wavelengths/chips to achive a predetermined BER at a given 
number of simultaneous users. 
 
Although many WHTS codes have been proposed [28, 29], we will focus on 
carrier-hopping prime codes (CHPC) [27]. These codes have the property of 
maintaining cross-correlation bounds even for codes of different weights. So, 
different quality of service (QoS) requirements can be satisfied using code 
weight variation (obtained by turning wavelenghts on/off at the transmitter). 
Next-generation access networks should provide differentiated service within 
the same fiber. Services such as voice-over-IP or video-on-demand have 
differents QoS and bit-rates. For instance, signals with higher QoS requirement 
could be assigned a higher code weight while signals with lower QoS 
requirement could be assigned a lower code weight. In table 2.1, we compare 
2-D codes for cardinality and cross-correlation. 
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Table 2.2. Comparison of 2-D codes  
 
Type of code      Weight   Cardinality          λc 

Prime-hop P = 7 P(P-1) = 42 1  
Eqc/prime P = 7 P(P-1) = 42 2 
W/T SPR R = 7 N = P = 47 1 
OOSPC W = 4 N ≤32 1 

 
 
In CHPC the code sequences are represented as w x p1 p2 ... pk  binary (0,1) 
matrices of length p1 p2 ... pk , weight w, and cardinality p1 p2 ... pk  for given 
positive integers w and k, and a set of prime numbers {p1 , pk , ..., pk }, where pk 
≥   pk-1  ... ≥  p≥ 2   p≥ 1 ≥  w. Note that w is also the number of rows, related to 
the number of available wavelenghts, and p1 p2 ... pk is the number of columns, 
related to the length of the matrices. As each matrix consists of one pulse 
(binary one) per row and each pulse in a matrix is assigned with a different 
wavelength, the code has zero autocorrelation (λa = 0) and cross-correlation of 
at most one (λc = 1). Examples of the (8 x 41, 8, 0, 1) carrier-hopping prime 
code are shown in Fig. 2.1 [21]. The four matrices represent the code 
sequences x4 , x9 , x11 , and x22 , respectively. 
 
 

                          
 

Fig. 2.1 Some examples of the (8 x 41, 8, 0, 1) CHPC. 
 
 
Prime code is the choice of k = 1 and w = p1 with only one wavelength in the 
CHPC. The prime-hop code (PH) has p1 (p1 -1) matrices and is a subset of the 
choice of k = 2 and w = p1 = p2 . The CHPC has p1 matrices more than the 
prime-hop code for the same code parameters. 
 
Another way to see it is that PH codes are obtained by encoding at a different 
wavelength every pulse in each code sequence of the prime code [30]. For a 
given prime number p, the code weight and the number of different wavelengths 
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used is p. The length is p2 , also known as spreading length (number of chips) 
and finally, the number of codes that can be generated is p(p-1). 
 
PH sequences are represented as matrices, where the weight p is the number 
of columns and the number of rows p is also the number of wavelengths. In 
other words, prime-hop codes are a subset of (L x N, w, 0, 1) carrier-hopping 
prime codes where L = N = p. Note that L is the number of wavelengths and N 
is the number of timeslots. 
 
In carrier-hopping prime-codes, the number of timeslots N is superior to the 
number of wavelengths L. However, prime hop codes are symmetrical (L = N = 
p). As in high bit-rate OCDMA the number of timeslots is very restricted, our 
choice in the system design will be prime-hop codes (PH). 
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CHAPTER 3. OPTICAL EN/DECODING 
 

3.1.       Comparison between technologies 
 
Several technological options can be considered to implement encoders and 
decoders. In this section we briefly describe some of them and discuss their 
advantages and drawbacks. 

3.1.1.     Arrayed waveguide gratings 
 
An arrayed waveguide grating (AWG) consists of a phased array of optical 
waveguides that acts as a grating [31]. The AWG devices are based on a 
fundamental principle of optics that lightwaves of different wavelengths interfere 
linearly with each other. So, if each channel in an optical communication 
network uses light of a slightly different wavelength, then the light from a large 
number of these channels can be carried by a single optical fiber with negligible 
crosstalk between the channels.  
 
The schematic is shown in Fig. 3.1. The AWGs consist of a number of input (1) / 
output (5) couplers, a free space propagation region (2) and (4) and the grating 
waveguides (3). The grating consists of a large number of waveguides with a 
constant length increment (∆L).  
 
First, light is coupled into the device via an optical fiber connected to the input 
port. Next, light diffracting out of the input waveguide at the coupler interface 
propagates through the free-space region and illuminates the grating. Each 
wavelength of light coupled to the grating waveguides undergo a constant 
change of phase due to the constant length increment in grating waveguides. 
Also, the phase shifts depend on the wavelength because of the frequency 
dependence of the mode-propagation constant. Finally, light diffracted from 
each waveguide of the grating interferes constructively and gets refocused at 
the output waveguides. 
 
 
 

                       
 

Fig. 3.1 Schematic of an arrayed waveguide grating (AWG). 
 

http://upload.wikimedia.org/wikipedia/commons/f/f2/Arrayed-Waveguide-Grating.svg
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AWG is a more experimented technology than others and different devices are 
available. The input and output waveguides, the multiport couplers, and the 
arrayed waveguides are fabricated on a single substrate, and can be used 
silicon or InP technologies. 
 
Some demostrations of WHTS using AWGs include en/decoding with a single 
AWG in a feedback configuration with fiber loops for delays, both encoding and 
decoding using an AWG with a mirrored fiber delay lines in a foldback 
configuration and a bidirectional AWG-based scheme that uses the bidirectional 
nature of the AWGs. AWG  technology has the advantage that the WHTS 
en/decoder is waveguide integratable and the footprint is smaller. 
 
 

3.1.2.     Integrated holographic en/decoder 
 
Integrated holographics is a new integration technology platform based on the 
principle of volume holography. It uses the capability of tools such as deep 
ultraviolet (DUV) photolithography and laser written reticles to produce 
structured 2D spatial patterns of nanometer-scale. 2D volume holograms can 
be constructed to interact with signal beams and provide signal routing and 
wave-front transformations with spectral control. 
 
 The basic building block of this platform is the holographic Bragg reflector 
(HBR) [32, 33]. The operational principle of HBR  using a simple back-reflecting 
HBR device is shown in Fig. 3.2, left side [34]. Signals from the device input 
port (located at the endpoint of an access channel waveguide) expand into a 
free space region of a waveguide. After traversing the expansion region, light 
interacts with an array of diffractive contours, which is the planar hologram. In 
the example of Fig. 3.2 is filled with cladding material. Finally, optical signals are 
coherently backscattered to the device output port if there is resonance. Shown 
at the right side of Fig. 3.2 is a device cross-section. 
 
 

                                               
 
       Fig. 3.2 Left side, 3D schematic of HBR. Right side, HBR cross-section. 
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The shape of the hologram contours may be optimized to couple any input field 
mode to any output field mode. Contour optimization is realized with methods of 
computer-generated holography. The optimized hologram contours allows 
image and route signals in general situations. Fig. 3.3 shows the shape of the 
hologram contours [34]. 
 
This technique has already been demonstrated for applications in coarse and 
dense WDM systems. It provides channel-specific pass-band control like FBGs. 
Besides, as input and output use different ports, it does not require bulky 
circulators or power splitters to separate the input and output signals. HBRs 
provide both spectral slicing and temporal delay and the footprint of HBR-based 
WHTS en/decoders can be made very small. Multiple HBRs can be 
superimposed, interleaved, or overlaid to design multiport devices. 
 
 

                   
                     
                        Fig. 3.3 Top view of the hologram contours. 
 

3.1.1.     Fiber Bragg gratings 
 
FBGs provide attractive features such as cheapness, simplicity or high 
performance. Another advantage is that by tuning the center wavelengths of the 
FBGs, can be changed the pattern of the code. Implementations of FBG use 
two structures: linear arrays of FBGs and chirped Moire gratings (CMG). Fig 3.4 
illustrates both schemes. 
 
A CMG is composed of two superposed linearly chirped FBG and has the 
advantage of using a single structure to implement WHTS codes [35,36]. 
However, the number of codes (cardinality) is limited. 
 
A linear array of FBGs uses identical structure for the encoder and the decoder. 
If a broadband pulse that occupies the wavelength range [λmin , λmax ] arrives at 
the encoder, each FBG reflects a specific wavelength in the same range 
defined by the WHTS code. Besides, the i-th FBG corresponds to the i-th chip 
time. The weight of the code defines the number of FGB used, and their 
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physical separation (grating to grating) corresponds to the chip time. The peak 
wavelengths occuppy the reverse positions in the decoder for proper decoding 
[37-39]. 
 
 

            
 

Fig. 3.4 Implementations of FBG. 
 
 

3.2. Fiber Bragg grating technology 
 
A fiber grating is a periodic modulation (perturbation) of the refractive index in 
the longitudinal direction of the core of an optical fiber. Fiber gratings can be 
classified in two types: if the fiber gratings couple counterpropagating waves 
(and operate in reflection) are referred to as short-period or fiber Bragg gratings 
(FBGs) and if the fiber gratings couple copropagating waves (and operate in 
transmission) are referred to as long period gratings. 
 
If we consider an FBG in single mode fiber, then light guided in the fundamental 
mode is reflected and scattered by the refractive index perturbation. If the 
wavelength of the incident light satisfies the Bragg condition 
 
 
                                               2. .effnλ = Λ                                                        (3.1) 
 
 
where neff is the effective refractive index of the propagating mode and Λ is the 
grating period, then the reflected and scattered waves add coherently, 
otherwise eventually cancel out. So, if the Bragg condition is satisfied, there is a 
coherent reflection of the input light, otherwise it is transmitted [40,41]. The 
working principle is illustrated in Fig. 3.5. 
 
As explained in previous section, FBGs have the advantage of being tunable. 
To achive tunability, are used piezoelectric devices that strain FBGs and shift 
the center wavelengths of the gratings. That way can be changed the pattern of 
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the code. However, the peak reflection wavelength has a temperature 
dependence. 
 
 

              
 

Fig. 3.5 Working principle of FBG. 
 
 
The change in peak reflection wavelength ∆λtemp of an FBG as a function of the 
change in temperature ∆T is given by 
 
 

                                       ( )temp T
λ

ξ α
λ

∆
= + ∆                                                    (3.2) 

 
 
where ξ is the thermo-optic coefficient and α is the thermal expansion 
coefficient. 
 
As this value is very small, to obtain larger wavelengths shifts is applied a 
strain. That can be applied to an FBG by stretching the fiber (this can be done 
by bonding the grating on a piezoelectric rod and appying a voltage). In this 
case, the change in peak reflection wavelength ∆λstrain for a fiber stretching ∆L is 
given by 
 
 

                                          ( )1 LP
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λ
λ
∆

= −
∆                                                     (3.3) 

 
 
where Pα is the effective strain optic coefficient with a value of ~0.22 for typical 
fiber. 
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Finally, an important issue must be considered. If we use reconfigurable 
(tunable) encoders/decoders, the wavelength range to define the codes is 
limited either by the available broadband source of light or by the wavelength 
tuning range of the FBGs. So, the codes need to be defined within the tuning 
range to each encoder to be able to tune any code. There are devices with 
tuning ranges on the order of few nanometer commercially available. 
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CHAPTER 4. SYSTEM  DESIGN 
 

4.1.       Transmitter and receiver design 
 
The schematic of the transmitter and the receiver is shown in Fig. 4.1 At the 
OLT are placed the source of light, the modulators and the encoders while each 
ONU constist of the encoder, the photodetector, an integrator and additional 
subsystems to reduce noise. 
 
 

0

bT

dt∫

0

bT

dt∫

 
 

Fig. 4.1 OCDMA-based PON architecture. 
 

4.1.1.     Transmitter design 
 
The choice to implement the OCDMA system is an incoherent approach. As it 
has been explained in section 1.3, incoherent OCDMA is based on the 
modulation of the optical power and requires unipolar coding. Besides, the 
incoherent approach relies on data-rate detection and operate at the bit interval 
easies the implementation of additional signal processing. For instance, 
techniques to overcome cochannel interference, dispersion or reduce the 
impact of noise. 
 
There are two types of multiwavelength sources: coherent light sources, such 
as lasers, and incoherent light sources, such as super-luminiscent diodes (SLD) 
or amplified spontaneous emission (ASE). The second option is cheaper but 
may not offer enough intensity. So, we propose a multiwavelength laser as a 
broadband light source. To modulate light and generate the optical codes is 
used on-off keying (OOK), the simplest way to do that. Finally, all the signals 
generated by the encoders are sent to the network. 
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4.1.2.     Receiver design 
 
At the receiver, the basic configuration mentioned before needs for other 
subsystems to reduce noise and improve the system performance. Note that 
MAI is the dominant source of noise in incoherent OCDMA. 
 
Three techniques can be used for reducing MAI: optical gating, optical 
thresholding and complementary encoding with balanced detection. We choose 
optical gating and optical thresholding due to these techniques are compatible 
to more classes of codes and are suitable for high data rates.  
 
Optical gating uses a window to select the desired autocorrelation peak and 
optical thresholding uses a threshold to allow to pass the high autocorrelation 
peak and reject the others corresponding to the MAI. Finally, the current is 
integrated over data intervals (data-rate detection) and, after thresholding, the 
original data can be recovered. 
 
 

4.2.        Optical code design 
 

4.2.1.      Introduction 
 
WHTS codes provide better cardinality and performance than 1-D codes, as 
well as flexibility in the network design. The choice for the system design is 
prime-hop codes, a class of WHTS codes simple and straightforward to 
generate. 
 
PH codes are obtained by encoding at a different wavelength every pulse in 
each code sequence of the prime code. For a given prime number p, the code 
weight and the number of different wavelengths used is p. The length is p2 , also 
known as spreading length (number of chips) and finally, the number of codes 
that can be generated is p(p-1). 
 
PH sequences are represented as matrices, where the weight p is the number 
of columns and the number of rows p is also the number of wavelengths. In 
other words, prime-hop codes are a subset of (L x N, w, 0, 1) carrier-hopping 
prime codes where L = N = p. Note that L is the number of wavelengths and N 
is the number of timeslots. Further details of prime-hop sequences construction 
can be found in section 2.2. 
 

4.2.2.      Performance analysis 
 
Next, we analyze the code dimensions and the number of simultaneous users 
that can be accommodated for a given BER. The error probability of the (L x N, 
w, 0, 1) prime-hop codes is given by [27] 
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where k is the number of simultaneous users and Th the decision threshold of 
the receiver. Besides, we have 
 

                                               
2
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where the factor ½ denotes equiprobable 0-1 data bit transmission and x is 
equal to a chip width divided by the width of optical sampling window. 
 
As the data rate limit provided by FBG is 2,5Gb/s, we obtain 
 
 

                                            1 400b
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The error probability improves as the number of wavelengths/chips increase. 
However, must be taken into account that higher chips rates are difficult to 
process. Besides, producing ultra-short pulses (femto-second) to be placed 
within the chip time is more complex than short-pulses (pico-second). After 
considering all these issues, we choose p = 7 for a bit error rate (BER) of less 
than 10-.9  and obtain 14 simultaneous users. 
 

4.3.        Optical en/decoding 
 

4.3.1.      Introduction 
 
The choice to implement encoders and decoders is FBG technology. This is 
due to features such as cheapness, simplicity or high performance. Other 
devices involve bulk an expensive components or complex schemes. 
 
Implementations of FBG use two structures: linear arrays of FBGs or chirped 
Moire gratings (CMG). As the number of codes (cardinality) that can be 
implemented by using CMG is limited, our choice is a linear array of FBGs. 
Besides, this structure provides maximum reconfigurability: by tuning the FBGs, 
can be changed the pattern of the code and WHTS codes from any family can 
be implemented. 
 
The encoder selects the wavelengths used in the code sequence and places 
them in the corresponding chips. The array consists of identical FBGs tuned to 
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different wavelengths, based on the first-in first-out principle: the i-th FBG 
corresponds to the i-th chip time. Therefore, the weight of the code defines the 
number of FBGs used. Fig. 4.2 shows the structure [3].  
 
 

           
 
                 Fig. 4.2 2-D encoder using a linear array of FBGs.                 
 
 
At the decoder, FBGs occupy the reverse positions. To implement a given code, 
the encoder and the decoder use identical structures. The wavelengths of the 
FBGs are arranged in the reverse order for correct decoding. Otherwise, 
decoding operation can not be performed properly. The structure is shown  in 
Fig. 4.3 [3]. 
 
 

             
 
                Fig. 4.3 2-D decoder using a linear array of FBGs. 
 
 

4.3.2.      En/decoder design 
 
To implement each prime-hop code with p = 7, we use a linear array of 7 FBGs. 
Note that for a given prime number p, the code weight is p, and the weight of 
the code defines the number of FBGs used in the array. 
 
The data rate limit provided by FBGs is 2,5 Gb/s. Therefore, the calculation of 
the code period is straightforward from 
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and we obtain 
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As the code period is divided into p2 chips of equal duration, the chip time is 
given by 
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Note that the processing gain is defined as 
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So, in this case we obtain 
 
 
                                                                                                   (4.7) 2 49pG p= =
 
 
Finally, the chip rate is 
 
 

                                1 122.5 /c
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Using the Bragg condition 
 
 

                                        2 eff sepn Lλ =                                                            (4.9) 
 
 

where neff  is the effective refractive index and Lsep is the separation between 
gratings, and the expression for the wavelength 
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we inmediately obtain 
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Finally, the physical separation between FBGs (grating to grating) corresponds 
to the chip time and is given by 
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Note that the number of gratings is limited by the data rate 
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Therefore, for a given code weight, higher data rates can be accommodated 
using shorter chip times, or shorter physical separation between gratings. 
 
To choose the reflective wavelengths of the FBGs, can be considered two types 
of systems: dense WDM (DWDM) and coarse WDM (CWDM). The choice is 
CWDM because use cheaper lasers than DWDM. The wavelengths are in the 
range from 1280 nm to 1610 nm spaced 20 nm. So, the seven reflective 
wavelengths are 1310-1430 nm with the spacing of 20 nm. 
 
 

4.3.3.     Setup 
 
The setup is shown in Fig.4.4 and can be described as follows. At the OLT, are 
placed a set of FBGs encoders, each connected to a circulator. The optical 
signal is divided into several branches and encoded into a prime-hop pattern by 
each encoder. At the end user, a set of matching decoders similar to the 
encoders are located at each ONU and recover the data. 
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Fig. 4.4 Setup of FBG encoders/decoders. 
 
                  
                                                                                             

4.4.       System architecture 
 
Full OCDMA PON  deployement is currently not viable due to economical and 
technical reasons. However, an hybrid architecture compatible with the existing 
PON network can be feasible. Hybrid implementations combining multiplexing 
schemes would permit a gradual evolution to OCMDA PON. Meanwhile, could 
be  overcome technological and economical drawbacks. 
 
As mentioned before, WDMA implementations are classified into two types: 
coarse WDM (CWDM), with the wavelength spacing of 20 nm, and dense WDM 
(DWDM), with the spacing of 0.8 nm. Since coarse WDM technologies are 
cheaper than dense DWDM, CWDM-based PON should be considered first. 
 
We propose an hybrid OCDMA-WDMA-TDMA PON architecture. In the spectral 
range from 1280nm to 1610nm, there are 16 wavelengths available. As shown 
in Fig. 4.5, these wavelengths are used for different multiplexing schemes. 
Therefore, that approach would combine the advantages of each technique. 
 
Focusing on OCDMA multiplexing, on each OCDMA wavelength, 14 
simultaneous users can be accommodated by assigning a different code. Since 
the same code can be reused on all the OCDMA wavelengths, the number of 
codes equals to the number of simultaneous users accommodated on each 
wavelength. And finally, the total number of users becomes N x 14, where N is 
the number of OCDMA wavelenghts. 
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Fig. 4.5 Hybrid OCDMA-WDMA-TDMA PON architecture. 
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5. CONCLUSION 
 
 
Optical CDMA has the potencial to be used in access networks, particularly in 
PON networks. We have studied key issues in the design of OCDMA-based 
PONs such as optical codes, coding and decoding technology or system 
architectures. 
 
After considering the effect of fiber nonlinearity and the technology required, we 
propose an incoherent OCDMA approach. Dispersion can be a serious problem 
even over short distances (10-20 km in PON networks) and incoherent OCDMA 
shows better BER performance. 
 
When it comes to optical encoding, we believe that WHTS codes are the proper 
choice. They provide better cardinality and performance than one dimensional 
codes, as well as flexibility in the network design. These codes allow the 
adjustement of the number of wavelengths/chips to achive a predetermined 
BER at a given number of simultaneous users. 
 
Although several devices can be used to implement encoders and decoders, we 
have focused on FBGs. FBG is a low-cost, simple and powerful technology. 
Besides, linear arrays of FBGs provide maximum reconfigurability. By tuning the 
FBGs, can be changed the pattern of the code and all types of 2-D codes can 
be implemented. For all these reasons, we believe that this is a suitable 
technology. 
 
Finally, we have presented the design of an hybrid OCDMA  system. 14 
simultaneous users can be acommodated on each wavelength, with 2,5 Gb/s 
per user and a BER of less than 10-9 . This incoherent approach uses on-off 
keying (OOK), which is the simplest way to modulate light. At the OLT are 
placed a set of 7 FBG encoders, each connected to a circulator, while at the 
end user a set of 7 matching decoders similar to the encoders are located at 
each ONU. 
 
To be viable in the short term, we propose an hybrid architecture combining 
OCDMA with existing multiplexing schemes, both OTDM and WDM. Hybrid 
implementations would permit a gradual migration to OCDMA PON. 
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