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ABSTRACT 

 

 

 

In this master�s thesis a performance analysis of Optical CDMA systems is conducted. 

This is accomplished by simulating and analyzing various CDMA code sequences. These 

are modified and implemented for all optical networks, in OCDMA systems.  

These include m-sequences, Gold codes, Prime sequences and Modified prime code 

sequences. A simulation model of an OCDMA network for the analysis and performance 

of these sequences is developed and analyzed. From these studies it has been shown that 

for a large number of simultaneous users in the network, Modified Prime codes give the 

best system performance. Also, for a coherent system, bipolar codes have a significantly 

better performance. 

The hardware technology used in the implementation of an OCDMA system is studied. It 

includes the transmitter structures and receivers with various modifications that can be 

implemented. The synchronous and asynchronous techniques, coherent and non-coherent 

with electrical or optical processing are examined for CDMA. 
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CHAPTER 1 

 

INTRODUCTION  

 

 

Since the advent of the mid 80�s, single-mode fiber-optic media were believed to become 

the main highways of future telecommunications networks for transporting high-quality 

high-volume multipurpose information. Hence the need for an all optical multi-accessing 

network became urgent.  An all-optical multi-access network is a collection of multiple 

nodes where the interconnection among various nodes is via single mode optical fibers. 

All the essential signal processing which include, switching, add/drop, 

multiplexing/demultiplexing, amplification and synchronization are performed in the 

optical domain.  

Among the many multi-access techniques that have been introduced, optical code 

division multiple access is believed to be the most robust as the speed and scale of 

information processing elements grow and the number of nodes reach the order of 

hundreds to thousands. Recent advances in optical devices and their ubiquitous use in the 

future all optical networks, in particular in Optical Code Division Multiple Access 

(OCDMA), have been the main thrust behind a vast number of research activities. These 

could prove to be essential for successful all OCDMA system, and one such application 

is optical synchronization, which will be dealt later in detail in forthcoming chapters. 

CDMA is a method of allowing multiple users on the same communication channel using 

same bandwidth. These users are given distinct orthogonal codes, which can be 

transmitted at the same time, using the same channel and the entire available frequency 

spectrum available. The data for multiple users are multiplexed synchronously or 

asynchronously. 

Among various optical CDMA techniques used to date, fiber-optic CDMA using optical 

orthogonal codes (OOC), and their possible variations, have received much attention due 
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to their simple structure and compatibility with intensity modulation/direct-detection 

fiber-optic transmission systems.  

The structure of a typical CDMA network is shown in the figure 1.1. 

 

 

 

 

 

Fig. 1.1 Schematic diagram of an optical code division multiple access communication 
system with an all optical encoder and decoder. 

 

 

 

 

1.1 Spread Spectrum 

 

Spread spectrum signals have a bandwidth (W) which is much larger than the information 

signal bandwidth. The bandwidth expansion or spreading is done with the help of a 

pseudorandom code sequence at a very high data rate. This also follows that, the 

demodulator should have the same pseudorandom code sequence in order to de-modulate 
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or obtain the information signal at the receiver. This pseudorandom code is useful for 

multiple users in the network, since each user can be assigned an independent code 

sequence.  

These CDMA codes are orthogonal codes and are unique from each other. Two 

functions, ( )a t and b(t) are said to be orthogonal with respect to each other over the 

interval x t y< < , if, they satisfy the equation [2], 

( )* ( ) 0
y

x

a t b t dt =∫                                                                                                 (1.1) 

 

Equation (1.1) is used to test the orthogonality of functions. This zero result implies that 

the functions are �independent� of each other. With any large network of users, if the 

spreading sequences are all orthogonal, then it would allow many users to use the same 

frequency range and this would not cause interference. Hence, systems utilizing this 

method of transmission are called code division multiple access (CDMA) systems. 

Large redundancy inherent in spread spectrum signals is required to overcome the severe 

levels of interference in transmission of digital information over radio and satellite 

channels.  

The pseudo randomness of spread spectrum signals, makes these signals appear similar to 

noise in a transmission channel. Hence it is difficult to detect and demodulate with 

receivers other than the intended ones. This application is intimately related to the 

application of such signals.  

The spread spectrum signals are used for: 

1. Combating or suppressing the detrimental effects of interference due to jamming, 

interference arising from other users in the channel, and self interference due to 

multipath propagation. 

2. Hiding a signal and transmitting it at a low power level, thus making it difficult to 

be detected in the presence of background noise by an unintended listener. 

3. Achieving message privacy. 

 

Next we shall examine the different types of spreading sequences. 
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1.2 Techniques of spread spectrum 

 

There are four main ways to spread a signal. The main techniques used are Direct 

Sequence Spread Spectrum and Frequency Hopping Spread Spectrum. In addition to 

these, there are hybrid formats, such as Chirp and Time Hopping. But the latter two are 

not as popular. They are mainly restricted for military use. 

For spread spectrum three types of modulation are used. These are phase shift keying 

(PSK), frequency shift keying (FSK) and on off keying (OOK). PSK is used where a phase 

coherence can be maintained between the transmitted signal and received signal. FSK is 

generally used where such phase coherence cannot be maintained mainly due to time 

varying effects on the communication link, and OOK is generally used for optical 

CDMA. 

 

1.2.1 Direct Sequence Spread Spectrum(DSSS) 

 

In spread spectrum systems, the spreading code is called pseudo noise (PN) sequence, 

which consists of periodic coded sequence of 1�s and 0�s. The binary bit stream is 

designed to appear random with approximately equal number of 1�s and 0�s. This binary 

sequence can be generated at the receiver and the transmitter and receiver must be 

synchronized. The bit rate for these sequences is much higher than the bit rate of the 

message sequence to be transmitted. This will increase the bandwidth of the modulated 

message signal by a factor N, called the processing gain.  

 

1.2.2 Frequency Hopping Spread Spectrum 

 

Another form of spread spectrum is called Frequency Hopping Spread Spectrum [2]. 

Here the carrier frequency of the signal is altered many times, in a pseudo random 

fashion. The result is an increase in the effective bandwidth of the signal over time.  
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Fig. 1.2 Direct Sequence Spread Spectrum 

 

 

 

Fig. 1.3 Frequency Hopping Sequence Spread Spectrum 
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Fig. 1.4 Time Hopping Sequence Spread Spectrum 

 

 

 

In this scheme, the FSK signal is generated and the frequency of this signal is shifted by 

an amount that is determined by a PN code.  

At the receiver the frequency synthesized is controlled by an identical PN sequence, to 

generate a spreading sequence similar to the sequence used at the receiver. 

 

In addition to the above mentioned spreading techniques, we also have Chirp and Time 

Hopping along with some other Hybrid systems.  

 

• Chirp � This method employs a carrier that is swept over a range of frequencies. 

At the beginning of each transmitted pulse, the carrier frequency is modulated, 

causing an additional spreading of the carrier. The primary application of this 

method is in radar systems where the uniqueness of each part of the spread 

spectrum system increases time resolution allowing accurate measurement of the 

time a signal takes to return. 
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• Time Hopping � In time hopping systems the period of the duty cycle of the 

pulsed RF carrier varied in a pseudo random manner. This is also mainly a 

military application. 

• Hybrid Systems � Hybrid systems employ a combination of two or more of the 

above methods. Typically, hybrid systems combine the best of two or more of 

these spread spectrum systems. 

 

 

1.3 Spreading Sequences � PN Sequences 

 

The most important aspect of any spread spectrum system is the selection of a suitable 

PN sequence used to modulate the carrier. The spreading sequence determines how the 

spread spectrum performs with respect to interference from other users. 

The particular PN sequence used will depend on what form of spreading is being used. In 

a direct sequence spread spectrum system, the spreading code is a very fast bit stream 

from a digital circuit. Commonly used codes are m-sequences (binary maximal length 

feedback register sequences) and gold sequences. Each specific system has a very 

specific set of criteria that a code must satisfy in order to be applicable. The PN code 

must also have very specific properties such as very good autocorrelation. This is a term 

that will be discussed later. As an example, if we consider, a direct sequence spread 

spectrum (DSSS) system, then the PN codes need to have the following properties: 

1. The sequence must be built from two level (binary) numbers. 

2. The codes must have a sharp (1-chip wide) autocorrelation peak to enable code 

to be synchronized. 

3. The codes must have low cross correlation values (to be discussed later). 

4. Codes should be balanced, that is, equal number of 1� and 0�s. 

The criteria are extremely dependent on the system being used. 
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1.4 The performance of a DSSS system 

 

Features of a DSSS system: 

• It is a wideband system where the entire bandwidth is available for each user in 

the network. 

• The spreading signal has much larger bandwidth than the minimum bandwidth 

required to transmit the signal. 

• The spreading is performed by means of a spreading code or PN sequence. 

• The de-spreading of the signal is done at the receiver by a correlator. 

 

The encoded BPSK signal is given by the equation[2], 

( ) ( ) ( ) ( ) ( ) cx t c t s t c t d t A= = cos ctω                                                                              (1.2) 

Where   s(t )= d(t) cA cos ctω , 

 d(t) = the baseband information signal at the transmitter input. 

 c(t) = the spreading signal 

cω = the carrier frequency 

In the equation (1.2) , we represent modulo-2 addition of c(t) and d(t) as a multiplication.  

 

 

Fig. 1.5 Basic DSSS System Transmitter 
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The received signal plus the interfering signal ( )I t , at the receiver is demodulated by 

multiplying it with the PN waveform used at the transmitte: 

( ) ( )[ ( ) ( )] ( )[ ( ) ( )] ( ) ( ) ( ) ( ) ( )r t c t x t I t c t c t s t c t I t s t c t I t= + = + = +    (1.3) 

Since 2 ( )c t = 1, the BPSK output can be written as, 

br d E n= +           (1.4) 

where  d = the data bit with duration T , 

          bE = the bit energy 

 n = the equivalent noise component, due to interference. 

The information signal d(t) has a bandwidth, 1/R T= , where T is the bit duration of the 

digital information signal. The spread spectrum (SS) signal has a bandwidth, 1/w cB T= . 

Where cT  is the chip duration of the spreading code. 

The processing gain of the system is given as, 

( / ) /p w cG B R T T= =          (1.5) 

  

The probability of error in a BPSK system is given by the expression [2], 

 

0

1

2
b

b

E
P erfc

N

 
=   

 
         (1.6) 

Where 0N  = noise power spectral density. 

 

1.5 De-spreading, Detection and Correlation 

 

De-spreading is a term given to the action of collapsing the spread spectrum signal to 

reveal the original transmitted signal. De-modulation or de-spreading is performed in a 

correlator or a matched filter.  

In a Direct Sequence Spread Spectrum receiver, correlation between the received signal 

and matching spreading code is used to identify a signal that has been coded with a 

particular PN sequence. A correlation circuit usually consists of a mixer, followed by a 

low pass filter. In the mixer, the two signals being compared are multiplied together, with 
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a match yielding a high output value. The output of an averaging over a bit duration is the 

average of the likeness of the two signals. Matched filter operation is similar and 

discussed in chapter 3. 

If noise and interference are present in the mixer output, the interference signals are 

spread and resemble noise, while the desired signal is de-spread to its narrow band. 

Correlation action in FHSS systems is different, but the concept remains the same. In an 

FH system, the receiver uses the same code as the transmitter to follow the hopping of the 

signal between frequencies. 

 

1.6 Applications of CDMA 

 

Research and development efforts in mobile and wireless networking are progressing at 

an astounding pace. The next generation applications are expected to be multimedia 

based using wireless communication. Supporting multimedia applications and services 

over wireless networks are challenging due to various constraints and heterogeneities 

such as battery power, high data rate, limited bandwidth, randomly time varying network 

interference, different protocols and standards, stringent quality of service requirement 

etc. Recent advances in wireless multimedia research seems to be focused in adaptively 

optimizing and trading off the available resources based on the multimedia content and 

type of wireless network, as well as traffic and cost structures. 

 

CDMA systems take advantage of the voice activity of normal human speech. In a two 

person communication, each user is active for less than half the entire usage time. During 

this quiet period, the transmitters could be turned off and thus reduce interference power 

introduced into the channel. This implementation however, is difficult in TDMA and 

FDMA systems, as they need to be dynamically assigned in real time by the networks. 

The other major advantage of CDMA is the ability to mitigate mutipath distortion. If the 

multipath distortion is fixed with time, it can be effectively countered by adaptive 

equalization.  
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1.7 Scope of the Thesis 

 

In broad outlines, we attempt to simulate and analyze the various CDMA code sequences. 

These are modified and implemented for all optical networks, in OCDMA systems.  

In chapter 2, we explain in detail, coherent and synchronous OCDMA systems and the 

need for synchronization. Also the advantages and disadvantages of synchronous and 

coherent systems are discussed. 

Chapter 3 is a study of various spreading sequences used in CDMA communications. 

These include a study and analysis of m-sequences, Gold codes, Prime sequences and 

Modified code sequences. We analyze the mathematical modeling of these codes required 

for the generation of codes using Matlab. These codes are given in the appendices at the 

end of this thesis report.  

In chapter 4 the simulation results obtained for various codes are presented. A detailed 

simulation model of an OCDMA network is also discussed.  

Chapter 5 is a review of the hardware technology used in the general implementation of 

an OCDMA system. It includes the transmitter structure and the various modified 

receivers. 

Chapter 6 gives some general comments and concluding remarks. 
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CHAPTER 2 

 

 

COHERENT AND SYNCHRONOUS OPTICAL 

COMMUNICATIONS 

 

 

 

A spread spectrum fiber optic local area network utilizing large bandwidth optical signals 

makes use of code division multiple access (CDMA) which is very often an 

asynchronous multiple access scheme with no waiting time. However CDMA can allow 

only a limited number of subscribers (users), and even fewer simultaneous users before a 

rapid deterioration in system performance.  

Synchronous accessing schemes, with rigorous transmission schedules, produce higher 

throughput (more successful transmissions) than asynchronous techniques where network 

access is random and collisions occur. In environments with real time requirements such 

as voice and high throughput requirements for digitized video etc., synchronous 

accessing schemes are more efficient. On the other hand, in applications where traffic 

tends to be bursty or where real time communication requirement is relaxed, an 

asynchronous accessing scheme is best suited because of the possibility of zero delay 

access.  

Although many different structures and algorithms have been studied for synchronization 

of direct sequence CDMA systems, mainly for radio application and recently in optical 

systems using PN sequence and other bipolar codes, there has been very little work on 

synchronization in a direct detection optical CDMA system with optical orthogonal 

codes (OOC) codes[3]. Also, the majority of published work on optical CDMA with 

OOC�s assume perfect synchronization between each transmitter and receiver pair.   
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In CDMA, the number of pseudo orthogonal code sequences is limited to P, and 

therefore, so is the total number of simultaneous users. With synchronization, the number 

of subscribers can be increased for the same bandwidth expansion. This new scheme 

makes use of set of code sequences generated from time shifted versions of CDMA code 

sequences previously developed. These new code sequences are called �modified prime 

codes (MPC�s)� and they are obtained from time shifted versions of �prime codes�. We 

shall be looking at prime codes and MPC�s later in this thesis. In this scheme, 

synchronization has to be achieved at the receiver and this system is called synchronous 

CDMA or SCDMA. 

 

2.1 Advantages of S-CDMA 

 

Some of the advantages of using synchronous code division multiple access fiber optic 

LAN are[3]: 

1. For a code sequence of length P, the number of possible subscribers is 2
P . This is 

larger than the subscribers accommodated in an asynchronous network, by a factor of 

P.  

2. In a local area network, synchronization is relatively easier to achieve. For a given 

number of users, and given a probability of error, the number of simultaneous users is 

much higher. 

3. The one big advantage of S-CDMA is its ability to be used in conjunction with 

TDMA, on multimedia communications networks. Here, multiple services with 

different traffic requirements are to be integrated.  

 

 

2.2 Coherent and Non-Coherent systems 

 

Optical communication receivers can be divided into 2 major categories: direct detection 

and coherent detection systems. 
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1. In direct detection (DD) systems the optical signal is processed by an optical front 

end. The front end is composed of primarily passive devices, such as, lenses, 

directional couplers, polarizers, etc. The signal is then detected by a photodiode or 

a group of diodes. Direct detection systems are by far the simplest configurations. 

In DD systems, at the transmitter the information signal is intensity modulated to 

produce a series of optical pulses. While at the receiver the received signal is 

detected by a photodiode, which converts the optical signal into an electric 

baseband signal. The information, which is coded into optical energy, can be 

retrieved. A DD or Incoherent system is shown in figure 3.6(a).  

2. In coherent optical systems the optical signal from the fiber is mixed with a signal 

generated by a laser (optical local oscillator). The mixing operation translates the 

received optical signal, using heterodyne detection, resulting in a baseband signal 

followed by a standard electronic receiver to process the signal. This is shown in 

figure 3.6(b). 

 

2.3 Heterodyne Detection: Principles 

 

The heterodyne detector as used in radio and radar receivers is shown in figure 2.1.  

 

 

 

 

Fig 2.1 Heterodyne Detector 
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The r-f amplifier includes the variable frequency filters to select the desired r-f 

signal[10]. The local oscillator provides the locally generated sinusoidal signal. The 

mixer generates the product of the local and received signals, illustrated as follows: 

Assume amplitude modulated received signal represented as, 

1 1 1( ) [1 ( )]cos( )v t V mf t t= + ω         (2.1) 

 

and a local oscillator signal 

 

( ) cos( )o o ov t V t= ω          (2.2) 

 

The mixer will produce a product term, 

 

2 1 0

1 0 1 0

1 0 1 0 1 0

( ) ( ) ( )

[1 ( )]cos( ) cos( )

1
[1 ( )]{cos[( ) ] cos[( ) ]}

2

v t v t v t

VV mf t t t

VV mf t t t

=

= + ω ω

= + ω + ω + ω − ω

 

 

This shows two amplitude modulated terms, one at 1 0(ω + ω )  and one at 1 0(ω − ω ) . The 

filters that follow the mixer stage selects the difference frequency term. The output of the 

i-f amplifier is then, 

 

3 3 1( ) [1 ( )]cos[( ) ]v t V mf t t0= + ω − ω        (2.3) 
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2.4 Optical Heterodyne Detection 

 

The diagram of an optical heterodyne detector is shown in figure 2.2. 

The received optical signal and a local laser signal are combined in a beam splitter or 

directional coupler. The beam splitter reflects part of the incident signal and transmits the 

rest. 

 

 

 

Fig. 2.2 Optical Heterodyne Detector 

 

 

The output of the beam splitter is the optical input to the photodetector. The photocurrent 

is 

 

2
ph o i e ii R P R e= = < >          (2.4) 

 

where iP  is the total optical input power and 2
ie  is the instantaneous electric field 

intensity. The constant eR  includes responsivity and the constants necessary in the 

conversion from watts to 2( / )V m . Assuming that the two input electric field vectors have 

the same polarity.  
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The input optical field is the sum of the modulated carrier, 1e  and the local laser, 0e [10]. 

The photocurrent is, 

 

2 2
1 0( )ph e i ei R e R e e= < >= < + >  

    
1

2 2
1 0 0( 2 )eR e e e e= < + + >           (2.5) 

where  

1 1 1[1 ( )]cose E mf t t= + ω  

and 

0 0 0cose E t= ω  

Here 1e has its amplitude modulated and not the intensity. We can derive an equation for 

the photocurrent in the photodiode by substituting the expressions for 1e  and 0e  into 

equation (2.5), expanding the product of cosine terms and neglecting the high frequency 

terms. 

 

2 2 2
1 0 0 1 1 0

1 1
{ [1 ( )] [1 ( )]cos( ) }

2 2ph ei R E m f t E E E m f t t= + + + + ω − ω    (2.6) 

 

In the heterodyne detector, 0E >> 1E . Therefore, 

 

2
0 0 1 1 0

1
{ [1 ( )]cos( ) }

2ph ei R E E E m f t t+ + ω − ω!      (2.7) 

This current consists of a dc term and an intermediate frequency term. The DC term is 

blocked out and i-f term would be amplified and then recovered in a demodulator. The 

envelope detector would produce an output voltage of the form, 

 

0 1 ( )ev AR E E m f t=          (2.8) 

 

With reference to the photocurrent, the equation would be, 
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1

2
0 1 0 0 1( ) 2 [ ] ( )ei R E E m f t R P P m f t= =        (2.9) 

 

This equation indicates that the output signal amplitude in the receiver is proportional to 

the amplitude of the local laser input as well as that to the received light wave. Thus it is 

possible to improve the sensitivity of the receiver by using heterodyne detection with a 

strong local laser signal. 
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CHAPTER 3 

 

 

OPTICAL CODE DIVISION MULTIPLE ACCESS 

 

 

 

 

 

3.1 Overview of Optical CDMA for LAN�s 

 

Optical fiber networking is one of the main solution path to meet the growing demands of 

the information society with respect to the provision of a range of telecommunication 

services. The most desirable aspect of the OCDMA is the huge bandwidth inherent with 

single mode optical fiber transmission. A single mode optical fiber can support 

transmission capacity in the range of Terabits per second. Optical multiplexing 

techniques have to be employed to exploit full system transmission capacity. 

Code division multiple access (CDMA) is a multiple access scheme that is adopted in 

local area networks (LAN) so that the users in the network can access the same network 

channel without delay or scheduling but with high transmission security. CDMA is one 

technique that simultaneously, asynchronously or synchronously, multiplexes multiple 

users in the same frequency band and timeslot through unique signature codes.   

 

3.2 Attributes of OCDMA 

 

Optical implementation of CDMA (OCDMA) within an optical fiber network has a 

number of desirable features[6]. These attributes include: 

• Synchronous access capability which has been discussed at length in chapter 2. 
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• Ultra-short optical pulse duration whilst maintaining the possibility of bit 

detection in the electrical circuit. 

• Ability to support variable bit rate and bursty traffic. 

• Accurate time of arrival measurement (allows for fine code synchronization), and 

a natural increase in the security of transmission. 

 

Another feature of OCDMA is that optical orthogonal codes (OOC, Chapter 1) remove 

electronic optic bottlenecks due to the conversion from the optical domain to the 

electrical domain for signal processing. This is done at the receivers of the 

communication system. The design of these new codes allow for the implementation of 

all optical systems. These all optical systems allow for the efficient utilization of the 

potential bandwidth of the optical transmission system.  

Implemented asynchronously, CDMA has advantages over other synchronous multiple 

access schemes such as Time Division Multiple Access (TDMA) because it does not 

require synchronization between transmitters. Furthermore, when compared with 

Frequency Division Multiple Access (FDMA), CDMA does not always require 

synchronization, which is an expensive prospect. In CDMA the addition of new users is 

particularly easy. It requires only a new quasi orthogonal code to serve as the address of 

the new user. 

Optical CDMA requires synchronous accessing schemes wherever there arises a need for 

higher throughput. For example, in cases where real time access is needed, such as voice, 

digitized video etc, synchronous accessing techniques are most efficient. 

There are two essential methods of implementing multiplex transmission in optical fiber. 

These two methods are electrical multiplexing and optical multiplexing. When electrical 

multiplexing is used, the bandwidth potential offered by optical fibers is hindered by the 

speed limitation of electronics, required for signal processing at the various electro-

optic/opto-electric interfaces at the input as well as at the output of the optical fiber 

network. Fully optical signal processing was introduced to avoid these bottlenecks. 

Electrical signal processing allows the use of conventional CDMA spreading sequences 

such as m-sequences and gold sequences. We shall take a look at these two code 

sequences in this chapter. 
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There are two approaches to OCDMA as discussed in previous chapters. These are 

incoherent and coherent CDMA. For incoherent optical processing, there is an absence of 

negative elements in the coding. This is because, light cannot have negative intensities. 

This absence of negative elements in incoherent optical signal processing introduces a 

limitation in orthogonal codes. Because these codes are special they require special 

attention. This new family of codes is called optical orthogonal codes. 

 

3.3 Auto-correlation and Cross-correlation in CDMA 

 

Correlation can be defined as the measurement of how much two signals are alike. It is a 

measurement of the similarity of two signals. Correlation is used for detecting spread 

spectrum signals. However autocorrelation refers to the degree of correspondence 

between a sequence and a phase shifted replica of itself.  

In a direct sequence spread spectrum system correlation is used to identify a signal that 

has been coded with a PN sequence. Typically a correlation circuit consists of a mixer 

and a low pass filter. The low pass filter handles averaging and removing noise which is 

outside the bandwidth of information signal. Essentially the two incoming signals are 

multiplied together (in a mixer) and the product will be checked. The average value from 

the mixer will result in the average likeness of the two signals. After mixing, the 

interference signals are spread out (since they resemble noise) while the desired signal is 

de-spread to its narrow band. 

As mentioned before, typical autocorrelation plots show the number of agreements minus 

the number of disagreements for the overall length of the sequences being compared. If 

( )c t is a periodic pulse waveform representing a PN sequence, we refer to each 

fundamental pulse as a PN sequence symbol or chip[2]. The normalized autocorrelation 

function is expressed as follows; 

1
( )x

o

R
T

τ = [number of agreements � number of disagreements]   (3.1) 

2 1m

oT = −  chips. 

 

Table 3-1 Agreements and Disagreements with Reference Sequence 
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Fig 3.1 Autocorrelation of a Three-Stage Linear Feedback Shift Register 

 

The normalized autocorrelation function ( )xR τ  of a periodic waveform ( )x t with period 

oT  is given as; 
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0

0

/ 2

0 / 2

1 1
( ) ( ) ( )

(0)

T

x

x T

R x t x t dt
R T −

τ = + τ∫   for  −∞ < τ > ∞    (3.2) 

 

Where, 

/ 2
2

0 / 2

1
(0) ( )

o

o

T

x

T

R x t dt
T −

= ∫  

 

The sketch of ( )xR t  is shown in figure 3.1. 

The cross correlation function between two signals ( )x t  and ( )z t , is defined as the 

correlation between two different signals ( )x t  and ( )z t and is given by; 

0

0

/ 2

/ 2

( ) ( ) ( )
T

c

T

R x t z t dt
−

τ = + τ∫   for  −∞ < τ > ∞     (3.3) 

 We have focused on the performance analysis of an OCDMA network using certain PN 

sequence codes as mentioned before in previous chapters of this thesis. In order to 

achieve this, certain PN codes are generated and analyzed. The codes that have been 

studied for this purpose are m-sequences, Gold codes, Prime code and Modified Prime 

Codes. A detailed analysis of each follows. 

 

3.4 Linear Feedback Shift Registers 

 

Ideally the spreading codes used in direct sequence spread spectrum systems would be 

truly random binary sequences. If on the other hand, truly random sequences were to be 

used, then they would have to be pre-generated and pre-stored in all transmitters with a 

matching copy in the receivers. This is not a practical notion since both transmitter and 

receiver must generate the same sequence, time-aligned, in order to communicate with 

one another. Receivers must perform synchronization searches by changing their time- 

offset hypothesis, until the transmitter timing is located. One such method of 

synchronization is explained in a later chapter.  
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Table 3.2 Results of Shifting after Each Cycle 

 

 

 

 

Fig 3.2 Output Waveform of Four Stage Linear Feedback Shift Register. 

 



 25

The deterministic methods of generating the pseudo random sequences are preferable. 

The maximal length binary sequences produced by linear feedback shift registers are 

widely used for direct sequence spreading spectrum. The reasons for this are: 

 

• Linear feedback shift register sequences are easily generated by very simple 

binary logic circuits. 

• Very high speed generators are possible because of this simple logic. 

• Maximal length sequence generators are easily designed using finite (Galois) field 

mathematics. 

• The full period autocorrelation functions of maximal length linear feedback shift 

register sequences are binary valued, facilitating synchronization searching. 

We shall look at the properties of m-sequences next. 

 

3.5 m-sequences 

 

m-sequences are used for CDMA and in optical CDMA such as the one under study with 

direct detection (DD) only. A binary polynomial of degree n can be represented as; 

1 2
1 1( ) ......n n

o n nh x h x h x h x h− −
−= + + + +       (3.4) 

where 1o nh h= =  and the other h�s take on the typical values of zero or one. The 

convention is to represent a polynomial like the one in equation (3.4) as a binary vector 

0 1( , ... )nh h h h= . These values are to be represented in octal notation. A typical example of 

such polynomials is expressed[2], as 4 1 10011x x+ + = , 5 2 1 100101x x+ + =  which 

represent octal values of 23 and 45 respectively. A binary sequence u is said to be a 

sequence generated by h(x) if for all integers (j): 

 

0 1 1 2 2 0j j j n j nh u h u h u h u− − −⊕ ⊕ ⊕......⊕ =       (3.5) 

 

where ⊕  represents modulo-2 addition. This same sequence can be represented by a n-

stage binary linear feedback register. If j is replaced by j+n and 1oh = , then equation 

(3.5) will become, 
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1 1 1 1j n n j n j j nu h u h u h u+ − + + −= ⊕ ⊕ ......⊕        (3.6) 

 

A feedback tap should be situated at the ( thi ) cell if 1 1h = , and 0 i n< ≤ . When 1 1h = , a 

connection at the thn  cell will always exist. In figure 3.3 we have a shift register system. 

A typical shift register can generate several different sequences. It can generate all zeros, 

but since that would be of no interest to us, only the non-zero sequences are of value to 

us.  

 

Table 3.3 Number of Maximal Sequences Available from Register Lengths 2 through 10 
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Fig 3.3 n-Stage Linear Feedback Shift Register 

 

 

3.5.1 Properties of m-sequences 

 

m-sequences are suited in CDMA because of the following properties: 

1. An m-bit register produces a sequence of period 2 1m − . 

2. An m-sequence contains exactly 12m−  ones and 12m− -1 zeros. 

3. The modulo-2 sum of an m-sequence with the phase-shifted same m-sequence 

yields a third similar sequence, with a phase shift other than either of the 

originals. 

4. A sliding window of length m, passed along am m-sequence for 2 1m −  positions, 

will span every possible m-bit number except all zeros once and only once. 

5. Define a run of length R to be a sequence of R consecutive identical symbols, 

bracketed by non-equal symbols. Then in any m-sequence there are: 

• 1 run of ones of length m. 

• 1 run of zeros of length m-1. 

• 1 run of ones and 1 run of zeros, each of length m-2. 

• 2 runs of ones and 2 runs of zeros, each of length m-3. 
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• 4 runs of ones and 4 runs of zeros, each of length m-4. 

• 32m−  runs of ones and 32m−  runs of zeros, each of length 1. If the sequence 

is mapped to a binary valued waveform by mapping a binary zero to -1 

and binary 1 to +1, then the autocorrelation is unity for zero delay and 
1

N

−
 

at all other times. 

6. m-sequences are balanced: the number of ones exceeds the number of zeros by 

only 1. 

7. The spectrum of an m-sequence has an envelope. 

8. The shift and add property can be formulated as follows 

k i jT u T uT u=        (3.7) 

9. Here u is an m-sequence, by combining two shifts of this sequence (relative shifts 

i and j), we obtain the same m-sequence again, with another relative shift. 

10. The autocorrelation function is two valued: 

 

( )
1u

N
R


τ = −

     
kN

kN

τ = 
τ ≠ 

     (3.8) 

11. Where k is an integer value, and is the relative shift. 

12. There is no general formula for the cross correlation of two m-sequences, only 

some rules can be formulated. 

 

3.6 Gold Sequences 

 

A gold sequence is generated by the sum of a preferred pair of m-sequences.  

 

A �preferred pair� is a combination of m-sequences for which the cross correlation only 

shows three different values: -1, [( 2) / 2]2 n+−  and [( 2) / 2]2 n+ . There do not exist preferred pairs 

for shift registers with a length equal to 4k where k is an integer. Combining two m-

sequences, which form a preferred pair, leads to a Gold code. By giving one of the codes 

a delay with respect to the other code, we can get different sequences. The number of 

sequences that are available is 2 1n +  (the two m-sequences alone, and a combination 
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with 2 1n −  different shift positions). The maximum full-code cross-correlation has a 

value of [( 2) / 2]2 n+ +1.  

 

3.7 Prime Sequence Codes 

 

The typical receiver output in a CDMA system is shown in the equation (3.9) below. 

Where each data bit is encoded into the waveform s(n), which consists of a signature 

sequence of N chips. This signature sequence represents the destination address of that 

bit. Individual receivers correlate their own address a(n) with the received signal s(n)[5]. 

The resulting output q(n) is: 

 

1

( ) ( ) ( )
N

k

q n s k a k n
=

= −∑         (3.9) 

 

If s(n)= a(n) then the signal has arrived at the correct receiver, and the equation (3.9) 

represents an autocorrelation function. Conversely if the signal arrives at the wrong 

receiver then s(n) a(n)≠ and the equation (3.9) will represents a cross-correlation 

function. At each receiver it is preferred if autocorrelation is maximized and cross 

correlation is minimized so that there can be discrimination between the correct signal 

and the interference of other signals. 

Orthogonal codes offer a high autocorrelation peak and low cross correlation peaks, and 

consequently they are best suited for CDMA. Bipolar (+1. -1) sequences also exhibit 

these correlation properties. However optical systems can only accommodate unipolar (0, 

+1) sequences. Several unipolar optical pseudo-orthogonal (non-zero cross correlation 

functions) codes and Alberta codes have been studied. From these studies code sequences 

of length 2N P= have emerged. These codes are derived from prime sequences of length 

P (P is a prime number). The generation of these codes are explained below; 

The generation of prime sequences is based on a Galois field GF(P): 

GF(P) = {0,1,�.,j,�.P-1} 

A prime sequence 0 1 ( 1)( , ,....., ,....., )x x x xj x PS s s s s −=  is constructed by multiplying every 

element j of GF(P) by x, also an element of GF(P), modulo P [5]. Hence P distinct prime 
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sequences can be obtained. This is shown, for P = 5 in table 3.4. After creating the 

sequences xS , which is then mapped into a binary code 

sequence 0 1 ( 1)( , ,....., ,....., )x x x xj x NC c c c c −=  as follows: 

 

1

0xic


= 


  
0,1,..... 1xjfor i S jP j P

otherwise

= + = − 



      (3.10) 

 

It follows that the number of binary 1�s per code sequence is P� 

The probability of error can be calculated with respect to the number of users on a 

system, with the use of the signal to noise ratio. From the auto correlation and cross 

correlation analysis the signal to noise ratio for these types of sequences can be 

approximated by [5] 

 

2

0.29( 1)

P
SNR

K
≅

−
         (3.11) 

 

Here K is the number of users transmitting simultaneously. In this equation the SNR is 

directly proportional to the square of the number of chips (P) per code sequence. It is also 

true from the equation that, for a given chip length for a code sequence, the signal to 

noise ratio decreases as the number of simultaneous users, K increases. Hence it can be 

said that, larger the number of users in the network, at a given time, the poorer the system 

performance. This degradation in the SNR leads to an increase in the probability of error. 

The probability of error /e GP , assuming Gaussian distributed interference, is given by the 

equation: 

 

/ 2 1.16( 1)
e G

SNR P
P Q Q

K

  − −
= =      −   

      (3.12) 
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where 
21

( )
22

x
y

Q x e dy
π −∞

−
= ∫  is the cumulative distribution function. The above 

approximation is valid for large values of K where, by the central limit theorem, the 

interference component approaches a Gaussian distribution.  

 

 

Table 3.4  Mapping of xS  and xC  for P = 5 

Group   i  

 

  x        0 1 2 3 4         sequences                     code sequences 

 

0 0 0 0 0 0            0S              0C = 10000 10000 10000 10000 10000 

1        0 1 2 3 4    1S               1C = 10000 01000 00100 00010 00001  

  2 0 2 4 1 3    2S              2C = 10000 00100 00001 01000 00010  

  3 0 3 1 4 2   3S              3C = 10000 00010 01000 00001 00100  

  4 0 4 3 2 1   4S              4C = 10000 00001 00010 00100 01000  

 

 

 

3.8 Modified Prime Codes 

 

Prime codes are a family of optical address that is suitable for optical fiber CDMA 

systems using all-optical processing. In CDMA, the number of pseudo orthogonal code 

sequences is limited to P, and consequently the number of users. This also means that 

once the number of users becomes large (K increases), the resulting cost and optical 

power losses of all optical CDMA encoder and decoders can be large.  

The use of the Modified Prime Codes (MPC) can accommodate a greater number of 

subscribers at the same bandwidth. However the expense in the use of modified prime 

codes comes in the form of Synchronization. MPC�s use a set of code sequences which 

are designed from a time shifted version of regular prime codes. The cross correlation 



 32

peak between two time shifted versions of the codes can be as high as the auto correlation 

peaks. Therefore we need synchronization at the receiver, and we call this sequence and 

system as �synchronized� CDMA. 

When these codes are time shifted, there is the possibility of as many as 

3 2
P P P− + codes sequences. This would naturally result in a significant increase in the 

number of possible subscribers. The design of these MPC�s have been explained in the 

following lines below: 

Each of the codes generated from the original prime code of length P, from the prime 

sequence xS  are used as a starting point for a modified prime code. The first groups of 

codes generated, which would be x = (0), are obtained by the left rotation of the CDMA 

code sequence 0C . 0C  from the prime sequences can be left rotated P-1 times before 

recovery; hence P-1 codes can be generated from 0C . For the other groups where           

(x = {1,2�.,P-1}), the corresponding modified prime codes can be generated by shifting 

the prime sequence P-1 times again as before. This creates new prime sequences 

, 0 1 ( 1)( , ,....., ,......, )x t xt xt xtj xt PS s s s s −= where t represents the number of times xS  is left 

rotated. Therefore, from each group of 0 to P-1, there are a total of P prime sequences per 

group. The prime sequences ,x tS  are then mapped onto a code sequence 

, 0 1 ( 1)( , ,....., ,......, )x t xt xt xtj xt NC c c c c −=  according to the criteria: 

 

1

0xic


= 


  
0,1,..... 1xjfor i S jP j P

otherwise

= + = − 



       

 

The resulting code sequences are still pseudo orthogonal to each other. See appendix for 

a table of GF(7). 

 

3.9 Detection and Analysis of Transmitted Codes 

 

The data to be transmitted in a OCDMA network is first imprinted on unique signature 

codes. At the receiver, the intended user�s code is correlated with the received signal to 

recover the data. CDMA can be implemented in a Matched Filter Detection (MFD) 
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scheme or Coherent Correlation Detection (CCD) scheme. We shall analyze both the 

systems.  

 

3.10 Matched Filter Detection 

 

This is a conventional method of detection in the spread spectrum systems. The matched 

filter simply correlates the received signal with the desired user�s time reversed spreading 

waveform, and samples the output at the bit rate. 

The matched filter detector basically, consists of a tapped delay line filter: the number of 

taps, equals the code length (N). The output vector (k) of the tapped delay line: 

Matched filter detection is realized by launching the transmitted code sequence into a 

decoder which is matched to the encoder of the desired user. This correlates the incoming 

code sequence, producing an auto correlation peak. The convolution operation of the 

incoming code sequence and the impulse response of the decoder will calculate the 

correlation. 

The code sequence for the thk user (k=1,2,�,K) with rectangular pulse chip waveforms is 

represented as follows: 

( )( ) ( )
c

k

i T c

i

c t c P t iT
∞

=−∞

= −∑           (3.13) 

where signature code ( )k

ic has chip width cT and period N. Therefore, 

( ) ( )k k

i i Nc c +=                        (3.14) 

This implies that the data bit width is b cT NT= . From this deduction it can be said that a 

larger code gain N can be obtained if there is a smaller cT . In equation (3.13), ( )
cTP t is the 

rectangular pulse where, 

 

( )
cTP t =

1 0

0
cfor t T

otherwise

≤ ≥



 

 

The decoder produces an impulse response matched to the code sequence ( )t

kC ; 
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1
( )'

1
0

( ) ( ) ( )
cT

N
k

cN ik k b
i

pc t c T t c t T
−

− −
=

 = − = −∑                    (3.15) 

 

Where  is denoted to truncate one time period of the code. And ' ( )kc t indicates reverse 

code sequences of ( )t

kC . This means that if the last chip of ( )t

kC is ( )
1

k

NC − , then ( )
1

k

NC − is the first 

chip of ' ( )kc t . Consequently, if the incoming code is the sequence of user one, the cross 

correlation function between user one and the thk user for one period is, 

 

1 1
' (1) ( )
1 1

0 0

2 2

,
0

( ) ( ) (

( 1) (

c

c

N N
k

k N j i T c

j i

N

k l T c

l

c t c t c c P t iT jT

c l N P t lT

− −

− −
= =

−

=

 ∗ − τ= − − −τ)

= − + − −τ)

∑ ∑

∑
      (3.16) 

 

Here, * denotes the convolution operation and , ( )k lC l for 1k ≠ is the discrete aperiodic 

cross-correlation function. 

 

 , ( )k lC l = 

1
( ) 1

1
0

1
( )

1
0

0 1

1 0

0

N l
k

j j

j

N l
l k

j j

j

c c l N

c c N l

l N

− −

+
=

− +

−
=


≤ ≤ −


 − ≤ <

 ≥


∑

∑         (3.17) 

 

Where 1( ) 1C l for k =  represents the auto-correlation. The peak value is located at l=0. 

 

3.11 Coherent Correlation Detection 

 

Multiplying the incoming signal with the designated user code, which is generated chip-

by-chip, carries out coherent correlation detection. The product of the multiplication is 
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then integrated over the code length. The incoming signal ( )t

kC and the local code ( )
1

tC can 

be represented with the cross-correlation function, 

 

1 , , ,

0

( ) ( ) ( ) ( ) ( 1) ( )
bT

k c k l c k l k lc t c t dt T m mT m mθ θ θ− τ = + τ −  + − ∫     (3.18) 

 

Where τ is the code phase shift between the incoming signal and the local code,  

/ cm T= τ  . 

1
( ) 1

,
0

( )
N

k

k l j j m

j

m c cθ
−

+
=

=∑          (3.19) 

With / cTτ  defined as the largest integer less than or equal to / cTτ , , ( )k l mθ  is the 

discrete periodic cross-correlation function 1( )mθ , at k=1, represents the periodic auto-

correlation function. The two primary correlation conditions needed for a multi-user 

system like CDMA are, 

• The autocorrelation function between the codes and its time shifted code should 

be low compared to the autocorrelation peak value. 

• The cross correlation function between two codes in the set should be low 

compared to the autocorrelation peak value. 

 

3.11.1 Coherent Correlation Detection for Prime Codes 

 

Various unipolar codes have been developed for incoherent pulse CDMA systems which 

are based on MFD processing. The most often used are prime codes. Prime codes have a 

code length 2N P= and a weight of P (where P is a prime number). A total of P 

synchronous users can be supported by a typical prime sequence. The code sequence can 

be derived from the prime number using; 

( )k

ic = ,1 ( 0,1,...., 1)

0

k jfor i jP j P

otherwise

= ε + = −



     (3.20) 



 36

Where         ,k j

kj
kj P

P

 ε = −   
 

Figure 3.4 [6] shows the autocorrelation function and cross correlation function derived 

for MFD and CCD for prime sequence codes of weight P = 5. The auto correlation is for 

the first code at, k = 1 and the cross correlation is for the codes between the first, the 

second code (i.e. 2,1( )C l ) and the third code (at 3,1( )C l ). As shown in the figure the auto-

correlation�s peak is at the center. It is symmetrically distributed over 2N-1 time 

intervals. Figure 3.4 (b) illustrates the periodic auto correlation functions and cross 

correlation functions for CCD versus the code phase shift between the incoming code and 

the local code. An autocorrelation peak of amplitude 5 appears at each phase shift of a 

five-chip duration and all cross correlation functions are unity. Because these codes are 

positive and unipolar, the correlation values are non-negative and the required cross 

correlation for efficient system implementation can be obtained through the use of codes 

with a larger number of zeros and ones. 

 

3.11.2 Coherent Correlation Detection for Modified Prime Codes 

 

As mentioned previously modified prime codes are a time shifted version of prime 

sequence codes. Consequently they can support a large number of users in a synchronous 

transmission mode. As in prime codes, the modified prime codes can be derived from the 

expression, 

( , )k s

ic = 
1 ( 0,1,...., 1)

0

ksjfor i jP j P

otherwise

= ε + = −



    (3.21) 

Where         kj

ksj kj

s
s P

P

ε + 
ε = ε + −  

 
 

The auto correlation function peak for modified prime codes is P. The correlation 

function between the sequence x and y is represented as, 

, (0)x yθ = 0

1

P x y

x and y are in the same group

x and y are in different group

=





     (3.22) 
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Fig 3.4 Correlation Functions for Prime Codes with MFD and CCD 
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Same group refers to the codes that have the same k and different s, and different groups 

refer to a pair of codes with different values of k.  

 

3.12 Homodyne Correlation Detection 

 

Bipolar codes are realized in systems where both positive and negative signal levels can 

be represented. For asynchronous transmission, Gold codes are used. These are a family 

of bilopar codes that can support a large number of users with good cross correlation 

properties. Gold codes with code length 2 1nN = − comprise N+2 codes, supporting N+2 

asynchronous users. In the figure 3.5 the auto correlation and cross correlation functions 

of the MFD and CCD systems of decoding bipolar Gold codes for N=7 are shown. In 

figure (a), the auto correlation peak value for MFD is located at seven. It is in the center 

and symmetrically distributed over 2N-1 time interval. Figure (b) shows the auto 

correlation peak at seven once again, but with CCD all the phase shifted correlation 

functions are -1 (a property of m-sequences). Because the codes have positive and 

negative values, a cross correlation function of low interference is produced. 

 

3.13 Prime Sequence Code Analysis 

 

Figure 3.6 shows the implementation of incoherent and coherent pulse CDMA. This 

system can be explained as follows: 

• A pulse laser generates optical pulses of width cT . 

• The optical sequence is modulated by the information data of the thk user from 

(k=1,2,�,K). This is carried out with an electro-optic modulator and the 

information data can be represented by  

( )( ) ( )
b

k

k n T b

n

d t d p t nT
∞

=−∞

= −∑        (3.23) 

Where ( )k

nd are the information data bits. 
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Fig 3.5 Correlation Functions for Gold Codes with MFD and CCD 
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• The optical delay line encoder then codes the modulated signal. This is where the 

pn-sequences are introduced. For unipolar codes, we only use (0, 1). In optical 

CDMA generally coding is unipolar. 

• The signal arrives at the star coupler where it is multiplexed and transmitted.  

 

At the receiver, the received signal r(t) for K active users is, 

 

 
1

2
( ) ( ) ( )exp ( ( ) )

K
o

k k k k k

k

W
r t d t c t j t

P =

= − ς − ς ω + ϕ∑     (3.24) 

here, 

oW is the optical pulse power. 

P is the code weight (a prime number); the code weight is the number of ones in the code 

period. 

kς  is the random access delay and it is uniformly distributed between [0, cT ]. 

ω  denotes the optical carrier frequency. 

kϕ  is the optical carrier phase, which is random and is uniformly distributed over [0, 2π ]. 

• Now at the intended receiver there is a locally generated sequence from a pulsed 

local oscillator along with an encoder for the selected user. From here the signal 

must undergo carrier and code phase synchronization. 

• The received signal is correlated by the local code, chip-by-chip via an optical 

correlator. The optical correlator consists of a 3dB coupler and a dual balanced 

detector. 

• The detector output is integrated over bit duration, and applied to a thresholding 

device. 

In equation (3.24), for the first user 1 0ϕ = . 

The output of the detector is displayed below without the inclusion of any noise sources. 

 

1 1( ) 2 Re{ ( ) ( )}i t r t L t= η         (3.25) 
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Where η is the responsivity of the detector (photodiode), and 1( )L t is the local code under 

ideal carrier and phase synchronization. 

 

1 1

2
( ) ( )exp( )LW

L t c t j t
P

= ω         (3.26) 

 

where LW = optical pulse power. 

Substituting r(t) from equation (3.24) output current of the detector is integrated from [0, 

bT ], resulting in; 

 

(1) ( )
1 0 1 ,1 0 ,1

2

cos
2 . ( ) ' ( )

K
k kk

o L c k k k k

k

Z W W T d d R d R
P

−
=

ϕ 
 = η + ς + ς  

 
∑    (3.27) 

 

where ,1 ,1( ) ' ( )k k k kR and Rς ς are continuous time correlation functions. 

From equation (3.27) we obtain the desired signal, which is at k = 1 and (1)
0d =0, 

1S =
2 "1"

0 "0"
c o LT W W is sent

is sent

 η



       (3.28) 

 

To calculate the effect of multiuser interference from equation (3.27), the statistical 

expectations must be calculated over all random variables. These random variables can 

be considered as mutually independent and hence the multiuser has zero mean and 

variance of; 

 

2
2 2 2

,1 ,1 ,1 ,14
2 0

( ) ' ( ) ( ) ' ( )
bTK

o L
a k k k k k k k k k

kc

W W
I R R R R d

P T =

η
 = ς + ς + ς ς ς ∑∫    (3.29) 
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(a) Incoherent OCDMA 

 

(b) Coherent OCDMA 

 

Fig 3.6 Configurations of Incoherent and Coherent OCDMA systems 

 

 

 

 

Substituting for ,1 ,1( ) ' ( )k k k kR and Rς ς  into equation (3.29), the variance of the multi user 

interference can be represented as: 

 

2 1
2

,1 ,1 ,1 ,14
2 1

1
( ), ( ) ( ), ( )

3 2

K N
o L

a k k k k

k m N

W W
I C m C m C m C m N

P

−

= = −

η  
   = ψ + ψ −    

 
∑ ∑   (3.30) 

 

Where m = /k cTς   
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1
[ ( ), ( )] ( ) ( ) ( ) ( 1)

2
1

( 1) ( ) ( 1) ( 1)
2

A m B m A m B m A m B m

A m B m A m B m

ψ = + +

+ + + + +
      

The threshold 0Z can be set at 1 / 2S and is given; 

 

0 c o LZ T W W= η          (3.31) 

 

 

 

The probability of error is given by; 

 

0

2
b

a

Z
P Q

I

 
 =
  
 

         (3.32) 

where, 

2

2
1

( )
2

y x

Q y e dx
π

−

−∞

= ∫  

 

3.14 Analysis of Modified Prime Codes 

 

In a synchronous transmission system where kς = 0, (k = 1, 2,�, K), the output from the 

dual balanced detector is integrated over a bit interval, and from equation (3.27), we get;  

 

(1) ( )
1 0 0 ,1

2

1
2 (0) cos

K
k

o L c k

k

Z W W T d d
P

θ κ
=

 
= η + ϕ 

 
∑      (3.33) 

 

The multi-user interference has zero mean and variance is given by, 

 

2
2 2

,12
2

(0)
K

c o L
a k

k

T W W
I

P
θ

=

η
= ∑         (3.34) 
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Modified prime codes which are considered synchronous will produce a probability of 

error,  

0

1
b

K P

P P
Q K P

K

≤
=   >  − 

        (3.35) 

 

Where K is the number of users and P is a prime number. 

 

 

3.15 Analysis for Gold  Codes 

 

In order to use the same system for the analysis of Gold codes we have to make a few 

adjustments to the system. These are done in order to accommodate bipolar codes.  

First the laser generated pulse stream is phase modulated. Secondly, signal is encoded 

using the tapped delay line optical encoder. A predetermined phase shift occurs in each 

branch and bipolar optical output is produced. 

Once again from equation 3.27, the integrator will have the output, 

 

(1)
1 0 1 ,1 0 ,1

2

cos
2 [ ( ) ' ( )

K
k kk

o L c k k k k

k

Z W W T d d R d R
N

−
=

ϕ 
= η + ς + ς 

 
∑     (3.36) 

 

The data bits and code chips will take on the values {-1, 1}. From equation (3.36), the 

desired signal is, 

 

(1)
1 0 02 c LS T d W W= η          (3.37) 

 

The multi-user interference has zero mean and variance.  
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,1 ,13
2 1
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N
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−
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2η
 = ς + ς ς 

η
 = Ψ  

∑∫

∑ ∑

     (3.38) 

For gold code generation, for a given error probability the number of active users 

increases as the code becomes longer, i.e. as N increases. Now for synchronous CDMA 

transmission with bipolar codes, the random access delay, kς = 0, (k = 1, 2, �, K), the 

interference has zero mean and the variance by simplifying equation (3.38) is [6] 

 

2 2
2 20

,12

2
( )c L

a k

T W W
I o

N

η
= θ∑         (3.39) 
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CHAPTER 4 

 

 

SIMULATION AND RESULTS 

 

 

 

 

The simulation results and the performance analysis of m-sequences, Prime sequences, 

modified prime sequences and gold codes have been presented. This is achieved by 

evaluating the probability of errors using simulation models for the fiber optic LAN, for 

code sequences under study. 

 

4.1 A Model of Simulation 

 

The primary task of this study is to test an OCDMA network performance using various 

spreading sequences. In order to test these code sequences we need to develop an 

OCDMA local area network model. In designing this model the source of noise is the 

interference introduced by other users in the network. 

In this model, user 1 generates random binary information data, {0, 1} for optically 

processed codes, and {+1, -1} for electrically processed codes. Each information bit is 

then modulated by the PN sequence of user 1. This PN sequence has a code length of cL . 

At the same time, one or more other users may also be generating other random binary 

information. Hence, each information bit of every other user is also modulated by its 

corresponding PN sequence. These are also of code length cL . Each of these signals is 

coupled into the optical fiber by means of an optical coupler.  In the transmitting medium 

the transmitted signals will interfere with one another, additively. 
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At the designated receiver for the message sent by transmitting one, the received signal is 

correlated with the PN sequence for transmitter one. A decision is then made on what 

binary information bit was received by comparing the results of the correlation with a 

threshold. 

The output decision bit is then compared with the actual information bit which was 

transmitted. A disagreement corresponds to an error in the system. Using this method, the 

number of errors which occur for any desired number of information bits which are 

transmitted could be counted. The probability of error is thus obtained as a function of the 

number of simultaneous users by dividing the number of error bits by the number of total 

information data bits. 

The codes used for the OCDMA simulation have been created and are shown in the 

appendices. 

 

4.2 Probability of Error from Simulated Results 

 

Prime sequences were generated from the process described in the previous chapters. For 

a given value P (a prime number) a set of codes are generated. These codes have 

length 2N P= . Beginning with a Galois field GF(P) as mentioned before, a prime 

sequence xS is made by multiplying every element of j in the GF(P) field by x (also an 

element of GF(P)), modulo P. This process yields P distinct prime sequences. This is 

shown, for P = 7 in the table in Appendix A. Sequence, xS is then mapped into a binary 

code sequence 0 1 ( 1)( , ,....., ,....., )x x x xj x NC c c c c −= . As explained in chapter 3. 

Modified prime sequences are derived from prime codes as mentioned in the previous 

chapters. In modified prime codes the original sequence xS , is used to provide the seed 

for a new group of code sequences. These codes come about after the first group {i.e. at x 

= 0} is obtained, by left rotating the CDMA code sequence 0C . Here 0C  can be left 

rotated P-1 times before they are recovered. This produces P-1 new codes which are 

generated from the original 0C (Prime sequence codes). The corresponding sequence, 

after the left rotation of the bits is now ,x tS , where the new variable t represents the 
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number of times xS has been left rotated. Now instead of having only P prime sequences, 

we have P prime sequences per group. Typically for P = 7 there will be a new code length 

of N = 2401, that is for each group of 0 to 6, there are 343 chips. Appendix A shows the 

table of Modified prime sequences for chip length P = 7. 

A gold sequence is made by the sum of the preferred pair of m-sequences with fixed 

values of N. This preferred pair is used to generate Gold sequences after the modulo � 2 

sum of one set of sequences with the N cyclically shifted versions of the other set. This 

process will produce N+2 sequences. The error probabilities of the three code families 

above were evaluated for use in a typical incoherent system. The probabilities versus the 

number of users are plotted in the figures 4.1-4.6.  

Figure 4.1 shows the theoretical values calculated from equation (3.12) for the 

Probability of Error Vs. Number of Simultaneous Users for Prime codes (asynchronous 

incoherent detection scheme) for P=7 to P=73, with maximum 73 simultaneous users.  

Figure 4.2 shows the Probability of Error Vs. Number of Simultaneous Users for Prime 

codes (coherent detection scheme) for P=31 with maximum 31 simultaneous users.  

For P=31, with 31 users, the probability of error is 99 10−×  for incoherent prime codes 

and figure 4.2 shows that, for the same number of users(31 simultaneous users) in 

coherent prime codes, the probability of error is 910−5× . The small improvement is due 

to the fact that the received signal strength in both is large and noise is only due to 

interference. 

Figure 4.3 shows the theoretical values calculated from equation (3.35) for the 

Probability of Error Vs. Number of Simultaneous Users for Modified Prime codes 

(asynchronous incoherent detection scheme) for P=7 to P=67 with maximum 67 

simultaneous users.  

Figure 4.4 shows the Probability of Error Vs. Number of Simultaneous Users for 

Modified Prime codes (Coherent detection scheme) for P=7, only for 7 simultaneous 

users.  

For P=7, with 7 users, the probability of error is 310−2×  for incoherent modified prime 

codes and figure 4.4 shows that, for the same number of users(7 simultaneous users) in 

coherent modified prime codes, the probability of error is 310−5× . 
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Figure 4.5 shows the Probability of error Vs. number of users for coherent Prime code 

detection for P=7 to P=31 and N=31(number of simultaneous users). This was generated 

within a simulated OCDMA network that includes external noise (introduced by the 

programming of lengthy code generation) and also interference from various other users 

in the network. The probability of error in this case for a coherent prime code sequence 

with 31 simultaneous users in the network is 0.2. 

Figure 4.6 shows the Probability of error Vs. number of users for Incoherent M-

sequences for a code length of 7(where code length = 2 1n −  for n=3). The results were 

obtained within a simulated OCDMA network including interference from various other 

users in the network. In this case, for 7 users in the network, with a chip length of 7 for 

each user code, the probability of error is 0.1.  
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Figure 4.1 Probability of Error Vs. Number of Simultaneous Users for Prime codes 

(Incoherent detection scheme) for P=7 to P=73 
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Figure 4.2 Homodyne coherent Prime code detection for P=31 and  
N=31(number of simultaneous users) 
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Figure 4.3 Probability of Error Vs. Number of Simultaneous Users for Modified Prime 
codes (Incoherent detection scheme) for P=7 to P=67 
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Figure 4.4 Probability of error Vs. number of users for Modified Prime codes for N=7 

simultaneous users (Coherent scheme) 
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The three code families mentioned above were analyzed for a synchronous coherent 

optical pulse CDMA system based on coherent correlation detection. The systems were 

evaluated and analyzed and their probabilities of error accessed. Equation (3.12) shows 

how the probability of error for unipolar prime sequences can be ascertained.  

 

Equation 3.35 indicates how the probability of error for modified prime codes can be 

calculated for a coherent scheme.     

 

Equation 3.38 can be used along with equation 3.32 to obtain the probability of error for 

bipolar gold codes.  

 

4.3 Simulation Approach and Code Length 

 

In the generation of the codes and the simulation studies to compare the various codes, it 

was necessary that the different parameters used have similar dimension and code length. 

The code length for gold sequences considered assume values 2 1m

cL = − , where m is the 

number of shift registers. Possible values for the electrically processed codes (for m � 

sequences, gold sequences) range from {3, 7, 15, 31, 63, 127, 255�.}. For the simulation 

purposes the code length was chosen to be {31}. While theoretically the code lengths 

range from {31, 63, 127, 255, 511}. 

For prime sequence codes (optical orthogonal codes) the code length is limited 

to 2
cL P= , and P is a prime number and denotes the weight of the code. Consequently the 

possible code lengths are {1, 4, 9, 25, 49, 121�}. The code lengths used in the 

simulation and in theory range from {25, 121, 289, 529, 961} which correspond to P = 

{5, 11, 17, 23, 31}. 
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Figure 4.5 Probability of error Vs. number of users for coherent Prime code detection for 
P=7 to P=31 and N=31(number of simultaneous users) 
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Figure 4.6 Probability of error Vs. number of users for Incoherent M-sequences 
Code length = 7( 2 1n −  for n=3) 
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Modified prime codes have larger code lengths because of the left rotation of the regular 

prime sequence xS . For theoretical purposes the values of P are the same as in prime 

sequence codes, that is, P = {5, 11, 17, 23, 31}. However for the simulation only, the 

value P = 7 was used because of the code length has increased to 2401.  

For m � sequences, the maximum number of users chosen was 8, with a maximum chip 

length of 7. The error count is as follows: 

 

Table 4.1 

 

The error probability versus the number of users is shown in figure 4.6 

For Gold codes, the maximum number of users was 31 and the errors counted are as 

follows.  

 

Table 4.2 

 

The error probability versus the number of users for gold codes has been generated using 

Matlab scripts. 

 

Codes used in simulation and theory are generated using MATLAB scripts and are shown 

in the Appendices B-U.  
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CHAPTER 5 

 

 

HARDWARE DESCRIPTION OF OCDMA NETWORK 

 

 

 

 

Fig. 1 shows a typical fiber optic CDMA network. Each information source provides an 

information bit for a laser based optical OOK modulator, every T second. Pulses 

generated by optical OOK modulator have duration cT = T/F, where F is CDMA code 

length or processing gain of the network. In an optical CDMA encoder, energy of pulses 

generated, gets split into K (code weight) equal parts. Each part undergoes a specified 

delay and then recombines to form the CDMA code pattern at the output of a CDMA 

encoder. This process is performed using optical couplers and optical tapped delay lines. 

We assume the OOC codes with minimum auto and cross correlation is assigned to each 

user�s encoder[4]. 

In the diagram shown, N is the maximum number of active users of the network and by 

maxN  the maximum number of allowable users. This means that maxN is the size of the 

star coupler. Under conditions of minimum auto and cross correlation, maxN is limited to 

(F-1)/K (K-1). [7] 
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Figure 5.1 An OOC-CDMA network [4] 
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The star coupler distributes the signal equally from each input port to its maxN output 

ports. At the receiver the desired signal along with the interference from all other N-1 

users will be received. The receiver has to be able to decide which bit of the desired user 

has been sent. Bit Error Rate performance of the receiver is highly affected by the 

architecture of CDMA decoder. 

 

5.1 Matched Filters 

 

A general matched filter is illustrated in the figure below.[1] 

 

Fig 5.2 Matched Filter 

 

Let the input be denoted by ( )s t  and the output signal by ( )os t . Similar notation is used 

for noise. This filter is used in applications where the signal may or may not be present. 

Firstly, the signal is assumed to be time limited between the intervals (0, T) and is zero 

otherwise. The Power Spectral Density (PSD) of the additive input noise ( )n t  will also 

be known. In order to determine the filter characteristics such that the instantaneous 

output signal power is maximized at ot we need to find the filter impulse response ( )h t , 

such that the signal to noise ratio will be maximum at t = ot .  

 

2

2

( )

( )
o

o

s tS

N n t

  = 
 

          (5.1) 
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The objective of the matched filter is to distort the input signal waveshape and filter the 

noise so that at sampling time ot , the output signal level will be as large as possible with 

respect to the rms noise level. 

The transfer function of the matched filter is given by  

 

*( )
( )

( )
oj t

n

S f
H f K e

P f

− ω=             (5.2) 

where ( ) [ ( )]S f F s t=  is the Fourier transform of the input signal ( )s t of duration T 

seconds. ( )nP f  is the PSD of the input noise, ot is the sampling time when ( / )outS N  is 

evaluated, and K is an arbitrary real non zero constant.  

The output is given by, 

0
0 0( ) ( ) ( ) j t

s t H f S f e df

∞
ω

−∞

= ∫         (5.3) 

The average power of output noise is, 

0

22 ( ) (0) ( ) ( )o n nn t R H f P f df

∞

−∞

= = ∫        (5.4) 

The signal to noise ratio at the output is given by, 

0

2

2

0 0

2
20

( ) ( )
( )

( )
( ) ( )

j t

out

n

H f S f e df
s tS

N n t
H f P f df

∞
ω

−∞
∞

−∞

  = = 
 

∫

∫
      (5.5) 

Using the Schwarz inequality in equation 5.5, we obtain, 

2
2

2

( )
( ) ( )

( )

( ) ( )

n

n

out

n

S f
H f P f df df

P fS

N
H f P f df

∞ ∞

−∞ −∞
∞

−∞

  ≤ 
 

∫ ∫

∫
      (5.6) 

Since ( )nP f  is a non negative real function. Hence, 

2
( )

( )out n

S fS
df

N P f

∞

−∞

  ≤ 
 

∫         (5.7) 
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The maximum 
out

S

N

 
 
 

is obtained when ( )H f is chosen such that the equality is attained. 

This will occur when,  

0*( )
( )

( )

j t

n

KS f e
H f

P f

− ω

=        (5.8) 

From a practical viewpoint, it is realized that the constant K is arbitrary, since both the 

input noise and input signal will be multiplied by K, and K cancels out when ( / )outS N  is 

evaluated.  

 

5.2 Results for White Noise  

 

For the case of white noise, the description of matched filters can be simplified as 

follows: 

For white noise, ( )nP f = / 2oN .  

2
( ) *( ) oj t

o

K
H f S f e

N

− ω=         (5.9) 

When the input noise is white, the impulse response of the matched filter becomes, 

( ) ( )oh t Cs t t= −          (5.10) 

where C is an arbitrary real positive constant, ot is the time of the peak signal output, and 

( )s t is the known input-signal waveshape. In order to prove this, we have, 

0

1 *

2 ( )

2
( ) [ ( )] ( )

2
( )[ ]

oj t j t

o

j f t t

o

K
h t F H f S f e e df

N

K
S f e df

N

∞ − ω− ω

−∞

∞
− −

−∞

= =

=

∫

∫
 

2
[ ( )]o

o

K
s t t

N
= −  

( )s t  is a real signal and let 2 / oC K N=  in equation (5.10)[1]. 

Equation (5.10) also shows that the impulse response of the matched filter is simply 

known waveshape that is �played backwards� and translated by an amount ot . Hence, 

this filter is said to be �matched�.  
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Fig. 5.3 Waveforms Associated with Matched Filter 
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Using Parseval�s theorem on the following equation, 

2
2( ) 2
( )

/ 2out o o

S S f
df s t dt

N N N

∞ ∞

−∞ −∞

   = = 
 

∫ ∫  

But 22
( ) s

o

s t dt E
N

∞

−∞

=∫ which is the energy in the input signal. Hence, 

2 s

out o

ES

N N

  = 
 

          (5.11) 

From equation 5.11 it can be said ( )/ oS N  depends on the signal energy and the PSD 

level of noise. Hence, it does not only depend on the waveshape of the signal, but also on 

the duration of the signal. 

 

5.3 Correlation Processing 

 

For the case of white noise, the matched filter can be modified to realize the waveshape 

of the signal, by correlation processing [1]. That is, the received signal ( )r t  is correlated 

with the generated signal in the processor. This is similar to the information signal, ( )s t .  

0( ) ( ) ( )
o

o

t

o

t T

r t r t s t dt
−

= ∫          (5.12) 

 

where ( )s t is the transmitted signal waveshape and ( )r t is the received signal, as 

illustrated in the figure 5.4. 
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Fig. 5.4 Correlation Detection for BPSK 
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5.4 Receiver Structures used in Correlators 

 

The main electronic functions used in the correlator structures are integration and 

comparison against a threshold value.  

 

• Passive Correlation Receiver. 

 

Here the received signal will be compared against transmitter signature sequence. The 

receiver essentially performs matched filtering on the input signal. Incoming signal is 

divided into K equal parts each undergoing a time delay complement to one of the delay 

elements of the CDMA encoder. This forms a filter inversely matched to the transmitted 

signature sequence. To illustrate this point, assume F = 32. and the transmitter sequence 

is (1,4,13,30), then delay elements will be designed to generate delays (31 cT ,  

28 cT ,19 cT ,2 cT ). Output of these K delay lines will be combined and after photodetection 

and integration, output voltage will be sampled at the end of each bit interval. If 

transmitted bit is �one�, an optical pulse will appear at the sampling chip time with a 

power that is K times the power of each incoming chip pulse [3].  

This system has some drawbacks. It needs very high speed electronic circuitry which 

should operate at chip rate speed which limits this structure to low speed applications. 

There is also strong power loss in optical splitters. The original pulse splits into K parts at 

the encoder, and will be divided into maxN  parts at the star coupler and again into K parts 

at the decoder. Therefore energy of the original laser pulse will be divided into maxN
2

K  

and this forms the energy of each chip pulse at the receiver. 

 

 Fig 5.5 Passive Correlator structure 
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• Active Correlation Receiver 

 

The function of this receiver is the same as that of the passive correlator except it makes 

use of an active multiplier, which performs code multiplication. Hence, integration time 

after photodetector should be extended to T seconds (where T is the information bit 

duration) and this receiver has a lower speed electronic design. Using an optical 

multiplier, only pulses at mark positions will enter the receiver and therefore integration 

is performed over a bit time T. hence, this receiver needs electronic circuitry at bit rate 

speed and not at chip rate speed, which is more feasible. It is also more efficient 

regarding power. This is because, the signal is not split like in the passive correlator.  

 

 Fig 5.6 Active Correlator structure 

 

• Optical Hard-Limiter + Passive/Active Correlation Receiver 

 

This structure removes many interference patterns, from various other users, using an 

optical hard-limiter before correlation receiver. The function of an optical hard-limiter at 

the input of the correlator is to limit the energy of input pulses to the equivalent of one 

pulse. If transmitted bit is �zero� and there are several interfering pulses at a specified 

mark position, the optical hard-limiter limits the incoming optical energy to the energy of 

just one pulse. This means that the number of input pulses to the correlator is limited to 

just one pulse at each chip time position. This reduces the possibility of the receiver 

incorrectly detecting a �one� when �zero� has been transmitted. The Optical Hard-

Limiter with an Active Correlation Receiver on the other hand, uses a hard-limiter before 

an active correlation receiver. And, this structure requires a low speed electronic 

technology. Advantages here include reduced interference patterns at the correlation 
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receiver input and larger integration time for the receiver. This is achieved with the help 

of an optical multiplier. 

 

 

Fig 5.7 Hard Limiter + Passive Correlator 
 

 

Fig 5.8 Hard Limiter + Active Correlator 

 

• Double Optical Hard-Limiter + Passive/Active Correlation Receiver 

 

The use of a double optical hard-limiter is to reduce interference patterns to a minimum. 

The first hard limiter clips the energy of the incoming pulses, but the second hard limiter 

removes the stray pulses produced by the passive optical correlator delay lines, not 

contributing to the decision criteria. The Double Optical Hard-Limiter with an Active 

Correlation Receiver structure requires lower speed electronic circuitry. The first hard-

limiter clips the energy of incoming pulses and therefore reduces the incoming 

interference. The second hard-limiter omits the stray pulses produced by the optical 

correlator. By using the double optical hard-limiter, the integration time has been 

increased, to T. 
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Fig 5.9 Double Optical Hard Limiter + Passive Correlator 

 

 

 

Fig 5.10 Double Optical Hard Limiter + Active Correlator 
 

• High Speed Chip Level Detector 

 

In this receiver, decision is based on K partial decision random variables. Signals will be 

sampled at each chip pulse interval and a �one� bit will be detected when at least one 

pulse is present at all chip pulse positions and a single missed chip pulse at the designated 

code pulse position is sufficient to detect �zero� bit. This receiver requires a fast 

electronic design since the receiver needs to integrate K times the incoming signal on cT  

intervals during a bit time.  

 

Fig 5.11 High Level Chip Level Detector 

 

 

 



 70

 

• Optical Chip-Level Detector 

 

This circuit requires a low speed electronic circuit compared to the high speed chip level 

detector. Each branch of the receiver independently decides whether a pulse has been sent 

in a specified chip position or not. Receiver decides a bit �one� only if a mark is detected 

in all chip positions. Integration times can be increased to cT .  

 

 

 

Fig 5.12 Optical Chip Level Detector 

 

5.5 Synchronization 

 

In chapter 2, we discussed the advantages and the need for synchronization. Later 

chapters explained the coding involved in the creation and simulation of an OCDMA 

network with synchronization. The results have been discussed in chapter 4. We can now 
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look at a hardware structure that performs the synchronizing of a transmitted signal. The 

simple serial search synchronization algorithm for an OCDMA system using OOC codes 

is explained below.  

 

5.5.1 Serial search synchronization 

 

Initially before any data is transmitted between kth transmitter and the receiver which 

belong to the desired user, a training pattern of one�s where each bit within the training 

pattern is represented by kth user�s OOC is sent to the kth user�s receiver. The receiver 

will have a full knowledge of its transmitted pattern. The task of the synchronization 

system is to identify the exact time of transmission of the initial chip position of the OOC 

code pattern used by the kth user. The task can be explained as follows. Initially the code 

acquisition system obtains an approximate estimate of this parameter, we shall designate 

it k

∼
τ . Next with the help of a tracking system, the locally generated OOC pattern is fully 

synchronized with the desired users received OOC pattern. In the code acquisition 

system, if κ κ

∼
τ −τ ≤  ( cT /2), synchronization is considered complete. Now the tracking 

part commences. However, if κ κ

∼
τ −τ >  ( cT /2), the receiver must continue its search 

until it obtains the correct delay time, k

∼

τ . For a simple serial search algorithm, we begin 

by generating the local OOC code with a particular chip position kh
∼

= k

∼

τ / cT  which can 

be assumed to be chosen in a random fashion between 0 and F-1. For a chosen shift kh
∼

we 

check the output of the synchronization system by first multiplying the received signal 

with the locally generated OOC code, photodetector, and integrate over one bit duration 

T. we can compare the output of the integrator with a predefined threshold level. If the 

output of the integrator is larger than the predefined threshold, then the system will go 

into verification mode. If the output is smaller, then it will shift the local OOC code by 

one chip position and check the output again using the same scheme as described.  

In this analysis, it will be important to note that we have used all the different noise 

considerations. These include, shot noise, dark current and multi access interference 
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(MAI). The output of the integrator can take on values between zero to K pulses. When 

the estimated shift of the OOC code does not match the actual received shift of the 

transmitted code, the output of the correlator will have a value between zero and at most 

one pulse. If the difference in timing between the received OOC code and the transmitted 

OOC code is within half chip duration, as was described earlier ( κ κ

∼
τ −τ ≤  ( cT /2)), the 

two codes will match and we then obtain K/2 to at most K pulses at the output of the 

correlator. In order to avoid missing the correct shift, the threshold will be selected to 

have a value between one upto K/2 pulses. This way, we can integrate the received 

signal, bit by bit until the value is k/2 to at most K pulses.  

We can define �dwell time (T)�, as the time required checking the state of incorrectness 

of the OOC code with respect to the transmitted code, before deciding to shift the local 

code by a chip position. The ideal synchronization system will find the correct timing in 

less than F dwell times.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 73

 

CHAPTER 6 

 

 

CONCLUSION 

 

 

 

The primary task of this master�s thesis has been to study and analyze the different 

spreading code sequences in a fiber optic CDMA Local Area Network. For this purpose 

we designed and simulated an OCDMA Local Area Network using certain spreading 

code sequences. The code sequences we considered for our evaluation are m �sequences, 

Gold sequences, prime sequences and modified prime codes. The performance of these 

codes and their probabilities or error versus the number of users are evaluated from 

simulation and plotted. These are shown in the figures in the previous chapters. We 

analyzed, both coherent OCDMA and incoherent OCDMA.  

In a CDMA system, we have a transmitter and a receiver. In the receiver, information is 

retrieved using Matched filter detection (MFD) and Coherent Correlation detection 

(CCD). The first criteria observed is that for MFD we can use only unipolar codes since 

unipolar codes have higher cross correlation than bipolar codes of a given code length N. 

Gold codes and m-sequences have to be unipolar. Prime sequences and modified prime 

codes, which are obtained from time shifted versions of prime codes, are unipolar. 

However it is observed that for a larger code gain, longer code length is required, 

resulting in narrower optical chip width.  
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6.1 A Comparison of Results 

 

In order to better understand the plots and codes mentioned in the previous chapter we 

have to compare the various code sequences used for the OCDMA network. Some of the 

features observed from the results are: 

 

• Modified prime codes can support a larger number of simultaneous users than 

prime codes for the same system performance. The code length used in this study 

is for P = 7, which gives a chip length of L = 2401.  

• Bipolar gold codes provide better performance than modified prime and prime 

codes for a given code length. 

• In calculation of probability of error for various codes, interference is assumed to 

have a Gaussian distribution. 

• Bipolar codes in a coherent system have significantly better performance than 

unipolar codes. 

 

 

6.2 Some Results 

 

From the simulation results for performance, we conclude:  

 

• For P=31, with 31 users, the probability of error is 99 10−×  for incoherent prime 

codes and, for the same number of users (31 simultaneous users) in coherent 

prime codes, the probability of error is 910−5× . 

• For P=7, with 7 users, the probability of error is 310−2×  for incoherent modified 

prime codes and, for the same number of users (7 simultaneous users) in coherent 

modified prime codes, the probability of error is 310−5× . 
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• The probability of error in an OCDMA network, in the presence of external noise 

(generated due to the programming of lengthy code) and interference for a 

coherent prime code sequence with 31 simultaneous users is 0.2. 

• The Probability of error Vs. number of users for Incoherent M-sequences for a 

code length of 7(where code length = 2 1n −  for n=3) is simulated. The results 

were obtained within a simulated OCDMA network including external noise and 

interference from various other users in the network. In this case, for 7 users in 

the network, with a chip length of 7 for each user code, the probability of error is 

0.1. 

• In an asynchronous system, bipolar gold codes with an incoherent scheme have a 

system performance ratio of 4%. For a similar code sequence in a coherent 

scheme, the performance ratio is 10%. 

• Unipolar modified prime codes in a synchronous system have a performance ratio 

of about 3.2%. 

• Prime codes with an incoherent scheme have a performance ratio of 2.65% and a 

coherent scheme has a performance of 3%. 

 

The simulation of prime codes from theoreticl values is shown in figure 4.1, and the 

simulated prime codes are shown in figures 4.2 and 4.5. Modified prime codes with P = 7 

is shown in figure 4.4. The calculation of system error probabilities versus the number of 

users is shown for m-sequences in figure 4.6. From these figures it can be observed that, 

as the number of simultaneous users increase, the probability of error in the system 

decreases. For Prime codes and Modified Prime codes, the system can give excellent 

performance for a code length much larger than P.  

In Tables 4.1 and 4.2, we can see that the error probability for m-sequences and gold 

sequences is zero. This indicates that, they are the best suited for CDMA with bipolar 

signaling. 
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6.3 Concluding Remarks 

 

There is a need for a lot of future research work to be performed on OCDMA systems, 

particularly in the area of development and implementation of all optical systems. The 

coding and other simulations were performed using Matlab. However, future research 

work can be carried out using better software tools and simulation software such as 

coding using Visual C++, or even maybe more advanced versions of Matlab.  
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APPENDIX A 
 

 
 

Modified Prime Sequence Codes for P = 7(Modified from table in [5]) 
 

Group   i  
 

  x 0 1 2 3 4 5 6  sequences                     code sequences 

 

  0 0 0 0 0 0 0 0    0.0S            0.0C = 1000000 1000000 1000000 1000000 1000000 1000000 1000000 

               6 6 6 6 6 6 6                0.1S            0.1C = 0000001 0000001 0000001 0000001 0000001 0000001 0000001           

               5 5 5 5 5 5 5     0.2S            0.2C = 0000010 0000010 0000010 0000010 0000010 0000010 0000010 

               4 4 4 4 4 4 4    0.3S            0.3C = 0000100 0000100 0000100 0000100 0000100 0000100 0000100  

               3 3 3 3 3 3 3               0.4S            0.4C = 0001000 0001000 0001000 0001000 0001000 0001000 0001000  

               2 2 2 2 2 2 2   0.5S            0.5C = 0010000 0010000 0010000 0010000 0010000 0010000 0010000   

               1 1 1 1 1 1 1   0.6S            0.6C = 0100000 0100000 0100000 0100000 0100000 0100000 0100000   

 

  1           0 1 2 3 4 5 6              1.0S            1.0C = 1000000 0100000 0010000 0001000 0000100 0000010 0000001 

               1 2 3 4 5 6 0              1.1S            1.1C = 0100000 0010000 0001000 0000100 0000010 0000001 1000000           

               2 3 4 5 6 0 1  1.2S            1.2C = 0010000 0001000 0000100 0000010 0000001 1000000 0100000 

               3 4 5 6 0 1 2   1.3S            1.3C = 0001000 0000100 0000010 0000001 1000000 0100000 0010000  

               4 5 6 0 1 2 3    1.4S            1.4C = 0000100 0000010 0000001 1000000 0100000 0010000 0001000  

               5 6 0 1 2 3 4  1.5S            1.5C = 0000010 0000001 1000000 0100000 0010000 0001000 0000100   

               6 0 1 2 3 4 5  1.6S            1.6C = 0000001 1000000 0100000 0010000 0001000 0000100 0000010   

 

  2           0 2 4 6 1 3 5              2.0S            2.0C = 1000000 0010000 0000100 0000001 0100000 0001000 0000010 

               2 4 6 1 3 5 0              2.1S            2.1C = 0010000 0000100 0000001 0100000 0001000 0000010 1000000           

               4 6 1 3 5 0 2  2.2S            2.2C = 0000100 0000001 0100000 0001000 0000010 1000000 0010000 

               6 1 3 5 0 2 4   2.3S            2.3C = 0000001 0100000 0001000 0000010 1000000 0010000 0000100  

               1 3 5 0 2 4 6    2.4S            2.4C = 0100000 0001000 0000010 1000000 0010000 0000100 0000001  

               3 5 0 2 4 6 1  2.5S            2.5C = 0001000 0000010 1000000 0010000 0000100 0000001 0100000   

               5 0 2 4 6 1 3  2.6S            2.6C = 0000010 1000000 0010000 0000100 0000001 0100000 0001000  
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Group   i     
 

  x        0 1 2 3 4 5 6            sequences                     code sequences 

 
 

3          0 3 6 2 5 1 4                 3.0S            3.0C = 1000000 0001000 0000001 0010000 0000010 0100000 0000100 

            3 6 2 5 1 4 0                 3.1S            3.1C = 0001000 0000001 0010000 0000010 0100000 0000100 1000000           

            6 2 5 1 4 0 3                 3.2S            3.2C = 0000001 0010000 0000010 0100000 0000100 1000000 0001000 

            2 5 1 4 0 3 6   3.3S            3.3C = 0010000 0000010 0100000 0000100 1000000 0001000 0000001  

            5 1 4 0 3 6 2    3.4S            3.4C = 0000010 0100000 0000100 1000000 0001000 0000001 0010000  

            1 4 0 3 6 2 5  3.5S            3.5C = 0100000 0000100 1000000 0001000 0000001 0010000 0000010   

            4 0 3 6 2 5 1  3.6S            3.6C = 0000100 1000000 0001000 0000001 0010000 0000010 0100000 

     

4          0 4 1 5 2 6 3                 4.0S            4.0C = 1000000 0000100 0100000 0000010 0010000 0000001 0001000 

            4 1 5 2 6 3 0                 4.1S            4.1C = 0000100 0100000 0000010 0010000 0000001 0001000 1000000           

            1 5 2 6 3 0 4  4.2S            4.2C = 0100000 0000010 0010000 0000001 0001000 1000000 0000100 

            5 2 6 3 0 4 1   4.3S            4.3C = 0000010 0010000 0000001 0001000 1000000 0000100 0100000  

            2 6 3 0 4 1 5    4.4S            4.4C = 0010000 0000001 0001000 1000000 0000100 0100000 0000010  

            6 3 0 4 1 5 2  4.5S            4.5C = 0000001 0001000 1000000 0000100 0100000 0000010 0010000   

            3 0 4 1 5 2 6  4.6S            4.6C = 0001000 1000000 0000100 0100000 0000010 0010000 0000001   

 

  5        0 5 3 1 6 4 2                 5.0S            5.0C = 1000000 0000010 0001000 0100000 0000001 0000100 0010000 

            5 3 1 6 4 2 0                 5.1S            5.1C = 0000010 0001000 0100000 0000001 0000100 0010000 1000000           

            3 1 6 4 2 0 5  5.2S            5.2C = 0001000 0100000 0000001 0000100 0010000 1000000 0000010 

            1 6 4 2 0 5 3   5.3S            5.3C = 0100000 0000001 0000100 0010000 1000000 0000010 0001000  

            6 4 2 0 5 3 1    5.4S            5.4C = 0000001 0000100 0010000 1000000 0000010 0001000 0100000  

            4 2 0 5 3 1 6  5.5S            5.5C = 0000100 0010000 1000000 0000010 0001000 0100000 0000001   

            2 0 5 3 1 6 4  5.6S            5.6C = 0010000 1000000 0000010 0001000 0100000 0000001 0000100   

 

  6        0 6 5 4 3 2 1                6.0S            6.0C = 1000000 0000001 0000010 0000100 0001000 0010000 0100000 

            6 5 4 3 2 1 0                6.1S            6.1C = 0000001 0000010 0000100 0001000 0010000 0100000 1000000           

            5 4 3 2 1 0 6 6.2S            6.2C = 0000010 0000100 0001000 0010000 0100000 1000000 0000001 

            4 3 2 1 0 6 5  6.3S            6.3C = 0000100 0001000 0010000 0100000 1000000 0000001 0000010  

            3 2 1 0 6 5 4   6.4S            6.4C = 0001000 0010000 0100000 1000000 0000001 0000010 0000100  

            2 1 0 6 5 4 3 6.5S            6.5C = 0010000 0100000 1000000 0000001 0000010 0000100 0001000   

            1 0 6 5 4 3 2 6.6S            6.6C = 0100000 1000000 0000001 0000010 0000100 0001000 0010000   
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APPENDIX B 

 

 
 

This Program Generates M-Sequences for Eight Users with a Chip Length, L=7 

 

   

 

 

-- M-sequences for 8 users 

% M sequence generation routine 

%The connects for the shift register are specified. 

clear 

connects=zeros(8,7); 

connects(1,:)=[0 1 1 1 0 0 1]; 

connects(2,:)=[1 0 1 1 1 0 0]; 

connects(3,:)=[0 1 0 1 1 1 0]; 

connects(4,:)=[0 0 1 0 1 1 1]; 

connects(5,:)=[1 0 0 1 0 1 1]; 

connects(6,:)=[1 1 0 0 1 0 1]; 

connects(7,:)=[1 1 1 0 0 1 0]; 

connects(8,:)=[1 0 0 0 1 1 1]; 
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seq=zeros(8,127); 

for x=1:2 

seq(x,:)=ss_mlsrs(connects(x,:)); 

end 

 

% unipolar to bipolar 

mlseq=2*rem(seq, 2)-1; 

mlseq 
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APPENDIX C 

 

 
This Program Produces the Function Used in the Generation of M-sequences and 

Gold sequences. 

 

% This generates the maximal length shift register sequence, when the shift register 

connections are given as input to the function. A �0� is not connected, whereas a �1� 

means a connection.  

function[seq]=ss_mlsrs(connects); 

n=length(connects);   

L=2^n-1;    % length of the sequence required 

registers=[zeros(1,n-1) 1];  % initial contents in the reg 

seq(1)=registers(n);   % first element of the %sequence 

for i=2:L, 

   new_val(1)=connects(1)*seq(i-1); 

   for j=2:n, 

     new_val(j)=registers(j-1)+connects(j)*seq(i-1); 

   end; 

   registers=new_val;  % current register contents 

   seq(i)=registers(n); % the next element of the %sequence 

end; 
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APPENDIX D 

 

 
This Program Generates Gold sequences for Chip Length, P = 7. 

 

 

clear 

% Gold Seq generation routine 

echo on 

% first determine the maximal length shift register sequences 

% Initial shift register content as "0000001". 

connects1=[1 0 1 0 0 1 0]; 

connects2=[1 1 1 0 1 0 1]; 

sequence1=ss_mlsrs(connects1); 

sequence2=ss_mlsrs(connects2); 

 

% cyclically shift the second sequence ; add it to the first one 

 

L=2^length(connects1)-1; 

for shift=0:L-1, 

  temp=[sequence2(shift+1:L) sequence2(1:shift)]; 

  gold_seq(shift+1,:)=(sequence1+temp)-floor((sequence1+temp)./2).*2; 

end; 
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% Max value of the cross correlation for these sequences 

max_cross_corr=0; 

for i=1:L-1, 

  for j=i+1:L, 

    % equivalent sequences 

    c1=2*gold_seq(i,:)-1; 

    c2=2*gold_seq(j,:)-1; 

    for m=0:L-1, 

      shifted_c2=[c2(m+1:L) c2(1:m)]; 

      corr=abs(sum(c1.*shifted_c2)); 

      if (corr>max_cross_corr), 

        max_cross_corr=corr; 

      end; 

    end; 

  end; 

end; 
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APPENDIX E 

 

 
This Program Generates Modified Prime Codes for P = 7. 

 

%Below are P-1 sequences which make up the code 

s0=[1 0 0 0 0 0 0]; 

s1=[0 1 0 0 0 0 0]; 

s2=[0 0 1 0 0 0 0]; 

s3=[0 0 0 1 0 0 0]; 

s4=[0 0 0 0 1 0 0]; 

s5=[0 0 0 0 0 1 0]; 

s6=[0 0 0 0 0 0 1]; 

 

%The code sequences for group 0 

 

c00=[s0 s0 s0 s0 s0 s0 s0]; 

c01=[s6 s6 s6 s6 s6 s6 s6]; 

c02=[s5 s5 s5 s5 s5 s5 s5]; 

c03=[s4 s4 s4 s4 s4 s4 s4]; 

c04=[s3 s3 s3 s3 s3 s3 s3]; 

c05=[s2 s2 s2 s2 s2 s2 s2]; 

c06=[s1 s1 s1 s1 s1 s1 s1]; 
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%The code sequences for group 1 

c10=[s0 s1 s2 s3 s4 s5 s6]; 

c11=[s1 s2 s3 s4 s5 s6 s0]; 

c12=[s2 s3 s4 s5 s6 s0 s1]; 

c13=[s3 s4 s5 s6 s0 s1 s2]; 

c14=[s4 s5 s6 s0 s1 s2 s3]; 

c15=[s5 s6 s0 s1 s2 s3 s4]; 

c16=[s6 s0 s1 s2 s3 s4 s5]; 

 

%The code sequences for group 2 

c20=[s0 s2 s4 s6 s1 s3 s5]; 

c21=[s2 s4 s6 s1 s3 s5 s0]; 

c22=[s4 s6 s1 s3 s5 s0 s2]; 

c23=[s6 s1 s3 s5 s0 s2 s4]; 

c24=[s1 s3 s5 s0 s2 s4 s6]; 

c25=[s3 s5 s0 s2 s4 s6 s1]; 

c26=[s5 s0 s2 s4 s6 s1 s3]; 

 

%The code sequences for group 3 

c30=[s0 s3 s6 s2 s5 s1 s4]; 

c31=[s3 s6 s2 s5 s1 s4 s0]; 

c32=[s6 s2 s5 s1 s4 s0 s3]; 
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c33=[s2 s5 s1 s4 s0 s3 s6]; 

c34=[s5 s1 s4 s0 s3 s6 s2]; 

c35=[s1 s4 s0 s3 s6 s2 s5]; 

c36=[s4 s0 s3 s6 s2 s5 s1]; 

 

%The code sequences for group 4 

c40=[s0 s4 s1 s5 s2 s6 s3]; 

c41=[s4 s1 s5 s2 s6 s3 s0]; 

c42=[s1 s5 s2 s6 s3 s0 s4]; 

c43=[s5 s2 s6 s3 s0 s4 s1]; 

c44=[s2 s6 s3 s0 s4 s1 s5]; 

c45=[s6 s3 s0 s4 s1 s5 s2]; 

c46=[s3 s0 s4 s1 s5 s2 s6]; 

 

%The code sequences for group 5 

c50=[s0 s5 s3 s1 s6 s4 s2]; 

c51=[s5 s3 s1 s6 s4 s2 s0]; 

c52=[s3 s1 s6 s4 s2 s0 s5]; 

c53=[s1 s6 s4 s2 s0 s5 s3]; 

c54=[s6 s4 s2 s0 s5 s3 s1]; 

c55=[s4 s2 s0 s5 s3 s1 s6]; 

c56=[s2 s0 s5 s3 s1 s6 s4]; 
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%The code sequences for group 6 

c60=[s0 s6 s5 s4 s3 s2 s1]; 

c61=[s6 s5 s4 s3 s2 s1 s0]; 

c62=[s5 s4 s3 s2 s1 s0 s6]; 

c63=[s4 s3 s2 s2 s0 s6 s5]; 

c64=[s3 s2 s1 s0 s6 s5 s4]; 

c65=[s2 s1 s0 s6 s5 s4 s3]; 

c66=[s1 s0 s6 s5 s4 s3 s2]; 

 

%The 8 groups 

 

g0=[c00 c01 c02 c03 c04 c05 c06]; 

g1=[c10 c11 c12 c13 c14 c15 c16]; 

g2=[c20 c21 c22 c23 c24 c25 c26]; 

g3=[c30 c31 c32 c33 c34 c35 c36]; 

g4=[c40 c41 c42 c43 c44 c45 c46]; 

g5=[c50 c51 c52 c53 c54 c55 c56]; 

g6=[c60 c61 c62 c63 c64 c65 c66]; 

 

%The modified prime sequences 

 

mod_pseq=[g0;g1;g2;g3;g4;g5;g6]; 
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APPENDIX F 

 

 
Function Used To Generate Modified Prime Codes For Any Given Value of P. 

 

clear; 

function[code]=mprime(P1); 

P1=input('Ínput initial weight of code:'); 

%N=P1^3-P1^2+P1; 

%Initializing variable x, i and t 

 

for x=0:P1-1, 

 for i=0:P1-1, 

  for t=0:P1-1, 

 

   %The sequence is generated below 

 

   s(x+1,i+1,t+1)=rem((x*i*t),P1); 

  end; 

 end; 

end; 
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for x=0:P1-1, 

 count=0; 

 j=0; 

 for i=0:N-1, 

  count=count+1; 

  if(i==(s(x+1,j+1,t+1)+(j*P1))); 

   code(x+1,i+1,t+1)=1; 

  else 

   code(x+1,i+1,t+1)=0; 

  end; 

  if(rem(count,P1)==0) 

   j=j+1; 

  end; 

 end; 

end; 

 

 

 

 

 

 

 

 

 

 

 



 90

 

 

APPENDIX G 

 

 
Function Used To Generate Prime Codes For Any Given Value of P. 

 

function[code]=pcode(P); 

 

%P=input('Weight of Prime code:'); 

 

N=P*P; 

 

for x=0:P-1, 

 for i=0:P-1, 

  s(x+1,i+1)=rem((x*i),P); 

 end; 

end; 

%------------------------------------------- 

for x=0:P-1 

 count=0; 

 j=0; 

 for i=0:N-1 

  count=count+1; 

  if(i==(s(x+1,j+1)+(j*P))), 
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   code(x+1,i+1)=1; 

  else 

   code(x+1,i+1)=0; 

  end 

  if(rem(count,P)==0) 

   j=j+1; 

  end; 

 end; 

end 
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APPENDIX H 

 

 
This Program Plots Incoherent Gold Codes For Any Given N 

 

 

%This program plots Incoherent Gold Codes 

clear 

N=input('Ïnput the value of N:'); 

%K=input('The value of K'); 

K=linspace(0,10000,100); 

K 

Pe=erfc(-sqrt(N^3)./(K-1).*(N^2)+(N-1))./sqrt(2)./2; 

%Pe=qfunct(-sqrt(N^3./(K-1).*(N^2+N-1))); 

semilogy(K,Pe) 

hold on 

%-sqrt(N^3./(K-1).*(N^2+N-1))./sqrt(2))./2 

xlabel('Number of Simulataneous users K'); 

ylabel('Probability of Error'); 

title('Incoherent Gold Codes'); 
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APPENDIX I 

 

 
This Program Generates Incoherent Prime Codes for Given Chip Length, P = 5. 

 

%Program for Plotting of incoherent prime codes 

 

Prime=[2 3 5 7 11 13 17 19 23 29 31]; 

for I=1:11 

 clear k; 

 P=Prime(I); 

 k=linspace(1,P,35); 

 Pe=1-erfc(-P./sqrt(1.16.*(k-1))./sqrt(2))./2; 

 semilogy(k,Pe); 

 grid on 

 hold on; 

end; 

xlabel('Number of Simultaneous users K'); 

ylabel('Probability of Error'); 

title('For Prime-codes'); 

legend('Prime codes'); 

gtext({'P=2'});gtext({'P=3'});gtext({'P=5'});gtext({'P=7'});gtext({'P=11'}); 

gtext({'P=13'});gtext({'P=17'});gtext({'P=19'});gtext({'P=23'}); 
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gtext({'P=29'});gtext({'P=31'}); 

APPENDIX J 

 

 
This Program Generates Incoherent Prime Codes for Given Chip Length, P = 7. 

 

%Program for Plotting of incoherent prime codes 

Prime=[2 3 5 7 11 13 17 19 23 29 31 37 41 43 47 53 59 61 67 71 73 79 ... 

    83 89 91 97 101 103 107 109 113 119 127]; 

 

for I=1:33 

 clear k; 

 P=Prime(I); 

 k=linspace(1,P,35); 

 Pe=1-erfc(-P./sqrt(1.16.*(k-1))./sqrt(2))./2; 

 semilogy(k,Pe); 

 grid on 

 hold on; 

end; 

 

xlabel('Number of Simultaneous users K'); 

ylabel('Probability of Error'); 

title('For Prime-codes'); 

legend('Prime codes'); 
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xlim([0 80]) 

ylim([1e-16 0.1]) 

gtext({'P=2'}); 

gtext({'P=3'}); 

gtext({'P=5'}); 

gtext({'P=7'}); 

gtext({'P=11'}); 

gtext({'P=13'}); 

gtext({'P=17'}); 

gtext({'P=19'}); 

gtext({'P=23'}); 

gtext({'P=29'}); 

gtext({'P=31'}); 

gtext({'P=37'}); 

gtext({'P=41'});gtext({'P=43'});gtext({'P=47'});gtext({'P=53'}); 

gtext({'P=59'});gtext({'P=61'});gtext({'P=67'});gtext({'P=71'}); 

gtext({'P=73'});gtext({'P=79'});gtext({'P=83'});gtext({'P=89'}); 

gtext({'P=91'});gtext({'P=97'});gtext({'P=101'});gtext({'P=103'}); 

gtext({'P=107'});gtext({'P=109'});gtext({'P=113'});gtext({'P=119'}); 

gtext({'P=127'}); 
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APPENDIX K 

 

 
This Program Generates Modified Prime Codes in an Incoherent Scheme for Given 

Chip Length, P = 5. 

 

%This program plots modified prime codes for an Incoherent scheme 

clear 

m1Prime=[2 3 5 7 11 13 17 19 23 29 31]; 

for I1=1:11 

 clear k1; 

 P3=m1Prime(I1); 

 k1=linspace(1,P3,35); 

 Pe3=1-erfc(-P3./sqrt(k1-1)./sqrt(2))./2; 

 semilogy(k1,Pe3) 

 hold on; 

 grid on 

end; 

 

xlabel('Number of Simulataneous users K'); 

ylabel('Probability of Error'); 

title('For Modified Prime-codes'); 

legend('Modified Prime Codes'); 
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gtext({'P=2'}); 

gtext({'P=3'}); 

gtext({'P=5'}); 

gtext({'P=7'}); 

gtext({'P=11'}); 

gtext({'P=13'}); 

gtext({'P=17'}); 

gtext({'P=19'}); 

gtext({'P=23'}); 

gtext({'P=29'}); 

gtext({'P=31'}); 
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APPENDIX L 

 

 
This Program Generates Modified Prime Codes in an Incoherent Scheme for Given 

Chip Length, P = 7. 

 

%This program plots modified prime codes for an Incoherent scheme 

m1Prime=[2 3 5 7 11 13 17 19 23 29 31 37 41 43 47 53 59 61 67] 

% 71 73 79 ... 

    %83 89 91 97 101 103 107 109 113 119 127]; 

for I1=1:19 

 clear k1; 

 P3=m1Prime(I1); 

 k1=linspace(1,P3,100); 

 Pe3=1-erfc(-P3./sqrt(k1-1)./sqrt(2))./2; 

 semilogy(k1,Pe3) 

    hold on; 

    grid on 

end; 

 

xlabel('Number of Simulataneous users K'); 

ylabel('Probability of Error'); 

title('For Modified Prime-codes'); 
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legend('Modified Prime Codes'); 

xlim([0 70]) 

ylim([1e-18 0.1]) 

 

gtext({'P=2'});gtext({'P=3'});gtext({'P=5'});gtext({'P=7'}); 

gtext({'P=11'});gtext({'P=13'});gtext({'P=17'});gtext({'P=19'}); 

gtext({'P=23'});gtext({'P=29'});gtext({'P=31'});gtext({'P=37'}); 

gtext({'P=41'});gtext({'P=43'});gtext({'P=47'});gtext({'P=53'}); 

gtext({'P=59'});gtext({'P=61'});gtext({'P=67'}); 

% gtext({'P=71'}); 

% gtext({'P=73'});gtext({'P=79'});gtext({'P=83'});gtext({'P=89'}); 

% gtext({'P=91'});gtext({'P=97'});gtext({'P=101'});gtext({'P=103'}); 

% gtext({'P=107'});gtext({'P=109'});gtext({'P=113'});gtext({'P=119'}); 

% gtext({'P=127'}); 
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APPENDIX M 

 

 
Program for Producing Homodyne Coherent Detection for Prime Codes 

 

%Program producing homodyne coherent detection for prime codes 

P=input('Weight of prime code:'); 

[c]=pcode(P); 

N=P*P; 

namestr=strcat('Pb',num2str(P)); 

Ia=0;S(1)=0; 

clear Pb 

for K=2:P-1; 

 S(K)=S(K-1)+suma(P,K,[c]); 

 %Calculating the probability of Error 

    Pb(K)=qfunct(sqrt(3)*P*P/sqrt(S(K))); 

end; 

semilogy(1:P-1,Pb); 

grid 

ylim([1e-12 1e-2]) 

dlmwrite(namestr,Pb,'\t'); 

ylabel('Probability of Error'); 

xlabel('Number of users'); 

title('Homodyne Prime Code Detection'); 
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APPENDIX N 

 

 
Program Plots Theoretical Probability of Error for Modified Prime Codes. 

 

%This program shows a theoretical probability of error for Modified Prime Codes. 

clear 

mPrime=[5 11 17 23 31]; 

for I2=1:5; 

 clear k2; 

 P2=mPrime(I2); 

 k2=linspace(2,2+P2,50); 

 Pe2=erfc(P2./sqrt(k2-1)./sqrt(2))./sqrt(pi); 

 semilogy(k2,Pe2); 

 grid on; 

 hold on; 

end; 

xlabel('Number of users K'); 

ylabel('Probability of Error'); 

title('For Modified Prime-codes'); 

legend('Modified Prime with HCD codes'); 

xlim([0 P2]) 

ylim([1e-12 1]) 

gtext({'P=5'});gtext({'P=11'});gtext({'P=17'});gtext({'P=23'});gtext({'P=31'}); 
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APPENDIX O 

 

 
This program is Used to Generate the Q-Function used in the Calculation of 

Probability of Error 

 

 

function[y]=qfunct(x) 

%qfunct evaluates the Q-Function 

 

y=(1/2)*erfc(x/sqrt(2)); 
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APPENDIX P 

 

 
This Program Generates Random Bipolar Binary Data 

 

 

function[p]=randbi(N); 

%N=input('How many random numbers:'); 

 

for i=1:N, 

 temp=rand; 

 if (temp<0.5), 

  data(1,i)=-1; 

 else 

  data(1,i)=1; 

 end; 

end; 

 

p=data(1,:); 
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APPENDIX Q 

 

 
This Program Generates Random Unipolar Binary Data 

 

 

function[p]=randuni(N); 

%N=input('How many random numbers:'); 

for i=1:N, 

 temp=rand; 

 if (temp<0.5), 

  data(1,i)=0; 

 else 

  data(1,i)=1; 

 end; 

end; 

 

p=data(1,:); 
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APPENDIX R 

 

 
This Program Simulates OCDMA Network Using Gold Sequences 

 

 

% Simulation of OCDMA Network for gold sequences 

% N is the maximum number of users 

 

N=31; 

% ML is length of transmitted message 

ML=10000; 

 

%Lc is the length of the spreading sequence 

 

gseq; 

 

Lc=length(gseq(1,:)); 

 

% increasing number of transmitter 

 

for n=1:N, 

 num_of_err=0; 

 % generating messages for currently transmitting transmitters 



 106

 msg=zeros(n,ML); 

  

 for cu=1:n, 

  msg(cu,:)=randbi(ML); 

 end 

  

 for msgnum=1:ML, 

  trnsig=zeros(N,Lc); 

  for cu=1:n, 

   for j=1:Lc, 

    rpdmsg(cu,j)=msg(cu,msgnum); 

   end 

   trnsig(cu,:)=rpdmsg(cu,:).*gseq(cu,:); 

  end 

 rcvsig=zeros(size(1:Lc)); 

 

 for cu=1:n, 

  rcvsig=trnsig(cu,:)+rcvsig; 

 end 

 temp=rcvsig.*gseq(1,:); 

 dcnvar=sum(temp); 

 % making decision 

 if (dcnvar<0), 
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  decision=-1; 

 else 

  decision=1; 

 end 

 if decision ~=msg(1,msgnum), 

  num_of_err=num_of_err+1; 

 end 

end 

P(n)=num_of_err/ML; 

end 

N3=N*N*N; 

N2=N*N; 

var=sqrt(N3/((n-1)*(N2+N-1))); 

TP(n)=Qfunct(var); 

%end 

P 

nc=1:N; 

clf; 

whitebg; 

semilogy(nc,TP,'k*'); 

xlabel('Number of users'); 

ylabel('Error Probability'); 

title('Érror Probability vrs # of users'); 
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APPENDIX S 

 

 
This Program Simulates OCDMA Network Using M - Sequences 

 

% Simulation of OCDMA Network using m-sequences 

% N is the maximum number of users 

N=8; 

 

% ML is length of transmitted message 

 

ML=10000; 

 

% Lc is the length of the spreading sequence 

 

mlseq; 

 

Lc=length(mlseq(1,:)); 

 

%increasing number of transmitter 

 

for n=1:N, 

 num_of_err=0; 
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%generating messages for currently transmitting transmitters 

msg=zeros(n,ML); 

 

for cu=1:n, 

 msg(cu,:)=randbi(ML); 

end 

 

for msgnum=1:ML, 

 trnsig=zeros(N,Lc); 

 for cu=1:n, 

  for j=1:Lc, 

   rpdmsg(cu,j)=msg(cu,msgnum); 

  end 

  trnsig(cu,:)=rpdmsg(cu,:).*mlseq(cu,:); 

 end 

 rcvsig=zeros(size(1:Lc)); 

 for cu=1:n, 

  rcvsig=trnsig(cu,:)+rcvsig; 

 end 

 temp=rcvsig.*mlseq(1,:); 

 

 dcnvar=sum(temp); 
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 %making decision 

 if (dcnvar<0), 

  decision=-1; 

 else 

  decision=1; 

 end; 

 

 if decision ~= msg(1,msgnum), 

  num_of_err=num_of_err+1; 

 end 

end 

P(n)=num_of_err/ML; 

end 

P 

nc=1:N; 

clf; 

axis([0 N min(P) 1]); 

semilogy(nc,P,'k*'); 

xlabel('Number of users'); 

ylabel('Error probability'); 

title('Error probability vrs Number of users'); 

text(3.5,0.7,'* simulated'); 
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APPENDIX T 

 

 
This Program Simulates OCDMA Network Using Modified Prime Code Sequences 

 

%This program simulates modified prime codes for P=7 

 

%The modified prime sequence 

mod_pseq=[g0;g1;g2;g3;g4;g5;g6;]; 

%--------------------------------------------------- 

%The simulation for modified Prime codes 

N=7; 

ML=10000; %Maximum length of code 

 

%generate MPR codes 

 

Lc=length(mod_pseq(1,:)); 

 

%Number of users transmitting 

for n=1:N 

 err_count=0; 

 %messages for currently ttx users size of messages 

 msg=zeros(n,ML); 

 %This produces data for unipolar data to be put in electro optic modulator 
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 for co=1:n 

  msg(co,:)=randuni(ML); 

 end 

 for msgnum=1:ML 

  %Initializing Transmitted signal for users and repeat messages 

  trn_sig=zeros(N,Lc); 

  rpdmsg=zeros(N,Lc); 

  for co=1:n 

   %repear message Lc(code length) times 

   for j=1:Lc 

    rpdmsg(co,j)=msg(co,msgnum); 

   end 

   %modulating with spreading sequences similar  

   %to optical encoder in simulation scheme 

   trn_sig(co,:)=rpdmsg(co,:).*mod_pseq(co,:); 

  end 

  %Initializing local oscillator signal 

  locsig=zeros(size(1:Lc)); 

  %Interference of signals and correlation process of signals 

  for co=1:n 

   locsig=trn_sig(co,:)+locsig; 

  end 

  %Encoding/decoding signals 
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  temp=locsig.*mod_pseq(1,:); 

  decide=sum(temp); 

  %making decision threshold 3db coupler 

  if(decide<(N/2)) 

   decision=0; 

  else 

   decision=1; 

  end 

  if decision ~=msg(1,msgnum) 

   err_count=err_count+1; 

  end 

 end 

 %Simulated Error Probability 

 P(n)=err_count/ML; 

 %Theoretical error probability 

 clear k; 

 P1=7; 

 k=1:8; 

 Pb=qfunct(P1./sqrt(k-1)); 

end 

P 
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nc=1:n; 

 

clf; 

 

semilogy(k,Pb,'k'); 

hold on; 

semilogy(nc,P,'k*'); 

grid on 

xlabel('Number of users'); 

ylabel('Error Probability'); 

title('Error Prob vs Number of users'); 

legend('* simulated,-theoretical'); 
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APPENDIX U 

 

 
This Program Simulates OCDMA Network Using Prime Code Sequences with HCD 

for any Given Weight. 

 

%This program simulates the use of prime codes with HCD for any given weight 

 

%Input the value of the weight of code same as P for prime codes 

clear 

N=input('Input the value of N:'); 

ML=10000; 

%generate PS codes 

 

pnseq=pcode(N); 

 

Lc=length(pnseq(1,:)) 

%Number of users 

 

for n=1:N 

 num_of_err=0; 

 %messages for currently tx users 

 msg=zeros(n,ML); 

 for cu=1:n 
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  msg(cu,:)=randuni(ML); 

 end 

 for msgnum=1:ML 

  trn_sig=zeros(N,Lc); 

  rpd_msg=zeros(N,Lc); 

  for cu=1:n 

   %repeat message Lc times 

   for j=1:Lc 

    rpd_msg(cu,j)=msg(cu,msgnum); 

   end 

   %Modulating wiht spreading sequences 

   trn_sig(cu,:)=rpd_msg(cu,:).*pnseq(cu,:); 

  end 

   

  %Initializing received signal 

  localsig=zeros(size(1:Lc)); 

   

  %Interference of signals 

  for cu=1:n 

   localsig=trn_sig(cu,:)+localsig; 

  end 

  %decoding signals 

  temp=localsig.*pnseq(1,:); 
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  dcn=sum(temp); 

    %making decision 

  if(dcn<(N/2)) 

   decide=0; 

  else 

   decide=1; 

  end 

  if decide~=msg(1,msgnum)      

 num_of_err=num_of_err+1; 

  end 

 end 

 %Simulated Error Probability 

 P(n)=num_of_err/ML; 

end 

P 

nc=1:N; 

semilogy(nc,P,'k*'); 

hold on; 

xlabel('Number of users'); 

ylabel('Error Probability'); 

title('Error Prob vs Number of users for Prime Codes'); 

ylim([1e-12 1e0]); 
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