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Abstract

Spectral Amplitude Coding - Optical Code Division Multiple Access (SAC-OCDMA)
systems are a type of OCDMA technique in which unique codes are mapped to
different spectral lines of a broadband source. It eliminates the Multiple Access
Interference (MAI) when codes with fixed In Phase Cross Corelation (IPCC) are
used as address sequences. Double Weight (DW) codes are one of the code families
reported for SAC-OCDMA systems. The property of these codes are that they
have weight chips always in pairs. Due to that property, filtering requirements
are reduced. These codes have ideal IPCC property. The code construction steps
are easy to impelement. DW code structure is obtained only for weight two. The
weight constraint inspires to develop codes with other weights. Modified Double
Weight (MDW) code is also reported for even weights, greater than two. DW and
MDW codes are limited to even weights. The code construction for odd weights
greater than one is described and, that code is called Enhanced Double Weight
(EDW) code. Khazani-Syed (KS) Code for even weights was constructed using
combination of DW and MDW codes.

To generate a code for DW code family, first step is to construct a basic matrix.
Depending on the number of users required in the code family, the basic matrix is
repeated diagonally, known as mapping technique. Due to mapping, increment of
code length is not constant. Even though mapping and crosscorrelation constraints
are similar for all codes families of DW, they have different code construction
algorithms, length and other properties. A generalised algorithm to construct
these codes is a gap in literature which is investigated in this thesis with and
without mapping.

A new generalized algorithm to construct EDW and MDW (PC1) like codes
without mapping is proposed. The code construction is independent of mapping
technique. Crosscorrelation value is equal to or less than 1 among all users. A
single algorithm (PC1) is designed which provide the standardized formulation of
code length, Signal to Noise Ratio (SN R) and Bit Error Rate (BER) for all weight
greater than 2. It (PC1) designs code for Constant Length (CL) and Constant
Weight (CW). The numerical results using balanced detection and direct detection
are obtained and compared.

The above proposed codes are developed for CL and CW which are not suit-
able for multimedia services. Variable Weight (VW) algorithm (PC2) is proposed

XX
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which is based on PC1. The cross correlation among all users is at most 1. This
code construction algorithm ensures higher power at receiver for higher weight
users. Lower weight users receive less power compared to higher weight users.
The difference in received power translates as varying performance, and are useful
for multimedia applications.

The above proposed codes are constructed without using mapping technique.
The effect of mapping and to construct the single code construction algorithms
with mapping for all weights are proposed and analysed. Like DW code families,
Basic matrix is first constructed using proposed algorithm. The number of users
for basic code matrix depends on the code weight and on a constant value. As
size of basic matrix is changed, BER and code length of users are changed. All
above described codes are 1 Dimensional (1D) which have a limitation of fewer
users due to finite bandwidth of source. To solve this problem, 2 Dimensional
(2D) code construction is also proposed using proposed 1D code. 2D code gives
better performance with higher cardinality compared to 1D code. Khazani-Syed
(KS) Code for odd weights construction is also proposed.

MALI can be removed from SAC-OCDMA system by using electrical subtrac-
tion, but Phase Induced Intensity Noise (PIIN) still remains. All the above codes
suffer from PIIN. A code design with zero cross correlation (ZCC) property removes
the effect of MAI and suppress the effect of PIIN. The code with the property of
ZCC is called as Zero Cross Correlation Code (ZCCC). The code structure of
ZCCC does not have any overlapping of wavelengths between any users. A new
code with zero cross correlation, termed as Zero Cross Correlation Code (ZCCC)
is proposed without mapping. Code construction algorithm is designed with any
weight for any number of users having constant, or variable weights. Variable
weight (VW) codes give different quality of service, and are useful for multimedia
applications.

Key Words - SAC-OCDMA, DW, MDW, EDW, MAI, IPCC, ZCCC.
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CHAPTER 1

Introduction and Review

1.1 Introduction

Optical networks provide the solution towards increased spectrum demand.
The utilization of spectrum in proper and convenient manner is next raised
question which is answered by different access techniques. They provide
access and sharing of spectrum efficiently among different users. There
are several access techniques such as Wavelength Division Multiple Access
(WDMA) [1], Optical Time Division Multiple Access (OTDMA) [2], and
Optical Code Division Multiple Access (OCDMA) [3,4].

OCDMA has knocked the doors for future multiple access networks [3].
The basic concept of implementation of OCDMA is same as that of CDMA.
The concept behind CDMA is to transmit the signature code in place of
sending single one and same length zero sequences in place of sending single
zero [5]. All the codes have same length but have unique pattern for different

users. The patterns are defined according to chosen coding scheme. The au-
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tocorrelation function of a code gives a high peak. At receiver, a high peak is
generated due to detection of desired code. On detection of a high peak, the
receiver assumes the code was transmitted. OCDMA has many features such
as; no need for centralized network control, number of codes decides the car-
dinality of a network, new user can easily be added to the networks, it does
not require any scheduling, permitting asynchronous access with no waiting
time, security against eavesdropping, supporting larger number of users, and
provision for multimedia traffic. Therefore, OCDMA is a promising technol-
ogy for next generation access network. On comparing with OTDMA and
WDMA, where the transmission capacity can only be increased once, the to-
tal numbers of time or wavelength channels provide the capacity of system.
On the other hand, OCDMA (at encoder fixed/variable) permits flexibility
in capacity of system by generating codes to support network [6-9].

The performance of OCDMA systems is mainly affected by interference
from other simultaneous users called Multi User Interference (MUI) or Multi-
ple Access Interference (MAI) [10,11]. Spectral Amplitude Coding - OCDMA
(SAC-OCDMA) systems are a type of the OCDMA technique in which unique
codes are mapped to different spectral lines of a broadband source [12] [13].
It reduces the MAI when codes with fixed In Phase Cross Correlation (IPCC)
are used as an address sequences. This reduction is realized by balanced de-

tection of signals as shown in Figure 1.1. It also provides a low cost solution

as it uses Broad Band Sources (BBS) like Light Emitting Diodes (LEDs).
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1.2  Spectral Amplitude Coding (SAC) sys-
tems

Codes are represented as (N, L, W, \.), where N is number of users, L is
code length, W is code weight and A. is IPCC. Code length (L) is total
number of chips used by each user. Weight (W) represents the number of
chips having value equal to unity. The IPCC between two codes is defined
as A\, = Z§:1 a;d; for two users codes A = (a1,az,as,.....,ar) and D =
(dy,ds,ds, ....,dr) of code length (L). When A.= 1, it is considered that the
code possesses ideal IPCC properties [14].

Figure 1.1 shows the block diagram of a SAC-OCDMA system. It em-
ploys transmitter and receiver pairs connected in a star configuration. The
transmitter side incorporate light source, splitter, data generator, encoder,
modulator and multiplexer. The light sources are BBS like LEDs and super
luminescent diodes. The optical spectrum of BBS is divided into L number
of chips. These chips are allocated according to the signature codes. At the
encoder for each user, the code is generated by selecting the wavelengths from
optical spectrum of the BBS. These signals are modulated by Mach Zehnder
Modulator (MZM) according to given data. As, when the data bit is 1, chips
are sent according to the signature code, and when the data bit is 0, no pulse
is launched from the BBS. Codes from different users are combined before
they are launched onto the optical fiber. The main components of receiver
are filtering components and photodiodes. At receiver for balanced detection
(BD) technique, the received signal splits into two arms. The upper arm
of decoder uses the same wavelength structure as that of the encoder. For
lower arm of decoder, wavelength structure is selected in such a way that it

eliminates the MAI. Signals from upper arm and lower arm are sent to an
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Figure 1.1: Block diagram of SAC-OCDMA system using BD technique.

electrical subtractor to cancel out the MAI.

MALI is the main factor which degrades the performance, especially when
numbers of users are large. For SAC-OCDMA, MAI is only determined by
the values of IPCC [15,16]. One major advantage of such systems is that
MATI can be eliminated when codes with fixed IPCC are used as address
sequences. Nevertheless, such systems exhibit inherent PIIN (Phase-Induced
Intensity Noise) due to spontaneous emission of the BBS that severely affects
the overall system performance. To suppress the PIIN, the value of IPCC
should be kept as small as possible [14]. Therefore, the codes with ideal
IPCC become attractive. Many codes with ideal IPCC and other properties
are reported for SAC-OCDMA systems.

1.3 Literature Survey

Spectral encoding is proposed using m-sequences codes in [12]. A single
m-sequence code generates N user codes, simply by cyclic shifting of the

single code N times. A N x N Hadamard matrix is used to generate codes
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for (N — 1) users [17]. The m-sequences and hadamard code are expressed
as a (L, W,\)= (N, (N +1)/2,(N + 1)/4) and (N, N/2, N/4) respectively.
These codes offer easy code construction, fixed IPCC and simple architecture.
However, their performance is limited due to the large value of IPCC.

In [14] and [18], Modified quadratic congruence (MQC) (P?+1,P+1,1)
code families based on quadratic congruence code are investigated, where P
is a prime number. However, there are only P? code sequences in a family
with length (P? + P). MQC has a limitation in code section due to its
dependence on prime number for P. Modified frequency hopping (MFH)
(Q*+Q,Q+1,1) code families based on freguency hopping code is presented
in [19], where @ = p" is a prime power. MFH code gives wider range in code
selection on comparing with MQC code along with all its property. In [20],
two algebraic construction methods for the balanced incomplete block design
code are reported. In [21], three optical orthogonal codes construction are
reported, based on mutually orthogonal latin squares or mutually orthogonal
latin rectangles, integer lattice design and affine geometries. All these codes
have algorithmic complexity such as projective geometry and block designs.

Partitioned partial prime codes are constructed using Kronecker Tensor
product, multiplication operation, and matrix complement methods in [22].
Partitioned partial prime code family has low value of IPCC, flexible code
length, and excellent orthogonality. Inspiteof these advantages, it has com-
plex code construction, exists only for a prime number, and cross correlation
calculation is time consuming. In [23], Diagonal permutation shifting code
is proposed with fixed [PCC and short code length. It is constructed by
using some simple algebraic ways and certain matrix operations. It has been
derived from the prime code sequences based on Galois field. In [24] a code

is reported with short code length named as Dynamic cyclic shift. It has
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cross correlation value between 1 and 0. It consists of two parts- weight and
dynamic parts. The weight part is designed using the value of weight. The
dynamic part is a set of zeros. The weight sequence and dynamic sequence are
clubbed together to form a code, and on cyclic shifting other code sequences
are generated. The cardinality of this system is limited by the condition that
the number of users must equal the code length. Diagonal eigenvalue unity
(DEU) code is constructed for any integer value of weight in [25]. Jordan
block matrix is used to design the DEU code. Four combinations are designed
using weight (W) and number of users (N). The combination are (even, odd),
(odd, even), (odd, odd) and (even, even). Cross correlation is less than or
equal to one. DEU code has higher code length. SW-Matrix Partitioning is
introduced in [26] and compared to DEU codes. It has shorter code length
compared to DEU code.

In [27], an algorithm is reported as Fixed Right Shifting code based on
modified Jordan block matrix with algebraic methods. It constructs the
codes by using different combinations of even and odd values of number of
users and weight. Its cross correlation A\, < 1. Code length is defined as
L = N(W —2)+W. The minimum code weight is 3 for code construction.
Matrix partitioning code is reported in [28]. It used the Arithmetic Sequence
to construct the codes. Arithmetic Sequence is a sequence in which the next
term originates by adding a constant to its predecessor, and the difference
of any two successive numbers is a constant. Cross correlation is smaller
than or equal to one. Code length is defined as N x W/2. Any integer
number of weight can be used in code construction. A Generalized Matrix
Partitioning Code is reported which uses mathematical properties of matrix
partitioning code in [29]. It defines the upper bounds and lower bounds for

the code. By putting the value of g (set of codes) equals to 1, the matrix
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partitioning code is generated. Crosscorrelation is one in the same group and
zero with codes in different groups. It is constructed for all natural numbers.
Code length is L = M. Double Weight codes are one of the code families
constructed for SAC-OCDMA systems in [30]. The families includes the code
construction of Double Weight (DW) [30], Modified Double Weight (MDW)
[30], and Enhanced Double Weight (EDW) [31]. These codes have ideal
IPCC property. The code construction steps are easy to implement. They
have weight chips always in pairs which required less filtering component.
Khazani-Syed (KS) Code for even weights was constructed in [32]. It is
a combination of DW and MDW codes. Weight constraint with different
algorithms are main difficult with these codes.

The Flexible Cross Correlation (FCC) codes are reported with property
of flexible cross correlation. The code lengths are shorter for these codes
which turn in higher cardinality. FCC eliminates the effect of MAIL. Random
Diagonal (RD) code is reported in [33]. Code construction is divided in two
parts - code and data. At data part, it designs zero cross correlation code
of weight 1. Code part consists of basics and weight parts. Weight part is
responsible for increasing number of weights. It constructs code with shorter
length. Cross correlation value is greater than zero and depends on weight
and number of users. Code is designed for weight greater than 2. In [34],
FCC Code is reported using tridiagonal code matrix. In [35], Sequential
Algorithm code is reported with FCC property. It generates code set of any
desired cross correlation properties with smallest code length for the given
number of users. It used tridiagonal matrix code property to constructed
code for any given number of users and weights. Drawback of FCC codes
is higher value of cross correlation which leads to more PIIN. On the other

hand, the codes constructed by FCC have shorter code length compared to
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fixed cross correlation codes.

MALI can be removed from SAC-OCDMA system by using electrical sub-
traction, but PIIN still remains. Thus, PIIN can severely affect the overall
system performance. All the above codes suffer from PIIN. The code design
with zero cross correlation (ZCC) property removes the effect of MAI and
suppresses the effect of PIIN.

The code with the property of zero cross correlation is called as Zero Cross
Correlation Code (ZCCC). The code structure of ZCCC does not have any
overlapping of wavelengths between any users. The ZCCC is reported with
Constant Weight code construction in [36]. The ZCCC code construction
along with LED Spectrum slicing is explained in [37]. These codes are using
mapping technique to provide codes for higher number of users. Multi diag-
onal Code [38] and modified Zero Cross Correlation Code [39] are reported
with ZCC property. The MAI is completely eliminated by using codes with
7ZCC property but at the price of longer code length. Longer code length
requires wide band sources.

Enhanced Multi Diagonal code is invented in [40]. It improves the code
property of multi diagonal and RD codes. It defined two matrices, data
and code matrices as RD code. Data matrix is a diagonal matrix of size
N x N. It has zero cross correlation between all rows. Code matrix used chip
combination (1 2 1) as DW code. This combination is repeated diagonally.
Cross correlation of chip combination is 1. Code length is L = N + [N(W —
2) + 1]. Code is designed for weight greater than 2.

All of the above described coding schemes have fixed code length and
weight, and are not suitable for multimedia services. Thus, coding tech-
niques with variable code weights and code lengths are required. The code

weight indicates the amount of power sent by each code. Higher code weight



CHAPTER 1 INTRODUCTION AND REVIEW 9

means higher transmitted power and vice versa. Variable Weight (VW) op-
tical orthogonal code to support multimedia services with different Quality
of Service (QoS) was reported in [41]. VW Khazani Syed (KS) code was
reported in [42]. KS code is designed only for even weights. It uses mapping
technique to obtain codes for higher number of users for same weight and
variable weight. Experimental and simulation results of VW KS code was
done for SAC OCDMA system in [43]. In [44], hybrid fixed-dynamic weight
assignment technique is reported for VW KS code. Comparison of various
detection techniques for KS code is reported in [45]. VW Random Diagonal
(RD) Code is reported in [46] for triple play service. RD code is designed
for weights greater than 2. It uses two segments as code and data to ob-
tain codes. Data segment has zero cross correlation. The code segment is
responsible for cross correlation and its value is high. To obtain the codes for
variable weight, RD code uses the mapping technique. A code construction
is reported for Multi Service (MS) code in [47] for fixed weight, and variable
QoS obtained by varying the number of codes in basic matrix.

All above described codes are 1 Dimensional (1D) which have a limitation
of fewer users due to finite bandwidth of source. To solve this problem,
Two Dimensional (2D) codes in Spectral/Spatial (S/S) domain have been
reported. All the reported 2D codes extend the number of codes in spatial
domain in which, each spectral component is split according to spatial code
of that user.

The 2D M-matrices codes are reported in [48]. The performance of M-
matrices codes were affected by high value of cross correlation. To further
increase the number of users along with performance and improve structure
of system, Permuted M-matrices code was given in [49]. It used the cyclic

property of Arrayed Waveguide Grating routers together with M-sequence
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code. The permuted M-matrix code allowed a greater number of users [49].
The cross correlation value of 2D M-matrix codes is high resulting in ineffi-
cient performance. The 2D perfect difference codes were proposed in [50] to
provide low cross correlation value. In [51], the 2D Diluted Perfect Differ-
ence codes were proposed to further increase performance of 2D PD codes.
The DPD codes used the dilution method on the spectral and spatial codes.
It has IPCC property. It reduces the effect of PIIN resulting in improved
system performance along with number of users.

The Quadratic Congruence Code Matrices were constructed as 2D code
in [52] with IPCC property to reduce MAIL In [53], the 2D Spatial division
multiplexing-Balanced Incomplete Block Design codes were reported with
spatial division multiplexing technique. The 2D Extended M Sequence/Extended
Perfect Difference codes with a low IPCC value is given in [54]. Design of
optical line terminal and optical network units were also described. Extended
perfect difference code provided orthogonal property in spatial domain. The
2D hybrid codes also reported MAI cancellation property in [55]. The code
has the property of spectral orthogonality. The spectral orthogonality was

used to reduce the PIIN induced from the other users.

1.3.1 Motivation

OCDMA is promising technology for next generation access networks. Al-
though, it has one major limitation, MAI. As the cardinality of system in-
creases, MAI and Bit Error Rate (BER) increases. The MAI of system is
removed and eliminated by using SAC-OCDMA systems [12, 15]. However,
developing codes with good properties is a challenging task in the optical
CDMA and SAC-OCDMA systems. To design a code with higher cardi-

nality, better performance and less noise is an open task. The challenging
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points in designing are; MAI increases as cardinality increases, PIIN and
other noises increase the BE R, code to support various traffic demands, ex-
tension of codes in other dimensions. These points are motivating to develop
code families for SAC-OCDMA systems.

The objective of the thesis can be stated as: To develop suitable codes
for SAC-OCDMA system with desirable cross correlation properties, flexibil-
ity in implementation of algorithms, to support multimedia communication
requirements, and efficient detection techniques. To simplify the system ar-
chitectures to make it cheaper, and to improve the performance by reducing

BER.

1.4 Contributions

The overall contributions of the thesis can be summarized below.

e Proposed and analysed Generalized Optical Code construction for En-
hanced and Modified Double Weight like Codes without mapping for
SAC-OCDMA systems.

e Proposed and analysed variable weight code using Generalized Opti-
cal Code construction for Enhanced and Modified Double Weight like

Codes for multimedia communication systems.

e Design of a new code construction for Double Weight (DW) code fam-

ilies for all weights with mapping.
e 2D code construction of a new algorithm for DW code families.

e Proposed code construction of Zero Cross Correlation Code (ZCCC)

for constant weight and variable weight.



CHAPTEZR 1. INTRODUCTION AND REVIEW 12
e Proposed 2D code design using existing DW code families.
e Proposed Khazani-Syed (KS) code design for odd weights.

e Analysis of different detection techniques.

1.5 Organization of the Thesis

The remainder of the thesis is organized as follows.

Chapter 2 describes the code construction algorithms reported for DW
code families along with available work done in literature and followed with
gaps in literature. An odd weight construction of KS code is also introduced
in this chapter. It is followed with 2D code construction by using reported
1D DW codes.

Chapter 3 proposes the algorithm to construct generalized codes for En-
hanced and Modified Double Weight like Codes without mapping for SAC-
OCDMA systems. Constructed code is compared with reported EDW and
MDW codes. It designs code for Constant Length (CL) and Constant Weight
(CW). A single algorithm is implemented with standardized formulation of
code length, SNR and BER for all weights greater than 2.

A Variable Weight (VW) code construction algorithm is explained for
generalized code in Chapter 4. Generalized code is explained in Chapter 3
for CL and CW. To obtain different BER, VW algorithm is needed in which
weight is varied. Variation of weights provides different BER for different
services. It is designed for any number of users for weight greater than 2. It
does not use mapping technique to obtain more users. The cross correlation
value of atmost 1 is obtained between any two users. Code construction

begins with the highest weight.
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A new algorithm is developed for DW code families with mapping is
presented in Chapter 5. A single code construction algorithm is proposed
with mapping for all weights. It also has standardized formulation of code
length, SNR and BER for all weights. The major code construction steps
are similar to DW code families like construct basic matrix and use mapping
technique. It describes the effect of mapping on code performance. 2D code
is also constructed by using 1D code construction. 2D code gives better
performance with higher number of users compare to 1D code.

Chapter 6 proposes an algorithm to construct CW and VW codes with
ZCC property. The constructed code is named as ZCCC. It does not use
mapping technique to obtain codes for higher number of users. It elimi-
nates the PIIN theoretically. Finally Chapter 7 summarizes the thesis with

conclusions and future work.



CHAPTER 2

DW code families for
SAC-OCDMA systems

2.1 Introduction

Double weight (DW) code was first introduced by Aljunid et al. in [30] in
2004. It was proposed for constant weight 2. It has simple and easy code
construction along with ideal IPCC and shorter length. It also reduces the
number of required filters due to number of chips occuring in pairs. Many
advanced versions of this code have been reported resently. Evolution in DW
code families from its introduction to persent is surveyed and presented in

Section 2.2.
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2.2 DW code families

2.2.1 1D codes

Code construction for 1 Dimensional (1D) codes for DW code families begin
with constructing basic matrix (M) of size (Ng x Lp) and weight (V). Ng
and Lp denotes number of users and code length for basic matrix. Number
of users (Np) in basic matrix depends on particular code. Basic matrix is
repeated diagonally to obtain number of users (/V). This method to obtain
N users code is known as mapping [30,31,56-58]. The cross correlation (A.)
is equal to 1 for users inside basic matrix (M) and 0 for users outside basic
matrix (M).

DW code structure [30] is obtained only for weight two. The weight
constraint inspires to develop codes with other weights. Modified Double
Weight (MDW) code is also reported in [30] for even weights greater than
two. It explains code design for W = 4 only. For higher even weights
construction, the chips combination of (1,2, 1) is kept for every three columns
in M. Code construction steps are not outlined in [30] for MDW code. In [59],
formulation of MDW code in terms of matrix is explained and described by
using examples. In [60], generalised formulation is developed for MDW code
without using matrix and mapping technique. A general equation is also
given for code length calculation.

DW and MDW codes are limited to even weights. Code construction
for odd weight greater than one is described in [31] and, the code is named
as Enhanced Double Weight (EDW) code. Code construction steps are not
outlined in [31] for EDW code. In [61,62], formulation of EDW code in terms
of matrix is explained and described by using examples. The reconstruction

of EDW code is reported for higher weights in [61].
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Code Construction

DW code

1. Construction of basic matrix (M) using a fixed weight of 2 as described

in [30] is shown below

1 1 0 Codel
M=|0 1 1 Code2 |. (2.1)
1 2 1 Sum

2. Chips follow (1,2,1) patterns.

3. Mapping of M to obtain N users are done as

M0 0 |
Mapping._ : 0 M ... 0 2.9
0 0 .. M|
3N

] N for N is even
4. Code length is defined as L =

% + %, for N is odd
MDW code

1. For MDW code using even weight greater than 2, basic matrix is con-

structed as given in [59]

A B
C D

M =

w
: . . Wi, .
where, A consists of a zeros matrix of size 1 x 3 21 J, Bis amatrix

of size 1 x 3(%¥) in which Z, is repeated (%) times, C is the basic
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matrix for the next lower weight (W — 2), and D is a matrix of size

W, W X
5 X & expressed as:

0 0 Z
0 Z3; 0
Zs 0 0

where Z; = [000]; Zy = [110]; Z3 = [0 1 1]. Chips follow the (1,2,1)

patterns.

2. Mapping is used to obtain N users from basic matrix, as shown in Eq.

(2.2).

3. Code length for (W = 4) is defined as

L=(3N)+ g [sin(N % 180)/3]*.

EDW code

1. For EDW code [62] using odd weight greater than 1, basic matrix is

constructed as

Where, R is matrix of size W x ===
Each R matrix has columns sum [2, 2 ... 1] in such a way sum 2 appear
% times. Chips follows the (2,..,2,1) patterns.

2. To obtain N users codes, mapping is used as explained in Eq. (2.2).

3. Code length (W = 3) is defined as

2 2
L=(2N)+ % [san} % [smmr n % . [Sm(zv+23)*180] .
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Table 2.1: The comparison of DW code families

Code Existence Weight Size of By, Code length (Lp)

DW 2 2 2x3 3

MDW | even number > 2 | even |3 x 9 for (W =4) 9 for (W =4)
EDW | odd number >1 | odd |3 x6for (W =3)| 6 for (W =3)

The other parameters for these codes are studied as: Performance of EDW
code is analysed for multirate transmission in [62]. The system parameters
for EDW code are examined by using Optisys 6.0 software. The parameters
are number of users, fiber length, bit rate, spacing of chips and transmitted
power in [63]. The point to multipoint Fiber to the home access network
is designed for EDW code by using OptiSystem 7.0 software in [64]. In
[65], Stimulated Brillouin Scattering effect is observed on system by using
EDW code. MDW code performance is observed for multirate transmission
in [66]. This technique was implemented in local area environment using
ring network [67]. In [68], parallel and serial Fiber Bragg Gratings (FBG)
constructions are used to set encoder and decoder structure using MDW
code. EDW code performance is evaluated by using Direct Detection (DD)
technique [56]. The AND detection technique for EDW code is simulated
in [69]. The effect of Non Return to Zero and Return to Zero data format on
BER using AND detection technique and MDW code is explained in [70]. A
comparison between different detection techniques for EDW and MDW codes
are presented in [71]. Single photo diode detection is proposed for EDW code
in [72] and for MDW code in [73].

2.2.2 2D codes

1D code have a limitation of lower cardinality due limited bandwidth and

MAI. To overcome the limitation, 1D code is extended to 2 Dimensions
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(2D) code. 2D codes have combination of two algorithms, one applied in
each dimension. The 2D code is developed from 1D MDW and 1D DW
codes in [74], [75], [76] and [77]. In [76], the Avalanche Photo Diode is
used to enhance the performance and cardinality. Due to PIIN reduction,
cardinality of 2D code is improved compared to 1D code. Simulation results
are shown in [75], [77]. The 2D code developed from 1D MDW and DW codes
designed only for even weights. To resolve weight limitation, it is hybrid with
others such as Flexible Cross Correlation in [78], [79]. In [80], 2D MDW code
is simulated and compared for Non Return to Zero and Return to Zero data
formats. The 2D code is developed by combining 1D EDW codes and M-
sequence codes in [81]. In [82], 2D Extended-EDW code is constructed by 1D
EDW codes. The Time hopping Enhanced Double Weight is reported in [83]
by merging EDW wavelength spreading into 2D time hopping scheme.
Literature gap -: These algorithms have different construction for dif-
ferent weights and varying calculation of code length, SNR and BER with
weight. Generalized algorithm is a gap in literature for all weights with

standardized formulation of BER, SN R and code length.

2.3 New construction based on above codes

The section is divided into 2 subsections. Subsection 2.3.1 explains the code
construction algorithm for KS code using odd and even weights. Subsection

2.3.2 describe the code construction algorithm for 2D code.

2.3.1 0Odd weight construction for KS code

KS code construction is reported only for even weights. It is a combination

of two code construction algorithms, MDW code and DW code. The odd
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weight code construction for KS code is proposed. Proposed algorithm is a
combination of previously proposed KS code (for even weight) and identity

matrix. It designs the codes for all weights. Algorithm steps are-
e Choose weight [EVEN (Wg) / ODD (Wp)].

1. If weight is even Wpg.
(a) The first row of matrix is filled with X from the left upto the
number of ones equal to weight.

(b) The second row is filled with Y diagonally, so column sum [1

2 1] is obtained for every three columns.
(c) Fill all empty spaces with Z.

(d) Repeat steps a to ¢ from second row, until all rows obtain

number of ones equal to weight.
Where, X =[110],Y =[011] and Z = 1[0 0 0].
2. Else, weight is odd W.

(a) Construct basic matrix A of next smaller weight (W — 1).

(b) Construct identity matrix B of size B,, X B,,, where B, =
| %] 4+ 1. Where [z] is floor function.

(c) An identity matrix is concatenated with basic matrix of next

smaller weight as
Basic matrix = [A|B] (2.3)

e Number of users (Np) in basic matrix is [w/2]| 4+ 1 for even and odd

weights.

e Code lengths are defined as
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For even weight,
Lp=3) i (2.4)

For odd weight,
[W/2]

Lo=3) i+ {%J +1. (2.5)

e The basic matrix is repeated [N/Npg| number of times, where [z] is

ceil function.

e Total code length is Lgy[N/Ng| and Lo[N/Ng] for even and odd

weights respectively.

Code construction example of weight 3 is as follows.

1. Weight is odd.
2. Number of users Np in basic matrix B,, is |[W/2] +1 = 2.
3. First basic matrix of next lower weight is constructed.

4. Basic matrix of (W — 1) = 2 is constucted as

(a) The first row is filled with X.
(b) The second row is filled with Y.
(c) Basic matrix is

1 10
011

By =

E

5. Construct identity matrix of size B,, X B,,.

(a) Bp=[%]+1=2.

(b) Identity matrix of size 2 x 2 is
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B, =

O

6. Attach both matrix as

11010
01101

B, =

7. Lo=3"" i+ Y] +1=5.

BER Anaysis

Figure 2.1 shows the block diagram of system setup for KS code. At the
transmitter, the code sequences are generated by selecting wavelengths as
per given code from Broadband Source (BBS). These selected wavelengths
are modulated by MZM as per data. The output of each user is combined
and sent to the optical fiber. At receiver, balanced detection technique is
used to detect data. The received signal is divided into two parts, upper
part and lower part. The upper part has same wavelength structure as an
encoder. The wavelength structure of lower part of decoder is defined accord-
ing to binary sum of columns. The output photodetector is sent to electrical
subtractor to remove MAI.

Let the jth component of the kth proposed code is Hy(j). The correlation

function of upper part is given as

W k=1 same user at basic matrix
Z Hi(5)-Hi(j) = 1 k#1 other users at basic matrix (2.6)

0 Kk #1 other users outside basic matrix

The cross-correlation function of lower part of decoder is obtained as
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I

DATA1 ] AoAsAzAs Aq
Encoder 1 ﬂ A = PD
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= J_.:’ PD;
A

Figure 2.1: System block diagram of KS code for encoder and decoder.

1. Ex-ORing desired user with interfering user.
L
Hy(j) = Y Hi(j) ® Hi())
j=1

@ denotes the Ex-OR function.

2. Hz is AND with given interfering user [57].
Hy (j) = Hz(j) - Hi(j)
where - denotes the AN D function.

0 k=1 same user at basic matrix
Hy(j)=4¢ (W—-1) k#I other users at basic matrix (2.7)

0 k # 1 other users outside basic matrix
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3. Correlation function is given as

I ) . 0 k=1 same user at basic matrix
Zj:l Hy(j) - Hy (j)
(W —1)

=9 1 k#1 other users at basic matrix

0 k #1 other users outside basic matrix

(2.8)

Photodiodes are used to detect optical power in upper and lower parts. Out-
puts of two photodiodes are sent to an electrical subtractor to cancel out
MAL

To analyse BER of the system, the Gaussian approximation with follow-

ing assumptions [14], [18] are considered as.

e Each light source is ideally unpolarized and its spectrum is flat for
given bandwidth [vg — Av /2, v+ Av/2], where vy is the central optical

frequency and Awv is optical source bandwidth.
e Each bit stream is synchronized for each user.
e Spectral width of each frequency component is identical.
e The received power is the same for each user.

The above assumptions are used for mathematical simplification. At
receiver, selected wavelengths from both parts are incident upon a photo-
detector, the phase noise of the fields causes an intensity noise term in the
photo-detector output. The coherence time of a thermal source [18] is given

by
Jy~ G*(v)d(v)

[J5° G)d(w)]*

Te =

(2.9)
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In the above equation, G(v) is the single sideband Power Spectral Density
(PSD) of the source [25,57, 58].

The variance of photocurrent due to the detection of an ideally unpo-
larized thermal light, which is generated by spontaneous emission, can be

written as

(I?y = (Ihot) + T3 1in) + Termar) (2.10)
Where

e Phase-Induced Intensity Noise (PIIN) is

(I11n) = I’ Br.. (2.11)
e Shot noise is
(I%,,,) = 2elB. (2.12)
e Thermal noise is
4K, T, B
<[t2hermal> = R— (213)
L

The PSD of the received optical signals can be written as [25,57,58]:

r(v) = f’“ > di Y Cr(j)rec(s) (2.14)
k=1 =1

v

Where d, is the data bit of the kth user, P,, is effective power of a broadband
source at the receiver and rec(i) function in Eq.(2.14) is explained in terms

of unit step function u(v) as shown in Eqs. (2.15) and (2.16)

. Av . Av )
rec(j) = u U—UO—E(—LJFQJ—?)} —u {U—UO_E(_L—FQ])
(2.15)
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A“} (2.16)

rec(j) = u [T

At PD; of kth receiver, total power is calculated as

o Av
P(PDl):/O Gl(v)dvz/ de ZHk )VH,(j { {L H dv.
N L
P, Av <= . .
= AvfzdeHk(j)Hl(j)' (2.17)
k=1 j=1
Using correlation function from Eq. (2.6), Eq. (2.17) is written as
Np
PSTW Psr
P(PDy) = —7—+ = > (2.18)
k=1,k#p
At PD, of kth receiver, total power is calculated as
P(PD)—/OOG(v)dU—/ Zd ZH VH(j Al Ll g
2) =) G =, k = k(J)Hi(J T
Psr A
P(PD,) = v Z dy Z Hy,(j) Hy(j (2.19)

Using correlation property given in Eq. (2.8), Eq. (2.19) leads to

P(PD,) =

Z dy (2.20)

k=1,k+#p

The received signal is the difference between photocurrents, which is ex-

pressed as I = I} — I. I; and Iy are currents at photodiodes.

[ = RP(PD;) — RP(PDy) (2.21)
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Here R = ne/(hvy) is the responsivity as given in [18], and 7 is the
quantum efficiency of photodiode. e is the electron’s charge, and (hvg) is the
photon energy, where h is Planck’s constant.

Replacing the values of P(PD;) and P(PDs) of total power incident at
input of PD; and PD, from Eqs. (2.18) and (2.20) into Eq. (2.21), the

recevied signal is

I= RPZTW (2.22)
The shot noise is
(I2,.:) = 2eB(I; + ) = 2eBR[P(PD,) + P(PD,)] (2.23)
Egs. (2.18) and (2.20) are substituted in Eq. (2.23).
2y — 2¢e BRP,. (W L+ 2(Np — 1)) (2.24)

The approximation is used Y p_, Hi(j) ~ Y as given in [18]. The PIIN is

(I%;,n) = BI?1, + Blity = BR? {/ G3(v)dv +/ G%(U)dv] (2.25)

0 0

Egs. (2.18) and (2.20) are substituted in Eq. (2.25), PIIN is

BR2P2NW
(Iprn) = —zA, W +2(Np —1)] (2.26)

Noise power, (I%) as given in Eq. (2.10) is expressed as
2eBRP, (W +2(Ng — 1) | BRRPANW(W +2(Np 1)) 4K,T, B

L LQAU RL
(2.27)

(1) =
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The probability of sending bit 1 is half, Eq. (2.27) leads to

P,.eBR(W + 2(Np — 1))+BR2PS2TNW[W +2(Np — 1)] LAKTLB
L QLQAU RL
(2.28)

(%) =
The Signal to Noise Ratio (SNR), as defined in [14,18,25,30, 31,5658,

84,85], of SAC-OCDMA systems can be written as
SNR = (I1)?/{I%). (2.29)

Put values from Egs. (2.22) and (2.28) in Eq. (2.29), SNR is

(RPSTW)Q

_ L

SNR = PsreBR(W+2(Np—1)) + BR2P2 NW[W+2(Ng—1)] + 4K T,B " (2'30)
L 2L2%Av Ry,

The BER is calculated by using Gaussian approximation from SNR as

given in

BER — %er fe/(SNRJS). (2.31)

Numerical Results

co

L-é 40 ['4 -
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Figure 2.2: BER versus number of  Figure 2.3: BER versus code length.

users.
Comparison of KS code (W=3), MDW code (W=4) and EDW code (W=3).
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Table 2.2: The Parameters used for BE R calculation

Parameter Value
Linewidth of broadband source (Av) 3.75 THz
Electrical bandwidth (B) 311 MHz
Broadband effective power (Ps,) -10dBm
Quantum efficiency (7) 0.6
Operating wavelength (\g) 1550 nm
Receiver noise temperature 300 K
Receiver Load resistor 1030 2
Electron charge (e) 1.6 x 1071°C
Planck’s constant (h) 6.66 x 10734J/s
Boltzmann’s constant (Kj) 1.38 x 107 J/K

The relevant parameters used for numerical analysis, are listed in Table
2.2. Figure 2.2 is plotted for the BER versus number of users. It compare
the BER for different codes, EDW (W = 3), MDW (W = 4) and KS code
(W = 3) at a data rate of 622 Mbps using balanced detection. At BER
of 107*2, number of users are 25, 47 and 50 respectively for EDW code, KS
code and MDW code. The variation of results for same weights are due to
difference in code length. Required code length for KS code and EDW code
are 250 and 200 respectively at 100 number of users as shown in Fig. 2.3.
KS code gives improve performance with greater code length. But it give
comparable performance with MDW code. KS code gives less BER with
shorter length and less weight.

2.3.2 Proposed 2D code construction from DW code

families

2D code construction is proposed using 1D DW code families which in-

cludes all weights. To construct 2D code, different combination of codes are

used such as DW/DW, DW/EDW, DW/MDW, EDW/MDW, EDW/EDW,
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MDW/MDW. Proposed 2D code is represented as Cy, where g and h de-
notes the number of codes used in spectral and spatial domain respectively.
Cyp is given as Xth. Where X, and Y} are 1D codes represented as
Xy = T, T1, T2, ...... s T(Lp—1) and Y = yo,y1, Y2, s Y(£,~1)- Where, L, and
L, are code lengths of 1D code. Code weights are represented as W, and W,

for X, and Y}, respectively. The cross correlation is defined as

Ly—1Ly—1
Ry =3 3" oy, (2.32)
i=o j=0

Where C?) is denoted as characteristic matrices d(0, 1,2, 3),

CO = XTy,, ¢ = XTY,, C® = X!V, and C® = XTY,. Here,
XgT is transpose function of X|. X_g’ and Y}, are complements of XgT and Y}
respectively.

The MAI elimination is obtained using Table 2.5 as follows

Wy omy

(0)
R (U VR (A R (A VI (T

K, K, same user or g = 0,h =0
= 0 other users of same basic matrix ~ (2.33)

0 other users of other basic matrix

Due to mapping technique, the interfering users belong to their own basic
matrix users. From other users, they have no interferences. Np, and Np,

represent number of users in basic matrix.

Performance analysis of code

The variance of photocurrent [24] can be written as given in Eq. (2.10).

As in [54], [51], and Section 2.3.1, the Gaussian approximation is applied to
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Table 2.3: 2D code construc- Table 2.4: 2D code construction using DW

tion using DW codes. and EDW codes.

[110]][011] 001101]{[010011]|[110100]
11110011 11001101 ]010011}110100
11110011 11001101]010011}110100
0]000]000 0/000000 000000000000
0]000]000 0/000000 000000000000
11110011 1/001101]010011}(110100
11110011 11001101 ](010011}(110100

Table 2.5: Cross correlation values for 2D code.

R®(g,n) | RW(g,h) | RP(g,h) R® (g, h)
g=0Nh=0| KK, 0 0 0
g=onh#0| W, |w.w,-n| o0 0
gA0Nh=0] W, 0 W, (W, — 1) 0
GAONRAO| 1| (W—1) | (We—1) | (We—1)(W,— 1)

system. The PSD of the received optical signals can be written as

U Lz—1) (Ly—1)

(
") = kg o) XY wFL) ()

Here d(u) is the data bit of the uth user, Pi, is effective power of a BBS at the
receiver, a; j(u) is element of uth user code and F'(f,7) function in Eq.(2.34)

is explained in terms of unit step function u(f) as shown in Egs.(2.35).

Af
2L,

Af
2L,

(2.35)
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PSDs of optical signals at PDs of the receiver can be written as

p U Lo—1Ly—1 o |
So(f) = WA ;d(u) ; ; az; aij(u)F(f, ) (2.36)
p U Lo—1Ly—1 "
Si1(f) = = d(u) a;; aij (u)F(f, ) (2.37)
1 Wy(Wy_l)AfuZ:o i=0  j=0 ’
P U Le—1Ly—1
) = jrar a7 2. 4w 2 X ales@E(f)  (239)
yr e u=0 i=0 j=0
P U Lo—1Ly—1 "
Ss(f) = o d agi(w)F(f, 1) (2.39
0= =y 0 5 3 etarn e

Using Table 2.5, The effect of MAI is split into three parts, i.e., g =
0Nh#0,9g#0Nh=0and g+# 0[)h # 0. The interfering users for these
parts are (N, —1), (Ng, — 1), and (N, — 1) x (N, — 1) respectively. The

ensemble average of the interference amount for three groups are as

(U —-1)(Np, —1)

A = e (2.40)
(U~ (N5, ~ 1)

Ay = - (2.41)

4, = (U= D, — (N, —1) 2.42)

gh —1
Set d(u) = 1 for worst case analysis [55] and use PSDs of PDs to calculate

the output currents of each PDs as

m:ném&m# (2.43)
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RPs, W,(U —1)(Ng, — 1)
= K. K .
h=wT, v gh—1
W,(U—-1)(Np, — 1 U—-1)(Np, —1)(Np, — 1
U= DN, = 1) (U= DN, = D0, = D]
gh—1 gh—1
h=R [ Sina (2.45)
0
— — U—-1)(Ng, —1)(Np, — 1
]1 _ RPST |:Wa:(U 1)<NBh 1) + ( )( By, )( By ):| (246)
W, L, gh—1 gh—1
L=R / So(f)df (2.47)
0
P, [W,(U—-1)(Np, —1 U—-1)(Ng, —1)(Np, — 1
]2 _ R ST |: y( )( By )+( )( By, )( By ):| (248)
Wy L, gh—1 gh—1
L=R [ S (2.49)
0
U—-1)(Ng, —1)(Ng, —1
I3 = RP,, |:( )( By, )( By ):| (250)
Wy L, gh—1
The average output photocurrent of the receiver is
RP, W,
The shot noise is written as
[shot = 26B(Io+[1 +[2+[3) (252)
The PIIN is given as
BLx
Iprin = ((lo — L) + (I — I5)?) (2.53)

2v
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Figure 2.4: BER is compared for different value of g and h for proposed 2D
code.

The SN R is calculated as per written in Eq. (2.29), and BER from SNR

is expressed as given in Eq. (2.31).

Numerical Results

2D code reduces PIIN which turns to reduce BER, and increases cardinality.
Because of that Electrical bandwidth (B) of system set to 1024 M H z results
are shown and compared at 10~ and 107'2. Figure 2.4 depicts the affect of
varying number of codes at spectral and spatial dimension on BER. The
weight of the code is set to value W, = 2, W, = 2. The total number of users
is chosen to be 300. The number of codes for both dimension are taken as
(g =20,h =15), (g =15,h = 20), and (g = 10, h = 30). At BER of 10712,
number of users obtained are 17, 111 and 270 for codes (g = 20,h = 15),
(9 = 15,h = 20), and (g = 10, h = 30) respectively. As the value of spatial
codes h is increased and spectral codes g is decreased, BER performance is
improved. Numerical result shows that BE R is decreased as h is maximized

and ¢ is minimized.
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2.4 Summary

A survey on Double Weight code families is presented. The DW code family
is one of the code families proposed for SAC-OCDMA systems to reduce
MALI. These codes have ideal IPCC property. Code construction steps are
easy to implement. They have weight chips always in pairs which reduce
number of filtering element. Odd weight implementation of KS code is also
introduced in chapter. 2D code construction using DW code families are also
introduced. However, DW codes family have different constructions of basic
matrix, generalised formulation of code length and BER is not presented,

and have limitation of weight.



CHAPTER 3

Generalized Optical Code
construction for Enhanced and

Modified Double Weight like
Codes without mapping

3.1 Introduction

To generate a code for DW code family, first step is to construct a basic
matrix. Depending on the number of users required in the code family, the
basic matrix is repeated diagonally, known as mapping technique. Due to
mapping, increment of code length is not constant. Its increment is depen-
dent on the size of basic matrix and required number of additional users. For
example, if basic matrix has size (3 x 9) where users are 3 and code length

is 9. For 3 additional users, code length becomes 18. Even though mapping
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and crosscorrelation constraints are similar for all codes families of DW| they
have different code construction algorithms, length and other properties. A
generalised algorithm to construct these codes is a gap in literature which is
investigated in Chapters 3, 4 and 5, with and without mapping.

A new generalized algorithm to construct EDW and MDW like codes
without mapping for any weight greater than 2 is proposed. The code con-
struction is independent of mapping technique. It maintains crosscorrelation
value of atmost 1 (A, < 1) between all the N users. A single code construc-
tion algorithm is designed for all weights greater than 2. For each additional
user, code length increment is constant. For example, if code length for 3
users is 9 then for 4 users it is 12, for 5 users it is 15 and so on (increment of

3 for each user).

3.2 Code Construction

The section is divided into 2 subsections. 3.2.1 explains the code construction

algorithm. 3.2.2 contains the code construction example.

3.2.1 Algorithm

The value of weight (W) and number of users (N) are chosen. Code length
is given as L = N(W — 1) for W and N.
Basic Matrix (M) of size 2 x (W — 1) is constructed as follows.

Rl W-2 Os W+1 1s
M = _ L VQV J LW‘:J (3.1)
RQ LTJ 1s LTJ 0s 9% (W—1)
The complete code set is represented by matrix U of size N x L for N users.

The construction of U involves 3 steps in which an intermediary matrix U*
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is first constructed. M is repeated N — 1 times in U* as shown below.

U*

Ry
Ry

38

To completely fill all columns, basic matrix rows R; and R, are added to last

row and first row of last column of matrix U* respectively as shown below.

Ry
Ry

U** —

Ry

Ry
Ry

Ry

Ry Ry

NXL

(3.3)

The complete code set is obtained by filling up empty places in U** with

ZETos. _
R, 0O 0 .. . . R
Ry, Ry O .. .. . 0
7= 0 Ry O
Ry 0
0O 0 0 .. . R R

Algorithm is stated as:

NXL

(3.4)
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e Choose W, N and calculate the code length L.
e Construct M as per Eq. (3.1).
e Repeat M in U* as per Eq. (3.2).

e R and Ry are added to U** as per Eq. (3.3) and empty places in U**

are filled with zeros to complete code construction for all users.

3.2.2 Code construction example
Weight (W = 3)

1. Let number of users are N = 3. Code length is calculated as L =

N(W —1) = 3(2) = 6.

2. Size of matrix is defined as 2 x (3 — 1) = 2 x 2. Matrix is created as

V Ry _ 1252105 |2 ]1s 11

2
R, [3]1s  [%2]0s 10

2 2%2 2X2

3. M is repeated 2 times as

11
Ur=110 11
10

A NxL

4. Matrix upper row R; and lower row Ry is put in last and first row of

last column respectively as

11 .. .10
U*=11 01 1

1 0 1 1.
3%x6
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Figure 3.1: SAC-OCDMA system setup for W = 3 using Balanced Detection
for generalized code.

Remaining places are filled with zeros.

110010
U=1101100

001011
3x6

3.3 SAC-OCDMA system

The implementation of SAC-OCDMA system using balanced detection tech-
nique for W = 3 using generalized code is shown in Fig.3.1. At the encoder
for each user, the code is generated by selecting the wavelengths from optical
signal of the broadband source. The wavelengths are selected according to

the code to be transmitted over the channel. These signals are modulated
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by MZM according to given data. Codes from different users are combined
by using mod-2 sum before they are launched onto the optical fiber.

At receiver, the received signal divides into two arms. The upper arm of
decoder uses the same wavelength structure as that of the encoder. In the
lower arm of decoder, wavelength structure is given according to binary sum
of columns of matrix U.

For an example of weight, W = 3, and number of users, N = 3, U matrix

is given as
Wavelengths L . .Y .Y . VIV
userl 1 1 0 0 1 0
user2 1 0 1 1 0 0
(3.5)
user3 0 0 1 0 1 1
Sum 0 1 0 1 0 1

The binary sum of all columns of matrix U gives W — 2 non-overlapping
wavelengths for each user. The non-overlapping wavelengths which are not
present in desired user are used to eliminate the MAI at lower arm of decoder.

Photodiodes are used to detect the filtered optical signal. An electrical

subtractor between the two arms is used to cancel out the MAI.

3.4 Balanced Detection Technique

Let Ck(j) be the jth element of the kth proposed code sequence. At balanced
receiver, the proposed code exhibits different code properties in the upper
and lower arms of detector depending on particular detection technique.

In case of upper arm, detector has same structure as an encoder. The
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autocorrelation function of a desired user gives a high peak of W. Cross
correlation of interfering users with desired user is atmost 1. Correlation

function for upper arm is explained as

W k=1 same user

L
DG -Gl =8 1 k#l I=k+1 (3.6)
g 0 k#1 other users

In case of lower arm, the W — 2 non-overlapping wavelengths are denoted
by Cz(j) as shown in Section 3.3. The method to reject the MAI from
interfering users is explained below. The product of Cz(j) and codes of

interfering users (I = k £ 1) is considered first as
L
Cx(j) = D_(C2(3) - Cil)). (3.7)

=1

Correlation function for lower arm is given as

. 0 k=1 same user
Z Ce(j) - Cx(j) = (W —=2) k#I1 [=k=1 interfering users  (3.8)
= 0 k#£1 other users

0 k=10 same user
=<1 k#1 l=k+1 . (3.9)
0 k #1 other users

SELCl) - Cx ()
(W —2)

An electrical subtractor between the two arms is used to cancel out the MAI
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as

W k=1 same user

S o) -Gy - = UL e o)

0 k #1 other users

To analyse BER, the Gaussian approximation with assumptions are taken
as per given in Section 2.3.1.The coherence time of a thermal source [18] is
given in Eq. (2.9). The variance of photocurrent [24] can be written as given
in Eq. (2.10). The PSD of the received signals is written as given in Eq.
(2.14). The total power incident at the input of photodetector, PD; of kth

receiver during one bit period can be written as

P(PDl)Z/OOOG1(v)dv:/OOO is;gdkéck@c,(j) {u [%” .
= iﬁ%idki@m%). (3.11)

Using upper arm property of correlation function given in Eq. (3.6), Eq.

(3.11) simplifies to

N
PSTW PST
P(PDy) = =+ > dr. (3.12)
k=1,kl

The total power incident at the input of photodetector, P Dy of kth receiver

during one bit period can be written as

P(PDQ):/OO@(U)dU:/OOO

0

dv

L f;d jf;ckmoxm {2}
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fé%zdeCk(j)cxm (3.13)

k=1  j=1

P(PD,) =

Using lower arm property of correlation function given in Eq. (3.9), Eq.
(3.13) simplifies to

p N
P(PD,) = zr Z dy, (3.14)
k=1,k£1

The received signal of specific user is given by the difference between
photocurrents Iy and I, which is expressed as [ = I} — I,. I; and Iy are

currents at photodiodes of upper and lower branch respectively.

[ =RP(PD;) — RP(PD>) (3.15)

Substituting the expressions of P(PD;) and P(PD;) of total power inci-

dent at input of PD; and PD; from Egs. (3.12) and (3.14) into Eq. (3.15),
the received signal is

. (3.16)

The shot noise power is given as

(I%,.:) = 2eB(I; + ) = 2eBR[P(PD,) + P(PD,)] (3.17)

By substituting the values in Eq. (3.17) from Egs. (3.12) and (3.14), shot
noise 1s

2e BRP, 4
(13 = 2RV 1) (3.18)

The following approximation is used as per the methodology given in [58]

N . NW
;Ck(])z i (3.19)
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. The PIIN power can be written as

(I};n) = BI{7a + BI}1.5 = BR? [/ G (v)dv +/ Gg(v)dv] (3.20)
0 0

By substituting values in Eq. (3.20) from Egs. (3.12) and (3.14), PIIN is

BR2P2NW
(Ipin) = 2, W4 (3.21)

Noise power, (I?) as given in Eq. (2.10) is expressed as

20BRE, (W +4) | BRPPLNW(W +4) | 4K,

I’y =
< > L + LQAU RL

(3.22)

Noting that the probability of sending bit 1 at any time for each user is
half [58], Eq. (3.22) leads to

PyeBR(W +4) BR2P2NW[W + 4] | AKT,B
L QLQAU RL

(I%) = (3.23)

Substituting from Eqs. (3.16) and (3.23) in Eq. (2.29), SNR is expressed as

(RPSTW)Q

_ L

SNR = eBR P, (W+4) BR2P2 NW (W +4) AK,ToB ' (3'24)
L + 207Av + =g,

The BE R using Gaussian approximation from SN R is expressed as given

in Eq. (2.31).

3.5 Direct Detection Technique

The implementation of SAC-OCDMA system using DD for W = 3and N =3

(generalized code) is shown in Fig.3.2. DD uses the non-overlapping wave-
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Figure 3.2: SAC-OCDMA system setup for W = 3 using DD for generalized
code.

lengths in its detection process. Non-overlapping wavelengths are calculated
by mod-2 sum of all users as shown in Eq. (3.5). At receiver, the non-
overlapping wavelengths, which are unique for each user are selected and sent
to photo diode. It requires a single photo detector for detecting the wave-
lengths without any subtractor as used in balanced detection (Section 3.3).
PIIN is theoretically eliminated on detecting non-overlapping wavelengths.
This results in reduced complexity of receiver along with performance im-
provement.

For BD, signal is divided into two parts which are detected and converted
into electrical signal, which is followed by electrical subtractor. BD technique
require more processing and more components as compare to DD. In DD, only
single photodiode need to detect signal. DD requires less components which
turn to reduce cost of recevier. DD requires less processing which leads to

less complexity at recevier [56, 85].
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Let Ck(j) be the jth element of the kth proposed code sequence. The
W — 2 non-overlapping wavelengths for each user from C(j) is selected by

product of Cz(j) and with desired user. Correlation function is given as

, L . . W —2 k=1 same user
Cx(j) = Y _(Cz(4) - Cill)) = . (329)
=1 0 k # 1 other users
For BE R analysis, the Gaussian approximation and all other assumptions

are same as used in Section 2.3.1. The variance of photocurrent due to the

detection of an ideally unpolarized thermal light can be written as [56, 85]:

<12> = <152h0t> + <It2hermal>' (326)

here (I%,,), and (IZ

inermar) are Shot noise and Thermal noise respectively.

The expressions of (I% ), and (I2 ) are as given in Egs. (2.12),(2.13).

thermal
The PSD of the received optical signal is expressed in Eq. (2.14)
After selecting non-overlapping wavelengths, total power incident at the

input of photodiode of kth receiver during one bit period can be given as

/OOO Gv)dv = /OOO

Py AU | , :
= AUTdeZCk(J)CX(])- (3.27)
k=1  j=1

dv

is; kZ:dk ; Cr(1)Cx(J) {U {%1 }

Using correlation property given in Eq. (3.25), Eq. (3.27) can be written

/O h G(v)dv = w (3.28)
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The photo current generated by the incident optical power is given by
I= R/ G(v)dv. (3.29)
0

Put the value from Eq. (3.28) into Eq. (3.29) for total power incident at

input of PD. The resultant photo current is

RP, (W —2)

I =
L

(3.30)

By substituting the values in Eq. (2.10) from Eq. (3.30), shot noise is

(I3hot) = 2¢BR (W) (3.31)

Noise power, (I?) is expressed as:

(3.32)

(%) = 2¢BR {PST(W — 2)] n 4K, T, B

L Ry
Noting that the probability of sending bit 1 at any time for each user is
half [58], Egs. (3.32) leads to

(3.33)

(%) = eBR {Psy«w — 2)] L AKTLB

L Ry,
Substituting from Egs. (3.30), (3.33) in Eq. (2.29), SN R is expressed as

RPor (W—2
( (L ) )2

¢BR [Psr(i;v—m] 4 4K%€n3

SNR = (3.34)

The Bit Error Rate (BER) is calculated as given in Eq. (2.31).
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Figure 3.3: Comparision of MDW and EDW code with Generalized code.
3.6 Numerical Results

To calculate the numerical results, the relevant parameters are listed in Table
2.2.

Figure 3.3 depicts the BER versus number of users for EDW (W = 3),
MDW (W = 4) and generalized code for (W = 3,4) at a data rate of 622
Mbps using balanced detection. At BER of 107, number of users are 61 and
58 for W = 3 and W = 4 respectively for generalized code. The number of
users for EDW (W = 3) and MDW (W = 4) are 34 and 61 respectively. The
variation of results are due to difference in code length which depends on the
number of users and its dependency on mapping for EDW and MDW which
affects the BER performance. The BER for EDW and MDW depends on
the size of basic matrix. BER changes on varying the size of basic matrix
which further changes the length of code on increasing number of users.
The designing of code without mapping eliminates the effect of basic matrix
dimensions on BER.

BER is plotted against number of users when weight is varying from 3

to 6 using balanced detection for generalized code as shown in Fig.3.4. At
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BER of 107, number of users are 57, 61, 63 and 64 for W = 3,4,5 and
6 respectively. As the weight is increased auto correlation peak value (W)
increases which reduces the error probability. Resultant number of users for
same BER is increased along with increased code length. As the weight is
increased, the number of pulses per code increases which in turn increases
the signal power per user. As a result SNR and hence BER improves.

Figure 3.5 depicts the affect of datarate on BER at constant value of
W = 4 using balanced detection for generalized code. BER is plotted against
number of users (N) with increasing data rate. Number of users are 34, 19
and 10 for data rate 1.25 Gbps, 2.5 Gbps and 5 Gbps respectively at BER
of 1072, As the data rate of the system is increased, BER is increased for
system which degrades the number of supportable users for same BER. This
happens due to increase in required bandwidth which increases the noise in
system. Hence number of users are reduced on increasing data rate as shown
in Figure 3.5.

Balanced detection and DD are two different detection techniques. Both
are different ways to detect code for each user. Balanced detection use various
techniques to select wavelengths for lower arm such as complementary tech-
nique, AN D technique, and Ex-OR technique. For generalized code, binary
sum technique is used for theoretical and numerical results. For DD, bi-
nary sum technique is used to select the non-overlapping wavelengths. These
non-overlapping wavelengths after filtering are sent to the photodiode. The
middle term of denominator of Eq. (3.24) is due to PIIN for BD. Similar
expression for DD is not required as in Eq. (3.34). Further weight factor in
SN R expressions for BD and DD are different.

BER is plotted against number of users for balanced detection and DD

using generalized code for W = 6 as shown in Fig.3.6. Number of users are
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ferent weights using Generalized code. datarate for W = 4 using
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64 and 71 for balanced detection and DD respectively at BER of 107, Due
to elimination of PIIN for DD, performance is improved and, the receiver

complexity and cost of receiver design is reduced.
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Figure 3.6: Comparison of BER for de- Figure 3.7: BER (PIIN, shot and ther-
tection techniques (/W = 6) using gen- mal noise) versus received power (Pj,)

eralized code.
detection.

Figure 3.7 illustrates the BER (PIIN, Shot and thermal noise) versus

received power using balanced detection for N = 15 and W = 4. As shown

in Fig. 3.7, the main factor which degrades system performance is PIIN using

balanced detection. It occurs due to fluctuations in intensity of the received

at N = 15 and W = 4 using balanced
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signal which results in variance of the received signal. It cannot be improved
by increasing the transmitted power. PIIN also depends on the number of
interfering users and increases with increasing interfering users. On the other

hand, shot noise reduces with increase in received power.

3.7 Summary

A new generalized algorithm to construct EDW and MDW like codes with-
out mapping for any weight greater than 2 is proposed. Code construction
is independent of mapping technique. The proposed algorithm is for Con-
stant Length (CL) and Constant Weight (CW). The code length increment
is constant for each additional user. First, it constructs a basic matrix for
particular weight. Secondly, it is repeated for each row upto (N — 1) times.
Lastly, rows of basic matrix is added and all empty spaces are filled with
zeros. It maintains crosscorrelation value of atmost 1 (A, < 1) between any
two of the users. The numerical results using balanced detection and direct

detection are obtained and compared.
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Variable Weight Construction

using Generalized code

4.1 Introduction

The codes with fixed code length and weight are not suitable for multimedia
services. Thus, coding techniques with variable code weights and code lengths
are required. The code weight indicates the amount of power sent by each
code. Higher code weight means higher transmitted power and vice versa.
Variable Weight (VW) algorithm is proposed which is based on Generalized
Optical Code construction for Enhanced and Modified Double Weight codes
as discussed in Chapter 3. The proposed algorithm can be used for any
combination of weights greater than 2. The cross correlation between any
two users is at most 1. This code construction algorithm ensures higher
power at receiver for higher weight users. Lower weight users receive less

power compared to higher weight users. The difference in received power
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translates as varying performance, and is useful for multimedia applications.

4.2 Code Construction

4.2.1 Algorithm

The fundamental equations to find the basic matrix is based on as given in
Section 3.2. The steps involved in code construction using proposed algo-

rithm are given below

1. The cardinality or total number of users (N4, ) is given by

N
Niaz = »_ Nw, (4.1)
=1

Ny, represents number of users with weight ‘IW;’. The value of W; must

be greater than 2.

2. For all weights, basic matrix (My,) of size 2 x (W; — 1) is constructed
as
R Wi210s | Witl|1s
My = | [=5=10s 557 (42)

i (W) W, Wi-1
R; | 5t]1s  [=5—=]0s (Wi 1)

W; is any of the weights from W; to Wiy.

3. Code construction starts from highest weight (W) and ends with low-

est weight (17/7).
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4. Basic matrix of highest weight (Wy) is repeated (N, + 1) times as

R™
RY™ R
RgWN) ngN)

ngN ) RgWN )
RéwN )

5. For last repeated basic matrix of Wy, calculate reducibility number

(SWN)

(a) Reducibility number (Sy,) is defined as

wolB )

2 2

i. Calculated value of Sy, is either 0 or any integer value.
ii. When Sy, = 0, no change is required in basic matrix Myy, .
iii. When Sy, = integer, reduce Sy, number of columns from left

of last repeated My, .

iv. After reduction, last repeated basic matrix is updated as (R%VN ), R%VN N.

R
RS RUM
U=1| .. RE™ R : (4.5)
RY™-. RNV
Ryg™

6. Steps 4 and 5 are repeated for weights Wy _o to W;. Basic matrix of
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Wi_s to W; are repeated Ny, _, to Ny, times respectively as given in

Eq. (6.8).
R .
RY™ . RIEY
R p{Wix-n)

15

RéW(N—l))” R(W(N—l))

n

ngl) R§W1)

i

(4.6)

7. First and last rows of U matrix are removed as shown in Eq. (4.7).

18
Ré‘;VN) ng(N—n)
R;W(Nfl))

8. All empty spaces are filled with zeros.

9. Because of Step 7, all columns filled

with zeros are deleted from U

matrix. (L%J + 1)th column to (L@J + L%J)th columns from

left side, and (L%J + 1)th column to (LW12+1J + LWI_QJ )th from right

2
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side would be zeros, when W is greater than 3. If WW; is equal to 3,

there are no columns of zeros from right side.

The complete code set is generated after step 9. The total code length
(Lr) is the number of wavelengths required by the system for all weights. The

Y

total code length is the sum of code lengths ‘Lyy,” corresponding to weights
‘W;?. Code length calculation for different weights is explained below For

Ny, users,

(4.8)

Wy —1
LWN:(WN_l)*(NWN—Fl)_SWN_\\ N2 J

For Ny, _, users

Lwy_, = (Wno1 = 1) % (Nwy_,) — Swy_,- (4.9)

Similarly, lengths Ly, _, to Ly, for corresponding weights Wx_o to W are

found as follows. For Ny, _, users
Lyy_, = (WN—2 - 1) * (NWN—Q) — SWy_s- (41())

For Ny, users

Wy —2
Lm:WfUMMm—{Z J (4.11)
Total code length (Lr) used by the VW code is given as
Lr=Lwy,+ Lwy_, +---+ Lw,. (4.12)

Flow chart of the algorithm indicating code construction steps is shown
in Fig. 4.1. The comparison of code properties of proposed code with KS
and RD codes is given in Table 4.1.
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/Enter WIL', NW,,/
Y
Construct Basic matrix My,

Y
Repeat My, (Nw, + 1) times and find Sw,, .

Repeat from My, _, to My,
Nw_, to Ny, times respectively.
Find SWN71 to SWQ.

Y

First and last rows of matrix are removed.
Zeros columns are deleted.

Y

Codes are generated

Figure 4.1: Code construction flow chart for proposed VW code.

4.2.2 Code Construction Example

Number of users (Ny) and (N;) are chosen as 3 each for higher weight (W =
4) and lower weight (W; = 3).

1. Size of basic matrix for weight Wy =4 is 2 x (4 — 1) = 2 x 3, and is
created as
(4) 4-2 441
Ry [55710s [ 57 ]1s 011

MW2 - — =

4 _
RV 31s [5H0s | 1 1of

2. Size of basic matrix for weight W) = 3is 2 x (3 — 1) = 2 x 2, and is

created as

R 1352105 | 3£ ]1s 11

2
R 1311s  [351]0s 10
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3. My, is repeated Ny + 1 = 4 times to get

4. Find Sy, =2—1 = 1. Reduce a single 1 from R§4), and a single 0 from
RYL) from basic matrix My, as shown in steps 3 and 4 of Section 4.2.1.

The 1’s and 0’s reduced in step 4 are indicated in parenthesis in step

3.

011
110 011
110 011
110 (0)11
(1)10

011
110 011
110 011
110 11
10

5. Myy, is repeated N; = 3 times as

011
110 011
110 011
110 11
10 11
10 11
10 11
10

6. First and last rows of U matrix are removed to get
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110 011

110 011

110

11
10

11
10

11

10 11

60

7. All empty spaces are filled with zeros, and all empty columns are deleted

indicated by parenth

esis.

11(0)
00(0)
00(0)
00(0)
(0)
(0)

o

0(0
00(0

011
110
000
000
000
000

000
011
110
000
000
000

00
00
11
10
00
00

00
00
00
11
10
00

00
00
00
00
11
10

00
00
00

00|

00
11

8. Code is generated for 6 users using two different weights.

G
Co
Cs
Cy
Cs
Cs

BinarySum

11
00
00
00
00
00

011
110
000
000
000
000

000
011
110
000
000
000

00
00
11
10
00
00

00
00
00
11
10
00

00
00
00
00
11
10

00
00
00
00
00
11

(4.13)

11

101

101

01

01

01

11

9. Code length for higher weight is Ly, = (4 —1)*(3+ 1) — 1 —1 = 10,

and for lower weight is Ly, = (3 — 1) % (3) = 6. The total code length

Ly for code is Ly, + Ly, = 16.
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In the example, we can see that some of the 1’s are clubbed together. With
increase in weight, more number of 1’s would be clubbed together. Hence, for
realisation of system, only filter linewidth needs to be changed with respect

to number of 1’s clubbed together.

4.3 Bit Error Rate calculation

The Gaussian approximation is considered to determine BER along mathe-
matical analysis as given in Section 2.3.1. Coherence time is defined as given
in Eq. (2.9). The noise variance of photocurrent as a result of an ideally
unpolarized thermal light detection, which is produced due to spontaneous
emission, can be given in Eq. (2.10)

Let Cy(7) be the jth element of the hth proposed code. At receiver, PSD

is given as
P Nmaz LT
() = 35 2 b Y Culirect (4.14)

Here effective power of a broadband source P, is received at receiver, the
data bit of hth user is denoted by dj, and the function rec(i) in Eq.(4.14) is

given in Eq. (2.15)

4.3.1 Balanced Detection Technique

BD technique is described in Sections 2.3.1, 3.3 and 3.4. Upper arm, corre-

lation function is given as

Ly W; h=f same user
S W) Cri) =9 1 h#f f=h+1 (4.15)
= 0 h=#f other users
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For desired user, all wavelengths are detected by upper arm. To reduce the
effect of MAI from undesired user’s wavelengths at upper arm, lower arm
is used. Correlation function of lower arm is formed by following the steps

outlined below.

1. The binary sum of all non-overlapping wavelengths (Cy (j)) for all users

is determined as shown in Eq. 4.13.

2. The binary sum of all columns of generated code matrix gives W, — 2
non-overlapping wavelengths. The non-overlapping wavelengths which
are not present in desired user are used to eliminate the MAI at lower

arm of decoder.

3. The product of Cy(j) with interfering users code is given as

Lt

Cz(5) =Y _(Cy(j) - C1(h)) (4.16)

=1

Considering desired user as C3 and interfering users as Cy and Cy
from Eq. 4.13. Cy(j) is the last row of Eq. 4.13. For Cf(j) =
Caj); Cza(j) = [0010000100000000]. For C(j) = Ca(j); Calj) =
[0000000000010000].

4. At lower arm, correlation function is written as

o 0 h = f same user
CF=Y% Cu(j)-Csli) =4 (W;=2) h#f f=h=1l (417
= 0 h # f other users

Any one of the (W; — 2) wavelengths from an interfering users’ C'; can

be used in the lower arm.
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To reduce MAI due to user2; CFy, = C3.Czy = [0000000100000000].
Similarly, for userd; C'Fy = C5.C'z4 = [0000000000010000].

Signals from upper arm and lower arm are sent to an electrical subtractor to

cancel out the MAI. The correlation function changes to

W; h=f same user
CFl=¢ 0 h#f f=h+1 . (4.18)
0 h#f other users

At photodetector (PDy) of hth receiver, total power incident for one bit
period is given below

Nmaz

Zdh ZCh )Cr(g)rect(j)| dv.

P(PDy) = /0 h Gy (v)dv = /0

Nma:l:

P, Av
= Ao Tn > thCh )Ct(5) (4.19)

h=1

Eq. (4.19) is reduced by using correlation property of upper arm as given in

Eq. (4.15), and it is written as

N,
PWi Py ¥
P(PD = E d 4.20
( U) T h 1Lh#f " ( )

At photodetector (PDy) of hth receiver, total power incident for one bit

period is given below

Nmaz

Zdh ZCh )Cz(j)rect(j)| dv

P(PDL):/OOO GQ(U)dU:/O
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Nmaa:

P, A
P(PDy) = 3~ L: N dCF (4.21)
h=1

Eq. (4.21) is reduced by using correlation property of lower arm as given in

Eq. (4.18), and it is written as

Nmaac

P(PD;) = For > dy (4.22)
T h=1htf

The received signal of desired user is obtained by subtracting the lower arm
photocurrent (I;) from upper arm photocurrent (I;), which is expressed as
I=1Iy— 1.

I =RP(PDy)—RP(PDp) (4.23)

Here R = ne/(hivy) is the responsivity, and 7 is the internal quantum effi-
ciency of photodiode, (hvy) is the photon energy, and h is Planck’s constant.

Substituting P(PDy) and P(PDy) from Egs. (4.20) and (4.22) into Eq.
(4.23), the received signal leads to

RP,, W;
1= 4.24
- (4.24)
The power of shot noise is found as
(I%,.,) = 2eB(Iy + 1) = 2eBR[P(PDy) + P(PD})] (4.25)

On putting the values from Eqs. (4.20) and (4.22) in Eq. (4.25) , shot noise

leads to

() = ZEREAT 1) (4.20

The total number of users at a given time is the summation of users with

different weights that coexist in a single system [42], denoted by
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Nmax

Z Cr= 7 ZNWW (4.27)

The power of PIIN is given as
(It1;y) = BITa + Blj1o = BR? [/ Gi(v)dv +/ G%(U)dv] (4.28)
0 0

Substituting the expressions from Eqs. (4.20), (4.22) and (4.27) in Eq. (4.28),

PIIN leads to
Nmaz

BR2P2,
(I2,,8) = A Z Ny, Wi [W; + 4] (4.29)

Substituting the expressions from Eqs. (4.26) and (4.29) in Eq. (2.10),

the noise power is expressed as

Nmaac

T 7 B 2P2

AK,T. B
2 —n
(= Iy YN

o (430)

Since the probability for transmitting a bit 1 is half, Eq. (4.30) turns to

Nma:):

P,.e BR(W; + 4) BR2P2
N,
Ly 2L2 Av Z w Wi,

4K, T, B
Ry

(I?) = +4)+ (4.31)

The Signal to Noise Ratio (SNR) is defined in Eq. (2.29). The values
from Eqs. (4.24) and (4.31) are put in Eq. (2.29), SNR is given as

<RPWW >
Lt
SNR = . (4.32)
PS’,«GBR WZ 4 BR2PS2T Nmaz n
L; =t L2 Av 21" N, WilWi + 4] + 4K£ .

The BER is calculated as given in Eq. (2.31).
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4.3.2 Direct Detection Technique

In DD, the (W; — 2) non-overlapping wavelengths (Cy(j)) are incident on

photodetector. Correlation function is written as

_ Lz ‘ _ W;—2 h=/f same user
Cz(j) =D _(Cy(j) - Culj)) = (4.33)
=1 0 h # f other users

To analysze BER, all the assumptions including Gaussian approxima-
tion are similar to that described in Sections 3.4 and 3.5. The variance of

photocurrent can be given as [43]

(I?) = (I20) + Tncrman) (4.34)

Non-overlapped wavelengths are filtered and sent to the photodiode of hth

receiver. For one bit duration, total power at Ath receiver is calculated as

/000 G(v)dv = /000

N, Lt
Psr AU max

= R Ly 2 > Cl)C). (4.36)

h=1 7j=1

N’maz
PST

oD Y G Ca(yreci) | v, (435)

Eq. (4.36) is rewritten in Eq. (4.37) after applying the correlation property

from Eq. (4.33) as
/ G(v)dv = M (4.37)
0 Lr

Substituting Eq. (4.37) in Eq. (3.29), photocurrent simplifies to

RP,, (W; — 2
= REAWi=2) (4.38)
Lt

From Eq. (4.38), shot noise is calculated by putting the value of I in Eq.
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Table 4.1: Comparison of properties between different VW codes expressions.

Code |Variable weights Code Length Ae |Mapping
Proposed| Wj to Wy Ly (Eq. 12) < 1|not used
VW RD | W, to Wy Li=N+2W, =3, Ly ="V L, |>1| used

Ly =3, Li

VW KS | Wi to Wy G| o P d L = 3 Li|< 1] used
Ly =" L,
(2.12) as
Py, (W; =2
(I3,,;) = 2eBR (¥> (4.39)
Ly
Noise power, (I?) is given as:
P, -2 AK,T,B
(I*) = 2¢BR { ( )} + 2 (4.40)
Ry,
Since the probability of transmitting 1 for any user is half, Eq. (4.40)
leads to
P, (W; —2 AK,T,B
(I*) = eBR { ( )] + = (4.41)
Ry
The SNR according to Eq. (2.29), can be given as,
RPsr(Wi_Q) )2
SNR = Lr (4.42)

¢BR [Psv'([‘f?-?)] 4 AKTLB

Rr,

The BER is described as given in Eq. 2.31.

4.4

Numerical Results

Parameters used to obtain numerical results are given in Table 4.2. Higher

weight, medium weight, and lower weight are denoted as Wy, W), and Wy,

respectively. For each weight, numbers of users are considered to be 50. Data
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Table 4.2: The Parameters used to find out the numerical results for VW
code.

Parameters Values
Broadband source linewidth (Av) 3.7 THz
Electrical bandwidth (B) 311 MHz
Effective power of broadband (Pi,) -10 dBm
Quantum efficiency (n) 0.6
Operating wavelength (\g) 1550 nm
Receiver noise temperature 300 K
Receiver Load resistor 1030
Electron charge (e) 1.6 x 10719C
Planck’s constant (h) 6.66 x 10731.J/s
Boltzmann’s constant (Kj) 1.38 x 107 J/K

rate is chosen as 622 Mbps to compare with existing literature.

In Fig. 4.2, BER is plotted against number of users for proposed VW
code with (W, =4 and Wy = 6), VW KS code with (W, =4 and Wy = 6)
and RD code with (W, =5 and Wy = 13). All the compared codes use BD
technique.

BD technique describes reduction of MAI using the IPCC codes [20].

KS code is designed only for even weights. It uses mapping to give more
codes for same weight and variable weight. RD code is designed for weight
greater than 2. It uses two segments code and data. Data segment has zero
cross correlation. The code segment is responsible for cross correlation and
its value is high. To obtain the codes for variable weight, RD code uses
the mapping technique. Mapping technique can efficiently use the available
bandwidth, only if number of requesting users are same as maximum gener-
ated users. Otherwise, some portion of the bandwidth may be left unused
and result in an increased code length [45].

In comparison to other codes, proposed VW code is applicable for any
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10°
.
€ 400 T BT | KScode W= 4 (6,4)
u - KScode W =6 (6,4)
- VW code W,, =6 (6,4)
~+-VW code W, =4 (6,4)
o —~+-RD code W =5 (13,5)
——RD code W =13 (13,5)

| i I
5 10 15 20 25 30 35 40 45 50
Number of users (each weight)

Figure 4.2: Comparison of proposed VW code with other codes using BD
technique.

number of users with weight greater than 2. It does not use mapping tech-
nique to obtain more codes. A single algorithm is used for variable weights
higher than two. It gives comparable, or better BER performance than oth-
ers, and effect of mapping [86] on BER is eliminated. Supportable number
of users for higher weight, at BER of 1079 (data) are 28, 33 and 35 for RD
code, KS code, and VW code respectively. Supportable number of users for
lower weight, at BER of 10~* (voice) are 23, 31 and 37 for RD code, KS
code, and VW code respectively.

Figure 4.3 shows BER versus number of users for VW code by varying
the higher weight and keeping lower weight fixed. The combination of two
weights (Wy, Wp) is taken as (6,4), (5,4) and (7,4).

The larger value of Wy tends to increase code length and decrease the
BER of users. Increasing Wy increases the total code length which leads to
higher the BER at fixed W;. At BER of 10~%, supportable number of users
are 50, 36, 16 for W = 4 when Wy is 7,6 and 5 respectively. At BER of
1079, supportable number of users are 41, 35, 26 for W, = 4 when Wy is 7,6
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.~ W, =6(64)
— W, =4(64)
=5 (5.4)
=4 (54)
=7(74)
=4(74)
50

ke

Jr—

10 15 20 25 30 35 40 4
Number of users (each weight) ---->

- r I

(1.

Figure 4.3: Performance of proposed VW code on varying the higher weight
(Wg) and fixed lower weight (Wp).

and 5 respectively.

In Fig. 4.4, BER is plotted against number of users for varying W,
and fixed Wy. The combinations of two weights (Wy, Wp) are taken as
(6,5),(6,4) and (6,3). As Wy, is increased, BER and code length of system
decreased and increased respectively. Increasing W increases total code
length, resulting in higher BER for Wy users.

The higher W} tends to increase the code length which increases the
required total code length of Wy. Hence, lowering the performance of fixed
Wy for increasing Wy. The supportable number of users are 50, 36 , and 30
at BER of 1073 for Wy, = 5,4 and 3 respectively. The supportable number
of users for Wy are 44, 35 and 25 at BER of 107 on varying W, = 5, 4 and
3, respectively.

From Eq. (4.32), both numerator and denominator have term (1/Lz). On
multiplying L% to numerator and denominator in Eq. (4.32), denominator
varies quadratically with 'L7.. Hence, increase in Ly reduces SNR leading to

higher BER.
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P i

-
=]

—
o|

W, =6(6,5)
- W, =5(6,5)
W, =6(64)
W =4(64)
W, =6(6,3)
W, =3(63)

BER-—->

20

10°

|
35 40 45 50
Number of users (each weight)--->

i 1 1 1
5 10 16 20 25 30

Figure 4.4: Performance variation of proposed VW code on varying the lower
weight (Wp) and taking higher weight (W) fixed.

Figures 4.5 and 4.6 use three different weights combination corresponding
to Wy = 6, Wy = 5, and W, = 3. Figure 4.5 illustrates the BER for
users with Wy, Wy, and W versus number of users (each weight) using
proposed VW code. The number of users for each weight is chosen as 40.
Figure 4.5 also presents the comparison between BD and DD techniques. It
is plotted between BER versus number of users. The maximum number
of supportable users are 40, 40 and 40 for voice (107?), data (107°) and
video (107'2), respectively using DD detection. Whereas for BD detection,
maximum number of supportable users are 40, 0 and 5 for voice (1073),
data (107?) and video (107'?), respectively. Since PIIN is not considered in
DD, performance is better with respect to BD technique. In DD technique,
the receiver is designed with less complexity and its cost is reduced along
with better performance [43,86]. Figure 4.6 illustrates the BER (PIIN,
Shot and thermal noise) versus received power using balanced detection for
Wy =6, Wy =5, Wy = 3 with 25 users for each weight. BER of all users

decreases with the increase of weight and received power. The application of
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%BDWH=G

- BDWM=5
-+ BDW =3
—» DDW_ =86
-«-DDW_ =5
-5 DDW, =3

BER-—->

r s I -

0 5 10 15 20 25 30 35 40
Number of users (each weight)---—->

Figure 4.5: Comparison of BD and DD techniques for proposed VW code
(WH = 6, W]V[ = 5, WL = 3)

proposed VW code to support different services, for average received power
of —20dBm has acceptable performance.

It is found that proposed VW code gives comparable and better perfor-
mance than Generalized Optical Code construction for Enhanced and Mod-
ified Double Weight code (Constant weight constant length construction).

That is due to lower code length of variable weight codes.

4.5 Summary

VW algorithm is proposed for generalized optical code for enhanced and
Modified Double Weight. It is designed for any number of users for weight
greater than 2. It does not use mapping technique to obtain more users. The
cross correlation of value at most 1 is obtained between any two users. Code
construction is begins with the highest weight. On changing number of users
of highest weight, code lengths of all lower weight codes are changed. On

the other hand, changing number of users of lowest weight, affects its own
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w0l R oot S
" — W, =6(653)
e W _=5(6,53
% 10" "‘-th= ; ((6,5,3)) SR T 1
T i T B S S T R T
-50 40 30 20 210 0

Received power dBm ---->

Figure 4.6: Comparison of received power for proposed VW code (Wy =
6, Wy = 5, W, = 3) considering PIIN, shot and thermal noise.

code length and total code length, but does not affect codes of other higher
weights. The variation of weights provides different BER. The lowest weight
codes have highest BER and highest weight codes have lowest BER.
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A new code construction
algorithm based on Double

Weight Codes with mapping

5.1 Introduction

Reported DW codes algorithms construct the codes on designing different
basic matrix of individual weights (odd, even, and 2), and codes for total N
number of users are constructed by using mapping. In Chapters 3 and 4,
algorithms are proposed without mapping for weights greater than 2. This
Chapter describes the effect of mapping and construction of the single code
algorithms with mapping for all weights. Like DW code families, basic matrix
is first constructed using proposed algorithm. The number of users for basic

code matrix depends on the code weight and on a constant value. As size



CHAPTER 5 NEWCODES WITH MAPPING 75

of basic matrix is changed, BER and code length of users are changed. The

properties of proposed code are:

e Easy code construction.

Crosscorreation is A, < 1.

Any positive integer weight can be used for code construction.

Variety of code set is constructed.

Size of basic matrix is chosen according to code performance.

2D code construct is also constructed by using 1D code construction. 2D
code gives better performance with higher number of users compare to 1D

code.

5.2 1D Code Construction

5.2.1 Algorithm

Code construction is starts with constructing the basic matrix (M) of size
(N x Lg). Here, N shows number of users at basic matrix, and it is defined

using two conditions for all weights W.

3, A constant value ,
Np = . (5.1)
W, Depend on W

Lp is the code length given for basic matrix, defined as

Lp=>Y i=W(W+1)/2. (5.2)



CHAPTER 5 NEWCODES WITH MAPPING 76

As describe in [58], P, denotes the position of n'* pulse in the code sequence

for basic matrix and is given by

1, n=1,
P, = . (5.3)
Pn,1+<n—1), n>1

Where, n denotesn € 1,2, ..., W. Codes for N users are assigned by repeating

basic matrix Z times diagonally, where Z is given by

Z = |N/Ng]. (5.4)
As defined in [58], Code length (L) for N users is given by

L=2xLg. (5.5)

The complete code matrix consisting of N users is written in Eq. (2.2).
Algorithm implementation steps:

Step 1: Define parameters

1. Define W, Ng and N.

2. Calculate Lg and L as defined in Egs. (5.2) and (5.5) respectively.
Step 2: Construct the basic matrix.

1. Generate a code sequence using Eq. (5.3) and by filling empty spaces

with zeros.
2. Rotate code sequence right by one position upto Ng — 1 times.
3. Each rotation generates a code sequence.

4. Arrange the generated code sequences in matrix form.
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5. After second rotation, find the sum of each column in matrix for each

rotation.

6. If all sums are less than 3, codes are generated

7. If sum is greater than 2, interchange the pulse position (P,) of that

column with zero of the column which has sum less than 2 in a same

Trow.

8. Generated matrix is called as basic matrix (M).

Step3 : All N users codes are constructed by using mapping (Z times

repetition of basic matrix) as given in Eq. (2.2).

5.2.2 Code construction examples
Example 1 For W =2 and Ny = 3 (Constant)
Step 1: Define parameters.

1. Lg=Y7i=3.

2. Let N =12 and calculated value of L = 12.
Step 2: Construction of basic matrix.

1. Calculate the ones positions for given W as

P =1,
P2:P2,1+(2—1):2,

P, =

2. Arrange these ones to from a code and the empty spaces by zero as
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1 1
Codel 1 1 0
PP

Generated code is denoted by codel.

3. Rotate codel right by Ng —1 = 2.

4. Rotate codel right by one position.

Code2 [0 1 1]-

5. Rotate code2 right by one position.

Code3 [1 0 1]-

6. Arrange all the generated codes in matrix form. Check whether all

column sums are less than 3 or not.

Codel
Code2
Code3

Sum

1
0
1
2

1
1
0
2

0
1
1
2

Basic matrix for Ng = 3 is generated.

Step3 : The basic matrix is repeated diagonally for Z = 4 as given in Eq.

(2.2).

Example 2 for W =2 and N =2

Step 1: Define parameters.

1. Lp=37,i=3.

2. Let N =12 and calculated L = 18.
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Step 2: Construction of basic matrix is same as describe in step 2 from 1 to

4.

1. Arrange all the generated codes in matrix form. Check whether all
Codel 110

column sums are less than 3 or not. Code?2 01 1 Basic

Sum 1 21
matrix for Ng = 2 is generated.

Step3d : The basic matrix is repeated diagonally for Z = 3 as given in Eq.
(2.2).

5.2.3 BER analysis

Let Ck(j) be the jth element of the kth proposed code. At balanced receiver,
upper part which has same wavelength structure as encoder has correlation

function as

. W k=1 same user inside M
Z Cr(7) - Ci(J) = 1 k#1 other users inside M (5.6)
= 0 k#1 other users outside M

For given user, autocorrelation is W. Cross correlation is 1 and 0 for
within M and outside M respectively. In case of lower arm, cross correlation
function is defined as

1. Ex-ORing desired user with interfering user.

L
Cz(j) =Y _ Cilj) © Ci(j)

J=1

@ denotes the Ex-OR function.
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2. Cz is AND with given interfering user [57].

Cy(j3) = Cz(j) - Ci(j)

- denotes the AN D function.

0 k=1 same user inside M
Cy(j)=q W —1) k#1 same users inside M
0 k # 1 other users outside M

4. Correlation function is given as

0 k=1 same user inside M

L ~ :
- CL(9) - Cy(y
Z]—l k) - Cv() =4 1 k=#1 same users inside M (5.7)

(W—=1)

0 k #1 other users outside M

To analyse BER, the Gaussian approximation with assumptions are
taken as per given in [18]. The coherence time of a thermal source [1§]
is given in Eq. (2.9). The variance of photocurrent [24] can be written as
given in Eq. (2.10).

The PSD of the received signals is written as given in Eq. (2.14). The
total power at photodetector, PD; of kth receiver [25,58] is

P(PDl):/OOOGl(U)dv:/OOO

dv.

ii: idk ;Ck(j)cl(j) {U [%]}

Np

= AU Y Gl)A) (538)

k=1
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Using correlation function from Eq. (5.6), Eq. (5.8) is written as

The total power at photodetector, PDj [25,58] is given as

> ~[p, & L Av
P(PD2):/O GQ(v)dU:/O AS;;dk ;Ck(j)CX(j) {u {TH dv
N L
PPD) = 0TS ICIORIE (5.10)
Using correlation property given in Eq. (5.7), Eq. (5.10) lead to
Py &
P(PDs) === ) (5.11)

k=1,k#1
The received signal is the difference between photocurrents, which is ex-
pressed as [ = I} — I5. I; and [, are currents at photodiodes.

I = RP(PD,) — RP(PD,) (5.12)

Substituting the expressions of P(PD;) and P(PDs) of total power inci-
dent at input of PD; and PD, from Egs. (5.9) and (5.11) into Eq. (5.12),

the received signal is

(5.13)

The shot noise is written by substituting Egs. (5.9) and (5.11) in Eq.

(3.17) as

(Tohot) = 2€BRPST<WL+ 20z — 1)) (5.14)
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Using approximation as given in Eq. (3.19) and by substituting Eqs.
(5.9) and (5.11) in Eq. (3.20), PIIN is expressed as

BR2P2NW
(Iprn) = W[W +2(Np —1)] (5.15)

Noise power, (I?) as given in Eq. (2.10) is expressed as

2¢BRPy.(W +2(Np — 1))+BR2P§,,NW(W +2(Np — 1))+4KanB
L L2AU RL )
(5.16)

(I%) =

The probability of sending bit 1 is half [58,86], Eq. (5.16) leads to

PyeBR(W +2(Np — 1)) BR?*P2NW[W + 2(Np — 1)] AKTLB
L 2L2Av RL
(5.17)

The SNR is given in Eq. (2.29). Put values from Egs. (5.13) and (5.17) in
Eq. (2.29), SNR is

(I%) =

RP, W \2
SNR = i)

(5.18)

PsreBR(W42(Np—1)) + BR2P2. NW[W+2(Ng—1)] 4 4Ky Tn B~
L 2L2Av Ry,

The BER is explained in Eq. (2.31).

5.2.4 Numerical Results

Numerical results are simulated using Matlab software. The parameters are
given in Table 2.2 to calculate the numerical results. The data rate and
maximum number of users are chosen to 622 Mbps and 100 for all simulations
respectively.

Figure 5.1 depicts the BER versus code length for EDW code (W = 3),
proposed code for (W = 2 and 3) for a condition of Np = 3 using balanced
detection. Proposed code (W =2, Ng = 3, Lg = 3) require less code length
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Figure 5.1: BER versus code length
for proposed code (W = 2,3) and
EDW code (W = 3) for Ng = 3 upto

Figure 5.2: Code length against num-
ber of users for proposed code and

EDW code for Ng =3, W = 3.
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Figure 5.3: BER against code Figure 5.4: BFER against number of
length for proposed code when users for proposed code when weight is

weight is varied from 2 to 4 for Ng = varied from 2 to 4 for Ng = W upto

W upto 100 users. 100 users.

compare to EDW and proposed code (W = 3, Ng = 3,Lg = 6). Reason
behind is lower size of basic matrix in case of proposed code (W = 2, Ng =
3,Lp = 3) compare to others Code length of 200, 198 and 99 is required
by EDW code, proposed code (W = 3, Ng = 3, Ly = 6) and proposed code
(W =2, Ng = 3, Lg = 3) respectively.

Code length increment of EDW code is differing from proposed code.
The difference is shown in Fig. 5.2, for weight (W = 3) and basic matrix
of (Ng =3, Lp = 6). Difference in the length is due to different techniques
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used to calculate code length (L) for N users. For EDW, it involves a sine
relation between L and N [31]. Proposed code follows constant variation of

code length defined in eq. 5.27. These code length variations effect the BER

performance of codes which depend on N and L.

,——"'—/“':-:‘T:;:TZ -; // ’(**,*

110" e Y w

: g g = = i 10 ! ¥

E // ot » W=D E h ,’l */* %

m /// 7 * W=3 N = m 1" %l P/

/ —'* /W ," fl P/
//// ¥ ,P/ ___W:Z NB H "Il f’/ /‘P/
20 40 60 80 100 100 200 300 400

Number of user -—-> Code Length --->

Figure 5.6: BER against code
length for proposed code when
weight is varied from 2 to 4 for Ng=3

upto 100 users.

Figure 5.5: BER against number of
users for proposed code when weight
is varied from 2 to 4 for Ng=3 upto

100 users.

BER is plotted against code length for proposed code when weight is
varied from 2 to 4 for a condition of Ng = W as shown in Fig.5.3. As
the weight W of the proposed code is increased, N and Lpg is increased
which further increases the size of the basic matrix (in term of N and Lp).
Due to these reasons, code length require for N users are increased as W is

increased. Required code length (L) for W = 2, 3 and 4 are 150, 198 and

250 respectively.
Figure 5.4 depicts the BER againstnumber of users for proposed code

when weight is varied from 2 to 4 for a condition of Ng = W. As W
of proposed code is increased, the number of users (Np) at basic matrix
is increased. Increase in Np, increase the interfering users at basic matrix
which decreases the BER performances. For proposed code with W = 2, 3

and 4, number of users are 87, 75 and 70 respectively.
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Figure 5.5 depicts BER against number of users for proposed code when
W =4, 3 and 2 at constant value of Ng = 3. Lp of basic matrix is increased
as W is increased and Np is fixed to value 3 for all weights. Because of above
reason interfering users in basic matrix is fixed and on other hand weight and
code length of each user is increased. Due to these facts, BER performance
is improved as weight increases.

Figure 5.6 illustrates the BER against code length for proposed code
when W =4, 3 and 2 for Ng = 3. The code length L depends on Lg, Npg
and N. Lp increases as weight W of code increases. For Np = 3 condition,
code length for W = 2, 3 and 4 are 99, 198 and 330 respectively.

As weight (W) of proposed code is changed, M and L are changed in a
two ways. First way is the Np is constant (Np = 3) and Lp is increased
as W is increased. Second way is both Ng = W and Lg are increased as
W is increased. Due to above conditions, repetition of basic matrix (M) is

changed. Resultant code length required for N users is changed.

5.3 2D code construction

5.3.1 Algorithm

2D Code construction begins with construction of basic matrix of size (IV, x
L,) for 1D code. N, is the number of users in basic matrix, and is equal to
W,. W, is code weight of spectral dimension. L, is the code length for basic

matrix, and it is defined as

Ly = Wo(W, +1)/2. (5.19)

As described in [58], P, denotes the position of n'™ pulse in the code
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sequence for basic matrix and as given in Eq. (5.3).

Spatial dimension is derived as. The basic matrix of size (N X Ly).
Where Nj, is the number of users in basic matrix, and is equal to N,. Code
weight W, is given as

W, =W, —1. (5.20)

Code length (L,) is given as

L, = N, x W,. (5.21)

For second dimension, code construction is explained as Subtracting the po-

sitions of P, from P; code as

P, =P, — P (5.22)

Where P,, is the position of ones in spatial dimension and, n=1,2,...

Total number of codes for N users is given as

N =gxh. (5.23)

Where g and h are number of codes used for each dimension. These codes
are assigned by repeating basic matrix diagonally M, and M), times. M, and
Mj, are given as

My = |g/N,] (5.24)

and

M, = |h/N,). (5.25)
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As defined in [58], code length (L, and L) for g and h codes are given by

Ly =M, x L, (5.26)

and

Ly = My x L,. (5.27)
Algorithm implementation steps:
Step 1: Define parameters

1. Choose W,.

2. Calculate L,, W,, L,, and N as defined in Egs. (5.19), (5.20), (5.21)
and (5.23) respectively.

3. Nj and N, are equal to W,.
Step 2: Construct the code for spectral dimension.

1. Generate code sequence using Eq. (5.3) and by filling empty spaces

with zeros.

2. Rotate code sequence right by one position upto N, — 1 times and each

rotation generates a code sequence.
3. Arrange the generated code sequences in matrix form.

4. After second rotation, find the sum of each column in matrix for each

rotation.
5. If all sums are less than 3, codes are generated

6. If sum is greater than 2, interchange the pulse position (P,) of that
column with zero of the column which has sum less than 2 in a same

TOw.
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Table 5.1: 2D code
construction using DW

Table 5.2: 2D code cross corelation values.
codes.

[110][[011] R%(g,h) | R (g, h)| R*(g,h) | (g, )
11110011 | [g=0Nh=0] W, W, 0 0 0
L1110 1011 |g=0Nh#0[ W, W, 0 0
010001000} 1g20nn=0] o 0 W, 0
AR e o
1110011

7. Generated matrix is called as basic matrix (Cy), and is repeated diag-

onally M, times, to construct the code for all g.
Step 3: Construct the code for second dimension.

1. Generate code sequence using Eq. (5.22) and filling empty spaces with

ZEeros.

2. Rotate code sequence right by one position upto N, — 1 times. Each

rotation generates a code sequence.

3. After second rotation, find the sum of each column in matrix for each

rotation.
4. If all sums are one, codes are generated

5. If sum is greater than 1, interchange the pulse position (P,,) of that

column with zero of the column in same row.

6. Generated matrix is called as basic matrix (C},), and is repeated diag-

onally M), times, to construct the code for all h.

Example-

Step 1: Define parameters-
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1.

2.

W, =2.

W,=W,—1=1N,=2=N,, L, = (2%3)/2=3 and L, = 2.

Step 2:

1.

P, =1, (first one is at position 1)

Py =P, 14+ (2—1) =2, ( second one is at position 2)

. Arrange these ones to from a code as

11

. Fill the empty spaces by zero [1 1 0].

Generated code for userl is denoted by code 1.

Rotate code 1 right by one position upto given number of (N, —1 = 1).
Code 2 is generated [0 1 1].

Put all the generated codes in matrix form to find the sum of each
column, and check whether it is greater than two or not. If it is greater
than 2, interchange the 1 of that column with zero of the column for

same row which has sum less than 2 as shown below

1 1 0 Code 1
0 1 1 Code 2
1 2 1 Sum

Step 3:

1.

From code 1, on subtracting the positions of n + 1 from P; code for

another dimension is drived. P, ; — P, = P,

P1:P2—P1:1
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Transmitter (0, 0) Receiver (0, 0)
USER(0, 0)
Coo0 Co0 USER {0, 0)
Transmitter (0, 1) Receiver (0, 1)
USER (0,1) USER{0, 1)
Cot C
— 01 -
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° [ ]

Receiver (g-1, h-1
Transmitter (g-1, h-1) eceiver (g-1, h-1)

USER (g-1, h-1)

USER (g-1, h-1)
—

Cet bl

Cgt,

Figure 5.7: SAC-OCDMA network design using 2D code.

2. Arrange these ones to from a code as 1

3. Fill the empty spaces by zeros

1 0 codel .

4. Rotate code 1 right by one position upto given number of (N, —1 = 2).
Code 2 is generated [0 1 ].

1 0 Code 1
0 1 Code 2
1 1 Sum

The cross correlation of 2D code is calculated as

Lg—1L,—1

RY =33 oy, (5.28)

i=o j=0
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Where C9 denotes characteristic matrices d(0,1,2,3), C° = XIV),, C' =
X_gTYh, C? = XTY,, and C? = X_gT?h T denotes the transpose function. X_gT
and Y}, are complement of Xy and Yj,. Oy is total number of codes, given
as XgTYh. Here, X, and Y} are 1D codes in spectral and spatial domain
respectively. Codes are represented as X = xg, x1, 2o, ...... ,xr,—1 and Y =
Yo, Y1, Y2, -y Y, —1. Lg and Ly, are code lengths of 1D code.

The MAI elimination is obtained as follows using Table 5.2

1
0) R;,,)l W,W, same user or g=0, h=0
(We —1) 0 other users
Yy FBGs1
Fromcnuplerl_/
Fromcoupler2 . ?
e
DR ey
Data FBGs From coupler h—vo~" E PDO
; ~ " FBGs2
N X,
-% — From coupler 1—— a ! Data output
8' j— TOhwuplers From coupler 2 —— § —1
7 - [
Modulator N From coupler h ., E PD1

Figure 5.8: Encoder design using 2D Figure 5.9: Decoder structure using
code. 2D code.

5.3.2 System Description

Figure 5.7 shows the SAC-OCDMA system implementation using 2D code.
System consists of g x h pairs of transmitters and receivers. There are h star

couplers with g x h inputs and g x h outputs. The structure of transmitter for
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each user is shown in Fig. 5.8. At the transmitter, Broadband Source (BBS)
is modulated according to incoming data. The spectral encoding of code is
done by selecting wavelengths using Fiber Bragg Grating (FBGs) according
to the spectral code. Optical splitter is used to provide spatial encoding
after spectral encoding. It divides each spectral component equally. Output
of splitter is sent towards the h star couplers.

Figure 5.9 shows the structure of the receiver. Output from A star couplers
are received and combined by two combiners. Upper and lower combiners
outputs correspond to the spatial code. FBGs are designed according to the
spectral code sequence. Upper FBG is used to obtain the spectral compo-
nents, which are matched to 1s of the spectral code sequence. Lower FBG
is used to obtain the spectral components, which are matched to 0Os of the
spectral code sequence means complement of code. The optical attenuator
with the value of 1/W, — 1 is used to adjust the power level of the optical
pulses.

PDO0 and PD1 convert the optical signals to electronic signals and then
pass them to the integrator. The output current from PD0 and PD1 are
proportional to Ré?,)L and Rg,)l / (W, — 1) respectively. The output current at
the integrator is proportional to Rg?,)l - RS,)Z / (W, —1). The value of output
current is equal to W,W, for same user g = h = 0, or zero for other users,

according to Eq. 5.29.

5.3.3 BER analysis

To analyse BER of the system, the Gaussian approximation as in Section
2.3.1, the coherence time of a thermal source [18] as given in Eq. (2.9) and

The variance of photocurrent [24] as given in Eq. (2.10) are considered for
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analysis. The PSD of the received optical signals can be written as

U (Lx—l) (Ly—1)

(5.30)

U:

Here d(u) is the data bit of the uth user, P, is effective power of a BLS at

the receiver, a;;(u) is element of uth user code and F'(f,) is explained in

terms of unit step function u(f) as shown in Eqgs.(5.31).

FUf)=u|f = o= gl (Lot )

—u[f—f ZALf(—LlA—Qz’—i—Q) (5.31)

PSDs of received signals at PDs of each user can be written as

P Lg—1L,—1

Solf) = WhAde Z; jZ; ol ai;(u) « F(f,i)  (5.32)
Lg—1L,-1

Sl WhA f 4 Z ZO JZO atyaij(u) x F(f,1) (5.33)

Calculate the output currents of each PDs as

RPST Wi(N —1)(N, — 1)
Iy = R/ So(f {Wgwh =1 } (5.34)
B > _ RPy [Wi(N —=1)(Ng — 1)
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The average photo current of receiver is given as

RP.W,

I=R [ (S =S =T~ 1 = (5.36)
0 Lg
The shot noise is
Ishot = 2eBliota = 2€B(IO + Il) (537)
The PIIN is
Iprn = BI’T = BRz/ [So — Si]2df (5.38)
0
> BR*P,,W?
Teane = BR? [ [S3() = 25u(PSi(1) + S = = (5.39)
0 T
Each user transmits 1s and Os with equal probability.
RPs, 2W,(N —1)(Ny — 1)
]5 ot — B—— |W, ¥, 5.40
hot =€ Wth[ aVh ¥ (gh—1) (5.40)
BR?P,,W?2
Ipiin = NI (5.41)

The SNR is defined in Eq. (2.29). The BER is calculated by using Gaussian
approximation from SNR as expressed in Eq. (2.31).

5.3.4 Numerical results

The relevant parameters as given in Table 2.2 are used to obtain numerical
results. Figure 5.10 depicts the BER versus number of users for 1D code for
W =2, 2D hybrid code (ms; = 21, P = 7) and 2D code for (9 = 7,h = 21) at
a data rate of 5 Gbps using balanced detection. The total number of users
for 1D and 2D codes are set to 150. The total number of users for hybrid
code is 147 dependent on (m,, P). The BER of 4 x 107% and 9 x 1071 are
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obtained using 2D hybrid code and proposed 2D code respectively. The 2D
hybrid code is using values of weights K; = 20 for spectral and K, = 3 for
spatial dimension.

The proposed 2D code is using W, = 2 for spectral and W, = 1 for
spatial. The 2D hybrid code requires more bandwidth of source compared
to proposed 2D code due to higher value of spectral weight. Degradation
of BER performance of 1D code is fast compared to proposed 2D code as

shown in Fig. 5.10.

A 7 0 S AU VP SO A T 1
10" ---Propf)sed 2D code (g=15,h=10) " v /A/
w ---Hybrid code (m=21,p=7) w0 /. —g=5,h=40 |
0 @ 10 T ’
—1D code (W=2) . 7 ---g=10,h=20
: 4/ 9=25,h=8
20 40 60 80 100 120 140 2 4 6 8 10
Number of users - Data rate —> x10°

Figure 5.10: Comparison of 2D Hy- Figure 5.11: BER versus data rate
brid code and 1D code with de- comparison for different value of g and
signed 2D code for BER versus h of 2D code.

number of active users.

T [—Ish*Ipin+ith(10,20)] |
~—-Ish+Ipin({10,20)

— Ish#Ith{10,20)
——Ish+Ipin+th(20,10)
-o-Ish#lpin(20,10) ||

A -
! A fi;\\, ;;;;;;;; - ——Ish+Ith(20,10)
& 4 M :
g 10 *g=10,h=20 E 107 i
—g=14,i=10 e
iU |
T R I PN RN I
Linewidth —--> X 1012 Received Power Psr dBm --->

Figure 5.12: BER versus Line Figure 5.13: BFER versus received
width of BBS for different value of power when active number of users are
g and h for 2D code. 140 and data rate is 5 Gps.

Figure 5.11 depicts the effect of data rate on BER. The weight of the
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code is set by values W, = 2, W, = 1. The number of users are chosen to be
200. The number of codes for both dimension are taken as (g = 25,h = 8),
(g =10,h =20), and (g = 5, h = 40). These codes attain a BER of 107 at
data rate of 6.54 Gbps for (g9 = 5,h = 40), 3.15 Gbps for (g = 10,h = 20),
and 1.14 Gbps for (g = 25, h = 8). As the value of spatial codes h is increased
and spectral codes g is decreased, BER performance is improved. This is
due to orthogonal property of A codes.

Figure 5.12 shows the BER versus Line width of BBS for different values
of g and h for 2D code. The values of g and h are taken as (¢ = 10, h = 20),
(9 = 14,h = 10), and (g = 20,h = 10). Data rate of 10 Gbps is set for
numerical result. The code size (g = 10,h = 20) requires less line width of
source than other two code values. This is due to lower value of spectral
code g. Lower value of g requires less amount of BBS. Figure 5.13 shows
BER versus received power when active number of users are 200 and data
rate is 5 Gbps. The code size of (¢ = 10,h = 20) and (g = 20, h = 10) are
used to have 200 users. The lower value of spectral code g require less power

compared to higher value of g.

5.4 Summary

A new and single code construction algorithm is proposed for DW code fam-
ilies for all weights using mapping. Proposed code algorithm is analysed
for BER and compared with EDW code. A other 2D code is proposed for
SAC-OCDMA systems. The code is having a low value of IPCC for spectral
dimension and orthogonal in spatial dimension. In comparison with 1D code,

it offers greater number of users along with better BER performance.
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Development of ZCCC for
Constant and Variable Weight

6.1 Introduction

The codes proposed in Chapters 2, 3, 4 and 5, suffer from PIIN. PIIN is
eliminated theoretically by using the codes with zero cross correlation (ZCC)
property. The code with the property of zero cross correlation is called
Zero Cross Correlation Code (ZCCC). The code structure of ZCCC does not
have any overlapping of wavelengths between any users. The ZCC code is
reported with Constant Weight (CW) code construction in [36]. Codes are
using mapping technique to provide codes for the higher number of users.
Basic matrix is constructed by using code transformation technique which
needs the basic matrix of all lower weights.

A new ZCCC is proposed without mapping. Code construction algorithm

is designed with any weight for any number of users having constant or
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variable weights. Variable weight (VW) codes give different QoS, and are

suitable, and useful for multimedia applications.

6.2 Constant Weight Code Construction

Construction of code is as follows
1. Define weight W and number of users N for code.

2. Basic matrix M of size 2 x W for W is constructed as

S Wios |WHl|1s
SQ |_7J 18 LTJOS o
3. Basic matrix of weight W is repeated Ny, + 1 times as
S1
Sy 5
Sy S
U= 2 (6.2)
Sy 54
S

4. First and last rows along with unused columns of U matrix are removed.

Unused columns are equal to [t | 4+ [ ].

5. Code length is calculated as N x W.
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6.2.1 Example
CW-ZCCC (Proposed)

W = 3 for N = 3 are chosen for explanation of code construction and is

described below

1. Basic matrix M of size 2 x 3 for W = 2 is constructed as

S 310s  [3HL]1s 011
M — 1 _ L;J \_321J _ (63)
SQ |~§J 1s LTJOS 9%3 1 00 93

2. Basic matrix is repeated 4 times as

011

100 011

U=1]. 100 011

100 011
100

3. Empty spaces are filled with zeros. First and last rows along with
unused columns of U matrix are removed. Unused columns are equal

to 3 (shown by parenthesis).

1(00) 011 000 (0)00 1 011 000 00
U= [0(00) 100 011 (0)00| = |0 100 011 00]-
0(00) 000 100 (0)11 0 000 100 11
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ZCC Code (reported)

Basic matrix of size (W +1) x W(W +1)) is first constructed. Basic matrix
is repeated diagonally to obtain higher number of users called as mapping.
Due to mapping it has a stepwise increase in code length. Basic matrix is
obtained by using code transformation technique which need the code of all
lower weights [36] e.g. Basic matrix of (/W = 3) needs basic matrix of W = 1
and W = 2.

000 000 010 101
000 101 000 010
010 010 001 000|
101 000 100 000

Basic matrix of (W = 3) =

Proposed ZCCC construct any weight code without any information about
lower weight codes. It constructs the code without mapping. It has a linear

increase in code length.

6.3 Variable Weight Code Construction

Construction of code is as follows

1. The total number of users are defined as
M
U=>" Ny, (6.4)
i=1

Where Ny, users with weight W,;. Total number of weights are from

W1 to WM

2. Basic matrix (My,) of size 2 x W; for W; is constructed as
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s SOl 1EE0s [ M 1s )
w, = = .
g (W3) ; f

Ss LWTJls LW;“IJOS e,

3. Construction of code begins from highest weight (17,/) to lowest weight
(W).

4. Basic matrix of highest weight W), is repeated Ny, + 1 times as

S£WM)
SéWM ) Sf War)

5. For last repeated basic matrix of Wy, calculate reducibility number

(RWM )

(a) Reducibility number (Ry;,) is defined as given below
Wi +1 Wi
el e

where W; varies from W, to Wj.

i. Calculated value of Ry, is either 0 or any negative integer
value. This is due to code construction which starts from

highest weight to lowest weight.

ii. When Ry, = 0, no change is required in basic matrix My, .
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iii. When Ry, = negative integer, reduce Ry, number of 1s from

S and 0s from S of basic matrix My,
iv. After reduction, last repeated basic matrix is shown as (S?gi), SéVRVi)).

6. Step 4 and 5 are repeated for weights Wj,_; to W;. Basic matrix of
Whr—1 to W are repeated Ny, , to Ny, times respectively as per eq.

(6.8).

5y

1 .o
SéW]W).. S§Z/JW) . |
w _
Sypt) sy

S§W(Mf1)) - Si‘gwpm)

U=| : : o sl
S s
S(Wl)

2

7. First row and last row of U matrix is removed as shown in eq.(6.9).

Ség/M) . Sg/gM)

Ség/M) S:EW(M—I))

Séw(l\lfl))

8. Empty spaces are filled with zeros.
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9.

10.

11.

12.

s\ gWal g
0 SWmp,  gMern)
Uv=| : s{Mor-n) g (6.10)

0 0 0 0 S g

All Os columns are deleted. Number of all 0s columns are L%J 0s

from left side and [*}1]0s from right side.
The complete code set is generated as shown in eq.(6.10).

At each transition of weight, code length is changed. The code length
is amount of Broad Band Source (BBS) (wavelengths) required by a
particular weight. Code length Lyy,, is amount of BBS required by W),.
For Wys_1, code length (Ly,, ,) is (Lw,,+ BBS required by Wjy,_1).
This is so on upto weight W;. Total code length used by the code is
L,, which is given as

L, = Lw, (6.11)
where Ly, is code length required by weight Wj.

Code lengths are defined as

For Nyy,, users, code length is

(6.12)

Wa +1
LWMZWM*(NWMﬂLl)JrRWM_{ M2 J

For Ny, _, users, code length is

LWMA = LWM + W1 * (NWMA) + RWMfl (613)
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104
For Ny, _, users, code length is
LWM—z = LWM—1 + Whar—g * (NWM—z) + RWM—?. (614)
For Ny, users, code length is
W
Lw, = Ly, + W1 * (Nw,) — {?J (6.15)

6.3.1 Example

Wy = 3 for Ny = 3 and Wy, = 2 for N;, = 3 are chosen for explanation of

code construction and is described below

1. Size of basic matrix of Wy = 3 is defined as 2 x 3 and it is created as

Y 5B 12105 315 011
T e | ] Es (22 0s 10 0
2 2 2 23 23

2. Size of basic matrix of W, = 2 is defined as 2 x 2 and it is created as

2
Moy - s | 1Blos [Bs [0t
v (2) 2 241
Sy [5]1s [5=]0s - Lo,
3. My, is repeated Ny + 1 = 4 times as
011
100 011
U=1]. 100 011
100 011
100
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4. Find Ry, =1-1=0

5. Myy, is repeated Np, = 3 times as

011

6. First and last row of U matrix is removed.

100

100 011

100

011
100

011
100

011
100

7. Empty spaces are filled with zeros.

00
00
00
00
00
00

o o o o o =

011
100
000
000
000
000

000
011
100
000
000
000

011
100

011
100

000
000
011
100
000
00

01
10 01
10

01
10 01
10

01 00
10 01
00 10

105

01
10

01
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8. Remove all columns which have only Os from U. Above matrix contains
| Wartl j0s=[ 241 ] = 2 columns of 0s towards left side and |%!]0s=

2

|5] = 1 column of Os towards right side.

011 000 000
100 011 000
000 100 011
000 000 100 01 00 Of
000 000 000 10 01 O
000 000 00 00 10 1_

o o o o o =

9. Code lengths are Ly, = Wy x (Nw,, +1) + Rw,, — L%J =3%(3+
1)—2 =10 and Ly, = L, +Wr*(Ny, )— | 2= | = 10+2%(3)—1 = 15.
Total code length used by code is 15.

6.4 Performance analysis

Performance metric evaluated for analysis is BER. Let Fg(j) be the jth

component of the C'th proposed code. Correlation function is given as

W, C=2 same user with same weight
Fx(j) = Z(FC(])FZ(])) =49 0 C#Z other users with same weight

0 C # Z other users with different weight
(6.16)

The variance of photocurrent due to the detection of an ideally unpo-
larized thermal light, which is generated by spontaneous emission, can be
written as shown in Eq. (2.10).

The W; unique wavelengths are incident upon a photo detector. The

coherence time of a thermal source is given in Eq. (2.9).
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The PSD of optical signals at receiver is given in Eq. (4.14).

6.4.1 CW-ZCCC BER analysis

Filtered wavelengths are incident upon the input of photodiode of Cth re-
ceiver. For one bit duration, total power at C'th receiver for constant weight

is calculated as

/OOOG(v)dv:/OOO iS;gdcéFc(j)Fx(j){u [%H dv  (6.17)
N isg%idCti(J>Fx(j)- (6.18)

For CW-ZCCC, the total code length L, is denoted as L and W; becomes
W due to constant weight. Applying the correlation property from Eq. (6.16)

for same weight condition in Eq. (6.18) gives

o P, W
/OG(v)dU: 7 (6.19)

The photo current created due to incident optical power at photo diode,

1s written as

I = R/Oo G(v)dv. (6.20)

The resultant photo current from Eq. (6.20) is obtained by putting the
value from Eq. (6.19) as

(6.21)

From Eq. (6.21), shot noise is calculated by putting the values of I in
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Eq. (2.10) as
P, W
(Lhot) = 2¢BR < 7 > (6.22)
The PIIN power is given as
(Ip;n) = I’ Br, = BRz/ G*(v)dv (6.23)
0

The approximation is used as per the Eq. (3.19) and by substituting the
values in Eq. (6.23) from Eqs. (6.17), PIIN is

BR2P2NW?
(Tpiin) = N (6.24)
Noise power, (I?) is given as:
BR*P2NW? P, W 4K, T, B
I’y ="""5"__ 1 9%B z z 2
(I7) T2A0 —FGR{ 7 ]+ R, (6.25)

Let at any time, the probability of transmitting bit 1 for each user is half,
Eq. (6.26) leads to

(g2 BRPINI
N 2L2Av

The SNR is calculated on substituting Eqgs. (6.21), (6.26) in Eq. (2.29)

(6.26)

P, W 4K T, B
BR
+e { I ] + R,

as

SNE = BR2P2 NW?2 BR | P«W 4K, T B (6.27)
ShiAy T € | T 7R,

The BER using Gaussian approximation from SN R is expressed as given

in Eq. (2.31).
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6.4.2 VW-ZCCC BER analysis

For one bit duration, total power at Cth receiver for variable weight is cal-

culated as

/OOOG(v)dv:/OOO is;i::dcch(j)Fx(j){u ﬁ—:” dv  (6.28)
N isz:%:i::dCZFc(j)Fx(j)- (6.29)

Applying the correlation property from Eq. (6.16) in Eq. (6.29) gives

/ G(v)dv = STWl. (6.30)
0 Ly

The photo current created due to incident optical power at photo diode,

1s written as

I= R/Oo G(v)dv. (6.31)

The resultant photo current from Eq. (6.31) is obtained by putting the
value from Eq. (6.30) as

(6.32)

From Eq. (6.32), shot noise is calculated by putting the values of I in
Eq. (3.17) as

(6.33)

Peri
(o) = 2eBR( )

n

The PIIN nosie power is given as

(I3 n) = I’BT. = BR? / G?*(v)dv (6.34)

0
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The total number of users at a given time is the summation of users with

different weights that coexist in a single system [42], denoted by

Nmaz

Y = LTZ N, W;. (6.35)
h=1
By substituting the values in Eq. (6.34) from Eqgs. (6.17), PIIN noise is
BR2P2 ¥
(Ipiv) = A > NwWiW, (6.36)

=1
Noise power, (I?) is given as:

Nma:l:

BR2P2, P,W;]  4K,T,B
%) = N 2¢eBR | = L .
( Ao Z w, Wi[Wi] + 2e R[ I 1+ o (6.37)

Let at any time, the probability of transmitting bit 1 for each user is half,
Eq. (6.37) leads to

_ BR?P2% P, W;] 4K,T,B
} +—2 (6.38)

2
<] 2L2 A Z NWz + GBR |: Ln RL

Substituting Eqgs. (6.32), (6.38) in Eq. (2.29), SNR is expressed as

(RPZW’L )2

BR2PZ2 Nmaz P, W, AKyTn B
R SN Nip Wi W] 4+ e BR | Bl 4 45T

SNR = (6.39)

The BER is computed as given in Eq. (2.31).
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Figure 6.1: Comparison of ZCC, KS, EDW, RD, MS, MDW and proposed
codes for BE R versus number of users.

6.5 Numerical Results

Proposed code is compared with the previously reported ZCC Code, KS
[42], RD [87], MS [47], MDW [59] and EDW [88] codes in Figure 6.1. KS
code [42] was reported with variable weight code construction. Its cross-
correlation is given by (A. < 1). It was designed with even weights only.
EDW code [88] was designed with odd weights only and it was used for
multirate transmission. MDW code [30] was designed with even weights only.
MS code was designed for variable number of users in basic code with fixed
weight. All above described codes are using mapping technique to provide
codes for greater number of users. RD code [87] divide code sequence into
two parts (code, and data) segments. Code segment exhibits ZCC property.
Proposed code does not use the mapping technique to provide codes. The
parameters used for numerical comparison are listed in Table 2.2.

Figure 6.1 is plotted for BE R versus number of users. Proposed code is
constructed with weight 4 and 100 users. KS code, ZCCC, RD code, MS
code and EDW code are designed with weights 6, 4, 4, 4 and 3 respectively
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Figure 6.2: Comparison between the Figure 6.3: Comparison between the
previously reported ZCC code and pro- previously reported ZCC code and pro-

posed ZCCC for constant weight (CW). posed ZCCC for variable weight (VW)
without PIIN consideration.

with 100 users each. Proposed code has almost same BER as compare to
ZCCC without PIIN consideration for weight 4. That is because of same
zero cross-correlation, code length, weight, noise consideration, and number
of users. All codes except ZCCC give higher BER as compared to proposed
code (W = 4). That is due to cross-correlation property of these codes.
The number of users for EDW code (W = 3), KS code (W = 6), MS code
(W =4), RD code (W = 4) and proposed ZCCC (W = 4) are 41, 54, 47, 48
and 64 respectively at BER of 1071 with PIIN consideration. The number
of users for proposed code and ZCCC is 83 users at 107! without PIIN
consideration.

Comparison between the previously reported ZCC code and proposed
ZCCC is shown in Figures 6.2 and 6.3. Figure 6.2 shows variation of code
length as a function of number of users. Reported ZCC code used the map-
ping technique to assign codes for higher number of users. Variation of code
length depends on basic matrix size which is determined by code weight.
As weight is increased, size of basic matrix increases which leads to higher

step size, whereas proposed ZCCC has a linear increment of code length.
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Figure 6.4: Comparison of BER ver- Figure 6.5: Comparison of BER ver-
sus number of users on varying Ny of sus number of users on varying N of
weight (Wy) with PIIN consideration. weight (1) with PIIN consideration.

Reported ZCC code used code transformation technique, which converts the
lower weight code to higher weight code [36], whereas proposed ZCCC has
no restriction to construct codes of any weight. Proposed ZCCC require less
number of filtering elements compare to reported ZCC code. For reported
ZCC code, numbers of filtering elements are equal to number of weight. Pro-
posed ZCCC requires two filtering elements irrespective to weight.

Figure 6.3 shows the BER comparison of ZCC code and VW ZCCC as
a function of code length without PIIN consideration. (Wy) and (W) are
used to indicate higher weight, and lower weight respectively. Ny and Np,
represent number of users for higher weight (Wy) and lower weight (W) re-
spectively. The values of Ny and Ny, are 50 for each weight. Total number of
users are 100 for VW-ZCCC. For reported ZCC code, weight and number of
users are 4 and 100 respectively. VW-ZCCC and ZCC code are required 350
and 400 code lengths respectively. VW ZCCC requires less code length com-
pare to ZCC code. It is due to variable weight code construction. Variable
BER is obtained by using VW ZCCC compare to ZCC code.

Figures 6.4 and 6.5 illustrate the BE R versus number of users with PIIN
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Figure 6.6: Comparison of BER versus number of users for three different
weights with PIIN consideration.

consideration. The combination of weights (Wy = 7, W, = 6) are chosen for
Figs. 6.4 and 6.5.

For Fig. 6.4, number of users Ny, for W, are set to 50 users. The number
of users Ny is varied and it is set to 50, 45 and 40 users. Higher number
of users leads to longer code length and vice versa. Change in code length
affect the BER of system. On increasing / decreasing the value of Ny, BER
increases / decreases. The variation in BER is due to different weights which
further change the code length. Results indicate lowest weight codes have
highest BER and highest weight codes have lowest BER.

For Fig. 6.5, number of users Ny is varied and it is set to 50, 45 and 40
users. The number of users Ny is set to 50 users. As the number of users of
Np, decreases, code length decreases which tends to decrease BER. The W,
does not affect the code length of Wy but the total code length is decreased
thus BER of Wy is decreased.

Figure 6.6 is plotted between the BE R versus number of users with PIIN
consideration. The (Wy), (W) and (Wy) are used to indicate different
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Figure 6.7: Simulation setup of encoder with optical fiber using OptiSystem
13. is designed for 4 users of weight 3.

weights as higher weight, medium weight and lower weight respectively. The
combination of weights (Wy = 7,Wy, = 6,W = 5) is chosen. The Ny,
Ny; and N, are denoted as number of users for higher weight (Wy), medium
weight (W) and lower weight (Wp) respectively. The number of users are
set to 30 users for each weight. Ny effect the total code length not the code
length of Ny and N,,.

On changing Np, code lengths of all lower weight codes are changed.
On the other hand, changing Ny, effects its own code length and total code
length, but does not effect codes of other weights. Different weights provide

variable BER. Resultant code is suitable for multimedia service.

6.6 Simulation Setup and Results

The simulation setup with LED as a broadband light source is shown in Figs.

6.7 and 6.8, using OptiSystem 13.
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Figure 6.8: Simulation setup of decoder with optical fiber using OptiSystem
13. is designed for 4 users of weight 3.

Simulation setup for proposed ZCCC is designed for 4 users of weight 3.
Data rate for simulation is set to 622 Mbps. Spectral width is set to .8nm for
each chip. The transmitter side consists of five components: a pseudo random
bit sequence (PRBS) generator, a non-return-zero (NRZ) pulse generator,
LED with bias generator, WDM demux and mux (for filtering wavelength),
and an external modulator. The simulation parameters of LED are set as
wavelength of 1550 nm, bandwidth of 3.75 THz (30 nm), external quantum
efficiency is 0.05, and transmitted Power is —10 dBm. Spectrum slicing
of LED is elaborated as per [37]. The external intensity modulators used
are MachZehnder modulators. All signals from all users are combined and
launched into a single fiber. Fiber length is chosen to be 9 K'm with dispersion
of 16.75ps/nm — km, and attenuation of 0.2dB/km.

Direct detection technique is used to detect signals. This technique re-
quires only one photodiode to detect unique wavelengths of each user. At

recevier, the incoming signal was split and sent to wavelength mux to detect
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Figure 6.9: The comparison of ) factors between reported ZCC code and
proposed ZCCC.

required wavelengths. Photodiode parameters are set as dark current of bn A,
responsivity of 1A/W, thermal noise of 100 x 10724W/Hz, and with gain of
10.

Simulation setup for previously reported ZCC code is designed for 4 users
of weight 3. The minimum possible users for weight 3 is 4. Reported ZCC
code has dependence on basic matrix. Proposed ZCCC has not basic matrix
limitation. Simulation setup for reported ZCC code has same parameters
values as defined for setup in Figs. 6.7 and 6.8. The trasmitter side has
same components as per shown in Fig. 6.7. Q factor and BER of 9.22 and
7.64 x 102! are achieved by proposed ZCCC. Q factor and BER of 6.99
and 7.77 x 107! are achieved by reported ZCC code. The comparison of Q
factors between reported ZCC code and proposed ZCCC are shown in Fig.

77.
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6.7 Summary

ZCCC is proposed without mapping. Code algorithm is designed with any
integer value of weight for any number of users. Algorithm is explained for
both constant and variable weight code construction.

CW ZCCC is compared with reported ZCC code. Proposed ZCCC con-
struct any weight code without any information about lower weight codes.
It construct the code without mapping. It has a linear increase in code
length. Variable weight (VW) codes give different quality of service, and are
suitable, and useful for multimedia applications. Construction of code for
variable weight is begins with the highest weight. On changing number of
users of highest weight, code length of all lower weight codes are changed.
On the other hand, changing number of users of lower weight, effects its own
code length and total code length, but does not effect codes of other weights.
The variation of weights provides different BER and code length.
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Conclusions and Future

Directions

7.1 Concluding Remarks

The thesis proposes some new algorithms to construct codes for SAC-OCDMA
systems. The main purpose of algorithms are to support higher cardinality
with better performance, to simplify code construction with variety of code
sets and, good properties like auto-correlation, cross-correlation and to sup-
port multimedia applications and fill the gaps in reported code constructions.

The outcomes obtained from these studies are summarized below:

7.1.1 DW code families for SAC-OCDMA systems

Chapter 2 presents the review on code construction algorithms of 1D codes

DW code families and a gap between the reported works. Using reported
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codes, odd weight construction of KS code and 2D code construction from
1D DW code families are proposed.

The odd weight code construction for KS code is a combination of pre-
viously proposed KS code (for even weight) and identity matrix. It provides
an extension of KS code by implementing for all weight construction. Appli-
cation of proposed KS code for FSO channel and multi media service can be
explored. The 2D code is proposed which is constructed using 1D DW code
families for weight greater than 1. The proposed 2D code provides higher
cardinality at lower BER on comparing with 1D code. Hence, it provides a
solution for limited bandwidth of BBS. On comparing with other 2D codes,
proposed 2D code has lower BER. BER is decreased as h is maximized and
g is minimized. Hence, a solution is provided by incresing the dimensions of

code to enchance number of users, and lower BER.

7.1.2 Generalized Optical Code construction for EDW
and MDW like Codes without mapping

Chapter 3 introduces an algorithm named as Generalized Optical Code con-
struction for EDW and MDW like Codes without mapping. The BER anal-
ysis is same for all weights greater than 2. Comparison with EDW and MDW
codes shows proposed code is having lower BER. At BER of 1072, number
of users are 61 and 58 for W = 3 and W = 4 respectively for generalized
code. The number of users for EDW (W = 3) and MDW (W = 4) are 34
and 61 respectively. The variation of results are due to difference in code
length which depends on the number of users and its dependency on map-
ping for EDW and MDW which affects the BE R performance. Compared to
the BD, DD does not require power splitter, two photodiodes and subtractor

at decoder of each user. Due to the use of less components, the cost of the
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system is lower [56, 85].

7.1.3 VW code construction using Generalized code

In Chapter 4, VW algorithm based on Chapter 3 is proposed without map-
ping. Proposed code requires two filtering elements irrespective of weight.
The variation of weights provides different BER. The lowest weight codes
have highest BE R and highest weight codes have lowest BER. It is observed
that supportable number of users for higher weight, at BER of 1079 (data)
are 28, 33 and 35 for RD code, KS code, and VW code respectively using
BD. Supportable number of users for lower weight, at BER of 10~ (voice)
are 23, 31 and 37 for RD code, KS code, and VW code respectively using
BD. Results show that code is suitable for multimedia application. By using
DD technique, receiver is designed with less complexity and its cost is re-
duced along with better performance. Figure 4.6 illustrates the BER (PIIN,
Shot and thermal noise) versus received power using balanced detection for
Wy =6,Wy =5, W, = 3 with 25 users for each weight. BER of all users
decreases with the increase of weight and received power. The application of
proposed VW code to support different services, for average received power
of —20dBm has acceptable performance. It is found that proposed VW code
gives comparable and better performance than Generalized Optical Code
construction for Enhanced and Modified Double Weight code (CW and CL

construction). That is due to lower code length of variable weight codes.
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7.1.4 A new code construction algorithm based on DW

Codes

A new and single code construction algorithm with mapping is proposed for
DW code families in Chapter 5. The code design has several advantages such
as simplicity of code construction, the weight of any positive number can be
used for the code design and variety of code set for different code length and
weight. Code length increment of EDW code is differ from proposed code.
The difference is shown in Fig. 5.2, for weight (W = 3) and basic matrix
of (Ng =3, Lp = 6). Difference in the length is due to different techniques
used to calculate code length (L) for N users. For EDW, it involve a sine
relation between L and N [31]. Proposed code follows constant variation
of code length defined in Eq. 5.27. These code length variations effect the
BER performance of codes which depend on N and L.

A 2D code is proposed for SAC-OCDMA systems. The code is having a
low value of IPCC for spectral dimension and orthogonal in spatial dimension.
In comparison with 1D code, it offers greater number of users along with
better BER performance. On comparing with hybrid code, it gives lower
BER.

7.1.5 Development of ZCCC for Constant and Vari-
able Weight

An algorithm is proposed for CW and VW using zero cross correlation prop-
erty without mapping in Chapter 6. Code algorithm is designed with any
integer value of weight for any number of users. Comparison between the
previously reported ZCC code and proposed ZCCC is shown in Figures 6.2
and 6.3. Reported ZCC code used the mapping technique to assign codes
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for higher number of users. Variation of code length depends on basic ma-
trix size which is determined by code weight. As weight is increased, size
of basic matrix increases which leads to higher step size, whereas proposed
ZCCC has a linear increment of code length. Reported ZCC code used code
transformation technique, which converts the lower weight code to higher
weight code [36], whereas proposed ZCCC has no restriction to construct
codes of any weight. Proposed ZCCC require less number of filtering ele-
ments compare to reported ZCC code. For reported ZCC code, number of
filtering elements are equal to number of weight. Proposed ZCCC require
two filtering elements irrespective to weight.

Construction of code for variable weight is begins with the highest weight.
On changing number of users of highest weight, code length of all lower weight
codes are changed. On the other hand, changing number of users of lower
weight, effects its own code length and total code length, but does not effect
codes of other weights. The variation of weights provides different BE R and
code length. Results indicate that lowest weight codes have highest BER
and highest weight codes have lowest BER. Resultan, code is suitable for

multimedia service.

7.2 Scope for Further Study

Proposed algorithms are analyzed by taking the effects of PIIN, shot noise
and thermal noise. Therefore, the performance of codes can be analyzed by
considering the other noise. For mathematical simplification, some assump-
tions are taken such as LED spectrum is flat. But, spectrum has a Gaussian
shape, means different wavelengths on spectrum have different amplitude.

So, to analyse BE R some practical consideration is may be taken for further



CHAPTER 7 CONCLUSIONS AND FUTURE WORK 124

extension to BE R equation. Optical power budget analysis is also estimated
due to various components in systems as an further extension of work. Ex-
tension of codes to design it in multi-dimension, to enhance cardinality by
reducing BER. Lower and upper bounds of these codes are also investigated.
The experimental and simulation results are also demonstrated. Application
of these codes can be tested for other domain of OCDMA, wireless optical
systems, Free Space Optics, and Visible Light Communication.

Also, since spectrum slicing plays an important role in encoding of the
spectrum, new methods can be studied for use in SAC-OCDMA systems.
The analysis of encoder/decoder circuit with suitable optical devices can be

introduced to reduce the PIIN and to improve the system performance.
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