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Abstract

ON SOME ISSUES OF CODE DIVISION MULTIPLE ACCESS
COMMUNICATION
by

Alexander D. Gelman

Adviser: Professor Donald L. Schilling

A solution to Asynchronous Multiple User Real Time Communications is
proposed. That is to employ Spread Spectrum Signaling technique and Code

Division Multiplexing of multiple user signals into a Fiber Optic medium.

Direct Sequence, Time-Hopped, Color-Hopped and Hybrid (Time/Color-Hopped)
signaling schemes are analyzed and the probability of error is determined as a

function of employed codes’ parameters and the channel traffic.

The assumptions for channel models are Poisson arrivals of multiple user signals

and hard limiting of the composite channel signal.

It is shown that Probability of Error of 10~° can be achieved at 22 % channel
load for systems with Passive Pause Signaling and at 10 % for systems with

Active Pause Signaling.

As the pumber of active users increases the channels demonstrate graceful

performance degradation in terms of the probability of error.

A presense of optimal code sizes has been demonstrated for all signaling

schemes and it has been shown that this optimum is a function of the channel

load.

It has been determined that in a hybrid, Time/Color-Hopped system Trade off

is possible of the Electronic Bandwidth expansion for Optical and vice-versa.




Synchronization Algorithms for Time-Hopped Code Division Multiple Access
Systems are proposed and expressions for False Acquisition Probability and

Average False Tracking Time are derived.

Two typical applications of the proposed signaling techniques to Rate-Invariant

Signals Multiplexing and to Local Area Networking are described.




-vi -

To my wife Galina and daughters Fanya and Freida who have put up with my

research for years.

To my mistress — Communications Theory.

To the City College of New York that becarne my second Alma Mater.

To my mentor, Professor Donald Schilling, for guidance in this research and

for help in my acientific career.




1. CODE DIVISION MULTIPLE ACCESS COMMUNICATION IN

- vii -

CONTENTS

GUIDED AND UNGUIDED MEDIA . . . . . . .

1.1

1.2

1.3

1.4

1.5

INTRODUCTION . . . . .

MOTIVATION FOR THE RESEARCH . . . . .
1.2.1 To Sprcad Or Not To Spread . . . . .
1.2.2 Back ToAloha . . . . . . . . . . .
1.2.3 Statement Of The Problem . . . . . .
ON SOME PROPERTIES OF PN AND RELATED
SEQUENCES . . . . .+ « « « « « « «
Binary Maximal Length sequences . .

Gold Sequences . . . . . .

Pseudo Random Interval Sequences
ASYNCHRONOUS FIBER OPTIC CDMA
COMMUNICATION . . . . . . . . . .
Classification of the Fiber Optic CDMA Systems .
CDMA COMMUNICATION USING OOK/OR

CHANNEL . . . . . « « « . .

-1

10

18

25

25




- vili -

1.5.1 OR CHANNEL MODEL .

1.5.2 Multiple User Nois¢ in OOK/OR Channel .

1.6 CDMA COMMUNICATIONS OVER OOK/ADDER

CHANNEL

1.7 CONCLUSIONS

. CDMA DIRECT SEQUENCE COMMUNICATION

2.1 INTRODUCTION

27

29

37

39

10

40

4]

2.2 OOK/OR DIRECT SEQUENCE CHANNEL
Digital EXOR Receiver . . . . . . . . . .
Correlator Receiver ., .

2.3 OOK/ADDER/DS CHANNEL . . . . . . . .

2.4 CONCLUSIONS . . . . . . . .« .+ .

. TIME-HOPPED CDMA SYSTEM

3.1 INTRODUCTION . . . . .« . « + + «

3.2 MULTIPLE USER INTERFERENCE IN OOK/OR/TH
SYSTEM . . . « . + « « « . .

3.3 PROBABILITY OF ERROR IN THE OOK/OR/TH

SYSTEM . . . . . . . . .




- ix -

3.4 OOK/OR/TH BURSTY CHANNEL

PERFORMANCE . . . . & ¢ & o « o o « & o & o 84

3.5 CONCLUSIONS .+ . ¢ « ¢ ¢« ¢ o & o o o o s o 88
. COLOR-HOPPED CDMA SYSTEM . . . . . . . . « . . 89
4.1 INTRODUCTION . . . o ¢ o ¢« & o« & &« o o o & = 89

4.2 MULTIPLE USER OPERATION IN THE COLOR-HOPPED
SYSTEM . .« ¢ « v v v ¢ & ¢« o o o o o s +» s+ 9™

4.3 PROBABILITY OF ERROR IN THE OOK/OR COLOR-

HOPPED SYSTEM . . . . « « + « « « o & « o« & 98

4.4 CONCLUSIONS . . . ¢ ¢« o + o o o & & & + « « 113

. HYBRID MULTIPLE ACCESS COMMUNICATION ., . . . . . 14
5.1 INTRODUCTION . . . . . « « ¢« « « « + « + « « 114

5.2 MULTIPLE USER NOISE IN OOK /OR HYBRID

SYSTEM . . ¢ v ¢ ¢ ¢« + & o o « o o o o « o« o« 118
5.3 PROBABILITY OF ERROR IN THE HYBRID

SYSTEM . . . ¢ ¢ o ¢ o o o o o o s o o o« » « 120

54 CONCLUSIONS . . . . « ¢« ¢« v « « « « & o » o« 135




6. SYNCHRONIZATION ASPECTS OFF CDMA SYSTEMS . . . .

8.1 INTRODUCTION . « + = o v o v o v e e e e
6.2 SYNCHRONIZATION IN THE OOK /OR/TH SYSTEMS WITH
S S
6.3 SYNCHRONIZATION SCHEME FOR OOK/OR/TH SYSTEMS
WITHAPS « « o v e e e e e e e e e e e

6.4 PROBABILITY OF FALSE ACQUISITION IN OOK/OR/TH

SYSTEMS - L] . » . . . . . . . . L] L] - . L] L]

6.4.1 False Acquisition in OOK/OR/TH System With

PPS . & v i v i e e e s e e e e e e e
6.4.2 False Acquisition in OOK/OR/TH System With

7 X e

6.5 CONCLUSIONS . . . . « . .« « + .« .

7. A NOVEL METHOD OF THE OOK/ADDER/DS CHANNEL

SIGNAL DEMULTIPLEXING . . . .+ + +« « + « o« « &

7.1 WIDE-BAND RECEIVER FOR OOK/ADDER/DS

SYSTEMS L] . L] - . L] | . L] . . (] » . L] L] L » [

7.2 SYSTEM PERFORMANCE ANALYSIS . . . . . +« . .

136

136

137

139

141

141

149

154

155

155

168



7.3 CONCLUSIONS

8. APPLICATIONS .

8.1 INTRODUCTION

8.2 ASYNCHRONOUS RATE-INVARIANT

MULTIPLEXING

8.3 CORENET

8.4 CONCLUSIONS

-xi-

9. FUTURE AREAS OF RESEARCH .

Codes For CDMA Systems

*

Components For CDMA Systems

Networking Problem

10. REFERENCES

.

173

174

174

181

181

181

181

183




Figure 1.1.

Figure 1.2.

Figure 1.3.

Figure 1.4.

Figure 1.5.

Figure 1.6.

Figure 1.7.

Figure 1.8.

Figure 1.9.

Figure 1.10.

Figure 1.11.

Figure 1.12.

Figure 2.1.

- Xii -

LIST OF FIGURES
Multiple‘Access Channel . . . « + « « .
PN-Sequence Generator . .+ .+ « « « .+
Autocorrelation Function of a PN-Sequence .
Gold Sequence Generator . . .
Crosscorrelation Function of Gold Sequences .

Gold Sequence-to-Set Crosscorrelation

Distribution . . . . . . . « . o . .
PRIS . . . . .+ « ¢« « « «

Generation of PRISs . . . . . . . . .
Quasi-Optimal PRIS Set . . . .

OR Channel . . . + + « « + « .
OOK/OR Channel: Multiple User Noise
Muitiple User Noise in OOK/ADDER Channel .

Modulation of Data by a PN-Sequence . . .

13

14

15

16

17

22

23

24

28

36

38

44



Figure 2.2.

Figure 2.3.

Figure 2.4.

Figure 2.5.

Figure 2.6.

Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.

Figure 3.5.

Figure 3.6.

- xiii -
Base-band Signal Recovery in EXOR Receiver . . . .

Correlator Receiver . +« v « ¢« « & &+ & s o s

Base-band Signal Recovery in Correlator

Receiver . . ¢« « « « « « o o« o « o
OOK /ADDER/DS System Simulation . . . . .
OOK/ADDER/DS System: Probability of Error . . .

OOK/OR/TH Channel: Modulation of Data by PRIS

Code A * - L] L] L] - * - L] L] L] L] - L] . - .
OOK/OR/TH Channel: Data Recovery . . . . . .
OOK /OR/TH System: TDL Correlator Receiver . .

OOK/OR/TH Channe] with PPS: Probability of Error vs

Numberof Users . . . . « « « +v « « «

OOK/OR/TH Channel with PPS: Probability of Error vs

Numberof Users . . + « o « o o « o o o o«

OOK /OR/TH Channel with PPS: Probability of Error vs

ChannelLoad . . ¢« ¢ &« &« + « & o « & o«

45

46

47

49

50

54

55

56

70

71

72



Figure 3.7.

Figure 3.8.

Figure 3.9.

Figure 3.10.

Figure 3.11.

Figure 3.12.

Figure 3.13.

Figure 3.14.

Figure 3.15.

Figure 4.1.

Figure 4.2,

- xiv -
OOK/OR/TH Channel with PPS: BER vs number of hops
perbit . .+ ¢ . o o e e e e e e e e

OOK /OR/TH Channel with PPS: Optimal number of hops

perbit . . . . ¢ o ¢ v 0 e 0 0 e .

OOK/OR/TH Channe} with PPS: Minimum Probability of

Error . « « « v v 4 e e e e e e e e
OOK/OR/TH Channel with APS: P=f(C}) . . . .
OOK/OR/TH Channel with APS: P=f(n) . . . . .
OOK/OR/TH Channel with APS: n,,,=f(C;) . . . .
OOK /OR/TH System with APS: P,_ =f(C;) . . .

OOK /OR/TH Bursty Channel with PPS,

Pe=f(N) o v v e v e e e e e e e e e

OOK/OR/TH Bursty Channel with PPS: BER Time

Distr‘lbution . L] * . - . . - . L] L] - - L] *
M System « + .+ . 4 0 o o 0 e e 0 .

Fast A\Hopping .+ « + « « « « ¢ « « & o« =«

72

73

80

&1

82

83

86

92

93




Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

Figure 4.10.

Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

Figure 5.6.

Figure 5.7.

- XV -

OOK/OR/ M System with PPS, P,=f(N) .
OOK/OR/ X System with PPS, P,.=f(C)) .
OOK/OR/ H System with PPS, Loy =f(C}) .
OOK/OR/ NH System with PPS, P,_ =f(C))
OOK/OR/ MH System with APS, P.=f(N) .
OOK/OR/ MH System with APS, P,.={(C)) .
OOK/OR/ XH System with APS, L,,=f(C) .
OOK/OR/ MH System with APS, P, =f(C))
TXH System . « + « « « + &« « o .
OOK /OR/T X H System with PPS, P.=f(C))
OOK/OR/ TX\H System with PPS, P=f(D)

QOK/OR/T X H System with PPS: D,,=f(C))

OOK/OR/T X H System with PPS: P, =f(C)) .

OOK/OR/T * H System with PPS, P ={(N)

OOK/OR/ TXH System with APS, P.={(C)) .

102

103

104

105

109

110

111

112 .

117

125

126

127

128

129

132




Figure 5.8.

Figure 5.9.

Figure 6.1.

Figure 6.2,

Figure 6.3.

Figure 6.4.

Figure 6.5.

Figure 6.7.

Figure 6.8.

~ Xvi -

OOK/OR/ TXH System with APS, Doy =f(C)) . . . -

OOK/OR/ TXH System with APS, P, =f(C}) - . . . .

OOK /OR/TH System with PPS: Synchronization

ScheIme .+ « o o o o = o o o o o s 2 o + &

OOK/OR/TH System with APS: Synchronization

SCheme » . L] . . . - . . L] . L] L] . . . (3 .

OOK/OR/TH System with PPS: Probability of False

Acquisition + .« .+ .« 0 o e e e e e e e e e

OOK /OR/TH System with PPS: False Sync Time vs C; and

K - L] . - . L] - L] . * - L] L] L] L] L - L * -

OOK/OR/TH System with APS: Probability of False

Acquisition . . . .+ . . 4 4 4 o e 0. e .

OOK/OR/TH System with APS: False Sync Time vs

ChannelLoad « « « + &+ « & « o o o s & s s

133

134

138

140

146

148

152

153



Figure 7.1.

Figure 7.2,

Figure 7.3.

Figure 7.4.

Figure 7.5.

Figure 7.6.

Figure 7.7.

Figure 8.1.

Figure 8.2.

- Xvii -

OOK /ADDER /DS System Receiver Structure . . .

OOK/ADDER /DS Signal Demultiplexing . . . . .

PN-Sequence to PRIS Conversion in The

Receiver . . + « o o« o« « « o o o o o

TDL Correlator Receiver for OOK/ADDER /DS

System .« . ¢ 4 4 4 e e e e e e e e e

OOK/ADDER/DS System, P.=f(C,,K;) . . . . .

OOK/ADDER/DS System, P.=f(C,K,) . . . .

OOK /ADDER /DS System, Optimal Processing Gain

Rate-Invariant Multiplexing . . . . . . .

CORENET Topology . « « « « « .

164

165

166

167

170

171

172

176

179



1. CODE DIVISION MULTIPLE ACCESS COMMUNICATION IN
GUIDED AND UNGUIDED MEDIA

1.1 INTRODUCTION

Multiple access communications is characterized by the population of users
exceeding the number of communication channels. The users share a common
mediun: and access it in a spontaneous fashion. A typical example of such an
environment is a Local Area Network (LAN). Over the last few years
networking technology achieved noticeable progress in creating a multiplicity of
networks for a variety of applications. Among the most known networking
products are ETHERNET, APOLLO DOMAIN, WANGNET, FASNET, etc.
Creation of these networks was preceded by intensive research of channelization
and networking algorithms performed by international multi-disciplinary army

of enginners and scientists.

The most important characteristics of a multiple access communication channel,
(Fig.1.1), are the number of users, their accessing capability and the system
throughput. In other words to characterize the system two basic questions have

to be answered:

1. What is each user’s chance to gain access to the common medium when he

has a message to transmit?

2. What is each user's chance to have his message, if transmitted, successfully

received by the destination receiver?

The evolution of multiple access techniques progressed from the simple ALOHA
protocol to sophisticated contention algorithms such as carrier sensing, collision

detection, token passing techniques and combinations thereof. The major




factors that limit applications of these techniques to voice, video and graphics
communications are the necessity to packetize the signal and delays in the

packet delivery due to collisions and retransmissions.

All existing LAN products were developed for data communications. That is the
reason why they employ contention resolution techniques designed for error-less
packet delivery on the expense of time. In the mean time voice and video
signals, even if packetized, do not tolerate delays in delivery. No delays can be
tolerated for inter-media operation and control as well. On the other hand
voice and video signals as well as some other media often possess enough
redundancy to tolerate bit error rates of 107° while delays can destroy the

signal.
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1.2 MOTIVATION FOR THE RESEARCH

1.2.1 To Spread Or Not To Spread

That is the question.

One of the solutions to real time communications needs is using non-orthogonal
signaling for multiplexing the multiple user signals into a single channel.
Applications of Spread Spectrum Techniques to Radio communications is first of
all motivated by the necessity to sustain electronic counter measures and to
insure some reasonably low probability of intercept [1]. Using this technique for
Code Division Multiplexing of multiple signals is also known and researched to
some degree for HF channels. In [12] 2 SSMA Telephone system is analyzed, in
[33] an integrated voice/data network is described. Less researched is non-

orthogonal multiplexing and multiple accessing of guided media.

1.2.2 Back To Aloha

Recently CDMA applications to Local Area Networks attracts more and more
researchers due to potential of crealing an asynchronous network with no
routing overhead and no definite failures upon collisions but rather graceful

performance degradation as the number of active users increases.

In other words Aloha-like protocols can be designed to guarantee access when
needed but with a significant advantage of not having to retransmit every time
a collision is detected. Also CDMA allows to set up virtual circuit links in
point-to-point or point-to-multi-point modes to conduct a nonbursty

communication session. This feature is important for full motion video




communication, per example.

Adaptation of the Spread Spectrum Techniques for Multiple Access on the

coaxial cable was first described in [13].

One of the first publications on fiber optic Code Division Multiplexing
techniques were [5] and [24]. Later Code Division Multiplexing using Gold
Sequences was proposed in [6]. These papers represented first attempts to study
non-orthogonal signals multiplexing in Fiber Optics. They do not yet contain
enough information to wunderstand the phenomena of the multiple user

interference in CDMA Fiber Optic systems and evaluate their performance.




1.2.83 Statement Of The Problem

In this work we propose a new type of a multiple access channel suitable for
real time communications. This channel takes advantage of inherent multiple
access capability of the spread spectrum signaling as well as of the high

bandwidth and stability offered by the fiber optic medium.

We propose and analyze three different signaling techniques and evaluate
systems performance by means of the probability of error. We also propose
synchronization strategy and analyze it’s performance. As an application of the
channel we propose a new type of a Local Area Network suitable for real time
communications and capable of supporting multiple users, multiple media and

multiple information rates.

The phenomena of the multiple user interference in the fiber optic multiple
access channel is quite different from the one in other media due to limitation of
positive only signaling. This results in non-gaussian statistics of the system
noise and does not allow to use well known and researched detection strategies.
The main assumption that we make for the system analysis is Poisson
distribution of the multiple user signal arrival times. We investigate the
statistics of the multiple user noise which is a result of an OR operation on a
finite set of coinciding pulse trains. We find the average rate and pulse
durations of the noise pulses as well as their distributions. These parameters
allow us to track the signal and noise statistical properties through the
detection and synchronization processes and finally determine the system
probability of error and analyze the performance of the proposed acquisition
and tracking schemes. The approach which is used for the analysis was first
proposed in [50] and was later used in [22], [41], [60] and other publications on

Random Access Discrete Address (RADA) communications.




1.8 ON SOME PROPERTIES OF PN AND RELATED SEQUENCES

In this section we will review some useful properties of Pseudo-Noise and related
sequences and describe their applications to Code Division Multiple Access

communications.

The two main requirements to any set of Pseudo-Random signals are:
1. distinguishability of any signal from time-shifted version of itself
2. distinguishability of any signal from any other signal in the set.

First property is useful in the acquisition mode of a communication session
when the receiver is trying to acquire synchronism with the transmitter by
determining the exact phase-shift of the pseudo-random code which is used for

the information transport.

The second property is useful for multiple access communication when every

station is assigned a pseudo-random sequence according to some rules.

The types of pseudo-random sequences that we will review are the Maximal
Length sequences (m-sequences), Gold sequences, and Pseudo Random Interval

Sequences.

Binary Maximal Length sequences

The studies of m-sequences started back in 1950's by Gilbert, Golomb, Welch
and Zierler {2]. Most of known today results of the correlation properties of m-

sequences are given in [45].

The Binary Maximal Length sequences are generated using shift-registers
(Fig.1.2). It is conventional to specify the configuration of the shift-register by

a corresponding polynomial:




h(x) = hgx" + hyx® ' + -+ + h,_;x +h, (1.3.1)

and it’s binary vectors. For example the polynomial:

hix) =x* +x® +1 (1.3.2)

can be represented by a binary vector 100101 or 45 in the octal notation.

The period of the sequence generated by the shift register can be at most equal

to:

L=2"—1 (1.3.3)

where n-is the degree of the polynomial and also the number of cells in the

shift-register.

If a sequence has maximal period it is called a maximal length sequence, or m-

sequence.
The m-sequences have the following properties:

Property 1. For an m-sequence u and a pair of integers i and j such that

0 <i,j <L there is a unique integer k, 0 < k <L, and:

Tu @ Tu=Tku

a sequence of period L is an m-sequence if and only if it has property 1 (shift-

and-add property).

Property 2. Let wt(u) denote the Hamming weight of the sequence u, i.e.

specify the number of ones in the sequence. Then for an m-sequence:




wt(u) = 27! = % (L + 1) (1.3.4)

What this means is that the difference between the number of ones, n, and the

number of zeroes, ny, is equal to one:

Property 3. Let 6,,(1) be a discrete-time auto-correlation function:

L
N x{uy) x(uj4) (1.3.5)
j=1

Ouu(l)

1

where

x(u;) — is a bipolar code value derived by the following transformation:

x(y;) = (-1)" (1.3.6)
Then for a m-sequence:
L, for 1 =0,L,2L,...
bull) =1 -1,  for 1#0L2L,.. (1.3.7)

So the binary m-sequences have two-valued autocorrelation function.

A continuous-time autocorrelation function can be defined as follows:

LT,
Ry, (7) = f x[u(t)] afu(t + 7)) dt (1.3.8)
0
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The autocorrelation function of the m-sequence is depicted in Fig.1.3.

Let's define a discrete-time crosscorrelation function of two m-sequences u and v

as:

Onll) = i x(w) X(¥;41) (1.3.9)
2

And for continuous-time crosscorrelation function:

LT,
Ry(7) = { au(t)) x[v(t + 1) db (1.3.10)

According to [29] the discrete-time crosscorrelation function of two m-sequences

can be written as follows:

o, )=N-—-2wtu @ TW) (1.3.11)

One of the useful properties of the crosscorrelation functions of the m-sequences

is the upper bound:
Hay(1)] < L (1.3.12)

The m-sequences do not allow to construct large sets. This fact limits their

applications in CDMA systems.

Gold Sequences

A Véry useful class of pseudo-random sequences that provide an opportunity of

creating a significantly large set of sequences with good crosscorrelation
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properties is the class of Gold sequences.

The set of Gold sequences G(u,v) is defined by:

G(u,v) = {u, wu @ vu @ Tv,u @ T ,,u @ TL"v} (1.3.13)

Where T'u denotes sequence u shifted i chips with respect to itself.
The set G(u,v) contains L2 sequences of period L.

The values of the autocorrelation functions for sequences of G(u,v) are the same

as the values of the autocorrelation for sequences u and v.

Following [29] we will consider the crosscorrelation function of two distinct

sequences ¥,z2¢G(u,v).

It can be proved that the discrete-time crosscorrelation function:

i) =L —2wtly @ T4) (1.3.14)

either equals -1 or:

O, =L —2wtlu @ T ~iv) =4, —i) (1.3.15)

When the number n (L = 2" — 1} is odd then the lawer bound on the maximum

crosscorrelation is:

Ormax = Hn) — 2 (1.3.16)

Where:
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t(n) =1 + 2l + 2/ (1.3.17)

For example there are 12 different sets of Gold sequences of period 31. Each set
contains 33 sequences and the crosscorrelation functions of these sequences can

take one of the three values: 7, -1, -9.

There exist 6 sets of Gold sequences of period 63. Each set consists of 65

sequences with crosscorrelation function values: 15, -1, -17.

For the application of the sequence sets to the multiple user communication an
important characteristics is the crosscorrelation of a sequence to the
asynchronous sum of the sequences of the set modulated by binary symmetric
data sources. This property is important when the study of multiple user

interference is being performed of a system with a correlation receiver.

The hystogram of a crosscorrelation function between one of the Gold sequences
and the asynchronous sum of other sequences of the Gold sequences set of

period 31 is illustrated in Fig.1.6.

As it should be expected due to the central limit theorem the shape of the
hystogram implies Gaussian probability density function when the number of

sequences is large.
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Pseudo Random Interval Sequences

As it will be shown in later chapters for CDMA application in fiber optics it is

effective to use sequences with low duty cycles.

One of the methods of generating such sequences is to map the PN sequences
into the pseudo random time intervals. We will call this type of code "Pseudo-

Random Intervals Sequence”, or PRIS.

The simplest way of mapping the I’N-code into a PRIS is to produce impulses
corresponding to all positive transitions in the PN-code, Fig.1.7. Another way is
to generate impulses at the beginning of every positive chip, Fig.1.8. However
sequences generated in a arbitrary way might not possess the right properties to
be used in Code Division Multiple Access systems. There is a necessity to
design PRIS codes with desirable auto and Cross-correlation properties suitable

for this application.

One of the methods for creating '"Time Mapped" sequences is proposed in {14].
We will modify this method for the purpose of construction of a set of PRIS

codes.

A condition that has to be imposed on the sequence set is the upper bound on
the crosscorrelation function for any pair of sequences. Then knowing the size of
the sequence set one can always estimate the upper bound of the
crosscorrelation of any sequence with the asynchronous sum of all other

sequences of the set.

In the PRIS code the values of the sequence elements specify the interval
between adjacent pulses. The intervals are given in multiple integers of the

pulse duration 7, .
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The length of the code is partitioned into frames as it is shown in Fig.1.9.

The condition we impose is that the crosscorrelation function for any two

sequences ¢; and ¢; (i #j) of the set is to be bounded:

g;(1) < 2 (1.3.22)

Another constraint is that each frame must contain a pulse.

As it is shown in [14] a Time mapped sequence can be constructed by using the
multiplication table of the elements of the Galois field GF(p), where p is a
prime number. Upon selecting the prime number the field elements have to be
written down in ascending order. Then the absolute positions of the pulses in
the frames are computed by multiplying modulo p this row by the field element.
The PRIS code elements can be derived from the absolute positions by the

following transformation:

Cij=p+P,—P;_, (1.3.23)
Where:
C; — is the j-th element of the PRIS code.
P; — is the absolute position of the pulse in the j-th frame,
1<j<p=~-1.

The first. element of the interval sequence is equal to the absolute pulse position

value in the frame 0:

C, =P, (1.3.24)
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We will now show an example of the PRIS set construction by creating a set of

17 codes with 17 pulses per pattern.

The prime number is selected to be: p=17. Then the field elements are:

GF(17): 0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16

By multiplying modulo 17 this row by the field elements we receive sequences

whose elements are the absolute pulse positions in the frames:

sg: 0,0,0,0,0,0,0,0,0,00,0,0,0,0,0, 0
s;: 0,1,23,4,5,6,7,8,9,10,11,12,13,14,15,16
sp: 0,2, 4,6, 8,10,12,14,16, 1, 3, 5, 7, 9,11,13,15
s;: 0, 3, 8, 9,12,15, 1, 4, 7,10,13,16, 2, 5, 8,11,14
sg 0, 4,8,12,16, 3, 7,11,15, 2, 6,10,14, 1, 5, 9,13
s 0, 5,10,15, 3, 8,13, 1, 6,11,16, 4, 9,14, 2, 7,12
s¢t 0, 6,12, 1, 7,13, 2, 8,14, 3, 9,15, 4,10,16, 4,10
s;: 0, 7,14, 4,11, 1, 8,15, 5,12, 2, 9,16, 5,12, 2, 9
sgt 0, 8,16, 7,15, 6,14, 5,13, 4,12, 3,11, 2,10, 1, 9
sg: 0,9, 1,10, 2,11, 3,12, 4,13, 5,14, 6,15, 7,16, 8
syt 0,10, 3,13, 6,16, 9, 2,12, 5,15, 8, 1,11, 4,14, 7
sy 0,11, 5,16,10, 4,15, 8, 3,14, 8, 2,13, 7, 1,12, 6
s;t 0,12, 7, 2,14, 9, 4,16,11, 6, 1,13, 8, 3,15,10, 5
s;; 0,13, 9, 5, 1,14,10, 6, 2,15,11, 7, 3,16,12, 8, 4
;. 0,14,11, 8, 5, 2,16,13,10, 7, 4, 1,15,12, 9, 6, 3
syt 0,15,13,11, 9, 7, 5, 3, 1,16,14,12,10, 8, 6, 4, 2

s;gt  0,16,15,14,13,12,11,10, 9, 8,7, 6, 5, 4, 3, 2, 1
(1.3.25)
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Then using (1.3.23) we receive the set of PRIS codes:

co.  0,17,17,17,17,17,17,17,17,17,17,17,17,17,17,17,17
c,. 0,18,18,18,18,18,18,18,18,18,18,18,18,18,18,18,18
cp.  0,19,19,19,19,19,19,19,19,02,19,19,19,19,19,19,19
s, 0,20,20,20,20,20,03,20,20,20,20,20,03,20,20,20,20
¢, 0,21,21,21,21,04,21,21,21,04,21,21,21,04,21,21,21
;. 0,22,22,22,05,22,22,05,22,22,22 05,22,22,05,22,22
cg. 0,23,23,06,23,23,06,23,23,06,23,23,06,23,23,06,23
cs.  0,24,24,07,24,07,24,24,07,24,07,24,24,07,24,07,24
cg.  0,25,25,08,25,08,25,08,25,08,25,08,25,08,25,08,25
cg.  0,26,09,26,09,26,09,26,09,26,08,26,09,26,09,26,09
¢, 0,10,10,27,10,27,10,10,27,10,27,10,10,27,10,27,10
¢y, 0,11,11,28,11,11,28,11,11,28,11,11,28,11,11,28,11
cyg. 0,12,12,12,29,12,12,29,12,12,12,29,12,12,29,12,12
s 0,13,13,13,13,30,13,13,13,30,13,13,13,30,13,13,13
cq. 0,14,14,14,14,14,31,14,14,14,14,14,31,14,14,14,14
¢y5. 0,15,15,15,15,15,15,15,15,32,15,15,15,15,15,15,15

¢ys. 0,16,16,16,16,16,16,16,16,16,16,16,16,16,16,16,16
(1.3.26)

The above PRIS codes set can be considered quasi-optimal becausc while the
crosscorrelation function for any pair is bounded, the autocorrelation function is

not optimal.

Fig.1.9 illustrates some sequences from this set.
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1.4 ASYNCHRONOUS FIBER OPTIC CDMA COMMUNICATION

There are two ways in which the signals can be multiplexed in a optical
communications system. One of them is electrical multiplexing (TDM, FDM),
another is optical [6]. The latter is preferable because it does not require the
conversion of the optical signals to electrical in order to perform the
multiplexing function. Optical multiplexer can consist of a unidirectional passive
tap. Optical demultiplexing will be wide spread in the future as the optical

signal processing devices become practical |10].

We will consider a situation which is suitable for the application in the local
area networks. The scheme we have in mind is optical multiplexing and

electrical or optical demultiplexing of the multiple user signals.

We will describe few different signaling schemes and state their advantages and
disadvantages and compare their performance in terms of the probability of

error that can be achieved depending on the system parameters.

Classification of the Fiber Optic CDMA Systems

We propose to follow the following classification of the Fiber Optic CDMA

systems.

By the front end the system can be:
- Digital, OR Channel

- Binary Input - Linear Output

By the spreading code used:
- Direct Sequence

- Time-Hopped
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- Color-Hopped
- Hybrid: Time/Color Hopped { TAH )
Color-Hopped /Direct Sequence ( NHDS )

By the address assignment scheme:
- Unique Transmitter
- Unique Receiver

- Code Reservation (Code Assignment for Session)

By bandwidth allocation strategy:
- Constant bandwidth

- Dynamically allocatable bandwidth




1.6 CDMA COMMUNICATION USING OOK/OR CHANNEL

1.56.1 OR CHANNEL MODEL

When hard limiting of the channel signal takes place all signals appear at the
same level. This situation creates a robust channel which is less succeptable to
environment variations and the requirements to the dynamic range of the
receiver are less strict. Multiple user signals that build up in the common
medium are also hard limited thus their interference can be modeled as an OR

operation. That is why we will call this system OR Channel, Fig.1.10.

In this section we will analyze the statistical properties of the multiple user

signal in the optical OOK/OR channel.

Let all users emit pulses of light independently from each other. These pulses
arrive at random instants of time and if the number of users is sufficiently large
(more than ten), we can assume that the arrival times follow Poisson

distribution, [50].

The signal resulted from the OR operation on the users’ signals we call Multiple

User Noise.
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1.5.2 Multiple User Noise in OOK/OR Channel

Following [50] we will call the start times of the interfering pulses primary
process. The probability to encounter exactly k events of the primary process

over the interval t is as follows:

v t)¥ »
P, (t) = LFL et (1.5.3)

The phenomena of the multiple user noise in this system is illustrated in
Fig.1.11. The multiple user noise is the composite pulse train which is a result
of overlapping of the pulses whose start times constitute the primary process.
That is why we will also refer to this interference signal as to a secondary
process. In order to analyze the performance of the system, i.e. in order to
quantify the effect of interference on each users’ signal we have to determine

the statistical properties of the multiple user noise.

We will now determine the probability density funclion of the pulse durations
for the secondary process. Every pulse of the secondary process is constructed
of k+1 pulses of the primary process, where k=0,1,2,3,... The duration of the
secondary pulse is equal to the sum of k intervals between events of the Poisson

process i; , Fig.1.11. plus the duration of the (k+1)-st pulse, which is 7 :

k
T= N\ A+, (1.5.4)

i=1

where:

At =ty — Y
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It is clear from Fig.1.11 that:

Ay <7 for 1<i <k

A, >7. for i=k+1 (1.5.5)

The probability for the interval At between two Poisson events to take on
some value which is less than At; is equal to the probability that at least one

Poisson event will occur during the interval At

-~ vAt

p(At < At )=1—e (1.5.6)
Then the probability density function:
g(At) = %Ati p(AL<AL ) = e Y (1.5.7)

The probability for the secondary process Lo contain k-1 pulses is equal to the

probability of exactly k of the At, intervals to be less than 7, and the {k+1})-st

to be greater than 7

k

Te x
Pooy= | [ex)dx | [ ely)dy (1.5.8)
0 Te
Substituting (1.5.7) and performing the integration we receive:

k
Piap = [ 1—e " r=] e T (1.5.9)

To find the probability density function for the duration of the multiple user
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noise pulses given by (1.5.4) we have to perform the convolution of the density

functions of all k of the At; intervals and of the (k+1)-st primary pulse. Since

it is required for the intervals At; that form the secondary process to be shorter

than 7, their probability density function can be found as follows:

_8(x)

gy(x) = T
[ sly) dy

Or substituting (1.5.7) into (1.5.10) we receive:

where:

0<x<r,

For the probability density function of the (k+1)-st pulse we have:

Ek+1 = (5(7‘ - rc)

since its duration is deterministic.

The characteristic function for the density g(x) is:

Lg(x) = { g(s) e™ d¢

or using (1.5.11) and (1.5.12) we receive:

(1.5.10)

(1.5.11)

(1.5.12)

(1.5.13)



! 1—e
L = 1.5.14
g.(s) s + 1’ L — e ( )
and
Lgw s} = e "t (1.5.15)

The probability density function f(7) for the durations of the multiple user noise

pulses is the average over all possible values of k:

{(7) = ) Py by () UL — k1) (1.5.16)
k=0

where h,,(7) is the probability density function for the secondary pulse that

contains exactly k+1 primary pulses.

For arbitrary k we have the characteristic function:

Ly(s) = ¥ {1.5.17)

1 — (3_(" + 8)7; e—sr,_
(1 +38) (1—e"")

Using (1.5.8) and (1.5.17) we receive the characteristic function for the

probability density function (1.5.16):

L (S) _ Q:‘ 1 [1 _ e——[u+5)r. k e—(u+s)r‘ (1 5 18)
: ko (" + )"

or:

oo _ alvts)e k
L’.(s) =e’(l'+8)7’g -'1 L’k [1_1’_8_'-__5___] (1‘5_19)

=~
I
o
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It can be observed that:

_ e-—(u+s) r.

<1 (1.5.20)
-+ s

Then the sum in (1.5.19) represents the geometric progression and can be

written as follows:

S o |1zl v (1.5.21)
k=0 v +s T g4 e e 0
then:
] —(l'+s)r¢
Lils) = —— ti(u+sr)r (1.5.22)
s+ /e T
and the corresponding probability density function:
(i) = o §r—r,) + e U(r=r,) + i (—l)kllk e—"(k“)r‘
k=1
[T - (k+1)7, ]
(k — 1)t l1 ty [FokA I)Tc]]U [T—(k+1)fc] (1.5.23)

As it can be seen from (1.5.23) there is some finite probability for the pulses
with durations equal to 7., One can expect the number of these pulses to
decrease as the number of interfering users increases due fo increasing

probability of pulse overlapping.
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The probability to find the interference signal at any time is equal to the
probability that during the interval r, prior to that instant at least one event of

the primary Poisson process occurred:

P,=1—¢ ™ (1.5.24)

X

The average pulse rate can be found as a derivative of this probability:

Pa— dP\ —rrr,
1, = — = ‘ 1.5.25
I X ch € ( )
And the average pulse width:
_ P T
T)( = jf_ = 1 T (1.5.26)
’-lx ie ¢

We just derived the expression for the probability density function for the pulse
durations of the multiple users noise. We also found the average duration, rate
and duty cycle of the interfering pulses. The main assumptions to keep in mind
when applying these pararmeters is the Poisson approximation of the process of
the arrivals of the pulses from all users and the total randomness of the PRIS

codes intervals.

The probability for the pulses of x(t) signal to exceed some value 7 can be found

as follows:

Foal?) = 1 — [ S8)4 (15.27)
0




This is the complementary integral distribution function. The Laplace transform

of this function can be found using the following expansion:

Lmﬁ)=§~—£§2 (1.5.28)

Substituting (1.5.22) into (1.5.28) we receive:

1- ol

Lp.(s) = e (1.5.29)

By taking the inverse transform we receive:

(r — k¥

% k k-1  ~vkr
Fealr) =14 &3 (-1 70 €™ 0

k=1

U(r—k7,) (1.5.30)

1+f(r~—krc)

We will use this expression very often when analyzing the CDMA systems

performance.
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1.6 CDMA COMMUNICATIONS OVER OOK/ADDER CHANNEL

In the Adder Channel the optical signals from mulliple sources are added
resulting in a multi-level signal as it is shown in Fig.1.12. Multiple user pulses
while having Poisson distribution of the arrival times have different

distributions of pulse durations on different levels.

Adder channel communications could offer better throughput due to information
embedded in the multi-level signal. But in the optical channel it does not seem
to be practical because of the high dynamic range of the signal required. It can
be used only for systems with few users. In the mean time the mathematical
analysis of the multiple user interference in this channel is rather complicated
and is not attempted in this research. For a thorough analysis of the Adder
channel the non-linearity and limitations of the receiver dynamic range have to

be considered as well.
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1.7 CONCLUSIONS

We presented the motivation for the research which is to create and analyze
fiber optic Code Division Multiple Access signaling schemes that will allow
construction of a collision resistant Local Area network suitable for real time

communication.

Some important properties of psecudo random sequences were described and a
simulation study was performed of asynchronous sums of the Gold Sequence sets
for the purpose of illustrating the phenomena of the multiple user noise in the

Fiber Optic Direct Sequence systems.

A new type of sequences was defined and called Pseudo Random Interval
Sequences. Methods of constructing of non-optimal Pseudo Random Interval
Sequences out of the PN codes and quasi-optimal sequences out of One-

Coincidence sequences were described.

We modeled the CDMA OOK/OR Channel assuming Poisson arrivals of the
multiple user signal pulses and determined the statlistical properties of the
multiple user noise thal will be used in subsequent chapters for the analysis of

CDMA systems.
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2. CDMA DIRECT SEQUENCE COMMUNICATION

2.1 INTRODUCTION

Direct Sequence communications over HF channel is the most popular among all
types of spread spectrum signaling due to the advantages it offers, [1). The main
idea behind this technique is as follows. The data is being modulated by a
pseudo random sequence of a rate that is higher than the one of the data
signal. The receiver generates it's own replica of the pseudo random code and
performs detection by crosscorrelating the local replica with the incoming signal

and discriminating the crosscorrelation function at a fixed threshold.

In the Intensity Modulated/Direct Detection, (IM/DD), fiber optic systems the
properties of the pseudo random sequences that were described in chapter one
can nol be fully utilized due to the specifics of the positive signaling and

therefore the adoption of this technique is not at all straight-forward.

In this research we conduct rather limiled analysis of the DS spread spectrum
communications. The following sections illustrate some specifics of the fiber
optic OR and ADDER channels DS signaling that we propose and show the

results of the simulation studies of the OOK /ADDER /DS systems.
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2.2 OOK/OR DIRECT SEQUENCE CHANNEL

In the OOK/OR /DS Channel the PN-sequence is modulo two added to the data
bit stream. So if the data bit is zero the code is unchanged, and if data bit is

one the code is complemented. This process is illustrated in Fig.2.1.

Digital EXOR Receiver

The base-band signal recovery of the signal in the receiver is shown in Fig.2.2.
We assume perfect synchronization of the transmitter and the receiver in terms
of the timing recovery as well as perfect Synchronization of the transmitter’s
and receiver’'s PN-code generators. A local PN-Sequence replica is modulo two
added to the received signal thus despreading it and then the Integrate and

Dump algorithm is being performed.

Correlator Receiver

The block diagram of a correlator receiver for a OOK/OR /DS channel is shown

in Fig.2.3.

The received signal S(t) is correlated with ¢, (t), the inverted bipolar replica of

the PN-Code and the output is discriminated at zero.

The reference code can be written as follows:

L C.
& (1) = 33 (—1)% Ut — T (2.2.1)
jl
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Then the correlation process yields the following correlation function:

(k+1)LT, L . ‘
Rg,, (LT ) = kaT Yldg @  Cytft—iTo )] [(— D% T ) dt (2.2.2)
e =1

By interchanging linear operators we receive:

{k+1)LT,

Rg, (LT ) =3 [ (dipg @ Cy) (=D Wt — T, ) dt (2.2.3)

i j=1 kLT,
or:

L Il + 1)L +j] T,
A ] Cij H

Rg,, (LT.) =3 (—1) S (dix @ Cy)u{t —jT.)dt (2.24)

i j=1 (kL +j~1) T,

The output of the correlator is being sampled at kLT, instants and the

sampled value
Di,k = RSCL(LTC)

is discriminated at a fixed threshold to estimate the data bit.

Since the channel is digital and therefore effectively the hard-limiting of the

signal takes place the value of D;y is bounded:

Di'kdi.kr 1 S ‘nl TC

2.2.5
Di'kdi,k [} 2 nO TC ( )

Where:
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n, - is the number of positive chips in the one-pattern

ng - is the number of positive chips in the zero-pattern

If maximal length sequences are used to modulate the data at the transmitter

then:

n; =

Ng = +1

In case when the difference in the number of pulses in the one- and zero-pattern
is significantly large the transition probabilities of the channe! will depend on

this difference. This kind of signaling is not desirable for symmetric sources.

Applications of OOK/OR/DS channel to multiple access communications is very
limited due to it's poor performance which is explained by non-optimal signal

design. It will become more clear when we analyze the Time-Hopped channel.
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2.8 OOK/ADDER/DS CHANNEL

In this section we will show the results of the simulation study of the
OOK/ADDER/DS Channel. The study was performed on a time domain
simulator. Fig.2.5 illustrates the block-diagram of the simulated system.
Multiple users were assigned unipolar Gold codes generated by pairs of shift

registers.

A special random numbers generator produced time-offsets for each user. The
number of users varied from one to the maximum possible that corresponds to

the number of Gold codes in the set.

The receiver was realized as a correlator that crosscorrelated a local bipolar
replica of first user's code with the incoming multi-level signal. The bipolar
local replica was synchronized to the unipolar code of the first user. The

crosscorrelalion signal was diseriminated at zero and errors were counted.

The results of the study is shown in Fig.2.6. As it can be seen from the figure
the system displays 10~° probability of error when the number of users is less

than 10 % of the processing gain K, .
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2.4 CONCLUSIONS

We described the OOK/OR/DS and OOK/ADDER/DS systems and performed
the simulation study of the OOK/ADDER/DS channel performance. As it could
be expected due to the positive signaling and therefore non-gaussian statistics of
the multiple user noise the fiber optic Direct Sequence CDMA channel
demonstrates less than 10 % throughput for 10~° probability of error. In
addition we have to point out rather high dynamic range of the light power

required that limits applications of this technique.




3. TIME-HOPPED CDMA SYSTEM

3.1 INTRODUCTION

An effective way of Code Division Multiplexing in the OOX/OR channel is to

use signals with low duty cycles.

The method we propose and analyze in this chapter employs modulation of the
data by sequences that have pseudo random intervals between the pulses. It is
called Time Hopping (TH). The sequences that are used in this system are
called Pseudo Random Intervals Sequences (PRIS). They are described in

chapter one.

We will call the Time Hopping process Slow if there is one or less time hops
corresponding to one data bit, and we will call Fast Time Hopping the method
when data is modulated by a sequence with pseudo random time intervals
between the conseculive pulses and with more than one of such pulses (Time

Hops) per data bit.

The OOK/OR channel where Time Hopping is used to spread the data we will
denote as: OOK/OR/TH Channel.

In this research we address only systems that employ the Fast Hopping method.

The process of modulating the data signal by a PRIS code derived from a PN-
Sequence is shown in Fig.3.1. The data signal in this case is modulo two added
to the PN code and then the resulting signal is mapped into the time intervals
sequence by generating short pulses corresponding to positive transitions in the
signal. The synchronization pulses are then may be inserted to serve as timing

reference for the receiver.

The process of data recovery is depicted in Fig.3.2. The receiver contains a
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matched filter which can be an electronic or optical correlator. Fig.3.2
illustrates the operation of an electronic correlator. The reference code W(t) is
crosscorrelated with the incoming signal S{t) which is the resultant signal of the
optical to electrical conversion process that takes place at the front end of the
receiver. The crosscorrelation function is then sampled at kT4 instants and
discriminated at a fixed threshold. Another type of a correlator is the one that
employs Tapped Delay Lines (TDL) that are matched to the time intervals of
the target code. It is called TDL correlator. The diagram of the TDL
correlator receiver is shown in Fig.3.3. The Tapped Delay Line itself can be
realized in electronic, [50], or in optical domain, [10], which will increase
potentials of the system since the parameters of the receiver will be less

sensitive to environment variations.
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3.2 MULTIPLE USER INTERFERENCE IN OOK/OR/TH SYSTEM

It is necessary to determine the characteristics of the multiple user noise in the
system. One has to realize that the properties of this noise and its effect on
each users signal is very much dependent on the signaling scheme employed and

the receiver design.

For binary data communications we propose two different signaling schemes.
The first scheme to be analyzed is what we call Passive Pause Signaling, (PPS}),
uses only one PRIS code per user to communicate the data value of one. When
the data value is zero no signal is being generated. The second scheme uses two
sequences per user as i it is shown in Fig.3.1, One is to represent the data value
of one the other is to represent the data value of zero. This concept can be
generalized for m-ry signaling where each user is assigned m distinct PRIS

codes.

First we analyze the performance of the OOK/OR/TH system that employs

passive pause signaling.

Let:

N be the number of interfering users,

n is the number of pulses in the one-pattern (hops per bit),

T4 is the duration of the data bit,

7. is the duration of the time hop,

p(0) and p(1) are the probabilities of zero and one in the data stream.

On the average each user contribules /4 pulses per second to the multiple user
noise. This parameter depends on the number of hopes per bit, the probability

of one in the data signal and the data bit rate:
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o = np(1) (3.2.1)

If the number of interfering users is large (more than ten) it is safe to assume
that the start times of the interfering pulses have Poisson distribution with the

parameter 1 :

=N = —I\]—%P—(ll (3.2.2)
d

This is the worst case value since il is computed assuming infinite data sources.
In other words for the sake of this analysis we consider each of the N users and

the target transmitter constantly transmitting data.
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8.3 PROBABILITY OF ERROR IN THE O0OK/OR/TH SYSTEM

We will now analyze performance of the system that employs Tapped Delay
Line receiver and the Passive Pause Signaling, (PPS). The diagram of the
receiver is shown in Fig.3.3. The receiver acts as a matched filter for the target
users signal if the delays DL; are mirror images of the intervals of the PRIS

code assigned to the user.

The signal from the Optical to Electrical, (O/E), converter is routed to the
delay lines whose outputs are connected to the n-input AND gate. The output
of the AND gate is strobed by the synchronization pulses z(t). After that an
Integrate-And-Dump operation is performed. The decision about the
transmitted data bil value is done by comparison of the integrator output with

a fixed threshold.

If Pagsive Pause Signaling is employed then the OOK/OR/TH channel can be
viewed as Z-channel assuming no pulse jitter in the signal is present. Even
though we make this assumption the receiver which is depicted if Fig.3.3 is
designed with the notion of some uncertainty in the positions of the pulses in
the pattern. The sensitivity of the receiver to the pulse jitter can be reduced by
lowering the threshold in the comparator. But one should realize that this will

increase the probability of false detection.

The assumption of no jitter in the signal and perfect synchronization between
the transmitter and the receiver will lead to no loss of the target user signal
when data value of one is transmitted and some false signals detected when the

transmitted data value is zero.

To determine the probability of error we have to find the parameters of the

multiple user noise signal y(t) at the output of the AND gate, Fig.3.3.
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Due to the assumption of completely random codes we can also assume that the
pulse trains x;(t) are statistically identical. Following [50] and (8] for the
overlapping pulse train y(t) the complementary integral distribution can be

found as follows:

-1
SR |
Feylr) = [1 - = ch,x(t)dt] Fel7) (3.3.1)
x O
From (1.5.28) we observe that:

Fc'x(r) =1, for 0 <71<7,

Then for the same interval of the 7 values:

F,(7) = [1 ~ ;}}H (3.3.2)

Substituting (1.5.26) into (3.3.2) we receive for the complementary integral

distribution of the pulse durations of the signal y(t):

—pr, Jo-1
F,(r) = [1 - -;'-i——i_T] (3.3.3)
A necessary part of the detection process is strobing the output of the AND
gate by the synchronization signal z{t). The period of the sync pulses is equal
to the period of the data Ty . The duration of the sync pulses 7, is not greater
than that of the user signal pulses 7, to reduce the probability of false

detection.
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The pulse rate of the signal z(t) is:

- (3.3.4)
The rate of the y(t) pulses can be found from the following formula, (8):

n . _n o]
py = |1 5, 75, 20 = (3.3.5)
i=1 jm=1 Txi
Then:
iy =mn ji, P> (3.3.6)
And the average duration of the y(t) pulses:

I
— Py i=1 ¥
Ty=:=

“ n __nw 1
y ll-‘x;Tx. —
i=1 T

(3.3.7)
=1 %
or since the pulse trains are statistically identical:

\‘
Il
= |><‘*|

(3.3.7):

(3.3.8)
For the strobed signal a(t) we receive using formulas identical to (3.3.5) and

/‘a=@“z (a'i" 72)




_ o T
7, = —12 (3.3.9)
T,
The signal a(t) is integrated:
;¢
V(t) = — [ a(¢) d& (3.3.10)
Ty 0

The output of the integrator is sampled at the instants of time immediately
following the z(t) pulse. The decision aboul the transimnitted data value is made
based on the comparison of the integrator oulput V(7,) to a fixed threshold V.
If V(7,) >V the decision is in favor of data value of one, otherwise the

decision is in favor of zero.

In ideal situation when there is absolutely no jitter in the signal the value of
threshold can be made very close to the integrator output when no interference
is present. But in reality there will be some loss in the value of the signal at the
output of the integrator due to non-perfect tracking as well as other factors.
Therefore the value of the threshold has to be selected lower than maximum

possible. This in it’s turn will increase the probability of false detection,

The pulses a(t) will cause false detection to take place only if their durations

fall within the interval:

A

<7<, {3.3.11)

The average rate of these pulses will be:

= ity Pylr2r7) (3.3.12)
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where P (r2>7p) = F, ,(7r) is the probability of the a(t) pulses to last longer than
Tr. The complementary distribution F., can be found from the following

formula, (8}, [50}:

Fc,a( ) :_ T) [1 - —f Fc y(‘- dE T c,y(T) [1 - —5—} Fc,z(E) d{]
Ty 0

(3.3.13)
or substituting (3.3.3) into (3.3.13) we receive:
1 o e
Feoln) = = 1——= — T, =T (3.3.14)
' Ty + 7 T. n
for 0<7<T,

Then substituting (3.3.14) into (3.3.12) we receive the average rate of the

multiple user noise pulses thal can potentially cause false detections:

(3.3.15)

The errors will occur only when data values of zero are transmitted thus the

probability of error will depend on the a priori probability p(0):

P, = jiy T4 p(0) (3.3.16)
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Taking to consideration (3.3.9) we receive:

5om + 7, — 'TT] p(0) (3.3.17)

Or using (3.3.6) and (1.5.22) we finally receive the probability of error for the
OOK/OR/TH system that employs Passive Pause Signaling:

41, — | (3.3.18)

n-1 -
Tp iy — Tr
n

n—1
P,=n e p0) [1 - em”‘] {1 - =

Tx

where:

We can express the average duration of the multiple user noise pulses via the

number of interfering users and the parameters of the signal:

nNr,
] —e 2T
T, =~ oNn (3.3.19)
nN 72T,
— e
2Ty

Let us introduce a parameter K; that we will call Bandwidth Expansion

Coefficient:




T4
K; = (3.3.20)
TC
Then the expression (3.3.19) becomes:
_&N
2K,
Ty = 'I—'E“—JN— (3.3.21)
nN euz—ﬁ;
2T,
And the probability of error:
BN ¢ N T n—1
1 72K, n T
Pe=—11~- 1 — X
¢ 2 ¢ [ t 2 Td]
_aN 7 o 7 2N
1 — 2K, 1+ ﬂ ..l — nilN 7 n T (3_3_22)
2 Ty 2 Ty 2 Ty
1
for p(1) =p(0) = 5
We will now introduce the Strobing Factor:
TZ
K,=—= (3.3.23)
TC

It indicates the duration of the synchronization pulse as a fraction of the time-

hop duration. And the Thresholding Coefficient:
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KT = = - (3.3.24)

This coefficient indicates the value of the threshold as a fraction of the

maximum possible integrator output.

Then we can rewrite the expression for the probability of error:

nN
1 9K, n N
P,=—]1 - 11 - K+ K
T 9 ¢ l+21~;, T B x
o N * N N
2K, n n n
1~ 1 — — K+ K, —— —K — — K+ K 3.3.26
e l +2 Kf T z 9 Kf z+ 9 Kf T z] ( )

To characterize the system performance it is convenient to introduce a

parameter that we will call Channel Load and define as:

C = — (3.3.26)

Channel load illustrates the channel utilization by indicating the number of
interfering users in the CDMA system relative to the number of users that could
be packed into a TDMA channel without overhead. The probability of error

then becomes:

n—1
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- Kt —n +nK
1—e 2 |14 T 1K,C (3.3.27)

Fig.3.4 illustrates the curves of the probability of error for the OOK/OR/TH
channel. As it can be seen from the figure the probability of error monotonically
increases with increasing number of interfering users. The Bandwidth
Expansion Coefficient K; = 127 yields Bit Error Rate P, = 10~% when the
number of interfering users is approximately 25 and when 8 to 12 hops per bit
PRIS code is being used. Fig.3.5 shows identical curves for K; = 255 . As the
number of hops per bit increases it becomes more unlikely for the multiple user
noise pulses to align in a way favorable to the appearance of a false pattern.
But on the other hand the contribution of each user's signal to the system noise
is greater when the number of hops per bit is large. These two factors cause
existence of the optimal number of hops per bil for a given number of

interfering users.

Fig.3.6 illustrates the Probability of Error as a function of the channel load and
the number of hops per bit in the PRIS codes assigned Lo the users. These

curves are applicable to any value of the Bandwidth Expansion Coefficient K; .

Fig.3.7 illustrates the presence of the optimal number of hops per bit for a given
channel load. The more users are interfering the lower is the optimal value of
n. Luckily the range of the optimal values of n is rather small, but the
sensitivity of the Bit Error Rate to the variation of n is very much noticeable.
The designer might have to know the expected load when selecting the code set
for the system. The dependence of the optimal number of hops per bit from the
channel load is illustrated in Fig.3.8. For small loads larger codes will make

false detection less probable, but for large channel loads the tendency is
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towards less hops per bit in order to reduce the system noise. Optimal n
obviously yields the minimum achievable Probability of Error for all other
parameters fixed, such as the duration of the sync pulse and the threshold in

the decision making comparator.

Fig.3.9 illustrates the minimum achievable Probability of Error versus the
channel load. It can be seen that Probability of Error can be 107% or better if

the channel load does not exceed 21 %.
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Active Pause signaling

Let us analyze a system that employs now Active Pause Signaling, (APS),
scheme. In this system each user is assigned two distinct sequences c;y and ¢;;

to represent the binary data values of zero and one correspondently, Fig.3.1.

Let the PRIS code that represents the data value of one, or one-pattern, consist
of n, pulses (hops per bit) and the code representing the data value of zero have
ny pulses. Then on the average per unit of time each user contributes to the

channe! 14 pulses, where:

ng p(0) + n; p(1)
L"i == Td

Assuming infinite data sources all N interfering users will contribute to the

multiple user noise #” pulses per second, where:

=N,

The Tapped Delay Line correlator receiver for the system consists of two
tapped delay line filters matched to each of the PRIS codes. The
synchronization pulse is used Lo strobe the output of the tapped delay line filter.
The strobed signal is then routed to the Integrate-and-Dump circuits. The
decision is made by comparing the outputs of the integrators. For the error to
occur in the jitter-less system both integrators outputs have to be saturated, i.e.
reach maximum possible value. Then the decision will be up to the gaussian

component of noise in the receiver.

Using reasoning as for passive signaling system we receive for the multiple user

noise at the output of the tapped delay line filter matched to the one-pattern:
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— T,
Te

Fey (= |1 — ————
c,y l I fand 14 P

And for the filter matched to the zero-pattern:

—ur,

re
Feyln) = [1 i —

1—e

The average durations of the pulses are:

-
1 n
—_ &
Yo ny

For the strobed signals we receive using (3.3.9):

And the average pulse durations:

1_—- — iz
ay -

Ty, + 7,
— _ _TyoTz
ag R

Ty 47,

(3.3.28)

(3.3.29)

(3.3.30)

(3.3.37)

(3.3.32)

(3.3.33)

(3.3.34)

(3.3.35)
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The complementary integral distribution function then becomes:

1 Pt -
Fc,a‘(r) =—— |1 — — + T, =T (3.3.36)
T, + 7, i Ty Iy
1 7 o1 Ty — T
Feol=—" |1 —— + 7, =7 (3.3.37)
Yo + LA | x Do .

The probability for these pulses to reach maximum possible duration that will

yield in it's turn the maximum possible output of the integrator is as follows:

n.—l e
1 Ty x— 7
Fealr) = = ll - :—-l (3.3.38)
Ty' + Tl Tx Il!
- ﬂg—l pacd
1 Ty Ty — T,
Fc,ao(rz.) = 1 - :] > : (3.3.39)
Tyo -+ Tz TX_ Iig

The average rate of the pulses that can potentially cause an error is then:

Hey = Ha, Fc,a.(rz) (3.3.40)

floo = 7 Fears) (3.3.41)

Due to the symmetry of the gaussian noise distribution only half of these pulses

can cause errors. Then the probability of error for this system becomes:

fof? o Pl
1/2Ty P 1/2T4

P, = p(0) (3.3.42)
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Or for a symmetric data source:

Ie, + Hle, :
P, = ———=2 T, (3.3.43)

2

If both PRIS codes contain the same nuinber of pulses, i.e.:

nl=no=n

And thus:

We recetve for the probability of error:

P, =1, Ty (3.3.44)

Using (3.3.31), (3.3.29) and (3.3.25) we have:

(3.3.45)

Assuming symmetric data sources and using (1.5.24) and (3.3.6) we receive for

the probability of error:

(3.3.46)
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And introducing the channel load parameter we receive:

P, = [1 — ¢ [1 + nch,]]“ (3.3.47)

Fig.3.10 illustrates the probability of error as a function of the channel load for
different numbers of hops per bit. The channel throughput is noticeably smaller
for the system that employs active pause signaling due to greater contribution
of each user to the multiple user noise. The crossings of the curves that
correspond to different values of n indicate presence of an optimal number of
hops per bit for a fixed channel load. Fig.3.11 illustrates this fact. By
comparing graphs on Fig.3.11 with the ones on Fig.3.6 we can conclude that the
system with passive pause signaling offers approximately two times greater
throughput. The reasoning in favor of active pause signaling is reduction in
complexity of the synchronization circuitry and no restrictions have to be

imposed on run-length distribution in the data bit stream.

Fig.3.12 shows the optimal number of pulses in the PRIS code versus channel
load. As the channel load increases the optimal number of hops per bit goes
down. Fig.3.13 illustrates the minimum achicvable probability of error as a
function of channel load for a system employing the active pause signaling
scheme. To insure BER of 107° or better the channe) load has to be kept less

than 12 % .
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8.4 OOK/OR/TH BURSTY CHANNEL PERFORMANCE

In bursty communications environment each source is characterized by the
average duty cycle of the information flow. One example of this kind of
environment is packet communications. Another example is communicating

voice using speech detectors.
We will now analyze the OOK/OR/TH bursty channel performance that
employs passive pause signaling.

Let 7 be the average duty cycle of all M information sources in the system. The
signals from all users overlap in time. Thus at any instant of time there is some
probability #n(M) to have N signals out of total M overlapping. This

probability can be found as follows:

RN O (3.4.1)

(M) = lll\\]d

We will call signal burst of order N a portion of the multiple user noise that
consists of coinciding signals from N users. Then yn(M] is the average duty

cycle of the N-th order burst.

For the system with M active interfering bursty users the average probability of

error becomes:

P(N) 7 (1 — M-N (3.4.2)

M
M
ret |
=

Where P,(N) can be found from (3.3.25).




Fig.3.14 illustrates the probability of error as a function of the number of
interfering users for different duty cycles of the bursty information sources. It
can be seen from the figure that duty cycle of 0.4, for example, allows the

channel throughput to be increased to over 40 %.

Fig.3.15 illustrates the time distribution of the bit error rate. In other words, it
shows the distribution of the duty cycle of different values of the probability of
error for a case of 40 interfering bursty users in a system with K; = 127. It can
be observed that most of the time the probability of error is within 1077 to 107°

range, while only during 1 % of the time it is at 1073 value.
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8.6 CONCLUSIONS

We proposed an effective technique of Code Division Multiplexing of multiple
user signals in the single Fiber Optic Channel. The main restrictions that the
Fiber Optic medium imposes on the comnmunication system design‘are limiting
to positive signaling and the necessity to clip the channel signal in order to
sustain dynamic range variations. As a result the system model is a digital OR

Channel.

In spite of these limitations the signaling schemes we proposed offer sufficient
throughput to be acceptable for Local Area Networking applications. The
OOK/OR/TH system that employs passive pause signaling demonstrates better
than 20 % channel throughput with probability of error less than 107 with no
coding on the top of spread spectrum. Identical system with active pause
signaling demonstrates (10-12) % throughput. In bursty communication
environment when the duty cycle of bursts is no more than 0.4 the system with

PPS demnonstrates over 40 % throughpul.

The high level of performance that has been determined for the Fiber Optic
OOK/OR/TH Channel can be explained by the high bandwidth and relative
stability offered by the Fiber Optic medium, low thermal component of the
system noise and the precision of the Tapped Delay Line correlators that can be
achieved by performing the signal processing in the optical domain. This
properties of fiber optics justify the assumptions that were made for the

analysis.



- 89 -
4. COLOR-HOPPED CDMA SYSTEM

4.1 INTRODUCTION

In analogy to a {requency hopped spread spectrum system we propose an optical
channel signaling scheme that uses several optical sources. Every source emits
light of different wavelength. The data modulates alternately these sources

following some pseudo-random pattern.
We will call this process Color Hopping or Lambda Hopping and denote as A\H .

We propose to use this scheme for multiple access. The block diagram of a AH

system is shown in Fig.4.1.

A PN-Code generator with parallel output generates pseudo random binary
words which are decoded in a 1/L lines decoder. The outputs of the decoder
enable the data bit stream to pass to only one of the L optical sources to
modulate the source intensity. The signals from all sources are couple.d into one

fiber using WDM (Wavelength Division Multiplexing) uni-directional couplers.

At the receiver end a WDM splitter is used to separate the signals of different
wavelengthes. Bach of these optical signals is then converted to electrical and
the information baseband signal is recovered by assembling the composite signal
from it’s components via interleaving. This operation is done in the Interleaver.
The simplest realization of this device is an m-input OR gate. In this case the

model of the channel can be considered as OOK/OR/ XH.

We will distinguish between Fast and Slow Hopping and the boundary between
these two schemes will be the hopping rate equal to the data transmission
speed. Thus a slow hopped system will have one hop per data bit or less. A

fast hopped system will have several hopes per data bit duration.
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We can represent the signal of the i-th user in a X - hopped channel model as:

o m .
k=—oxj=1
Where: d, € {O,Il—-—. unipolar data

A — pseudo-randomly selected wavelength and \(t) — is the pulse shape

function at the outputl of each photo-detector:

i iTy £t <(j+1)T,
! —_
t) = 0 elsewhere

&(t) — is the data pulse shape function:

&) = 0 elsewhere

The technique that we will consider is the one that uses fast hopping. In case
of a fast hopped system the receiver is detecting patterns of different
wavelengthes separately and then interleaves them Lo recover the data. This

process is illustrated in Fig.4.2.

The signal at the output of the Interleaver in the absence of multiple user

interference can be written as follows:

bty m
Si(t)= N X X it —jT)) (4.1.2)
k=—x J = 1

The pseudo random wavelength pattern and the data bit stream are
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synchronized so the beginning of the data bit corresponds to the beginning of

the pattern, Fig.4.2.
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4.2 MULTIPLE USER OPERATION IN THE COLOR-HOPPED SYSTEM

Let us first consider a system that employs Passive Pause Signaling, (PPS),
scheme. The data bit value of one is being communicated by a pseudo random

pattern of pulses that appear at different wavelengthes, Fig.4.2.
Let 7, be the duration of the pulse at the wavelength X .
Let L be the number of optical sources in the system.

We will determine the multiple user noise parameters using approach similar to

the one used for Time-Hopped system.

If all users are assigned codes that make use of all of the available optical
sources and have the same number of hops per bit n, at each wavelength then

each user contributes to the multiple user noise /4 pulses per second:

ny,
i= g Pl (4.2.1)

where:
L is the number of wavelengtihs,
p(1) is the probability of the data to take on the value of one.

Then the average number of pulses per wavelength in the system noise becomes:

p(1) (4.2.2)

We will assume Poisson distribution of the start times of these pulses and

therefore the parameters of the multiple user noise can be found the same way



we fund the statistics of the noise for the Time-Hopped system. We will assume
that each code uses up all L wavelengths and has only one pulse at each

wavelength:

ny, = 1 (4.2.3)

The maximum number of possible distinct codes is:

Nppay = L ! (4.2.4)

may

If a Tapped Delay Line Correlator is employed the equivalent diagram of the

receiver can be viewed as it is shown in Fig.3.3.

The optical signals at different wavelengths are being decoupled and routed to
the corresponding Optical To Electrical, (O/E), converters where the optical
signals are converted to electrical ones. Then the electrical pulses are delayed
integer number of time intervals r, and passed on to the AND gate. The output
signal of the AND gate y(t) is strobed by the synchronization pulses z(t) and
the resuvliant signal a(t) is then processed by the Integrate-and-Dump circuit.
The decision about the transmitted symbol is made based on the comparison of

the integrator output to a fixed threshold.

If we assume no jitter in the incoming signal and perfect synchronization
between the transmitter and the receiver, then there will be no loss of the
information when data value of one is transmitted. As in the Time-Hopped
system the assumption of the jitterless signal does not imply that the proposed
system will not function if there is jitter. On contrary, it is designed to sustain
it. The presence of the threshold Vp <V .., where V., is the maximum

possible output value of the integrator insures system’s resistivity to the timing
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fluctuations. But since we neglect the pulse jitter effect on the detection
process beside the selection of the threshold value, then we can say that the

probability of incorrectly detecting the one pattern is zero, or:

p(1/1) =1 (4.2.5)

The errors occur when a data value of zero is transmitted and multiple user
noise signals at each wavelength align in a way when they produce coinciding

outputs of all L. delay lines.
This model leads to the Z-channel.

For each wavelength the average pulse rate of the system noise is then:

far=1me (4.2.6)
And the average pulse width:

=Ty,
1—e

Tx N = (4.2.7)

— T

e

The probability density function for the durations of the multiple user noise

pulses:
(1) = e ™ o(r—1) + 11e Y U(r—ry) +
oc —v r T — k+1 T k 14y
$ (c1)k ik it 1= 4 2~ )] ol - (et
o (k1) k

(4.2.8)




The complementary integral distribution of the pulse durations can be found as

follows:

< ~1 _—mkn (T—kTA)k-l Iy
Font =1+ 5 k2o LI | 2 ) ey
(4.2.9)

From this formula we can observe that the probability for the multiple user

noise pulses Lo be longer in duration than some value 7is smaller as 7 increases.
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4.8 PROBABILITY OF ERROR IN THE OOK/OR COLOR-HOPPED SYSTEM

We will determine now the probability of error for the OOK/OR/ X\H system
using the Poisson model of the system noise. The receiver for the system

employs the TDL correlator identical to the one in Fig.3.3.

For the signal y(t) we have :

-1
1 g .
Feyl(r) = [1 - —[F c,x_x('f-')dar‘ Fex(7) (4.3.1)
TxA 0 ,
For the interval 0<r<r, we have:
; L-1
F.y () = ll - — (4.3.2)
Tx,,\ |
Or substituting (8) and (9) into (13) we receive:
L—1
It .
Fc,y;(T) = |1 — 1 nr (4.3.3)

Using the same reasoning as in chapter three we receive the average

characteristics of the strobed signal a(t):

=Ty 1 (7 + 1) (13.4)

(4.3.5)
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And the complementary integral distribution:

e T
1 — — —— 7, =T (4.3.6)

for 0<r< 1,

The integration process with the consequent decision making by comparison of
the integrator output with a fixed threshold will lead to false alarms due to the
fact that some of the a{t) pulses will exceed in duration some value 71 that is

related to the threshold Vr in the following way:

T (4.3.7)

The probability for the duration of the pulse Lo exceed 7p<{7, can be written as

follows:

L1t —
. 1 Y Teh 70T )
Pr(r>TT) = lJ't:.a('r'l‘) = ll - TJ l A — + -7 (4'3‘8)
Ta T, Tx L |
And the average rate of these pulses:
—_ L-1
— I 7 & T
g =—— |1- _'f_] % 47, — Ty (4.3.9)
Ty+Tz Tx”\ L

And the probability of error:

P, = ixT4p(0) (13.10)




- 100 -

Or expressing the strobed signal rate g7 via the average rate of unstrobed

pulses ﬁ; we receive for the probability of error:

Tx 7T
L

T 7

—= + 7, — rTJ (4.3.11)
2 Tx,)s

Using (4.2.6), (4.2.7) and introducing the parameters K, and Ky we have:

NT\ R L—l
1 —ET—. NKTKzT)\
P.=— |1— 4 —_—tn
e 2 € + oT, ] X
Al NKK LNK LNK-K
- T T 4 T
1—e T |14 — 22 LI el (4.3.12)

Since we consider the case of only one pulse at each wavelength per code then:

T
Sl R (4.3.13)

Y

Then substituting (4.3.13) inlo (4.3.12) we receive the probability of error for
the AH system with PPS as a function of the number of interfering users and

the number of wavelengthes employed:

N
1 N KK,N
P, = "é- 1—e % [ 21:' ] X
N -
i NK{K, NK, NK¢K
1—e® |1 4 —1 2 2 b (4.3.14)
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Fig.4.3 illustrates this dependence. It can be observed from the figure that the
number of users in the system is proportional to the number of wavelengthes

available.

We will introduce the channel load parameter for the NH system and define it

as:

N
C = 1z (4.3.15)
Then the probability of error for the system as a function of the channel load

can be written as:

2]
Po=|[1—-? |1+ KTKz?]'] b
- % G 2y, O 2 G

1 -e 1+ LI(TKz—é— - L K‘_z— + L KZKT—; (4.3.186)

Fig.4.4 illustrates the probability of error for the OOK/OR/ MH system as a
function of the channel load. The curve for the optimal number of wavelengthes
is depicted in Fig.4.5. Fig.4.6 illustrates the minimum achievable probability of

error.
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Active Pause Signaling

Let’s now consider an active pause signaling scheme where each user is assigned
two distinct pseudo random wavelength patterns. Fig.4.7 shows the block
diagram of a transmitter and a receiver for this system. The transmitter
consists of two PN sequence generators which are identical to the one used in
the Passive Pause Signaling scheme. One of the generators is enabled when
data value of one is transmitied another is enabled when data value of zero is
to be transmitted. The generators alternately control the optical sources thus
generating one of the two possible A— patterns at a time. The equivalent
diagram of the receiver includes two sets of the delay lines similar to the one in
the receiver of the system with Passive Pause Signaling. The outputs of the
delay lines are passed trough the AND gate, strobed and the resultant signal is
routed to the Integrate-and-Dump circuitry. The output signals of the
integrators, that exceed in value some fixed threshold Vi , appear at the inputs
of the comparator. The decision about the transmitted data bit is made based

on the prevailing signal.

If the pulse jitter can be neglected then there will be no losses of the
transmitted information since the corresponding integrator’s output will be at

it’'s maximum:

Vi = V| max (4.3.17)

when the one-pattern was transmitted and:

Vo = VO,max (4.3-18)

when the zero-pattern is transmitted.
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The error will occur when maximum will be reached by the integrator output
that corresponds to the pattern that was not transmitted. This can happen
due to the multiple user noise. But even then only half of these situations will

cause an error because of the symmetry of the thermal noise statistics.

The contribution of each user to the multiple user noise at each wavelength

average per second is as follows:

= = (4.3.19)

And all users contribute 14 pulses to the system noise at each wavelength,
\

where:

N
Ty

tHn =

(4.3.20)

Using the same approach as for the TH system, we can assume that the errors
in the jitter-less system can occur only if both integrators are at their maximum
output and the decision is being made based on the prevailing output. In other
words it will be up to the gaussian component of noise. The Integrate-And-

Dump circuit is an optimal filler for the while gaussian noise channel.

Then the probability of error becomes:

L-1 ( —
. T, Ty \—T,
P, = 1y [1 — Fi] l ""L ’J (4.3.21)
X\

By substituting the expression for ;_l; and taking to consideration conditions

(4.3.17) and (4.3.18) we receive:
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(4.3.22)

We will now introduce the channel load parameter for the OOK/OR/ M

system:

N
C = ']:'2" (4.3.23)
Then the probability of error hecomes:
_ L
P, = [1 — LG [1 + LK,C,]] (4.3.24)

Fig.4.7 illustrates the plots of the probability of error for the QOK/OR/ \H
system with active pause signaling as a function of the number of interfering
users. Fig.4.8 shows the plots of the probability of error versus channel load.
Optimal number of wavelengths is given by Fig.4.9. And the minimum
achievable probability of error as a function of the channel load is shown in

Fig.4.10.
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4.4 CONCLUSIONS

We introduced a new fiber optic Code Division Multiple Access scheme based on
optical bandwidth spreading method. This system offers significant throughput

and allows multiplexing multiple user signals into a single fiber optic medium.

Color Hopping should be used when optical bandwidth utilization is preferable
to electronic, when spreading the electronic bandwidth is a problem. The data
pulses in the Color-Hopped system stay unspread until they reach the E/O

conversion stage.

We derived the expression for the probabilily of error that ties the bit error rate
to the number of users and the number of available wavelengthes. For system
designs with eflicient bandwidth utilization we plotted the optimal number of

the colors as a function of the channel load.
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6. HYBRID MULTIPLE ACCESS COMMUNICATION

6.1 INTRODUCTION

In order to increase the Code Division Multiple Access channel throughput we
propose a multiple access scheme that utilizes a combination of Color and Time
Hopping. It allows the use of a two-dimensional addressing scheme which
makes it possible to multiplex more users into a single fiber. Unlike the TH and
AH systems the hybrid scheme allows to use the non-optimal PRIS codes and
yet create optimal two-dimensional hopping patterns at each wavelength. The
mechanism of this kind of code generation however is not yet researched and is

beyond the scope of this research.

Different combinations of the Time and Color hopping techniques are possible.
One can construct a system that will employ fast Time Hopping and slow X
Hopping and visa-versa. We will limit our analysis to the system with fast

Time and fast Color Hopping.

Another set of combinations have to be pointed out. It is possible to
implement a system that will have Time-Synchronous, or Chip-Synchronous,
hopping patterns while maintaining asynchronism in the wavelength hopping
pattern. The opposite is also possible. All combinations might find their
applications. In this research we limit our analysis to completely asynchronous

case.

The block-diagram of a hybrid T—NH multiple access system is shown in
Fig.5.1.

A PN-Sequence generator which is used in this system incorporates a shift-

register that has a parallel as well as a serial output. The paralle] binary
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pseudo-random code words are being routed to a 1/L lines decoder whose
outputs are used to select the optical source. The PN-generator’s serial output
is modulo-two added to the data bit stream and the resulting signal is routed to

all optical sources.

The address assignment in this multiple access system is realized according to a
two-dimensional (Time Interval-Wavelength) matrix. The 2-D pattern matrix
consisls of integer numbers I,,I,, * * * I, of chip-slots which signify the distances
of the pulses from the beginning of the code. The subscripts show the pulse
number in the pattern. The columns of the matrix correspond to the

wavelength values A\j,hg, ** ¢

where n is the number of pulses in the pattern.
Of course this number can be different for one- and zero-patterns.

Another way to represent the patterns is by using a binary matrix and having
the rows correspond to the pulse distances from the beginning of the pattern
and the columns correspond to the number of the optical source, i.e., to the

wavelength.

In general the spreading code generator and the wavelength controlling
generator can be realized as separate devices but they have to be chip-

synchronous to prevent A — hops to occur within one pulse in the pattern.
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In the matrix representation the column shows the time sequences that

correspond to one wavelength.

This system can accommodate significantly larger population of wusers
communicating over a single fiber. The OOK/OR system that employs hybrid
signaling which is a combination of Time Hopping and A Hopping we will denote

as OOK/OR/T X H system.
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5.2 MULTIPLE USER NOISE IN OOK/OR HYBRID SYSTEM

The phenomena of the multiple user noise in this system is some-what identical
to the one in the TH system. The difference is that multiple wavelengths will
reduce the interference among users since the contributions by the users to the
system noise is smaller per wavelength in this system versus TH system
assuming the same number of hops per bit in the PRIS code. Therefore
employment of Wavelength Division Multiplexing allows to "pack” more users
into a single fiber. Let n, be the number of time hops per bit at some
wavelength X . And let L be the number of wavelengths used in each code.
Without loss of generality we can assume that the system uses identical codes
in terms of number of pulses in the pattern. Each code uses up all L optical
wavelengths available and the number of time hops per bit at each wavelength

is the same for each user.

If the passive pause signaling is employed then each user contributeds to the
multiple user noise on the average per unit of time //; pulses at each

wavelength, where:

ny

in: =—rpll 5.2.1
And N users will contribute 1/, pulses:
Nn‘\
"= p(1) (5.2.2)
d

We use the Poisson model and the approach similar to the one used for the TH
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system. The average rate of multiple user pulses at each wavelength can be

written as:

And the average duration of the multiple user noise pulses:

— T,
— _ 1=e e
XA T —I'\T
he

The probability density function of the pulse durations is then:

, . o .
fx(T) = e-r,\rcé(T—Tc) + e "\T‘U(T—-Tc) + )_:(-—l)kl!)\ke oy(k+1)r, x

k=1

k
T

(5.2.3)

(5.2.4)

(5.2.5)

It can be observed that there is a finite probability of pulse durations equal

exactly to 7.
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5.8 PROBABILITY OF ERROR IN THE HYBRID SYSTEM

Passive Pause Signaling

We will analyze the system that employs a receiver consisting of WDM splitter
and otherwise identical to the one depicted in Fig.3.3. The number of delay

lines in the TDL correlator is equal to Ln, .

To find the characteristics of the output signal from the TDL correlator,
(Fig.3.3), we will assume all pulse trains x;(t) independent and statistically
identical. The correlator eflectively consists of Ln, delay lines. Then the

average rate of the y(t) pulses can be found as:

_— — T — T 2=l
fy =L ny 14 e 1—e (5.3.1)

The average duration of the y(t) pulses:

_ Tx,,\
Lll‘\

Ty (5.3.2)

If we use the same reasoning that we used for the Time-Hopped system we

arrive at the expression for the probability of error for the hybrid channel:

Loy—1 ( —
ST PR I Nl
¢ y Ty Ln,\

+7, - TTJ p(0) (5.3.3)
Tx,)s

Or using (5.3.1) we receive:

P = Lomo(ol e [1 o= ™ 1 1y
e = Linyi/p(0) e 1—e 1
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(5.3.4)
We will now introduce parameters K, and Ky :
rz
K,=— (5.3.5)
TC
v T
Kp=-——=-L (5.3.6)
vmnx T!

The channel load for a hybrid system is a ratio of the number of interfering
users to the total possible number of users in a TDMA system that employs

Wavelength Division Multiplexing:

N
LK,

C (5.3.7)
Where K, is the electronic Bandwidth Expansion Coefficient at each

wavelength:

T4

-~

‘e

I(f,)\ == (5.3.8)

Then the average duration of the multiple user noise pulses at each wavelength

becomes:

(5.3.9)



- 122 -

And the probability of error assuming symmetric and infinite data sources then

becomes:
—-mN Ln.—1
1 2]{"\ nAKTKzN
Pe = '2— 1—e ! 2 .5 X
Ln_\C| [y 2
1 T nkKTKzN Lll'\ I\zN Lll;\ I(TI{,‘N 5.3.10
€ 2K 2K\ 9K, (5.3.10)
Or introducing the channel load parameter:
Lny—1
—Ln;% C]
P.=|1—e 1+ Ln,\KTK,,? X
C
Loy G 2 o O o G
1—e 1+ LnAKTK,-é— — L*n, Kz—2—+L ny KTI{Z? (5.3.11)

Fig.5.6 shows the curves of the probability of error as a function of the number
of interfering users. If we introduce a parameter D which we will call Code
Dimension and define it as a product of the number of wavelengthes and of the

number of hops per bit in the code at each wavelength:

D=L ny (5.3-12)
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Then the probability of error becomes:

~1

DC,
7 - G
P,=|1—e 14+ DI\TK,‘—2— x
__Dzﬂ C 2, Ol 2 C |
1—e 1+ DKTKZ-Z—- - D Kz—2"' + D KTKz? (5.3.13)

From (5.3.13) it is clear that the number of wavelengthes and the number of
hops per bit at each wavelength present in the formula symmetrically, thus
have identical eflect on the system performance. This finding is very important
because it gives the system designer the freedom of trading off electronic
bandwidth for optical and visa-versa. Also the system growth can be on the
expense of adding new wavelengthes and not having to further expand the

electronic bandwidth at cach wavelength.

Fig.5.2 illustrates the probability of error given by (5.3.13) as a function of the
chaunel load for different values of code dimension D. It can be vbserved from
the figure that there exists an optimal value of D for a given channel load. This
dependence is shown in Fig.5.3. Since the number of wavelengthes and the
number of hops per bit have the same contribution to the performance then

their optimal value for a given channel load can be found as follows:

D

Dopt = E"t (5.3.14)
D

Lop, = —= (5.3.15)
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Fig.5.5 illustrates the minimum achievable probability of error versus channel

load for optimal code dimension at each value of the channel load.
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Active Pause Signaling

For the analysis of a hybrid signaling schemes we can also use the Poisson
model. The parameter of the distribution at each wavelength can be written

as:

n 0)+n 1
1y =N 0P )Td 1,,P(1) (5.3.16)

Where: 0y, and ng, are numbers of hops per bit in the one- and zero-patterns

correspondently.

The average rate and the average duration of the multiple user noise pulses can
be found from (5.2.3) and (5.2.4). Lel's consider a case with identical codes for

one- and zero-patterns in terms of the number of hops per bit:

n) 5 = Ngy = Dy (5.3.17)

Then using the same reasoning as in chapter three we receive for the

probability of error:

Lo ~ 1 -— -
T T. — 7
P, =1 l1 — _’_] [-i-\-—”] (5.3.18)

Assuming symmetric data sources the probability of error becomes:

Ln,N L,

P,={1—-¢ ®

(5.3.19)
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Introducing the channel load parameter we receive:
P, = [1 — e lm& 1y 4 Ln,\!{,CIJ]Llh (5.3.20)

And using (5.3.12) we arrive at the final expression for the probability of error

for a hybrid TAH system that employs Active Pause Signaling:
-DG, D
P, = {1-¢eP% [1+DK,C, (5.3.21)

The plots of the probability of error as a function of channel load for different
values of the code dimension are illusirated in Fig.5.7. There is obviously an
optimum in the value of D for a given channel load. The dependency of the
Dgpt fromn the channel load is shown in Fig.5.8. It can be seen from the figure
that as the channel load increases the optimal value of the code dimension goes
down. It can be explained by the necessity to reduce each user's contribution to
the system noise. The curve for the minimum achievable probability of error

can be found in Fig.5.9.
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6.4 CONCLUSIONS

We analyzed the hybrid CDMA mulliple access channel that employs a
combination of Time and Color Hopping. This signaling scheme implies two-
dimensional spreading of the signal spectrum. One is electronic the second is
optical. The electronic spectrum spreading is characterized by the Bandwidth
Expansion Coefficient K, while the spreading in optical domain is characterized
by the number of available wavelengthes L. It becomes clear from the analysis
that introducing the second dimension into the spreading process allows to
increase the number of users that can simultaneously communicate over a single

fiber optic channel.

We introduced a code parameter D that characterizes the size of the codes used
in the system. One can observe the similarity between the probability of error
expressions for the TAH , TH and M\H systems where D plays the role of n and
L correspondently. This similarity shows the generality of the parameter D
that we introduced for the hybrid system. In other words the TH and XH

systems can be considered particular cases of the hybrid system.
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6. SYNCHRONIZATION ASPECTS OF CDMA SYSTEMS
6.1 INTRODUCTION

In previous chapters we conducted Code Division Multiple Access systems
performance analysis for different signaling schemes assuming perfect
synchronization between the transmitter’s and the receiver's codes. What it
means il; terms of our system configurations and the system models used is that
the synchronization signal z{t) is absolutely errorless and therefore did not
cause any false detections. In the mean time the problem of deriving the sync
pulses from the incoming signal in presence of multiple user noise is rather
complicated. In this chapter we propose and analyze a synchronization scheme
for an OOK/OR/TH system. This scheme is applicable to the AH and the TXH

systems as well with minor modifications.

The idea which is behind the proposed synchronization mechanism takes
advantage of the statistical properties of the multiple user noise. By introducing
a memory into the process of signal tracking on the data level the system uses
the fact that the longer is the data bil error burst the less probable it is. In
other words if K bits are consequently detected and they are spaced in time
with the correct interval T4 and K is such that the probability of K consequent
false detections is negligibly small then synchronization can be declared with a
thrusting probability which is a function of the value of K. The realization of
this principle depends very much on the signaling scheme which is employed by

the system.
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6.2 SYNCHRONIZATION IN THE OOK/OR/TH SYSTEMS WITH PPS

When Passive Pause signaling is employed we propose periodic insertion of sync
words or usage of data scrambling techniques to insure a desired density of the
binary one runs on the data level. The diagram illustrating the proposed
synchronization algorithm is shown in Fig.6.1. The target signal mixed with the
multiple user noise appears at the input of the TDL correlator. Decoded
addresses will produce pulses at the correlator output. Pulses which are shorter

than 7, are filtered out in the Pulse Width Selector, (PWS). Some of these

pulses will be false due to the system noise.

We propose to precede every data burst by a preamble which is a run of data

values of one. The size of the preamble will determine the system performance.

Let K be the number of pulses in the preamble, or it's size. Then at the instant
when the K-th bit of the preamble is received and decoded the SYNC signal
sets the Flip-Flop, (F/F), thus declaring the synchronism and enabling the
generation of the strobing signal z(t). The circulation counter (CC) is reset to
zero. the SYNC pulse starts circulating in the delay line and number of it's
passes via the delay line is being counted by the circulation counter. If q passes
took place and the counler was not reset by the SYNC signal false synchronismn
is declared, F/F is reset and no z(l) pulses are produced. As soon as new sync
pulse appears the cycle starts from the beginning. Every new SYNC pulse takes

the previous pulse out of circulation by opening the circulation gate, (CG).
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6.8 SYNCHRONIZATION SCHEME FOR OOK/OR/TH SYSTEMS WITH APS

In the system that employs Active Pause Signaling, (APS), there is no need to
insert synchronizations words for periodic retiming of the strobing signal. The
system can use the timing derived from K previous data intervals to strobe the

(K+1)-st.

The block-diagram of the synchronisation scheme for the system with APS is

shown in Fig.6.2.

The unstrobed signals y(t) (see Fig.3.3) from the TDL correlators are ORed and
routed to the TDL correlator that is matched to K intervals equal to the data
period Ty . A Pulse Width Filter, (PWF), may be used to remove pulses which

are much shorter or longer than 7 .

We propose to call this technique Predictive Tracking Because it uses the
timing information from the previous signals to predict the timing of the current
data bit. Realization of Predictive Tracking is possible only in very stable
communications media and signal processing environments. Single mode fiber

and all-optical Tapped Delay Line Correlators possess this property.
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6.4 PROBABILITY OF FALSE ACQUISITION IN OOK/OR/TH SYSTEMS

8.4.1 False Acquisition in QOK/OR/TH System With PPS

False acquisition can occur when there is no target signal in the channel and
multiple user noise produces false preambles. The system can reside in the idle
state infinite time so it is very important to find the average rate of the false

calls that will be received by the receiver as a function of the channel traffic.

In chapter three we determined the complementary distribution of the signal
y(t) at the output of the TDL correlator prior to strobing. This distribution
gives us the probability of the output pulse from the correlator to be longer

than some value of 7:

(6.4.1)

T
Tx

o

The synchronization circuit can be viewed as another TDL correlator matched
to the run of data values of one spaced in time with intervals equal to the
period of the data signal, T4 . We will call it Sync Correlator. Then we can
find the complementary distribution of the false pulses al the output of the

Sync Correlator as:

r ~1
Fc,s(T) = [ ::x { ,y t(: ]K Fc,y(r) (6.4.2)

Substituting (6.4.1) into (6.4.2) we receive:

Fop = ll -1 [1 _ [1 -z nﬂx_l

1— -__-T_—In l (6.4.3)
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The system qualifies only the pulses that are longer than 7, . The probability
for these pulses is then:

s )

Substituting the expression for 7, from (1.5.26) we receive:

' T n—1
1— :“] (6.4.4)
TX

0 n-1
—-vr,

—— P (6.4.5)

K-1
No @ No ol
Nn “or,™ Nn “oT,"™
To— T e
Fc,s(rc)=<1—-;l—1— 1— w 1 - T (6.4.6)
| —e 21 { —e s
Or introducing channel load parameter we receive:
o K-1
.
nC| "ﬂ‘?l e -1
1 2 © G e_n?
Fc's(Tc)='l——“-1— 1———‘—"“—6— r l—n—“——'——c‘
n a2 2 —p A
1—e *Z 1—e °

(6.4.7)
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The average rate of the false pulses before pulse-width selection can be found

using (3.3.6):
i, = K p(jr, 7)< (6.4.8)
And the average duration of these pulses will be:

Tx
K

(6.4.9)

Pl
Il
= |
=

The average rate of the qualified false pulses then can be found as follows:

Itpa = M5 Fog(7e) (6.4.10)

After substituting (6.4.7), (6.4.8) and using (6.4.9) we receive for the average

rate of the false acquisition pulses:

n K-1
nC, ]
\ 2, oGy n(K+1)-2 _nE_l_e—T
e N P -1 |12
Hya 2Tc ¢ n Bgl
1—e 2
(6.4.11)

The probability of at least one false acquisition in the idle state of the receiver

per period of time equal to qT4 can be found as follows:

PFA(qu) =1 e—[-'—p:qu (6.4.12)
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Substituting (6.4.11) into (6.4.12) and taking to consideration that:

Ty
Te = —
f

we receive for the probability of false acquisition over the period of q data bit

intervals:

PpalaTy) =1 —
K-t
DC| i
) 2C) ac, BEF1)-2 nC Y
Kn"C) -=~ 7 1 2
2 2 2 l=l1=
EXP | — Kq g ¢ |1—e I—D 1—-11 )
1—e *?
(6.4.13)

Fig.6.3 illustrates the Probability of false acquisition as a function of channel

load for different sizes of the preamble.

We will now determine the average time during which the system will reside in
false sync once it acquires it. The model that we will use is as follows. Once
the false sync is acquired the minimum time that it will take for the system to

realize it is:

TFsmin =q Td (64.14)

After q data bit intervals if no sync word is received the synchronization will be
dropped. If during these q inlervals a new false sync word is detected then the

system will remain in false synchronisim etc. We will mode! the arrival times of
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false sync words as Poisson process with the parameter jtg, . Then the average

time that the system will remain in false syne can be found as follows:

_ —iiraqTa
—olze T (6.4.15)

o —JipaqT

Iipae Fradly
Substituting (6.4.11) into (6.4.15) we can receive the expression for the average
time in false synchronism. Due to the large size of the formula we do not give
the final expression. I'ig.6.4 illustrates the plots of the average false sync time

as a function of the channel load and different sizes of the synec word. Fig.6.5

shows the same dependence for different values of q.

If the system is correctly synchronized it can loose sync should multiple user
noise cause K consequent false detections of ones. Since the mechanism for this
is the same as for false acquisition then the probability of loosing sync is equal

to the probability of false acquisition:

Prg = Ppy

It can happen at any time during the interval between two enforced sync words
with equal probability. Once loosing sync the system will reside in this state till
next sync word, or till the end of the current burst, or till K consequent data

bits will appear, what ever comes first.
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6.4.2 False Acquisition in OOK/OR/TH System With APS

For the system with Active Pause Signaling a preamble is also required but
there is a difference in the reason for it. The system is capable of acquiring
synchronism without the preamble as well, however K-1 of the first data bits in
the burst will be lost. In the absence of target signal the probability of false

SYNC pulses to be longer than 7, can be found using (6.4.5) by substituting into

it the expression for parameter i/ for the TH system:

No - Exl n—1
Nn ~ Ta Te Nn T, Te
1 Tc—'l‘d e Tc'—"'Td e
Fell) =1~ — 1= [1- o 1 - i (6.4.16)
1 —e 1—e T

Or introducing the channel load parametler we receive:

n—1

0 K1
1 nGCe ™" oG
F.Jr)=11—-——|1—- |1 — ———— 1 —nCy————F
c,s( ) n 1 — e_nC' L 1 — e__ncl

(6.4.17)

Using (6.4.8), (6.4.10) and (6.4.15) we receive the average rate of the false
acquisition pulses for the OOK/OR/TH System that employs Active Pause

Signaling:
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K-1

anCI -nGC, [ -nC;)n(K+l)_2 1 ncle-—nCl
e 1—e — EE———

1 — 0

Te

(6.4.18)

And the probability of at least one false acquisition over the period of time qT

using (6.4.12) and (6.4.16):

Ppa(aTy) =1 -

-1
n

n{K+1)-2 1 ncle"ﬂcl
J Ll L Loy
e 1

EXP | — K,qKn?Cje ™" [1—e'“°'
n 1—

(6.4.19)

Fig.6.7 illustrates the probability of false acquisition for the system with APS as
a function of the channel load. It can be observed that the probability of false
acquisition is higher for this signaling scheme than for the system that employs
PPS. It can be explained by higher level of the system noise which is due to the

multiple user interference.

Once false synchronism is acquired the system can expect a newly detected
pulse every T4 interval. Should it miss at least one pulse the burst will be

considered terminated and the synchronism will be dropped.

The false sync words are arriving at a rate jipg,. We will consider these arrival
times constituting Poisson process. Then the average time that the system will

reside in false synchronism added to the false acquisition time can be found as
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follows:

— (6.4.20)

Fig.6.8 illustrates the plots of the false sync time as a function of the channel

load.

If the system acquired correct synchronization it can loose it due to the same
mechanism that causes false acquisition in the idle state. But it will acquire the
correct sync immediately within one T, interval and will generate two sync
pulses. This dual sync state should be resolved in higher layers of the

communication protocol. It is also possible to have triple, quadruple etc. synec.

The average time that the system will reside in the state with at least one false
sync is given by (6.4.20). A mechanism can be built into the system to prevent
multiple syncs from confusing the detection process and lock the system into
one sync only. Not necessarily it will be the correct one. However this
mechanism will prevent the system fromn loosing the correct synchronism once it

is acquired.
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6.5 CONCLUSIONS

We proposed synchronization schemes for Time-Hopped systems that are
applicable to other types of CDMA signaling with minor modifications. We
analyzed the performance of the proposed schemes by determining the
probability of false acquisition, probability of loosing synchronization as well as
average time intervals that the system will spend in false synchronism. It has
to be noticed that the analysis that was performed took to consideration only
pseudo random carrier information and properties for code synchronization. In
real systems the reliability of the synchronization schemes can be greatly
improved by adding some overhead. In other words if the preamble, for
example, carries information decodable by the receiver then false sync can be
detected and dropped immediately. Using specially constructed sync words for
acquisition and tracking modes can also improve the performance of the system.
When the system resides in idle state long synchronization preambles should be
used to awake it. It will reduce the probability of false calls. Then the size of
the sync word can be reduced. After the End Of Session is declared the system

will expect the longer preamble again.

The next step is to use an adaptable synchronization scheme that has a set of
sync words in it’s library and uses them according to some algorithm that takes

to consideration the channel traffic.
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7. A NOVEL METHOD OF THE OOK/ADDER /DS CHANNEL
SIGNAL DEMULTIPLEXING

7.1 WIDE-BAND RECEIVER FOR OOK/ADDER/DS 3YSTEMS

Fiber Optic Adder Channel has rather limited applications in view of the
necessity to control the dynamic range of the signal to prevent overdriving the
Optical to Electrical transducers. However sometimes when the number of
users is small the system designer might take advantage of the fact that the
components for direct sequence systems are well developed and are easily

available.

In this chapter we propose a novel method of demultiplexing of the

OOK/ADDER/DS signal.

In the Adder Channe! the optical signals from all sources are being added
resulting in a multi-level signal effected by the non-linearity of the channel.
There is altenuation present and pulse delays as well as noise contributed by

the optical sources, thermal noise and quantum noise in the detection process
(2].

In Local Area Networks applications the traveling distances of the light are
relatively short and the available bandwidth is therefore high, also the gaussian
component of noise is relatively small. These properties allow to use high

frequency components of the received signal spectrum in the detection process.

Based on the the above assumptions we propose the receiver structure, depicted

in Fig.7.1.

A linear optical detector is used for optical detection. The multi-level

electrical signal is being passed through the differentiator, compared to a fixed
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threshold and then correlated with the derivative of the PN-code replica. The
detection process is illustrated in Fig.7.2. The derivative of the received multi-
level signal consists of the target impulse train with pseudo-random intervals

between the impulses and the impulse trains resulted from other users.

There is some uncertainty in the relative positions of the PN-code transitions
due to clock jitter and channel delay fluctuations. This is the reason for the

finite window size which is selected to compensate for the pulse delays.

Let N be the number of active users on the system. Assume for now that each
of the users is continuously transmitting data modulated by a spreading
sequence L chips long and having n, and n_ transitions respectively. The

number of chips with no transitions is:

ng=L—n, —n_
The spreading sequence of the i-th channel can be written in the following way:

L
¢i (t) =3 Cy o (=T ) (7.1.1)
j=1

T, — is the duration of the chip,

Yt} — is the chip shape function,

oy

We assume rectangular chips, so
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1 iT, <t <(G+1)T,
) = 0 elsewhere (7.1.2)

The spread signal for the i-th user is:

Si®)= 3 [dx @ o(—kLT,) (7.1.3)

k= —ox
Where:

d -is k-th data of the i-th user,

di,k € {0,1 ]

S (t} modulates the intensity of the optical source. In the fiber optic medium
the signals are being added thus producing a multi-level optical signal which is

detected by a linear detector:
N
x(t) = NI5; (t) (7.1.4)

We assume no other noise except the one resulling from the multiple user

interference.

After differentiation the signal becomes:

NS Lo
D(t;) = >_J >_J Zi,j }__,aij (j(t—j‘Tc ) (7_15)
i=] k= --o¢ j=1

Where:
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Z;, is a bipolar data sequence derived from d;, by the following

transformation:
Zix = (-1)™" (7.1.6)
and
L . d -
> 2 t—iTe ) = e (t) (7.1.7)

=1

This is a ternary sequence:

aij € {—1,0,+1|

The signal (7.1.5) is being correlated with the reference signal:

Wi (t) =
J

5 ag; §(6—T, ) (7.1.8)

i
—

Where:

1 0Te <l 4+

&) = 0 elsewhere (7.1.9)

The detection process performed by the receiver consists of correlation of the

derived this way ternary impulse train with the reference windowing sequence:

L
Dipy =) [ D{t)a;dt (7.1.10)
iT.
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Dy is random. It's value depends on the number of interfering users and the
shot noise resulted from the threshold crossovers by the thermal noise

component.
For the purpose of this analysis we neglect this noise component.

Under the assumption of only multiple user interference D;, is determined by
the number of the interfering code transilions occurred during the window

duration A .

The expected value of D; y is the value when no other users are interfering:

L
EDiyx /dix )} =Y Zix a7 (7.1.11)
j=1

Where 7, is the duration of the pulse after shaping.

Then the expected value of D,y is data dependent:

EDyx /dixy =0)=—(n, +0_)7,

EDy /dix =1)=+{(n, +0_) 7, (7.1.12)

Where: n, and n_ are numbers of positive and negative transitions in the

spreading sequence correspondingly.

We assume that the value of A is selected sufficient to compensate for the

impulse jitter and also assume perfect tracking.

These assumptions imply that the target transitions of the i-th PN-code uccur

during the window interval with the probability equal to one.

The impulse signals contributed by the interfering users are considered to have

Poisson distribution of the arrival times al the oulput of the differentiator.
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Every user contributes on the average (n, +n_ ) impulses per data bit duration,

(o, 4n_) (ny +n_) .
or on the average — positive impulses and ——2—--— negative ones.

Then the average frequency of the positive and the negative impulse trains is:

n, +n_
v=uy,=1_=N —+—2T:— (7.1.13)

Let us examine the random value of (D;} /d;y =0) and (D;, /diyx = 1)

Let

Yig =(Dix /dix=0)+1=(Dy /d =1)—1 (7.1.14)

Here 7Y;), is the error signal which is the result of the multiple user

interference.

. . A
Y;y is a function of the number of active users and the ratio T
c

In the ideal system where the inter-transition intervals are deterministic and
therefore A can be made infinitely small the ternary Pseudo- Random impulse
trains are orthogonal and the probability of error becomes equal to zero

(assuming that the tracking is perfect).

Realistically, A is finite and the PN-Code transitions are represented nol by the
Delta-functions but rather by the impulse responses of the receiver front end

F(t).

Then the signal (7.1.5) becomes:

F(t—T, ) (7.1.15)
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Where:

1 0<t< 7
F(t) = 0 elsewhere (7.1.18)

The noise consists of positive and negative components:

e
L= Y Ft-y)
I= — o
o (7.1.17)
L()=— M Flt—t)
i= o

Where the arrivals times t; have Poisson distribution. We will use signal
decomposition technique to analyze the system performance. The multiple user

noise, Fig.7.2 , can be represented by it's positive and negative components.

In order to be able to compare this system to the ones analyzed in the previous
chapters we use an approximation of the mathematical model for the multiple

user noise by a model that is similar to the one used for the TH system.

This approximation will require decomposition of the system noise into positive
and negative components as it is given by (7.1.17). The positive component of
the multiple user noise is a result of the OR operation on the impulse responses
from the post-differentiation filter to positive impulses from the differentiator.
These impulses correspond to the positive transitions in the user codes and have
Poisson statistics. The negative component of the noise is derived the same
way fromn the impulses corresponding to the negative transitions in the users’
codes. These two noise components can be considered independent from each
olher. The signal can be represented the same way by it’s positive and negative
components. It can be seen that this system can employ detectors identical to

the ones used in the TH system with Active Pause Signaling. However problems
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can occur at the beginning and at the end of the PN codes due to preceding
and succeeding data bit values that might alter the code’s first and last
transitions. What this fact implies is that the TDIL correlator has to be
matched to the PN code transitions excluding the first and the last. Fig.7.3.
illustrates this statement for a fifteen chips long PN code. As it can be seen

from the figure only seven transitions will be used by the detector.

The receiver block diagram is depicted in Fig.7.4. The TDL correlators that are
incorporated by the receiver are matched to the positive and negative
component of the signal. The positive component of the muitiple user noise is
comprised by the secondary process x,(t) . The average contribution of each

user per second to this part of noise is equal to 14 pulses per second, where:

n, +n_
po= —— (7.1.18)
2Ty
Then for N interfering users we have:
n, +n_
ft=N-—— 7.1.19

If to assume symmetric data sources then both components of noise are
statistically identical. The average duration of the positive and negative

multiple noise pulses can be found using (1.5.24) and (1.5.23):

— iy

=T, =T =~ — (7.1.20)

-7

And the average rate:
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e — ——— —i'Ty

Py = oy, = Jiy =% (7.1.21)

The probability density function for the noise pulse durations can be found for

the positive and negative components using (1.5.21).
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7.2 SYSTEM PERFORMANCE ANALYSIS

The errors can occur due to the possibility of noise signal alignment favorable

to false detections by the matched filters.

Now we will determine the probability of false detections caused by the multiple
user noise components at the inputs of each of the two TDL correlator
detectors. The detector structure is identical to the one wused in the
OOK/OR/TH system with strobing signal z(t) recovered using the method
described in chapter six for the system with Active Pause Signaling. The
threshold signal we will assume to be set at it's maximum that will correspond

to imposing a requirement on the output pulses to be at their maximum

duration 7, . Then the probability of false detection can be found using
(3.3.46):
. n.+n
-5k N n,+n
2KK + 70—
Py= |1— Hr 14— 7.2.1
. [ K (7.2.1)
Where :
K, - (7.2.2)
P T, 2.
This parameter is the processing gain of the DS system.
K is the receiver bandwidth expansion coefficient and is defined as :
T,
Kf = = (7.23)
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The Direct Sequence Channel load we define as:
N ,
C=— 7.2.4
=X, (7.2.4)

Then the probability of false detection in terms of the channel load can be

written as follows:

n,+n

n, +n_
2K,

n,+n c
I
Pfd= 1 —e 2K [1 +

(7.2.5)

Fig.7.5 illustrates the probability of error as a function of the channel load and
the receiver bandwidth expansion coeflicient. As it can be observed the more
bandwidth is expended the better is system’s performance. Fig.7.6 illustrates the
probability of error for different values of processing gain K, . There is
obviously an optimal processing gain that yields the minimum probability of

error. The mechanism for that is identical to the one in the TH system.

Fig.7.7 shows the optimal processing gain as a function of the channel load.
And again, as in the TH system, the tendency is to reduce the number of pulses

in the code as the channel load goes up.
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7.8 CONCLUSIONS

We proposed a novel method of the OOK/ADDER/DS signal demultiplexing
based on additional signal bandwidth expansion in the receiver. The proposed
technique allows to improve the channel throughput. However it requires high
dynamic range of the optical composite signal and therefore can be used only
when the number of users is small and the thermal component of noise in the

receiver is negligible.
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8. APPLICATIONS

8.1 INTRODUCTION

There are numerous applications of the signaling techniques that were proposed
and analyzed in previous chapters. In two subsequent sections we will illustrate
two typical examples of Fiber Optic spread spectrum signaling applications.
First example describes an asynchronous non-orthogonal multiplexing technique.
The second example describes a new type of a Fiber Optic Local Area Network
that is based on Code Division Multiple Accessing of a single Fiber Optic

medium.
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8.2 ASYNCHRONOUS RATE-INVARIANT MULTIPLEXING

Time Division and Frequency Division multiplexing techniques are based on the
orthogonal signaling and therefore allow each of the signals to occupy
preassigned time or frequency slot. These techniques guarantee absence of
interference among channels but when some of the channels are idle others
can't take advantage of the available time or bandwidth. There are
multiplexors that attempt to realize dynamic bandwidth allocation by
reassigning the subchannels among signals when some of them are idle. This
technique is rather complex and requires gradual rate adjustments for some
media (like Voice, per example) and very often requires a set of compression

techniques to handle gradual rate changes.

To avoid problems connected with reprofiling the channel we propose to use
non-orthogonal Code Division Multiplexing technique that allows construction of
an Asynchronous Rate-Invariant Multiplexor, (ARIM), for multi-media
communications. The architectural block-diagram of the proposed multiplexor

is shown in Fig.8.1.

Digitized signals are modulated by a pseudo random carriers that differ in rate
and code sizes. Then the Time-Hopped electrical signals are converted to
optical ones and coupled into the single mode fiber using uni-directional
couplers. Some of the operations that we allocated to the electrical domain will

be performed in optical form in not too distant future.

Demultiplexing is performed by a set of TDL Correlators matched to the
corresponding PRIS codes. If the data rates fit some standard hierarchy the
common electrical or optical clock can be used. Otherwise every medium can

have it's own clock absolutely independent from other media.
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8.3 CORENET

We propose a new type of a local integrated services digital network using Code
Division Multiple Access protocol. The network should be capable of carrying
packetized video, voice graphics and data signals and have point-to-point as
well as broadcasting capability. This will allow to conduct secure full motion
and audio-graphics teleconferencing in local area network environment,

distribution of maps and mixed mode (text/graphics) communication.

The name of the proposed network, "CORENET", (Code Reservation Network),
reflects the Spread Spectrum Code Reservation scheme which will be used in the

network for code and bandwidth allocation.

CORENET is a fiber-based LAN using 1.3 micron optical sources and single:
mode fiber. Each node has a passive tap and no optical signal regeneration is

required.

We consider a population of bursty users and no overhead required to

handle the network layer of the communication protocol.

One of the possible network topologies is an open ring, Fig.8.2, with a central

station that uses a control channel reserved for network management.

The central station keeps in it’s data base the encryplion keys assigned to the
nodes. It uses the keys to communicate to each node. The nodes use encrypted
signals on the control channel to request a virtual circuit connection with
another node, to report End of Session and number of errors detected during
the session (average per second), and to receive all necessary information to

establish the virtual communication link with another station.

Another possible network topology is a star.
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CDMA network has certain degree of immunity to collisions. However the
stability of the network must be insured by monitoring the traffic conditions
and limiting the inter-user interference via code assignments that trade off the
bit error rate for smaller contribution of the user to the system noise. The
channel measurcinents can be performed by the central station but can also be

a function of the "intelligence"” built into each node.
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8.4 CONCLUSIONS

We proposed an architecture of a Rate-Invariant Multiplexor that utilizes non-
orthogonal signaling techniques for multiplexing of the communications media
signals. The applications of this multiplexor can be single-user/multi-media,

multi-user /single medium and combinations thereof.

We proposed a Fiber Optic Local Area Network that is usable for real time
communications. This network will be especially effective for multi-media
communications when information sources employ different data rates and have

different statistics of the information flow.
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9. FUTURE AREAS OF RESEARCH
Codes For CDMA Systems

There is a need to create sets of Pseudo Random Intervals Sequences with auto-
and crosscorrelation properties suitable for CDMA applications. These code
sets should have controlled crosscorrelation functions that can be traded off for
the number of codes in the set. It will allow Code Division Multiplexing of
multiple users and in the same time will allow control of the network

performance.

Components For CDMA Systems

The components needed for CDMA fiber optic systems are the TDL correlators
with multiple taps and all-optical code generators. For Color-Hopped systems

there is a necessity to create tunable lasers.

There is a necessity to create optical logical components in order to make

possible all signal processing to be performed in the optical domain.

Networking Problem

To continue research directed to the realization of the Fiber Optic Local Area
Network based on Code Division Multiple Access one has to define the link
layer of the network protocol. It is quite possible that for data applications
when collision detection is needed there will be a need to analyze coding on the
top of spread spectrum signaling as a possible candidate for the collision

detection mechanism. Detailed access discipline has to be defined for the
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network as well as contention resolution (if any) and data retransmission
strategies. Only then the analysis of the network performance can be realized
that will answer the question regarding network throughput and packet delays.
When comparing the CDMA network to the ones that employ contention
resolution techniques a composite criterion has to be defined to characterize the
network throughput taking to consideration multi-media, including real time,

communications. Because that what this research is all about.
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