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A b s t r a c t

O N  S O M E  IS S U E S  O F  C O D E  D IV IS IO N  M U L T IP L E  A C C E S S

C O M M U N IC A T IO N

by

Alexander D. Gelman 

A d v ise r : Professor Donald L. Schilling

A  solution to Asynchronous M ultiple User Real Time Communications is 

proposed. T h a t is to employ Spread Spectrum  Signaling technique and Code 

Division Multiplexing of multiple user signals into a Fiber O ptic medium.

Direct Sequence, Time-Hopped, Color-Hopped and Hybrid (Tim e/Color-Hopped) 

signaling schemes are analyzed and the probability of error is determ ined as a 

function of employed codes’ param eters and the channel traffic.

The assum ptions for channel models are Poisson arrivals of multiple user signals 

and  hard  limiting of the composite channel signal.

I t  is shown th a t  Probability of Error of 10-5 can be achieved a t 22 %  channel 

load for systems with Passive Pause Signaling and a t 10 %  for systems with 

Active Pause Signaling.

As the num ber of active users increases the channels dem onstrate graceful 

perform ance degradation in term s of the probability of error.

A  presense of optim al code sizes has been dem onstrated for all signaling 

schemes and it has been shown th a t  this optim um  is a function of the channel 

load.

I t  has been determ ined th a t  in a  hybrid, Tim e/Color-H opped system  T rade off 

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



Synchronization Algorithms for Time-Hopped Code Division M ultiple 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  R ate-Invarian t 

Signals Multiplexing and to Local Area Networking are described.
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1. CODE DIVISION MULTIPLE ACCESS COMMUNICATION IN  

GUIDED AND UNGUIDED MEDIA

1.1 INTRODUCTION

M ultiple access com m unications is characterized by the  population of users 

exceeding the  num ber of com m unication channels. The users share a common 

m edium  and access it in a spontaneous fashion. A typical exam ple of such an 

environm ent is a Local A rea Network (LAN). Over the last few years 

netw orking technology achieved noticeable progress in creating a m ultiplicity of 

netw orks for a  variety  of applications. Among the most known netw orking 

products are ETH ERN ET, APOLLO DOMAIN, W ANGNET, FASNET, etc. 

C reation  of these netw orks was preceded by intensive research of channelization 

and  netw orking algorithm s perform ed by in ternational m ulti-disciplinary arm y 

of enginners and  scientists.

The m ost im portan t characteristics of a multiple access com m unication channel, 

(F ig .1.1), are  the num ber of users, their accessing capability  and the  system  

th roughpu t. In o ther words to  characterize the system  two basic questions have 

to  be answered:

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

has a message to  transm it?

2. W h at is each user’s chance to  have his message, if transm itted , successfully 

received by the  destination receiver?

The evolution of m ultiple access techniques progressed from the  simple ALOHA 

protocol to  sophisticated contention algorithm s such as carrier sensing, collision 

detection , token passing techniques and com binations thereof. The m ajor
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facto rs th a t  lim it applications of these techniques to  voice, video and  graphics 

com m unications are the necessity to packetize the signal and  delays in the 

pack e t delivery due to  collisions and retransm issions.

All existing LAN products were developed for d a ta  com m unications. T h a t is the 

reason why they  employ contention resolution techniques designed for error-less 

packet delivery on the expense of time. In the m ean time voice and  video 

signals, even if packetized, do not to lerate  delays in delivery. No delays can be 

to le ra ted  for inter-m edia operation and control as well. On the  o ther hand 

voice and video signals as well as some o ther media often possess enough 

redundancy to  to lera te  b it error ra tes of 10~5 while delays can destroy the  

signal.
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1.2  M O T IV A T IO N  F O R  T H E  R E S E A R C H

1.2.1 T o  S p re a d  O r N o t T o  S p read  

T h a t is the  question.

One of the  solutions to  real tim e com m unications needs is using non-orthogonal 

signaling for m ultiplexing the m ultiple user signals into a single channel. 

A pplications of Spread Spectrum  Techniques to R adio com m unications is first of 

all m otivated  by the  necessity to  sustain electronic counter m easures and to 

insure some reasonably low probability  of in tercept [l]. Using th is technique for 

Code Division M ultiplexing of m ultiple signals is also known and researched to  

some degree for HF channels. In [12] a SSMA Telephone system  is analyzed, in 

[33] an  in teg ra ted  v o ice /d a ta  netw ork is described. Less researched is non- 

orthogonal m ultiplexing and m ultiple accessing of guided media.

1.2 .2  B ack  T o  A loha

R ecently  CDMA applications to  Local A rea Networks a ttra c ts  more and  more 

researchers due to  potentia l of creating an asynchronous network w ith no 

routing overhead and no definite failures upon collisions b u t ra th e r graceful 

perform ance degradation  as the num ber of active users increases.

In o ther words Aloha-like protocols can be designed to guaran tee  access when 

needed b u t w ith a significant advan tage of not having to  re transm it every time 

a collision is detected . Also CDMA allows to  set up v irtual circuit links in 

poin t-to-poin t or point-to-m ulti-point modes to  conduct a  nonbursty  

com m unication session. This feature is im portan t for full m otion video



com m unication, per example.

A d ap ta tio n  of the Spread Spectrum  Techniques for M ultiple Access on the 

coaxial cable was first described in [13],

One of the  first publications on fiber optic Code Division M ultiplexing 

techniques were [5] and  [24). L ater Code Division M ultiplexing using Gold 

Sequences was proposed in [6]. These papers represented first a ttem p ts  to  study 

non-orthogonal signals multiplexing in Fiber Optics. They do no t yet contain  

enough inform ation to  understand  the phenom ena of the m ultiple user 

interference in CDMA Fiber Optic systems and evaluate the ir perform ance.
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1 .2 .8  S ta te m e n t  O f T h e  P ro b lem

In th is work we propose a new type of a m ultiple access channel su itab le  for 

real tim e com m unications. This channel takes advan tage of inherent m ultiple 

access capability  of the spread spectrum  signaling as well as of the  high 

bandw id th  and stab ility  offered by the fiber optic medium.

We propose and  analyze th ree  different signaling techniques and evaluate  

system s perform ance by m eans of the probability  of error. We also propose 

synchronization s tra tegy  and analyze i t ’s perform ance. As an application of the 

channel we propose a new type of a  Local Area Network su itab le  for real tim e 

com m unications and capable of supporting m ultiple users, m ultiple m edia and 

m ultiple inform ation rates.

The phenom ena of the  m ultiple user interference in the  fiber optic m ultiple 

access channel is quite different from the one in o ther m edia due to  lim itation of 

positive only signaling. This results in non-gaussian s ta tistics  of the system  

noise and does not allow to use well known and researched detection strategies. 

The m ain assum ption th a t we m ake for the system  analysis is Poisson 

d istribution  of the m ultiple user signal arrival times. We investigate the 

s ta tistics  of the m ultiple user noise which is a result of an OR operation on a 

finite set of coinciding pulse trains. We find the average ra te  and pulse 

durations of the noise pulses as well as their d istributions. These param eters 

allow us to  track  the  signal and noise s ta tis tica l properties through the 

detection  and synchronization processes and finally determ ine the  system  

probability  of error and analyze the  perform ance of the proposed acquisition 

and  tracking  schemes. The approach which is used for the  analysis was first 

proposed in [50] and was la ter used in [22], ]41], [60] and o ther publications on 

R andom  Access D iscrete Address (RADA) communications.



1.8 ON SOME PROPERTIES OF PN AND RELATED SEQUENCES

In th is section we will review some useful properties of Pseudo-Noise and  rela ted  

sequences and describe their applications to  Code Division M ultiple Access 

com m unications.

The tw o m ain requirem ents to  any set of Pseudo-R andom  signals are:

1. d istinguishability  of any signal from tim e-shifted version of itself

2. d istinguishability  of any signal from any o ther signal in the set.

F irs t p roperty  is useful in the acquisition mode of a  com m unication session 

w hen the  receiver is trying to acquire synchronism  with the  tran sm itte r by 

determ ining the  exact phase-shift of the pseudo-random  code which is used for 

the  inform ation transpo rt.

The second property  is useful for m ultiple access com m unication when every 

s ta tio n  is assigned a pseudo-random  sequence according to  some rules.

T he types of pseudo-random  sequences th a t  we will review are the M axim al 

Length sequences (m-sequences), Gold sequences, and Pseudo R andom  In terval 

Sequences.

B in a ry  M ax im al L en g th  sequences

T he studies of m-sequences s ta rted  back in 1950’s by G ilbert, Golomb, W elch 

and  Zierler [2], M ost of known today results of the correlation properties of re­

sequences are given in [45].

The B inary M axim al 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:
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h(x) =  h0xn +  hpc11 1 +  • ' • 4- hn_!X +  h„ (1.3.1)

and  i t ’s b inary  vectors. For example the polynomial:

h(x) =  x5 +  x2 +  1 (1.3.2)

can be represented by a binary vector 100101 or 45 in the octal no tation .

T he period of the  sequence generated by the shift register can be a t  m ost equal 

to:

L =  2“ -  1 (1.3.3)

where n-is the degree of the polynomial and also the num ber 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:

P roperty  1. For an m-sequence u and a pa ir of integers i and j such th a t 

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

T  u ©  T s u =  T k u

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

and-add  property).

P roperty  2. L et w t(u) denote the Hamming weight of the  sequence u, i.e. 

specify the  num ber of ones in the sequence. Then for an m-sequence:
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w t(u) =  2“ 1 =  “  (L +  1)

W h a t th is m eans is th a t  the  difference betw een the num ber of ones, n t 

num ber of zeroes, n 0, is equal to  one:

nj -  n0 =  1

P ro p erty  3. Let 0UU(1) be a discrete-tim e auto-correlation function:

< U 0  -  £  x(Uj) x(uj+i) 
J-I

where

X'(uj) — is a bipolar code value derived by the following transform ation:

X(u j) =  ( “ I f

Then for a m-sequence:

*«„(!)
L, for 1 =  0,L,2L,.
—1, for I j=- 0,L,2L,.

So the  b inary  m-sequences have tw o-valued autocorrelation  function. 

A  continuous-tim e autocorrelation  function can be defined as follows:

L T

Ruu(r) =  /  x[u(t)] \ |u (t  +  t)] dt

(1.3.4) 

and the

(1.3.5)

(1.3.6)

(1.3.7)

(1.3.8)
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T he autocorrelation  function of the m-sequence is depicted in F ig .1.3.

L e t’s define a discrete-tim e crosscorretation function of two m-sequences u and v 

as:

» „ ( ' )  =  £  x ( U j )  x(vJ+1) (1.3.9)
j - l

And for continuous-tim e crosscorrelation function:

LT

R uv(r) =  /  \|u (t)J  \[v ( t +  r)J d t (1.3.10)
o

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

can be w ritten  as follows:

0UV(1) =  N -  2 wt(u ©  T'v) (1.3.11)

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

is the  upper bound:

IC O )!  < L  (1.3.12)

The m-sequences do not allow to  construct large sets. This fac t limits the ir 

applications in CDMA systems.

G o ld  Sequences

A very useful class of pseudo-random  sequences th a t provide an opportun ity  of 

creating a  significantly large set of sequences w ith 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, V,  u ©  v,u ©  Tv, u ©  T 2v,..., u  ©  T l  ! 1 (1.3.13)

W here T 'u  denotes sequence u shifted i chips w ith respect to  itself.

The set G(u,v) contains L+2 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 d istinct 

sequences y,zeG(u,v).

I t can be proved th a t the discrete-tim e crosscorrelation function:

^ ( 1 )  =  L — 2wt(y ©  T 'z) (1.3.14)

either equals -1 or:

0 ,#I(1) =  L -  2wt(u ©  TJ -  *v) -  -  i) (1.3.15)

W hen the  num ber n (L =  2n — l)  is odd then the lawer bound on the  maximum

crosscorrelation is:

>  t(n) -  2 (1.3.16)

W here:
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t(n) =  1 +  2l(n + 2)/z| (1.3.17)

For exam ple there are 12 different sets of Gold sequences of period 31. Each set 

contains 33 sequences and the crosscorrelation functions of these sequences can 

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

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

sequences w ith crosscorrelation function values: 15, -1, -17.

For the application  of the sequence sets to  the  m ultiple user com m unication an 

im portan t characteristics is the crosscorrelation of a sequence to  the 

asynchronous sum  of the sequences of the set m odulated by b inary  sym m etric 

d a ta  sources. This property is im portan t when the study of m ultiple user 

interference is being perform ed of a system  with a correlation receiver.

T he hystogram  of a  crosscorrelation function between one of the Gold sequences 

and  the asynchronous sum  of o ther sequences of the Gold sequences set of 

period 31 is illustra ted  in F ig .1.6.

As it should be expected due to the central limit theorem  the shape of the 

hystogram  implies G aussian probability density function when the num ber of 

sequences is large.
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P seu d o  R an d o m  In te rv a l Sequences

As it wil! be shown in la te r chapters for CDMA application in fiber optics it is 

effective to  use sequences w ith low du ty  cycles.

One of the  m ethods of generating such sequences is to  m ap the PN  sequences 

into the  pseudo random  tim e intervals. We will call this type of code "Pseudo- 

R andom  Intervals Sequence", or PRIS.

The sim plest way of m apping the PN-code into a PRIS is to produce impulses 

corresponding to  all positive transitions in the PN-code, Fig. 1.7. A nother way is 

to  generate impulses a t  the beginning of every positive chip, Fig. 1.8. However 

sequences generated  in a a rb itra ry  way m ight not possess the right properties to  

be used in Code Division M ultiple Access systems. There is a  necessity to  

design PRIS codes w ith desirable au to  and Cross-correlation properties su itab le  

for th is application.

One of the m ethods for creating "Time M apped" sequences is proposed in [14]. 

We will modify this m ethod for the purpose of construction of a set of PRIS 

codes.

A condition th a t  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 estim ate  the upper bound of the  

crosscorrelation of any sequence with the asynchronous sum  of all o ther 

sequences of the set.

In the  PRIS code the values of the sequence elem ents specify the  in terval 

between ad jacen t pulses. The intervals are given in m ultiple integers of the  

pulse duration  tc .
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The length of the  code is partitioned  in to  fram es as it is shown in Fig. 1.9.

The condition we impose is th a t  the  crosscorrelation function for any two 

sequences Cj and cj (i ^  j)  of the set is to be bounded:

W  <  2

A nother constrain t is th a t  each fram e m ust contain  a  pulse.

As it is shown in [14} a Time m apped sequence can be constructed  by using the 

m ultip lication tab le  of the elem ents of the Galois field GF(p), where p is a 

prim e num ber. Upon selecting the prime num ber the field elem ents have to  be 

w ritten  down in ascending order. Then the  absolute positions of the pulses in 

the  fram es are com puted by m ultiplying modulo p this row by the field elem ent. 

The PRIS code elem ents can be derived from the absolute positions by the 

following transform ation:

Cj =  p +  Pj — P j _ i

W here:

Cj — is the j- th  elem ent of the PRIS code.

Pj — is the absolute position of the pulse in the j- th  fram e, 

1 < j  < P - 1  •

The first elem ent of the interval sequence is equal to the absolute pulse position 

value in the  fram e 0:

(1.3.23)

(1.3.22)

Ci -  P i (1.3.24)
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W e ■will now show an  example of the PRIS set construction by creating  a set of 

17 codes w ith 17 pulses per p a tte rn .

The prim e num ber is selected to  be: p=17. T hen the  field elem ents are:

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

By m ultiplying modulo 17 th is row by the field elem ents we receive sequences 

whose elem ents are the absolute pulse positions in the frames:

s0: 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0. 0, 0, 0

Sl: 0, 1, 2, 3, 4, 5, 6, 7, 8, 9,10,11,12,13,14,15,16

s2: 0, 2, 4, 6, 8,10,12,14,16, 1, 3, 5, 7, 9,11,13,15

s3: 0, 3, 6, 9,12,15, 1, 4, 7,10,13,16, 2, 5, 8,11,14

s 4: 0, 4, 8,12,16, 3, 7,11,15, 2, 6,10,14, 1, 5, 9,13

s5: 0, 5,10,15, 3, 8,13, 1, 6,11,16, 4, 9,14, 2, 7,12

s8: 0, 6,12, 1, 7,13, 2, 8,14, 3, 9,15, 4,10,16, 4,10

s7: 0, 7,14, 4,11, 1, 8,15, 5,12, 2, 9,16, 5,12, 2, 9

sg: 0, 8,16, 7,15, 6,14, 5,13, 4,12, 3,11, 2,10, 1, 9

s9: 0, 9, 1,10, 2,11, 3,12, 4,13, 5,14, 6,15, 7,16, 8

s 10: 0,10, 3,13, 6,16, 9, 2,12, 5,15, 8, 1,11, 4,14, 7

s u : 0,11, 5,16,10, 4,15, 9, 3,14, 8, 2,13, 7, 1,12, 6

s 12: 0,12, 7, 2,14, 9, 4,16,11, 6, 1,13, 8, 3,15,10, 5

s 13: 0,13, 9, 5, 1,14,10, 6, 2,15,11, 7, 3,16,12, 8, 4

s 14: 0,14,11, 8, 5, 2,16,13,10, 7, 4, 1,15,12, 9, 6, 3

s 15: 0,15,13,11, 9, 7, 5, 3, 1,16,14,12,10, 8, 6, 4, 2

s 1G: 0,16,15,14,13,12,11,10, 9, 8, 7, 6, 5, 4, 3, 2, 1
(1.3.25)



- 21 -

Then using (1.3.23) we receive the  set of PRIS codes:

Cq. 0,17,17,17,17,17,17,17,17,17,17,17,17,17,17,17,17 

Cj .  0,18,18,18,18,18,18,18,18,18,18,18,18,18,18,18,18 

c2: 0,19,19,19,19,19,19,19,19,02,19,19,19,19,19,19,19

c3. 0,20,20,20,20,20,03,20,20,20,20,20,03,20,20,20,20

c4: 0,21,21,21,21,04,21,21,21,04,21,21,21,04,21,21,21

c5; 0,22,22,22,05,22,22,05,22,22,22,05,22,22,05,22,22

cfl: 0,23,23,06,23,23,06,23,23,06,23,23,06,23,23,06,23

c7. 0,24,24,07,24,07,24,24,07,24,07,24,24,07,24,07,24

c8. 0,25,25,08,25,08,25,08,25,08,25,08,25,08,25,08,25

c9 0,26,09,26,09,26,09,26,09,26,09,26,09,26,09,26,09 

c10: 0,10,10,27,10,27,10,10,27,10,27,10,10,27,10,27,10 

cn . 0,11,11,28,11,11,28,11,11,28,11,11,28,11,11,28,11 

c 12. 0,12,12,12,29,12,12,29,12,12,12,29,12,12,29,12,12

c13; 0,13,13,13,13,30,13,13,13,30,13,13,13,30,13,13,13

c14: 0,14,14,14,14,14,31,14,14,14,14,14,31,14,14,14,14

c15. 0,15,15,15,15,15,15,15,15,32,15,15,15,15,15,15,15

c16. 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-optim al because while the 

crosscorrelation function for any pair is bounded, the autocorrelation function is 

n o t optim al.

Fig. 1.9 illustra tes some sequences from this set.
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1.4 A S Y N C H R O N O U S  F IB E R  O P T IC  C D M A  C O M M U N IC A T IO N

T here are tw o ways in which the  signals can be m ultiplexed in a optical 

com m unications system. One of them  is electrical m ultiplexing (TDM, FDM), 

ano ther is optical [6]. The la tte r is preferable because it does not require the 

conversion of the  optical signals to  electrical in order to  perform  the 

m ultiplexing function. Optica] m ultiplexer can consist of a  unidirectional passive 

tap . O ptical demultiplexing will be wide spread in the fu ture  as the optical 

signal processing devices become practical [10].

W e will consider a  s itua tion  which is suitable for the application in the  local 

a rea  netw orks. The scheme we have in mind is optical m ultiplexing and 

electrical or optical dem ultiplexing of the  m ultiple user signals.

W e will describe few different signaling schemes and s ta te  their advantages and 

d isadvantages and com pare the ir perform ance in term s of the probability  of 

e rror th a t  can be achieved depending on the system  param eters.

C lass ifica tio n  o f  th e  F ib e r O p tic  CD M A  S y stem s

W e propose to  follow the following classification of the Fiber O ptic CDMA 

system s.

By the  front end the system  can be:

- Digital, OR Channel

- B inary Input - Linear O utpu t

By the  spreading code used:

- D irect Sequence

- Time-Hopped



- 26 -

- Cofor-Hopped

- H ybrid: T im e/C olor Hopped ( TAH )

C olor-H opped/D irect Sequence ( XHDS )

By th e  address assignm ent scheme:

- Unique T ransm itte r

- Unique Receiver

- Code R eservation (Code Assignm ent for Session)

By bandw idth  allocation strategy:

- C onstan t bandw idth

- Dynam ically allocatable bandw idth
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1.6  C D M A  C O M M U N IC A T IO N  U SIN G  O O K /O R  C H A N N E L

1.6.1 O R  C H A N N E L  M O D E L

W hen hard  limiting of the channel signal takes place all signals appear a t  the 

sam e level. This s ituation  creates a robust channel which is less succeptable to  

environm ent variations and  the requirem ents to  the dynam ic range of the 

receiver are less stric t. M ultiple user signals th a t  build up in the  common 

m edium  are also hard  limited thus their interference can be modeled as an  OR 

operation. T h a t is why we will call this system  OR Channel, F ig .1.10.

In th is sect ion we will analyze the s ta tistica l properties of the  m ultiple user 

signal in the optical O O K /O R  channel.

L et all users em it pulses of light independently from each other. These pulses 

arrive a t  random  instan ts of time and if the num ber of users is sufficiently large 

(more th an  ten), we can assume th a t  the arrival times follow Poisson 

d istribution , [50].

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

User Noise.



- 2 8 -

S ( t )

Fig .l.ll). OR Channel



- 29 -

1.6 .2  M u ltip le  U ser N oise in  O O K /O R  C h an n e l

Following [50) we will call the s ta r t  times of the interfering pulses prim ary 

process. The probability  to encounter exactly k events of the prim ary process 

over the  in terval t  is as follows:

The phenom ena of the m ultiple user noise in this system  is illustra ted  in 

F ig . l . l l .  The m ultiple user noise is the composite pulse tra in  which is a result 

of overlapping of the  pulses whose s ta r t  tim es constitu te  the prim ary process. 

T h a t is why we will also refer to  th is interference signal as to  a secondary

quantify  the  effect of interference on each users’ signal we have to  determ ine 

the  s ta tis tica l properties of the multiple user noise.

We will now determ ine the probability density function of the pulse durations 

for the  secondary process. Every pulse of the secondary process is constructed 

of k+1 pulses of the prim ary 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 t; , F ig . l . l l .  plus the  duration of the (k + l)-s t pulse, which is rc :

(1.5.3)

process. In order to  analyze the perform ance of the system , i.e. in order to

k
T =  v  At; +  Tc (1.5.4)

i = 1

where:

Atj — tj+] tj
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It is clear from F ig . l . l l  th a t:

At; <  rc for j <  ; < k

Atj >  rc for i =  k +  1 (1.5.5)

The probability  for the  interval A t between two Poisson events to  take  on 

some value which is less than  Atj is equal to the probability th a t  a t  least one 

Poisson event will occur during the interval Atj:

p (A t <  At; ) =  1 -  e ' t: (1.5.6)

Then the probability  density function:

g(Atj) =  - jA tj  p (A t< A tj ) =  /■ e Ai‘ 
d

(1.5.7)

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

probability  of exactly k of the Atj intervals to be less than  t c  and the  (k + l) -s t 

to  be g reater than  rR:

p k+i — /  6(x)
o

I e(y) dy (1.5.8)

S ubstitu ting  (1.5.7) and perform ing the in tegration we receive:

k+l (1.5.0)

To find the probability  density function for the duration  of the  m ultiple user
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noiae 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 + l) -s t  prim ary  pulse. Since

it is required for the  in tervals A t, th a t  form  the  secondary process to  be shorter 

th a n  rc th e ir probability  density function can be found as follows:

g9(x) =  r; - g(x) (1.5.10)

/  g(y) dy 
0

Or substitu ting  (1.5.7) into (1.5.10) we receive:

gs(x) =  ‘ e  r" (1.5.11)
1 -  e '

where:

0 <  x <  tc

For the p robability  density function of the (k + l)-s t pulse we have:

gk+1 = H r - r c) (1.5.12)

since its duration  is determ inistic.

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

Lg,(x) =  /  g(s ) e_S( d^ (1.5.13)
o

or using (1.5.11) and (1.5.12) we receive:
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M s) =
i '  1 — e -  (s + I') rc

s +  / ' 1 _  e -V Tc (1.5.14)

and

Lg„.,,(s ) =  e Sr‘ (1.5.15)

The probability  density function f(r) for the  durations of the m ultiple user noise 

pulses is the  average over all possible values of k:

f(r) =  i ]  Pk+i lk +iM  U (r -  krc)
k=0

(1.5.16)

where h^+jfr) is the  probability density function for the  secondary pulse th a t  

contains exactly k+ 1  prim ary pulses.

For a rb itra ry  k we have the characteristic  function:

Lh(s) =  /*
1 — e + s)re

( r  +  s ) ( l - e  "r*)
(1.5.17)

Using (1.5.9) and (1.5.17) we receive the characteristic  function for the 

probability  density function (1.5.16):

Lf(s (1.5.18)

or:

Lf(s) =  e ' ("+s)r' £  />
k=0

1 — e— (t'+sjfc
(1.5.19)



It can be observed th a t:

1 -  e- > +3>r‘ 
/' +  s

<  1 (1.5.20)

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

w ritten  as follows:

V  ,/ 
k=o

1 -  e
+  S

+  S
(j' + s) (1.5.21)

then:

/ . \ —(i'+s)rc, , v (/.' +  s) e 
L-(s) - . + ; , ■ «

(1.5.22)

and  the  corresponding probability  density function:

f( ;) =  e ”"rt tf(r-rc) +  /*T"r' U ( r - r c) +  Y ^ - l j V  e "(k+1)r‘ x
k=l

(k+l)rc]k

(k -  1)! | 1 + 'k [r - ( k + 1)7‘]}u [r_(k+lK (1.5.23)

As it can be seen from (1.5.23) there is some finite probability  for the pulses 

w ith  durations equal to  rc. One can expect the  num ber of these pulses to  

decrease as the  num ber of interfering users increases due to  increasing 

probability  of pulse overlapping.
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The probability  to  find the interference signal a t  any tim e is equal to  the 

p robability  th a t during the interval t c  prior to  th a t  in s tan t a t  least one event of 

th e  prim ary Poisson process occurred:

P x =  1 -  e- ^ '  (1.5.24)

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

dP>
^  =  7 T = / ' e t 1-5*26)drc

A nd the average pulse width:

=  =  =  (1.5.26)
//e '

We ju s t derived the expression for the probability density function for the  pulse 

durations of the multiple users noise. We also found the average duration , ra te  

and duty  cycle of the interfering pulses. The main assum ptions to  keep in mind 

when applying these param eters is the Poisson approxim ation of the process of 

the  arrivals of the pulses from all users and the to ta l random ness of the  PRIS 

codes intervals.

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

as follows:

r
=  1 -  /  W e  (1.5.27)

o



This is the  com plem entary integral distribution function. The Laplace transform  

of this function can be found using the following expansion:

M  1 Lf(s)LF (sj =  — — -------r ''*' ' B S

Substitu ting  (1.5.22) into (1.5.28) we receive:

1 _  e-(s+,/)  ̂
LF[,.(s) =  L(7^ rc

s +  ’

By tak ing  the inverse transform  we receive:

^  L. 1, 1 ( T “  ^ Tc)k 1
v w  =  . + k x:i ( - i ) k ^ ' e ' k' - - 1 j z i y r -

U(7--krc)

(1.5.28)

(1.5.29)

(1.5.30)

We will use this expression very often when analyzing the CDMA system s 

perform ance.
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1.6  C D M A  C O M M U N IC A T IO N S  O V E R  O O K /A D D E R  C H A N N E L

In the  A dder C hannel the optical signals from m ultiple sources are added 

resulting in a  multi-level signal as it is shown in F ig .1.12. M ultiple user pulses 

while having Poisson d istribution of the arrival tim es have different 

d istributions of pulse durations on different levels.

A dder channel com m unications could offer b e tte r th roughput due to  inform ation 

em bedded in the multi-level signal. B ut in the  optical channel it does no t seem 

to  be practical because of the high dynamic range of the signal required. I t can 

be used only for systems with few users. In the m ean time the m athem atical 

analysis of the m ultiple user interference in this channel is ra th e r com plicated 

and is not a ttem p ted  in this research. For a  thorough analysis of the  A dder 

channel the non-linearity and lim itations of the  receiver dynamic range have to  

be considered as well.
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1.7 CONCLUSIONS

W e presented the  m otivation for the  research which is to  create  and analyze 

fiber optic Code Division M ultiple Access signaling schemes th a t  will allow 

construction of a  collision resistan t Local A rea netw ork su itab le  for real time 

com m unication.

Some im portan t properties of pseudo random  sequences were described and  a 

sim ulation study  was perform ed of asynchronous sums of the Gold Sequence sets 

for the  purpose of illustra ting  the phenom ena of the  m ultiple user noise in the 

F iber O ptic D irect Sequence systems.

A new type of sequences was defined and called Pseudo R andom  Interval 

Sequences. M ethods of constructing of non-optim al Pseudo R andom  In terval 

Sequences ou t of the PN  codes and quasi-optim al sequences out of One- 

Coincidence sequences were described.

We modeled the  CDMA O O K /O R  Channel assuming Poisson arrivals of the 

m ultiple user signal pulses and determ ined the s ta tis tica l properties of the 

m ultiple user noise th a t  will be used in subsequent chapters for the  analysis of 

CDMA systems.



2. CDMA DIRECT SEQUENCE COMMUNICATION

2.1 IN T R O D U C T IO N

D irect Sequence com m unications over HF channel is the most popular among all 

types of spread spectrum  signaling due to  the advantages it offers, [ l]. The main 

idea behind this technique is as follows. The d a ta  is being m odulated by a 

pseudo random  sequence of a ra te  th a t  is higher than  the one of the  d a ta  

signal. The receiver generates i t ’s own replica of the pseudo random  code and 

perform s detection by crosscorrelating the local replica with the incoming signal 

and  discrim inating the crosscorrelation function a t a fixed threshold.

In the In tensity  M odulated/D irect Detection, (IM/DD), fiber optic system s the 

properties of the  pseudo random  sequences th a t were described in chap ter one 

can not be fully utilized due to  the specifics of the positive signaling and 

therefore the adoption of this technique is not a t all straight-forw ard.

In this research we conduct ra ther limited analysis of the DS spread spectrum  

com m unications. The following sections illustrate some specifics of the fiber 

optic OR and ADDER channels DS signaling th a t we propose and show the 

results of the sim ulation studies of the O O K /A D D ER/D S systems.
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2.2 OOK/OR DIRECT SEQUENCE CHANNEL

In the O O K /O R  /D S Channel the  PN-sequence is modulo two added to  the  d a ta  

b it stream . So if the  d a ta  bit is zero the code is unchanged, and if d a ta  b it is 

one the  code is com plem ented. This process is illustrated  in Fig.2.1.

D ig ita l E X O R  R eceiver

The base-band signal recovery of the signal in the receiver is shown in Fig.2.2. 

W e assume perfect synchronization of the tran sm itte r and  the  receiver in term s 

of the  tim ing recovery as well as perfect Synchronization of the tra n sm itte r’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  In teg ra te  and 

Dum p algorithm  is being performed.

C o r re la to r  R eceiver

The block d iagram  of a correlator receiver for a O O K /O R /D S  channel is shown 

in Fig.2.3.

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

th e  PN-Code and the  ou tp u t is discrim inated a t zero.

The reference code can be w ritten  as follows:

(t) =  £  (-1 )C* v,(t -  jTe|
j- 1

(2 .2 .1)
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T hen the  correlation process yields the following correlation function: 

(k+l)LTc L
R (LTC ) =  /  V) [diik ©  CyV<t-jTc )] [ ( -  i f"  </(t-jTc )] dt (2.2.2)

1 kLTt j-1

By interchanging linear operators we receive:

L (k+i)LTc
RSc (LTC ) =  £  /  (di.k ©  Cij ) ( - 1 ) ° “ ./<t -  jT e ) dt (2.2.3)

‘ j=l kLT,

or:

L |(k + 1) L + jj Tt
RSc (LTc ) =  v: ( -  1)°' /  (di.k ©  Cjj ) -  jTc ) dt (2.2.4)

' j=l (kL + j -  1) Tt

The ou tp u t of the  correlator is being sampled a t kL Tc in stan ts  and  the 

sam pled value

Di,k =  RSc.0/ r c)

is discrim inated a t  a  fixed threshold to estim ate the d a ta  bit.

Since the  channel is digital and therefore effectively the hard-lim iting of the 

signal takes place the  value of Dj k is bounded:

. <  n i T =
n  ^  „ t  (2.2.5)Di,kd.k , > " 0  T c

W here:
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n, - is the num ber of positive chips in the one-pattern  

n0  - is the num ber of positive chips in the  zero-pattern

If maxima] length sequences are used to m odulate the d a ta  a t  the  tran sm itte r 

then:

L -  1

In case when the  difference in the  num ber of pulses in the one- and zero-pattern  

is significantly large the  transition  probabilities of the channel will depend on 

th is difference. This kind of signaling is not desirable for sym m etric sources.

Applications of O O K /O R /D S channel to m ultiple access com m unications is very 

lim ited due to  i t ’s poor perform ance which is explained by non-optim al signal 

design. It will become more clear when we analyze the Time-Hopped channel.
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d(t) I
a) UNMODULATED DATA

c (t) n n n  n n n n  r
b) PN SEQUENCE

»ui  nn m — inn n r
c) MODULATED DATA

Fig.2.1 M odulation of D ata by a PN-Seqiittncu.
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Fig.2.2 Base-band Signal Recovery in EXOR Receiver
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F i g . 2 .3  C o r r e l a t o r  R e c e i v e r .
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2.4 B ase-band Signal Recovery in C orre la to r Receiver
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2.8 OOK/ADDER/DS CHANNEL

In th is section we will show the results of the sim ulation study  of the 

O O K /A D D E R /D S Channel. The study was perform ed on a tim e dom ain 

sim ulator. F ig .2.5 illustrates the  block-diagram  of the  sim ulated system. 

M ultiple users were assigned unipolar Gold codes generated by pairs of shift 

registers.

A special random  num bers generator produced time-offsets for each user. The 

num ber of users varied from one to  the maximum possible th a t  c o r n  spouds to 

the num ber of Gold codes in the set.

The receiver was realized as a correlator th a t  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 

crosscorrelation signal was discrim inated a t  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 1 0 - 5  probability of error when the num ber of users is less 

th an  10 %  of the processing gain K p .
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Fig.2.5. O O K /A D D ER /D S Sys l.ein Sim ulation
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2.4 CONCLUSIONS

W e described the  O O K /O R /D S and O O K /A D D ER/D S systems and  perform ed 

the  sim ulation study  of the O O K /A D D ER/D S channel perform ance. As it could 

be expected due to  the  positive signaling and therefore non-gaussian s ta tis tic s  of 

the  m ultiple user noise the  fiber optic D irect Sequence CDMA channel 

dem onstrates less th an  1 0  %  th roughput for 1 0 ~ 5 probability  of error. In 

add ition  we have to  point out ra th e r high dynamic range of the  light power 

required th a t  limits applications of this technique.
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3. TIM E-HOPPED CDMA SYSTEM  

» .l INTRODUCTION

An effective way of Code Division Multiplexing in the O O K /O R  channel is to  

use signals w ith low du ty  cycles.

The m ethod we propose and analyze in th is chap ter employs m odulation of the 

d a ta  by sequences th a t  have pseudo random  intervals between the  pulses. It is 

called Time Hopping (TH). The sequences th a t  are used in this system  are 

called Pseudo R andom  Intervals Sequences (PRIS). They are described in 

ch ap te r one.

W e will call the  Time Hopping process Slow if there is one or less tim e hops 

corresponding to  one d a ta  bit, and we will call F as t Time Hopping the  m ethod 

when d a ta  is m odulated by a sequence with pseudo random  tim e in tervals 

between the  consecutive pulses and with more than  one of such pulses {Time 

Hops) per d a ta  bit.

The O O K /O R  channel where Time Hopping is used to  spread the d a ta  we will 

denote as: O O K /O R /T H  Channel.

In this research we address only systems th a t employ the F as t Hopping m ethod.

The process of m odulating the d a ta  signal by a PRIS code derived from  a PN- 

Sequence is shown in Fig.3.1. The d a ta  signal in this case is modulo two added 

to  the  PN  code and then  the resulting signal is m apped into the tim e intervals 

sequence by generating short pulses corresponding to  positive transitions in the 

signal. The synchronization pulses are then  m ay be inserted to  serve as tim ing 

reference for the  receiver.

T he process of d a ta  recovery is depicted in F ig .3.2. The receiver contains a
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m atched filter which can be an  electronic or optical correlator. F ig .3.2 

illu stra tes  the  operation of an electronic correlator. The reference code W (t) is 

crosscorrelated w ith the  incoming signal S(t) which is the resu ltan t signal of the 

optical to  electrical conversion process th a t  takes place a t  the  front end of the  

receiver. The crosscorrelation function is then  sam pled a t k T d in s tan ts  and  

discrim inated a t  a fixed threshold. A nother type of a correlator is the  one th a t  

employs T apped Delay Lines (TDL) th a t  are m atched to  the tim e in tervals of 

the  ta rg e t code. I t is called TDL correlator. The d iagram  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 

potentia ls of the  system  since the param eters of the  receiver will be less 

sensitive to  environm ent variations.
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Fig.3.3 O O K /O R /T H  System: TDL C orrelator Receiver
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S.2 MULTIPLE USER INTERFERENCE IN OOK/OR/TH SYSTEM

It is necessary to  determ ine the characteristics of the m ultiple user noise in the 

system . One has to realize th a t the properties of this noise and  its effect on 

each users signal is very much dependent on the signaling scheme employed and 

th e  receiver design.

For binary  d a ta  com m unications we propose two different signaling schemes. 

The first scheme to  be analyzed is w hat we call Passive Pause Signaling, (PPS), 

uses only one PRIS code per user to  com m unicate the  d a ta  value of one. W hen 

the d a ta  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  d a ta  value 

of one the  o ther is to represent the d a ta  value of zero. This concept can be 

generalized for m-ry signaling where each user is assigned m  d istinc t PRIS 

codes.

F irs t we analyze the perform ance of the O O K /O R /T H  system  th a t employs 

passive pause signaling.

Let:

N be the  num ber of interfering users,

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

T d is the  duration  of the d a ta  bit, 

tc is the  duration  of the  tim e hop,

p(0 ) and p (l)  are the probabilities of zero and one in the d a ta  stream .

On the  average each user contributes v j pulses per second to  the  m ultiple user 

noise. This param eter depends on the num ber of hopes per b it, the  probability  

of one in the  d a ta  signal and  the d a ta  b it rate:
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(3.2.1)

If the  num ber of interfering users is large (more than  ten) it is safe to  assum e 

th a t  the s ta r t  tim es of the interfering pulses have Poisson d istribution  w ith the 

param eter u  :

^  N n p(l)// =  N  =  i
Td

This is the  w orst case value since it is com puted assuming infinite d a ta  sources. 

In o ther words for the sake of this analysis we consider each of the N users and 

the  ta rg e t tran sm itte r constantly  transm itting  d a ta .

(3.2.2)

Td



8.8 PROBABILITY OF ERROR IN THE OOK/OR/TH SYSTEM

W e ■will now analyze perform ance of the system  th a t  employs T apped Delay 

Line receiver and the  Passive Pause Signaling, (PPS). The d iagram  of the 

receiver is shown in Fig.3.3. The receiver acts as a m atched filter for the  ta rg e t 

users signal if the  delays DLj are m irror images of the in tervals of the PRIS 

code assigned to  the  user.

The signal from  the  O ptical to  E lectrical, (O /E ), converter is routed to the 

delay lines whose ou tpu ts are connected to the n-inpu t AND gate. The o u tpu t 

of the AND gate is strobed by the synchronization pulses z(t). A fter th a t  an 

Integrate-A nd-D um p operation is perform ed. The decision abou t the 

tran sm itted  d a ta  b it value is done by comparison of the in tegrato r o u tp u t w ith 

a fixed threshold.

If Passive Pause Signaling is employed then the O O K /O R /T H  channel can be 

viewed as Z-channel assuming no pulse j i t te r  in the  signal is present. Even 

though we m ake this assum ption the receiver which is depicted if Fig.3.3 is 

designed with the notion of some uncertain ty  in the positions of the pulses in 

the  p a tte rn . The sensitivity of the receiver to the pulse j i t te r  can be reduced by 

lowering the  threshold in the com parator. B ut one should realize th a t  this will 

increase the  probability  of false detection.

T he assum ption of no j i t te r  in the  signal and perfect synchronization between 

the  tran sm itte r and the receiver will lead to  no loss of the ta rg e t user signal 

when d a ta  value of one is transm itted  and some false signals detected when the 

tran sm itted  d a ta  value is zero.

To determ ine the probability of error we have to  find the param eters of the  

m ultiple user noise signal y(t) a t  the  o u tpu t of the AND gate, Fig.3.3.



Due to  the  assum ption of completely random  codes we can also assum e th a t  the 

pulse tra in s  X j ( t )  are s tatistica lly  identical. Following [50] and  [8 ] for the  

overlapping pulse tra in  y(t) the com plem entary integral d istribution can be 

found as follows:

n-1
(3.3.1)

F rom  (1.5.28) we observe th a t:

F c,*{r) =  1. for 0 <  T < r c

Then for the sam e in terval of the r values:

F Cly(r) -
U —1

1 -
x ;

(3.3.2)

Substitu ting  (1.5.26) into (3.3.2) we receive for the  com plem entary integral 

d istribution  of the  pulse durations of the signal y(t):

i  -

i 1 t e-rr.
1 — e-rrc

n -1

(3.3.3)

A necessary p a rt of the  detection process is strobing the  o u tp u t of the AND 

gate by the  synchronization signal z(t). The period of the sync pulses is equal 

to  the  period of the d a ta  T j . The duration of the sync pulses Tt  is no t g rea ter 

th a n  th a t  of the  user signal pulses tc to  reduce the probability  of false 

detection.
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T he pulse ra te  of the signal z(t) is:

(3-3-4)id

The ra te  of the  y(t) pulses can be found from the  following form ula, [8 ]:

Vy -  u IK , \  £  ■= (3-3-3)
i - 1  i - 1  r i*1

Then:

JTy =  n jT x P / - 1 (3.3.6)

A nd the  average duration  of the  y(t) pulses:

n

p .
1 I /*X,

7  =  —  =  ---- — -------------- (3.3.7)y — n  n i v >
i i
i = l  i = l  r xi

or since the pulse tra ins are s ta tistica lly  identical:

Ty =  —  (3.3.8)
3 n

For the  strobed signal a(t) we receive using form ulas identical to  (3.3.5) and 

(3.3.7):

Ma My Mz (̂ y "1" 'z)
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(3.3.9)

The signal a(t) is integrated:

i 1
V(t) =  —  f  a ( 0  dfi (3.3.10)

Tz o

The ou tp u t of the  in tegrator is sampled a t the instan ts of tim e im m ediately 

following the z(t) pulse. The decision about the transm itted  d a ta  value is m ade 

based on the comparison of the in tegrator ou tp u t V (rJ  to  a fixed threshold . 

If V (rr) >  Vt  the decision is in favor of d a ta  value of one, otherwise the 

decision is in favor of zero.

In ideal s ituation  when there is absolutely no j i t te r  in the signal the value of 

threshold can be m ade very close to the in tegrator o u tp u t when no interference 

is present. B ut in reality  there will be some loss in the value of the signal a t  the 

o u tp u t of the in tegrator due to  noil-perfect tracking as well as o ther factors. 

Therefore the value of the threshold has to be selected lower th an  maxim um  

possible. This in i t ’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:

TT < T < T z (3.3.11)

The average ra te  of these pulses will be:

?a =
Tz

Ty +  h

(3.3.12)
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where P r( r> rT) =  Fc a(rT) is the  probability  of the  a (t) pulses to  last longer th an  

rT. The com plem entary distribution Fca can be found from the following 

form ula, [8 j, [50j:

F c<a(x) =  -7 - F C|1(r) 1 -  j r f  F CJ( 0  d f
Ty 0

+  -=■ F „ ( r )

(3.3.13)

or substitu ting  (3.3.3) into (3.3.13) we receive:

F c J r )  =  -
Ty  +  Tz

■
T

n - 1
Tx "  7 .1 -  — +  h  -  T

V n
(3.3.14)

for 0  <  T <  T,

Then substitu ting  (3.3.14) into (3.3.12) we receive the average ra te  of the 

m ultiple user noise pulses th a t can potentially  cause false detections:

lJT  =  I1 a  -  1Ty +  Tz I II. n—1
rx “  rT ,

+  Ti  ~ rT
V 11

(3.3.15)

T he errors will occur only when d a ta  values of zero are tran sm itted  thus the 

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

Fe — F t  p(0 ) (3.3.16)
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Taking to  consideration (3.3.9) we receive:

t T
n- 1

Tx -  rT .
=  f l y 1 -  — +  Ti  ~  rT

.
n P(0) (3.3.17)

O r using (3.3.6) and (1.5.22) we finally receive the probability  of error for the 

O O K /O R /T H  system  th a t  employs Passive Pause Signaling:

P e =  n I ' e l'T‘ p(0 ) 11 — e ~rrc
,11— I n- 1

rT
1 -  ----

Tx

-  tt

n
(3.3.18)

where:

7t  < h  < rc

N n p (l) 
T d

W e can express the average duration of the m ultiple user noise pulses via the 

num ber of interfering users and the param eters of the signal:

— 1 — e

nNrc
2Tj
□ Nrt

nN ~ 2Td  e

(3.3.19)

2 Tj

L et us introduce a param eter Kf th a t  we will call B andw idth Expansion 

Coefficient:
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K ,= (3.3.20)

Then the expression (3.3.19) becomes:

— 1 — e
dN
2Kr

nN
2T j

nN
2K(

(3.3.21)

A nd the probability  of error:

nN
2Kr

1 +
nN
2

rT
T d

n—1

dN
2Kr

1 +
nN  J t 
2 T d

n 2N n N (3.3.22)

for p (l)  = p ( 0 ) = 1_
2

We will now introduce the Strobing Factor:

K z =  —  (3.3.23)
7*c

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

hop dura tion . And the Thresholding Coefficient:
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K t  =
Vt 7>p

(3.3.24)

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

m axim um  possible in teg ra to r ou tpu t.

Then we can rew rite the expression for the  probability  of error:

1 -  e
nN_
2Kf

1 + f f  K t K -

n- 1

nN
l - e ~ 2Kf k t k z -  ^

K f 2
k  +  —

K f E 2 i  K t K -J
(3.3.25)

To characterize the  system  perform ance it is convenient to  in troduce a 

p a ram ete r th a t  we will call Channel Load and define as:

C, =  ^  (3.3.26)

Channel load illustrates the channel u tilization by indicating the num ber of 

interfering users in the CDMA system  relative to the num ber of users th a t  could 

be packed in to  a TDMA channel w ithout overhead. The probability  of error 

then  becomes:

P„ =  - 1 — e
nC|
~

n- 1

nK TK.
1 +  — W c ,



-  6 7  -

(3.3.27)

Fig.3.4 illustra tes the  curves of the probability  of error for the O O K /O R /T H  

channel. As it can be seen from the figure the probability  of error monotonically 

increases w ith increasing num ber of interfering users. The B andw idth 

Expansion Coefficient K f =  127 yields Bit E rror R ate  P e =  10- 5  when the  

num ber of interfering users is approxim ately 25 and when 8  to  12 hops per b it 

PRIS code is being used. Fig.3.5 shows identical curves for Kf =  255 . As the 

num ber of hops per b it increases it becomes more unlikely for the m ultiple user 

noise pulses to  align in a way favorable to  the appearance of a false p a tte rn . 

B ut on the  o ther hand the  contribution of each user’s signal to  the  system  noise 

is g rea ter when the num ber of hops per b it is large. These two factors cause 

existence of the  optim al num ber of hops per b it for a  given num ber of 

interfering users.

Fig.3.6 illustra tes the  P robability  of Error as a function of the channel load and 

the num ber of hops per b it in the PRIS codes assigned to the users. These 

curves are  applicable to  any value of the Bandw idth Expansion Coefficient K r .

F ig .3.7 illustra tes the presence of the optim al num ber of hops per b it for a given 

channel load. The more users are interfering the lower is the optim al value of 

n. Luckily the range of the  optim al values of n is ra th e r small, but the 

sensitivity of the Bit E rror R ate  to  the varia tion  of n is very much noticeable. 

T he designer m ight have to know the expected load when selecting the  code set 

for the  system . The dependence of the optim al num ber of hops per b it from  the  

channel load is illustra ted  in Fig.3.8. For small loads larger codes will m ake 

false detection less probable, b u t for large channel loads the  tendency is

nC| \
n Kt  — n +  dK t

1  -  e 2 1 -f- 2  nK EC|
 ̂ *
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tow ards Jess hops per b it in order to reduce the system  noise. O ptim al n 

obviously yields the  minimum achievable P robability  of E rror for all o ther 

param eters fixed, such as the duration of the  sync pulse and the  threshold in 

the  decision m aking com parator.

Fig.3.9 illustra tes the minimum achievable P robability  of E rror versus the 

channel load. I t can be seen th a t  P robability  of E rror can be 10-s  or b e tte r  if 

the  channel load does not exceed 2 1  % .
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Fig.3.8. O O K /O R /T H  C hannel w ith PPK: O ptim al num ber of hops per b it
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A ctive Pause signaling

L et us analyze a  system  th a t  employs now Active Pause Signaling, (APS), 

scheme. In this system  each user is assigned two d istinct sequences cjo and  Ci,i 

to  represent the binary d a ta  values of zero and one correspondently, Fig.3.1.

Let the PRIS code th a t  represents the d a ta  value of one, or one-pattern , consist 

of n t pulses (hops per bit) and the  code representing the d a ta  value of zero have 

n 0  pulses. Then on the  average per unit of tim e each user contributes to  the 

channel /.-'i pulses, where:

n0 P(0) +  nj p (l)

Assuming infinite d a ta  sources all N interfering users will contribute  to the 

m ultiple user noise u  pulses per second, where:

/ ' =  N i*

The T apped  Delay Line correlator receiver for the system  consists of two 

tap p ed  delay line filters m atched to  each of the PRIS codes. The 

synchronization pulse is used to strobe the ou tp u t of the tapped delay line filter. 

T he strobed  signal is then routed to  the Integrate-and-D um p circuits. The 

decision is m ade by com paring the ou tpu ts of the in tegrators. For the  error to 

occur in the  jitter-less system  both in tegrators outputs have to  be sa tu ra ted , i.e. 

reach m axim um  possible value. Then the decision will be up to  the  gaussian 

com ponent of noise in the receiver.

Using reasoning as for passive signaling system  we receive for the  m ultiple user 

noise a t  the  o u tp u t of the tapped  delay line filter m atched to  the one-pattern :
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FciyiW -
//re ,/r‘

1 -  e-"*

n , - l

( 3 . 3 . 2 8 )

And for the filter m atched to the zero-pattern:

F c j.( r) = 1 - //re -"rc

1 — e-vrc
n « - l

(3.3.29)

The average durations of the pulses are:

Tyi =
*X

n i
(3.3.30)

ry. =
' x

» 0

(3.3.37)

For the strobed signals we receive using (3.3.9):

(3.3.32)

(3.3.33)

And the  average pulse durations:

r,. =
ry/*

aj —Tyt +  Tz (3.3.34)

r a„ =
ryorz

ry0 +  rz
( 3 . 3 . 3 5 )
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The com plem entary integral d istribution function then  becomes:

F c,atW  -  —
ryi +

1 - ^ -
ni-l

Tx ~ T
+  T . - T (3.3.36)

ry« +
1 - - Z -

D#- l T —  T  'x  1
+  T . - T (3.3.37)

The probability  for these pulses to  reach m axim um  possible dura tion  th a t  will 

yield in i t ’s tu rn  the maximum possible ou tp u t of the in teg ra to r is as follows:

Fc.a.fo) =
ry, +  r. n,

(3.3.38)

^'cla0(7"z) —
Tyo +  ^

1 -  —

n°_1 T —  T' x ' z

n 0
(3.3.39)

The average ra te  of the pulses th a t can potentially  cause an error is then:

/*e0 I1 a.) ^'c1ao(̂ z)

(3.3.40)

(3.3.41)

Due to the sym m etry of the gaussian noise d istribution only half of these pulses 

can cause errors. Then the probability  of error lor th is system  becomes:

, N *lJ 2 , , I ' J 2
Pe =  p ( 0 ) T ^ r  +  P(l)*l /2 T d l /2 T d

(3.3.42)



- 78

O r for a sym m etric d a ta  source:

P . =  ^ T d (3.3.43)

If both  PRIS codes contain the sam e num ber of pulses, i.e.

n i =  riQ =  n

A nd thus:

/ 'e ,  =  / ' e 0 =  I'e

We receive for the probability of error:

P c =  /'□ (3.3.44)

Using (3.3.31), (3.3.20) and (3.3,25) we have:

P e  =  t ' y

n - l

1 -  —

rx -  h
n

(3.3.45)

Assuming sym m etric da ta  sources and using (1.5.24) and (3.3.6) we receive for 

the probability  of error:

P e = 1 — e
nN
K,

1 +
nNK,

Kf
(3.3.46)
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A nd introducing the  channel load param eter we receive:

P e =  [ l  -  e ~ vC' ( l  +  nK tC])]n (3.3.47)

P ig .3.10 illustra tes the  probability of error as a function of the channel load for 

different num bers of hops per bit. The channel th roughpu t is noticeably sm aller 

for the  system  th a t  employs active pause signaling due to  greater contribution 

of each user to  the  m ultiple user noise. The crossings of the  curves th a t  

correspond to  different values of u indicate presence of an optim al num ber of 

hops per b it for a fixed channel load. Fig.3. 1 1  illustrates th is fact. By 

com paring graphs on F ig .3.11 w ith the ones on Fig.3.G we can conclude th a t  the 

system  w ith passive pause signaling offers approxim ately two times g rea ter 

th roughput. 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 d a ta  b it stream .

Fig.3 . 1 2  shows the  optim al num ber of pulses in the PRIS code versus channel 

load. As the channel load increases the  optim al num ber of hops per b it goes 

down. Fig.3.13 illustra tes the minimum achievable probability of error as a 

function of channel load for a system  employing the active pause signaling 

scheme. To insure BER of 10- 5  or be tte r the channel load has to be kep t less 

th an  1 2  %  .
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*.4 OOK/OR/TH BURSTY CHANNEL PERFORMANCE

In bursty  com m unications environm ent each source is characterized  by the 

average du ty  cycle of the  inform ation flow. One example of th is kind of

environm ent is packet com m unications. A nother example is com m unicating 

voice using speech detectors.

W e will now analyze the  O O K /O R /T H  bursty channel perform ance th a t  

employs passive pause signaling.

Let i j  be the  average du ty  cycle of all M inform ation sources in the  system . The 

signals from all users overlap in tim e. Thus a t  any in s tan t of time there  is some 

probability  ?/n(M) to have N signals out of to ta l M overlapping. This 

p robability  can be found as follows:

consists of coinciding signals from N users. Then f/N(K4J is the average du ty  

cycle of the  N -th order burst.

^n(m ) -  ( i  -  v r N (3.4.1)

We will call signal bu rst of order N a portion of the m ultiple user noise th a t

F or the  system  with M active interfering bursty users the average probability  of 

error becomes:

/
(3.4.2)

W here P e(N) can be found from (3.3.25).



- 85 -

Fig.3.14 illustrates the  probability  of error as a  function of the  num ber of 

interfering users for different du ty  cycles of the bursty  inform ation sources. It 

can be seen from the  figure th a t  duty cycle of 0.4, for exam ple, allows the 

channel th roughpu t to  be increased to  over 40 % .

Fig.3.15 illustrates the  tim e d istribu tion  of the b it error ra te . In o ther words, it 

shows the d istribution  of the  du ty  cycle of different values of the  probab ility  of 

erro r for a  case of 40 interfering bursty  users in a system  w ith Kf =  127. I t can 

be observed th a t  most of the time the probability of error is w ith in  1 0 - 7  to  1 0 - 5  

range, while only during 1 %  of the tim e it is a t  1 0 ~ 3 value.
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8.5 CONCLUSIONS

W e proposed an  effective technique of Code Division M ultiplexing of m ultiple 

user signals in the single F iber O ptic Channel. The main restrictions th a t  the 

F iber O ptic m edium imposes on the communication system  design are  lim iting 

to  positive signaling and the necessity to clip the  channel signal in order to 

susta in  dynam ic range variations. As a result the system  model is a  digital OR 

Channel.

In spite  of these lim itations the signaling schemes we proposed offer sufficient 

th roughpu t to be acceptable for Local Area Networking applications. The 

O O K /O R /T H  system  th a t  employs passive pause signaling dem onstrates b e tte r 

th a n  2 0  %  channel th roughput w ith probability of error less than  1 0 - 5  w ith  no 

coding on the  top of spread spectrum . Identical system  with active pause 

signaling dem onstrates ( 1 0 - 1 2 ) %  th roughput. In bursty  com m unication

environm ent when the duty  cycle of bursts is no more th an  0.4 the system  w ith 

PP S  dem onstrates over 40 %  throughput.

The high level of perform ance th a t has been determ ined for the Fiber Optic 

O O K /O R /T H  Channel can be explained by the high bandw idth and relative 

stab ility  offered by the  F iber O ptic medium, low therm al com ponent of the 

system  noise and the  precision of the Tapped Delay Line correlators th a t  can be 

achieved by perform ing the  signal processing in the optical dom ain. This 

properties of fiber optics justify  the  assum ptions th a t  were m ade for the 

analysis.



4. COLOR-HOPPED CDMA SYSTEM

4.1 INTRODUCTION

In analogy to  a frequency hopped spread spectrum  system  we propose an optical 

channel signaling scheme th a t uses several optical sources. Every source em its 

light of different w avelength. The d a ta  m odulates a lternately  these sources 

following some pseudo-random  p a tte rn .

W e will call th is process Color Hopping or Lam bda Hopping and denote as XH .

W e propose to  use this scheme for multiple access. The block diagram  of a XH 

system  is shown in Fig.4.1.

A PN -Code generator w ith parallel ou tpu t generates pseudo random  binary  

words which a re  decoded in a l /L  lines decoder. The ou tpu ts of the  decoder 

enable the d a ta  b it s tream  to pass to only one of the L optical sources to 

m odulate the  source intensity. The signals from all sources are coupled into one 

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

A t the  receiver end a WDM sp litte r is used to  separa te  the signals of different 

wavelengtlies. Each of these optical signals is then  converted to  electrical and 

the  inform ation baseband signal is recovered by assembling the  composite signal 

from  i t ’s com ponents via interleaving. This operation is done in the Interleaver. 

The sim plest realization of this device is an m -input OR gate. In this case the 

model of the  channel can be considered as O O K /O R / XH.

We will distinguish between F a s t and Slow Hopping and the boundary between 

these tw o schemes will be the hopping ra te  equal to  the d a ta  transm ission 

speed. Thus a  slow hopped system  will have one hop per d a ta  b it or less. A 

fas t hopped system  will have several hopes per d a ta  b it duration.



W e can represent the signal of the  i-th user in a X - hopped channel model as:

<x- m
Si(t) =  V  v  dk M i  -  jT k) C(t -  jT d )

k “ -0 0  j = 1

W here: 0,1 — unipolar d a ta

X — pseudo-random ly selected wavelength and + \(t) — is the  pulse shape 

function a t  the o u tp u t of each photo-detector:

l'(t) =
1 J T X <  t  < ( j + l )Tk 
0  elsewhere

£(t) — is the  d a ta  pulse shape function:

t ( t )  =
1 kTd <  t  < ( k + l ) T d 

0  elsewhere

The technique th a t  we will consider is the  one th a t  uses fast hopping. In case 

of a fast hopped system  the receiver is detecting p a tte rn s  of different 

wavelengthes separately  and then interleaves them  to recover the d a ta . This 

process is illustra ted  in Fig.+ 2 .

The signal a t  the  o u tp u t of the In terleaver in the absence of m ultiple user 

interference can be w ritten  as follows:

s ,(t) =  v ; v  x k -  jT A)
k  j = 1

(4.1.2)

The pseudo random  wavelength p a tte rn  and the d a ta  b it s tream  are
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synchronized so the  beginning of the  d a ta  b it corresponds to  the beginning of 

th e  p a tte rn , F ig.4.2.
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4 .2  MULTIPLE USER OPERATION IN THE COLOR-HOPPED SYSTEM

Let us first consider a system  th a t  employs Passive Pause Signaling, (PPS), 

scheme. T he d a ta  b it value of one is being com m unicated by a pseudo random  

p a tte rn  of pulses th a t  appear a t  different wavelengthes, Fig.4.2.

L et be the  du ra tion  of the pulse a t  the  wavelength X .

L et L be the num ber of optica! sources in the  system.

We will determ ine the m ultiple user noise param eters using approach sim ilar to  

the  one used for Time-Hopped system.

If all users are assigned codes th a t m ake use of all of the  available optical 

sources and  have the same num ber of hops per b it n x a t  each w avelength then 

each user contributes to  the multiple user noise l'x pulses per second:

(4.2.1)

where:

L is the  num ber of wavelengths,

p ( l)  is the  probability  of the d a ta  to take on the value of one.

T hen the  average num ber of pulses per wavelength in the system  noise becomes:

(4.2.2)

W e will assum e Poisson d istribution of the s ta r t  tim es of these pulses and 

therefore the  param eters of the m ultiple user noise can be found the same way



we fund the s ta tistics  of the noise for the  Time-Hopped system. We will assum e 

th a t  each code uses up all L wavelengths and has only one pulse a t  each 

wavelength:

n x =  1 (4.2.3)

The m axim um  num ber of possible d istinct codes is:

NInax -  L ! (4.2A )

If a T apped Delay Line C orrelator is employed the  equivalent diagram  of the 

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

The optical signals a t  different wavelengths are being decoupled and routed to 

the  corresponding O ptical To Electrical, (O /E ), converters where the optical 

signals are converted to electrical ones. Then the electrical pulses are delayed 

integer num ber of time intervals and passed on to the AND gate. The o u tp u t 

signal of the  AND gate y(t) is strobed by the synchronization pulses z(t) and 

the  resu ltan t signal a(l) is then processed by the Integrate-and-D um p circuit. 

The decision about the  transm itted  symbol is m ade based on the  comparison of 

the  in teg ra to r o u tp u t to  a fixed threshold.

If we assume no j i t te r  in the incoming signal and perfect synchronization 

between the tran sm itte r and the receiver, then there  will be no loss of the 

inform ation when d a ta  value of one is transm itted . As in the  Time-Hopped 

system  the assum ption of the jitte rless signal does no t imply th a t  the  proposed 

system  will no t function if there is j itte r . On contrary , it is designed to  sustain  

it. The presence of the threshold VT <  Vmax , where V max is the maxim um  

possible o u tp u t value of the  in tegrato r insures system ’s resistivity to the tim ing
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fluctuations. B ut since we neglect the  pulse j i t te r  effect on the  detection 

process beside the  selection of the threshold value, then  we can say th a t  the 

p robability  of incorrectly detecting the one p a tte rn  is zero, or:

p ( l / l )  =  1 (4.2.5)

The errors occur when a d a ta  value of zero is tran sm itted  and m ultiple user 

noise signals a t each wavelength align 3n a way when they produce coinciding 

ou tp u ts  of all L delay lines.

This model leads to  the  Z-channel.

For each w avelength the  average pulse ra te  of the system  noise is then:

/ ' x,X =  "X e
-I'xn (4.2.6)

A nd the average pulse w idth:

—  1 — e- I ’xTy

'x,A
r \  e

(4.2.7)

The probability  density function for the durations of the m ultiple user noise 

pulses:

tir-h) + ’V  U(r-Ti) +

v  r-n k „ k e- ^ k+,),k |r ~ (lt+lK|11 L  ( - 1 ) "x e
k—1

1 + Y  V ~ (k+l)rx] U [ r - ( k + l K ]

(4.2.8)



The com plem entary integral d istribution of the pulse durations can be found as 

follows:

FW M =  1 +  £  ( -1 )1 "X*-1 {~ —

k- 1

k-1

(k-1)!
1 +  Y  (T ~  k rx) U ( r - r x)

(4.2.9)

F rom  th is form ula we can observe th a t the probability for the  m ultiple user 

noise pulses to  be longer in duration than  some value r  is sm aller as T increases.
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4 .8  PROBABILITY OF ERROR IN THE OOK/OR COLOR-HOPPED SYSTEM

W e will determ ine now the  probability  of error for the O O K /O R / XH system  

using the  Poisson model of the system  noise. The receiver for the  system  

employs the  TDL correlator identical to  the one in F ig .3.3.

F or the signal y(t) we have :

Using the  sam e reasoning as in chap ter three we receive the average 

characteristics of the strobed signal a(t):

(4.3.1)

F or the interval 0 < r < r x we have:

L - ir (4.3.2)

Or substitu ting  (8 ) and (9) into (13) we receive:

L - l

(4.3.3)

/ fa tly ( ry ^z) (4.3.4)

(4.3.5)
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A nd the  com plem entary integral d istribution:

F « ,w  -  -
7.+7.

1L-1

1 -
Tx , \

'x,X —  T

~ rz ~ T (4.3.6)

for 0  < r <  rx

The in tegration process w ith the consequent decision m aking by comparison of 

the  in teg ra to r o u tp u t w ith a fixed threshold will lead to false alarm s due to  the 

fac t th a t  some of the a{t) pulses will exceed in duration some value rT th a t  is 

re la ted  to the  threshold VT in the following way:

rT V'r
T  V' z  Y max

(4.3.7)

The probability  for the duration of the pulse to  exceed T y < r z can be w ritten  as 

follows:

Pr(r>rT) =  FC|a(TT) =
L -1

1 JjL rx,.\ -  rT
+  71 ~  r T (4.3.8)

A nd the average ra te  of these pulses:

_  / 'a
H T  =  ~

Ty  +  Tz
1 TT

L -1

Tx,A

r^ - 7T
+  Tt  ~  T1 (4.3.9)

A nd the  probability  of error:

Pe =  / ' t T (,P(0 ) (4.3.10)



O r expressing the strobed signal ra te  /UT via the average ra te  of unstrobed 

pulses JIy we receive for the  probability of error:

_  III. ' i _ J L
L -1

rx , \ ~ r T  .

~  2 L + r ‘ ~ TT
(4.3.11)

Using (4.2.6), (4.2.7) and introducing the  param eters K e and  K T we have:

P.. = 1 -  e

Nr,
2T d

lL- 1

1 +
2 T ,

1 ~  e

No
2T d , , NKTKzrx LNK,rx _ LNKTKBrA

1 H r "  f-
2 Tj 2T, 2 Tj

(4.3.12)

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

=  L (4.3.13)

Then substitu ting  (4.3.13) in to  (4.3.12) we receive the probability of error for 

the XH system  w ith PPS as a function of the num ber of interfering users and 

the  num ber of wavelengthes employed:
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Fig.4.3 illustra tes this dependence. It can be observed from the figure th a t  the 

num ber of users in the system  is proportional to  the num ber of w avelengthes 

available.

W e will introduce the channel load param eter for the XH system  and define it 

as:

C| -  ~  (4.3.15)
L

Then the probability  of error for the system  as a  function of the  channel load 

can be w ritten  as:

Pe = 1—i
 

1

p

^ 1
1 +  K t K  —

-L --  
1 — e 2

C 1 2 C 1 +  LKTK, Y  -  t  K j-

iL - l

■' ■ i .2 KsK t —Si
2

(4.3.16)

Fig.4.4 illustra tes the  probability  of' error for the O O K /O R / XH system  as a 

function of the  channel load. The curve for the optim al num ber of w avelengthes 

is depicted in Fig.4.5. Fig.4.6 illustrates the minimum achievable probability  of 

error.



Fi^.'l .M. 
O

O
K

/O
K

/ 
M

l 
SysU

'in 
w

illi 
I’l’S, l\,=r(N

)

PROBABILITY OF ERROR, Pp

CD
m
73

m
73
"H
m
5

z
o
c
CO
m
73
tn

o

OJ
o

cn
O

-102
-



(
,C

>
).

J=
’>

«1
 

‘S
<

l<
| 

'[
'I

!"
 

n
i.

n
sA

's
 

11
\ 

/
i

l
O

/
M

O
O

PROBABILITY OF ERROR, Pp

o
X
>

m

O
3 >
O

i
<n i

■t*
t

WO

O
ro

-
S

O
I

-



-104-

3 0

0.1 0.2
CHANNEL LOAD
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A ctive Pause Signaling

L e t’s now consider an active pause signaling scheme where each user is assigned 

tw o d istinc t pseudo random  w avelength p a tte rn s. Fig.4.7 shows the  block 

d iagram  of a  tran sm itte r and a  receiver for th is system. The tran sm itte r 

consists of two P N  sequence generators which are identical to  the  one used in 

the  Passive Pause Signaling scheme. One of the generators is enabled when 

d a ta  value of one is transm itted  ano ther is enabled when d a ta  value of zero Is 

to  be tran sm itted . The generators a lternately  control the  optical sources thus 

generating one of the two possible X— p a tte rn s  a t  a tim e. The equivalent 

d iagram  of the  receiver includes two sets of the delay lines sim ilar to  the  one in 

the  receiver of the system  w ith Passive Pause Signaling. The ou tpu ts  of the 

delay lines are passed trough the AND gate, strobed and the resu ltan t signal is 

routed to  the  Integrate-and-D um p circuitry. The o u tp u t signals of the 

in tegrato rs, th a t  exceed in value some fixed threshold VT , appear a t the inputs 

of th e  com parator. The decision about the transm itted  d a ta  b it is m ade based 

on the  prevailing signal.

If the  pulse j i t te r  can be neglected then  there will be no losses of the 

tran sm itted  inform ation since the corresponding in teg ra to r’s ou tp u t will be a t 

i t ’s maximum:

w hen the one-pa ttern  was tran sm itted  and:

v„ = V0,m„  (4.3.18)

(4.3.17)

when the zero-pattern  is transm itted .
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The error will occur when maxim um  will be reached by the  in teg ra to r o u tp u t 

th a t  corresponds to  the  p a tte rn  th a t  was not transm itted . This can happen 

due to  the  m ultiple user noise. B ut even then only half of these situations will 

cause an error because of the sym m etry of the  therm al noise s ta tistics.

The contribution  of each user to  the m ultiple user noise a t each w avelength 

average per second is as follows:

And all users con tribu te  l \  pulses to the system  noise a t  each w avelength, 

where:

Using the  sam e approach as for the TH system, we can assum e th a t  the  errors 

in the jitter-less system  can occur only if both in tegrators are a t their maximum

words it will be up to  the  gaussian com ponent of noise. The Integrate-A nd-

d
(4.3.20)

o u tp u t and the decision is being m ade based on the prevailing o u tp u t. In o ther

Dump circuit is an optim al filter for the  white gaussian noise channel.

Then the probability  of error becomes:

L—1

L
(4.3.21)

By substitu ting  the  expression for jiy  and tak ing  to  consideration conditions 

(4.3.17) and  (4.3.18) we receive:
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P e = 1 — e
N.
L

1 +
NK,

(4.3.22)

W e will now introduce the  channel load param eter for the  O O K /O R / XH 

system:

C, =  —  (4.3.23)
L.

T hen  the probability  of error becomes:

P e =  [ l  -  e -LC| ( l  +  LK zC,)]L (4.3.24)

Fig.4.7 illustra tes the plots of the probability of error for the O O K /O R / XH 

system  w ith active pause signaling as a  function of the  num ber of interfering 

users. F ig.4 . 8  shows the plots of the probability  of error versus channel load. 

O ptim al num ber of w avelengths is given by Fig.4.0. And the minim um  

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 M ultiple Access scheme based on 

optical bandw idth  spreading method. This system  offers significant th roughpu t 

and allows m ultiplexing m ultiple user signals into a single fiber optic medium.

Color Hopping should be used when optical bandw idth  utilization is preferable 

to  electronic, when spreading the  electronic bandw idth  is a problem. The d a ta  

pulses in the Color-Hopped system  stay  unspread until they reach the E /O  

conversion stage.

We derived the expression for the probability of error th a t  ties the b it error ra te  

to  the num ber of users and the num ber of available wavelengthes. For system  

designs w ith efficient bandw idth  utilization we plotted  the optim al num ber 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 M ultiple Access channel th roughpu t we 

propose a m ultiple access scheme th a t  utilizes a com bination of Color and  Tim e 

Hopping. It allows the use of a two-dimensional addressing scheme which 

m akes it possible to m ultiplex more users into a  single fiber. Unlike the  TH  and 

XH system s the hybrid scheme allows to  use the non-optim al PRIS codes and 

y e t create  optim al two-dim ensional hopping p a tte rn s  a t each w avelength. The 

m echanism  of th is kind of code generation however is not yet researched and is 

beyond the  scope of this research.

Different com binations of the  Time and Color hopping techniques are possible. 

One can construct a  system  th a t  will employ fast Time Hopping and  slow X 

Hopping and visa-versa. We will limit our analysis to  the system  w ith  fast 

Time and fast Color Hopping.

A nother set of com binations have to be pointed out. It is possible to  

im plem ent a  system  th a t  will have Time-Synchronous, or Chip-Synchronous, 

hopping p a tte rn s  while m aintaining asynchronism  in the  wavelength hopping 

p a tte rn . The opposite is also possible. All com binations might find their 

applications. In this research we limit our analysis to  completely asynchronous 

case.

The block-diagram  of a hybrid T —XII m ultiple access system  is shown in 

Fig.5.1.

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

register th a t  has a  parallel as well as a  serial ou tpu t. The parallel binary
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pseudo-random  code words are  being routed to  a l /L  lines decoder whose 

o u tp u ts  are used to  select the  optical source. The P N -genera to r’s serial o u tp u t 

is m odulo-two added to  the  d a ta  b it s tream  and the  resulting signal is routed to 

all optical sources.

The address assignm ent in this multiple access system  is realized according to a 

two-dim ensional (Time Interval-W avelength) m atrix . The 2-D p a tte rn  m atrix  

consists of integer num bers IltI2, 1 * * ,I„ of chip-slots which signify the distances 

of the  pulses from  the beginning of the code. The subscripts show the  pulse 

num ber in the p a tte rn . The columns of the m atrix  correspond to  the 

w avelength values XltX2, * * • ,XL :

Il • 13 .
. h . . •

I4 . . .
. In

.

where n is the num ber of pulses in the p a tte rn .

O f course this num ber can be different for one- and zero-patterns.

A nother way to  represent the p a tte rn s  is by using a binary m atrix  and having 

the rows correspond to the pulse distances from the  beginning of the p a tte rn  

and  the columns correspond to  the num ber of the optical source, i.e., to  the 

wavelength.

In general the  spreading code generator and the w avelength controlling 

generator can be realized as separate  devices bu t they have to  be chip- 

synchronous to  prevent X — hops to  occur w ithin one pulse in the  p a tte rn .
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In th e  m atrix  representation  the  column shows the tim e sequences th a t  

correspond to  one w avelength.

This system  can accom m odate significantly larger population of users 

com m unicating over a single fiber. The O O K /O R  system  th a t  employs hybrid 

signaling which is a  com bination of Time Hopping and X Hopping we will denote 

as O O K /O R /T  X H system.
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6.2 MULTIPLE USER NOISE IN OOK/OR HYBRID SYSTEM

The phenom ena of the  m ultiple user noise in this system  is som e-w hat identical 

to  the  one in the  TH system . The difference is th a t  m ultiple w avelengths will 

reduce th e  interference among users since the  contributions by the  users to  the 

system  noise is sm aller per wavelength in this system  versus TH system  

assum ing the sam e num ber of hops per b it in the PRIS code. Therefore 

em ploym ent of W avelength Division M ultiplexing allows to  "pack" more users 

in to  a single fiber. Let nx be the num ber of tim e hops per b it a t  some 

w avelength X . And let L be the num ber of wavelengths used in each code. 

W ithout loss of generality we can assum e th a t  the system  uses identical codes 

in term s of num ber of pulses in the p a tte rn . Bach code uses up all L optical 

w avelengths available and the num ber of tim e hops per bit a t  each w avelength 

is the  same for each user.

If the  passive pause signaling is employed then each user contributeds to  the 

m ultiple user noise on the  average per unit of tim e /^,i pulses a t  each 

w avelength, where:

' \ i  =  p (i)  (s-2 -i)
1 d

A nd N users will contribute i \  pulses:

N nv
/x =  - = r -  p (l)  (5.2.2)

Ad

W e use the  Poisson model and the  approach sim ilar to  the one used for the  TH
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system . The average ra te  of m ultiple user pulses a t  each w avelength can be 

w ritten  as:

/ V  =  "x e '"* r' (5.2.3)

A nd the  average duration  of the m ultiple user noise pulses:

  l - e ' " >r‘
v  =  (s-2-4)

i \ e

The probability  density function of the pulse durations is then:

=  e - ' ^ r - r j  +  ,v -''‘r-U(r-rc) +  V  ( - l ) kiVIe-''‘(ktl,r- x
k=l

\ t  (k+l)rcl |  ^  l) T 1
1 +  —  t  — (k+!)rcj | U ĵ r—(k+l)rcj (5.2.5)

(k — 1 )! I k

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

exactly  to rc.
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6.# PROBABILITY OF ERROR IN THE HYBRID SYSTEM

P assive Pause Signaling

W e will analyze the system  th a t  employs a receiver consisting of WDM sp litte r 

and otherwise identical to the  one depicted in Fig.3.3. The num ber of delay 

lines in the  TDL correlator is equal to  Lnx .

To find the characteristics of the  o u tp u t signal from the  TDL correlator, 

(Fig.3.3), we will assume all pulse tra ins X j ( t )  independent and sta tistica lly  

identical. The correlator effectively consists of Lnx delay lines. Then the 

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

JTy =  L nx /;x e""*r' ( l  -  e ""xr‘p  1 (5.3.1)

The average dura tion  of the  y(t) pulses:

—  'x,X

T y  ~  L i n
(5.3.2)

If we use the  sam e reasoning th a t  we used for the  Time-Hopped system  we 

arrive a t  the expression for the probability  of error for the hybrid channel:

1 -

r T
L n x—1

V  ~  t T

L nx +  r z ~  r T P(°) ( 5 . 3 . 3 )

O r using (5.3.1) we receive:

P e  =  L i v a p (O )  e - 1̂  1 -  e - " * r‘
,Lm  -  l

1a

r T
1 -------------

r x,X

r x,X ~  r T

Lnx +  Ti ~ tT
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(5.3.4)

W e will now introduce param eters K t and K x :

K e =  —  (5.3.5)
Tc

K t  =  TT2-  =  ~  (5-3-6)V rw m ax ' z

The channel load for a hybrid system  is a  ratio  of the  num ber of interfering 

users to  the  to ta l possible num ber of users in a TDMA system  th a t  employs 

W avelength Division Multiplexing:

C, =  (5.3.7)

W here K f  ̂ is the electronic B andw idth Expansion Coefficient a t each 

wavelength:

T
Kf,x =  ~ T  (5.3.8)

'c

Then the  average duration  of the m ultiple user noise pulses a t each wavelength 

becomes:

mN

_  1 -  e 2Kf'k
rxA — nxN (5.3.9)

Nn\

2rcKf,x
— e 2K,,>
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A nd the probability  of error assuming symmetric and infinite d a ta  sources then  

becomes:

P e =

-n x N

2Kf\
1 +

n xK TK EN
K r,x

Ln>—1

Ld\C|
1 — e 1  +

n xKTK ,N Lux2K N Lnx8K xK aN
2 K f,x 2 K r,\ 2 K f,x

(5.3.10)

O r introducing the channel load param eter:

Ln\-1

p e =
I- l "> 7

1 -  e 2
C l)

1 +  LnxKTK ^ X

—L in ——
1 — e

c c c
1 +  L i i jK tK ,Y  -  L2n x2K „ Y + L V k t K . y (5.3.11)

Fig.5 . 6  shows the curves of the probability of error as a function of the num ber 

of interfering users. If we introduce a param eter D which we will call Code 

Dimension and define it as a product of the num ber of wavelengthes and  of the 

num ber of hops per b it in the  code a t  each wavelength:

D =  L n x (5.3.12)
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Then the  probability  of error becomes:

DC,
Ci

p e = 1 -  e 2 1 +  D K XK .—j i 2

1 — e
DC,

2 C]
1 +  DKtK ,-^ I>2K z- r -  + D 2K t K„ —  1 * 2 (5.3.13)

From  (5.3.13) it is clear th a t  the num ber of wavelengthes and the  num ber of 

hops per b it a t  each wavelength present in the  form ula sym m etrically, thus 

have identical effect on the system  perform ance. This finding is very im portan t 

because it gives the  system  designer the  freedom of trad ing  off electronic 

bandw idth  for optical and visa-versa. Also the system  growth can be on the 

expense of adding new wavelengthes and not having to  fu rther expand the 

electronic bandw idth  a t  each wavelength.

Fig.5 . 2  illustra tes the probability  of error given by (5.3.13) as a function of the 

channel load for different values of code dimension D. It can be observed from 

the figure th a t  there exists an optim al value of D for a given channel load. This 

dependence is shown in F ig.5.3. Since the  num ber of wavelengthes and  the 

num ber of hops per b it have the same contribution to  the perform ance then  

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

D
^opt

o p t

L 0pt —
Do p t

(5.3.14)

(5.3.15)
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Fig.5.5 illustra tes the  minimum achievable probability  of error versus channel 

load for optim al code dimension a t each value of the channel load.
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A ctive Pause Signaling

F or the  analysis of a hybrid signaling schemes we can also use the Poisson 

model. The param eter of the distribution a t each w avelength can be w ritten  

as:

=  N
nO,xP(0) +  ” l,XP(l)

T ,
(5.3.16)

W here: n 1(x au<  ̂ no,x are num bers of hops per b it in the one- and zero-patterns 

correspondently.

The average ra te  and the  average duration  of the  m ultiple user noise pulses can 

be found from (5.2.3) and  (5.2.4). L e t’s consider a case w ith identical codes for 

one- and  zero-patterns in term s of the  num ber of hops per bit:

“ 1.x =  n0 ,\ =  11X (5.3.17)

Then using the  same reasoning as in chap ter three we receive for the 

probability  of error:

P  e

Lm -  l
1 -

x,X

~ X , \  ~7,

n
(5.3.18)

Assuming sym m etric d a ta  sources the probability  of error becomes:

P e = 1 — e

LmN
K,

Lni

1 +
LnxN K,

K f
(5.3.19)
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In troducing the  channel load param eter we receive:

P e =  [ l  -  e - LnvC' ( 1  +  LnxK iC,)]LlIX (5.3.20)

And using (5.3.12) we arrive a t  the  final expression for the  probability  o f error 

for a  hybrid TXH system  th a t  employs Active Pause Signaling:

P e =  [ l  -  e_DC| ( l  +  DK eC,)]D (5.3.21)

The plots of the  probability  of error as a function of channel load for different 

values of the code dimension are illustra ted  in Fig.5.7. There is obviously an 

optim um  in the  value of D for a given channel load. The dependency of the 

Dopt from the channel load is shown in Fig.5.8 . It can be seen from the  figure 

th a t  as the  channel load increases the  optim al value of the code dimension goes 

down. I t can be explained by the necessity to  reduce each user’s contribution  to 

the  system  noise. The curve for the minim um  achievable probability  of error 

can be found in Fig.5.9.
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5.4 CONCLUSIONS

We analyzed the  hybrid CDMA multiple access channel th a t  employs a 

com bination of Time and Color Hopping. This signaling scheme implies two- 

dim ensional spreading of the signal spectrum . One is electronic the second is 

optical. The electronic spectrum  spreading is characterized by the B andw idth 

Expansion Coefficient K f x while the spreading in optical dom ain is characterized  

by the  num ber of available wavelengthes L. It becomes clear from the  analysis 

th a t  introducing the  second dimension into the spreading process allows to 

increase the  num ber of users th a t  can sim ultaneously com m unicate over a single 

fiber optic channel.

We introduced a code param eter D th a t characterizes the size of the  codes used 

in the system . One can observe the sim ilarity between the probability  of error 

expressions for the  TXH , TH and XH systems where D plays the role of n and 

L correspondently. This sim ilarity shows the generality of the  pa ram ete r D 

th a t  we introduced for the hybrid system. In o ther words the TH and  XH 

systems can be considered particu la r cases of the hybrid system.
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0. SYNCHRONIZATION ASPECTS OF CDMA SYSTEMS 

B .l IN T R O D U C T IO N

In previous chap ters we conducted Code Division M ultiple Access systems 

perform ance analysis for different signaling schemes assum ing perfect 

synchronization between the tra n sm itte r’s and the  receiver’s codes. W hat it 

m eans in term s of our system  configurations and the system  models used is th a t  

the  synchronization signal z(t) is absolutely errorless and therefore did not 

cause any false detections. In the  m ean time the problem  of deriving the sync 

pulses from  the  incoming signal in presence of m ultiple user noise is ra th e r 

com plicated. In this chap ter we propose and analyze a synchronization scheme 

for an  O O K /O R /T H  system. This scheme is applicable to the  XH and the  TXH 

system s as well w ith minor modifications.

The idea which is behind the proposed synchronization m echanism  takes 

advan tage  of the s ta tis tica l properties of the m ultiple user noise. By introducing 

a memory in to  the process of signal tracking on the d a ta  level the  system  uses 

the  fac t th a t  the longer is the d a ta  b it error burst the less probable it is. In 

o ther words if K  b its are consequently detected and they are spaced in time 

w ith  the  correct in terval T<j and K is such th a t  the probability  of K consequent 

false detections is negligibly small then synchronization can be declared w ith a 

th rusting  probability  which is a  function of the value of K. The realization of 

th is principle depends very much on the  signaling scheme which is employed by 

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

W hen Passive P ause  signaling is employed we propose periodic insertion of sync 

■words or usage of d a ta  scram bling techniques to  insure a  desired density  of the 

b inary  one runs on the  d a ta  level. The diagram  illustra ting  the  proposed 

synchronization algorithm  is shown in Fig.6.1. The ta rg e t signal mixed w ith the 

m ultiple user noise appears a t  the input of the  TDL correlator. Decoded 

addresses will produce pulses a t  the  correlator o u tp u t. Pulses which are shorter 

th a n  rc are filtered ou t in the Pulse W idth Selector, (PWS). Some of these 

pulses will be false due to  the system  noise.

W e propose to precede every d a ta  bu rst by a pream ble which is a run of d a ta  

values of one. The size of the  pream ble will determ ine the system  perform ance.

Let K be the  num ber of pulses in the pream ble, or i t ’s size. Then a t  the  in s tan t 

when the  K -th  b it of the pream ble 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 s ta r ts  circulating in the delay line and  num ber of it's  

passes via the delay line is being counted by the circulation counter. If q passes 

took place and the counter was not reset by the SYNC signal false synchronism  

is declared, F /F  is reset and no z(t) pulses are produced. As soon as new sync 

pulse appears the  cycle s ta r ts  from the beginning. Every new SYNC pulse takes 

the  previous pulse ou t of circulation by opening the circulation gate, (CG).
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y ( t )S (t) SYNC

SET
Z (t)
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CC(q)

(Td]
F/F

TDL 
{PR IS)

TDL
(KTd)

Fig.6.1. O O K /O R /T H  System with PFS: Synchronization Sclieine



- 139 -

S.8 SYNCHRONIZATION SCHEME FOR OOK/OR/TH SYSTEMS WITH APS

In the  system  th a t  employs Active Pause Signaling, (APS), there is no need to 

insert synchronizations words for periodic retim ing of the  strobing signal. The 

system  can use the  tim ing derived from K previous d a ta  intervals to  strobe the 

(K + l)-s t.

T he block-diagram  of the  synchronisation scheme for the  system  w ith 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 th a t  is m atched to  K intervals equal to  the  d a ta  

period T j  . A Pulse W idth F ilter, (PW F), may be used to remove pulses which 

are  much shorter or longer than  rc .

W e propose to  call this technique Predictive Tracking Because it uses the 

tim ing inform ation from the previous signals to  predict the tim ing of the  curren t 

d a ta  bit. R ealization of Predictive T racking is possible only in very stab le 

com m unications m edia and signal processing environm ents. Single mode fiber 

and all-optical Tapped Delay Line C orrelators possess this property.
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Z(t)S (t) TdPWFTDL
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Fig.(>-2. O O K /O R /T H  System with APS: Synchronization Scheme
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6.4 PROBABILITY OF FALSE ACQUISITION IN OOK/OR/TH SYSTEMS

6.4.1 F a lse  A cq u is itio n  in  O O K /O R /T H  S ystem  W ith  P P S

False acquisition can occur when there is no ta rg e t signal in the  channel and 

m ultiple user noise produces false pream bles. The system  can reside in the  idle 

s ta te  infinite tim e so it is very im portan t to find the average ra te  of the  false 

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

In chap ter th ree  we determ ined the com plem entary d istribution  of the signal 

y(t) a t  the  o u tp u t of the  TDL correlator prior to  strobing. This d istribu tion  

gives us the  probability  of the o u tpu t pulse from the correlator to  be longer 

th an  some value of r :

F =c,y

D —]
(6.4.1)

The synchronization circuit can be viewed as ano ther TDL correlator m atched 

to  the  run of d a ta  values of one spaced in time with intervals equal to  the 

period of the  d a ta  signal, T d . We will call it Sync Correlator. Then we can 

find the  com plem entary distribution of the false pulses a t  the o u tp u t of the 

Sync C orrelator as:

Fc,.(r) = l -  1  / F t J (QdC
TX 0

IK-1

F c,y<r) (6.4.2)

S ubstitu ting  (6.4.1) into (6.4.2) we receive:

F =A C,B » - L 1 - 1 - ^ '
n K ~ 1

i - ^
n r* j V

n —1

(6.4.3)



The system  qualifies only the  pulses th a t  are longer th an  rc . The probability  

for these pulses is then:

■ n' K - l ■

x 1 - i - i i - -n Tn V

n—1

(6.4.4)

Substitu ting  the  expression for tx  from (1.5.26) we receive:

F c,s(rc) 1 -  —  

n
1 - 1 -

rc/«

1 — e - l ' T t

1C -1 n - 1

1 — e -U T C
(6.4.5)

F or the  PPS scheme we can substitu te  the  expression for u  in a TH system:

K - J

F C,SK )  =

■

1=  ' 1 ------- 1 -
n

Nn
Nn 2T d r'  

2 T /
_  Nn 

1 -  e 2Ti '

__N n^
Nn 2T d r'

D — 1

1 -
2 T ,

Nn

1 - e  - r i

(6.4.6)
2T d T*

Or introducing channel load param eter we receive:
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The average ra te  of the false pulses before pulse-width selection can be found 

using (3.3.6):

Ms “  K Hyif ty ^y)K *

A nd the  average dura tion  of these pulses will be:

(6.4.8)

K Kn
(6.4.9)

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

Mfa =  Ms Fc,s(rc) (6.4.10)

A fter substitu ting  (6.4.7), (6.4.8) and using (6.4.9) we receive for the  average 

ra te  of the false acquisition pulses:

Mfa —
K n 2C| - f -
---------  e 1

d C|

1 —e -  2

n ( K + l ) - 2

i - l

'

1 -
2  rc n

n r  nC|nCi -~ y ~
— - — e

. K - l

dC|

1 — e

(6.4.11)

The probability  of a t  least one false acquisition in the idle s ta te  of the  receiver 

per period of tim e equal to  qTd can be found as follows:

PFAtoTd) =  1 -  e-"'*,T‘ (6.4.12)
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Substitu ting  (6.4.11) into (6.4.12) and tak ing  to  consideration th a t:

-we receive for the probability  of false acquisition over the  period of q d a ta  b it 

intervals:

P  F A ^ T d )  — 1 —

EXP Kfq-
nC| nC|

n ( K + l ) - 2 nC| nC ! ~ —  e

n*i

1 -e " " * " n
J - , 2e 1 nCi 

1 - e "  2

K - l

(6.4.13)

Fig.6.3 illustra tes the P robability  of false acquisition as a function of channel 

load for different sizes of the pream ble.

We will now determ ine the average time during which the  system  will reside in 

false sync once it acquires it. The model th a t  we will use is as follows. Once 

the  false sync is acquired the minimum time th a t it will take  for the  system  to 

realize it is:

'■pn* =  >1 Td (e.4.14)

A fter q d a ta  b it in tervals if no sync word is received the  synchronization will be 

dropped. If during these q intervals a new false sync word is detected then  the  

system  will rem ain in false synchronism etc. We will model the arrival tim es of
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false sync words as Poisson process w ith  the param eter /Jp^ • Then the  average 

tim e th a t  the system  will rem ain in false sync can be found as follows:

1 _  a  /*FA Q T i1

rF S  —  ■ (0.4.15)
/*FAe

Substitu ting  (6.4.11) in to  (6.4.15) we can receive the  expression for the  average 

tim e in false synchronism. Due to  the large size of the form ula we do not give 

the  final expression. Fig.6.4 illustrates the plots of tlie average false sync tim e 

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

shows the  same dependence for different values of q.

If the  system  is correctly synchronized it can loose sync should m ultiple user 

noise cause K  consequent false detections of ones. Since the  m echanism  for th is 

is the same as for false acquisition then the probability  of loosing sync is equal 

to  the  probability  of false acquisition:

P ls =  ^FA

It can happen a t  any tim e during the  interval between two enforced sync words 

w ith equal probability . Once loosing sync the system  will reside in this s ta te  till 

next sync word, or till the end of the current burst, or till K consequent d a ta  

b its will appear, w hat ever comes first.
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0.4 .2  F a lse  A cq u is itio n  In O O K /O R /T H  S y stem  W ith  A P S

F or the  system  w ith Active Pause Signaling a pream ble is also required b u t 

there  is a difference in the  reason for it. The system  is capable of acquiring 

synchronism  w ithout the  pream ble as well, however K -l of the  first d a ta  b its in 

th e  b u rs t will be lost. In the absence of ta rg e t signal the probability  of false 

SYNC pulses to  be longer th an  rc can be found using (6.4.5) by su bstitu ting  into 

it the  expression for param eter /> for the TH system:

1 - - 5 -
n

1 -

Nn
T h

N n ii-
K - l

1 — e
N n  
T d r‘

_  N n
Nn T d r‘ 

t„ — — e

, n - l

C T j

1 — e
N n
t / c

(6.4.16)

O r introducing the channel load param eter we receive:

1 - i
n

1 - 1 -
nCje —nCg

1 — e -n C |

K - 1

- n C | n - 1

1 -  nC
L 1 -  e ""C'

(6.4.17)

Using (6.4.8), (6.4.10) and (6.4.15) we receive the average ra te  of the  false 

acquisition pulses for the  O O K /O R /T H  System th a t  employs Active Pause 

Signaling:
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A*fa

, n ( K + l ) - 2

'

1
1 -  — 1 -

n
1 -

nC[e —nCi
\ K - 1

1 -  e—nC |

(6.4.18)

And the  probability  of a t least one false acquisition over the period of tim e qT j 

using (6.4.12) and (6.4.16):

PFA(<lTd) -  1 -

■
n

K - l

„ i „  i n ( K + l ) —2
-  K ,qKn2C|B 1 ( l - e j 1 - i

n
1 -

n C | e  nC | 

1 1 — e - n C |

(6.4.19)

Fig.6 .7 illustra tes the probability  of false acquisition for the system  with APS as 

a function of the channel load. It can be observed th a t  the probability  of false 

acquisition is higher for th is signaling scheme than  for the  system  th a t  employs 

PP S . It can be explained by higher level of the  system noise which is due to  the 

m ultiple user interference.

Once false synchronism  is acquired the system  can expect a newly detected 

pulse every T j interval. Should it miss a t  least one pulse the burst will be 

considered term inated  and the synchronism  will be dropped.

The false sync words are arriving a t  a ra te  //FA. We will consider these arrival 

tim es constitu ting  Poisson process. Then the  average tim e th a t  the  system  will 

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

  1 _  e “ /'MKTa

-  ^ T T ^ tT  <6-4-20>
t lFA e

Fig.6 . 8  illustra tes 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 

m echanism  th a t  causes false acquisition in the idle s ta te . B ut it will acquire the 

correct sync im m ediately w ithin one T d interval and will generate two sync 

pulses. This dual sync s ta te  should be resolved in higher layers of the 

com m unication protocol. It is also possible to have triple, quadruple etc. sync.

T he average tim e th a t  the system  will reside in the  s ta te  w ith a t least one false 

sync is given by (6.4.20). A mechanism can be built into the system  to  prevent 

m ultiple syncs from confusing the detection process and lock the  system  into 

one sync only. Not necessarily it will be the  correct one. However this 

m echanism  will prevent the system  from loosing the correct synchronism  once it 

is acquired.
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8.5 CONCLUSIONS

We proposed synchronization schemes for Time-Hopped system s th a t  are 

applicable to  o ther types of CDMA signaling w ith minor modifications. We 

analyzed the  perform ance of the  proposed schemes by determ ining the 

p robability  of false acquisition, probability  of loosing synchronization as well as 

average tim e in tervals th a t  the  system  will spend in false synchronism. It has 

to  be noticed th a t  the analysis th a t  was perform ed took to consideration only 

pseudo random  carrier inform ation and properties for code synchronization. In 

real systems the reliability of the  synchronization schemes can be greatly  

improved by adding some overhead. In o ther words if the pream ble, for 

exam ple, carries inform ation decodable by the receiver then false sync can be 

detected  and  dropped im m ediately. Using specially constructed sync words for 

acquisition and tracking modes can also improve the perform ance of the system. 

W hen the  system  resides in idle s ta te  long synchronization pream bles should be 

used to  awake it. I t  will reduce the probability of false calls. Then the  size of 

the  sync word can be reduced. A fter the End Of Session is declared the system  

will expect the longer pream ble again.

T he next step  is to  use an adap tab le  synchronization scheme th a t  has a set of 

sync words in i t ’s library and uses them  according to  some algorithm  th a t  takes 

to  consideration the  channel traffic.
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7. A  NOVEL METHOD OF THE O O K /ADD ER/DS CHANNEL  

SIGNAL DEMULTIPLEXING

7.1 WIDE-BAND RECEIVER FOR OOK/ADDER/DS SYSTEMS

F iber O ptic A dder Channel has ra th e r lim ited applications in view of the 

necessity to  control the dynamic range of the signal to  prevent overdriving the 

O ptical to  E lectrical transducers. However sometimes when the  num ber of 

users is small the  system  designer m ight take  advantage of the fact th a t  the 

com ponents for direct sequence systems are well developed and  are easily 

available.

In th is chap ter we propose a novel m ethod of dem ultiplexing of the 

O O K /A D D ER /D S signal.

In the  A dder Channel 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 a tten u a tio n  present and pulse delays as well as noise contributed  by 

the optical sources, therm al noise and quantum  noise in the detection process 

(2 1 -

In Local A rea Networks applications the traveling distances of the  light are 

relatively short and the available bandw idth is therefore high, also the  gaussian 

com ponent of noise is relatively small. These properties allow to  use high 

frequency com ponents of the received signal spectrum  in the detection process.

Based on the the above assum ptions we propose the receiver s tru c tu re , 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, com pared to  a fixed
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threshold  and  then  correlated w ith the  derivative of the PN-code replica. The 

detection process is illustra ted  in Fig.7.2. The derivative of the received m ulti­

level signal consists of the  ta rg e t impulse tra in  w ith pseudo-random  intervals 

betw een the  impulses and  the  impulse trains resulted from other users.

There is some uncerta in ty  in the  relative positions of the PN-code transitions 

due to  clock j i t te r  and channel delay fluctuations. This is the reason for the 

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

Let N be the  num ber of active users on the system. Assume for now th a t  each 

of the  users is continuously transm itting  d a ta  m odulated by a  spreading 

sequence L chips long and having n + and n_ transitions respectively. The 

num ber of chips w ith no transitions is:

n 0  =  L — n + — n_

The spreading sequence of the i-th channel can be w ritten in the following way:

'I W. =  &  ’!■ (‘ - j l ’c ) (7.1.1)
i - l

T c — is the duration  of the chip, 

i/j(t) — is the  chip shape function,

Cij e 0,1

W e assum e rectangular chips, so
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m  =
1  jT c <  t  < ( j+ l) T c 

0  elsewhere (7.1.2)

The spread  signal for the  i-th  user is:

s, (t) =  v  [di,k ©  Cj ( t—kLTc )| (7.1.3)
k =  —cc

W here:

d - is k -th  d a ta  of the i-th user,

d i(k c 0,1

S (t) m odulates 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:

x(t) =  N)Si (t)
i= J

(7.1.4)

W e assum e no o ther noise except the one resulting from the m ultiple user 

interference.

A fter differentiation the signal becomes:

D(t) = £ £  Zij v>ij i ( t - jT c )
i—1 k “  - c c  j = l

(7.1.5)

W here:
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Zj it is a  bipolar d a ta  sequence derived from d ^  by the following 

transform ation:

Z u , =  ( - 1 ) ^  +1 (7.1.6)

and

Xja ij jT c ) 
j - i

(7.1.7)

This is a te rnary  sequence:

The signal (7.1.5) is being correlated w ith the reference signal:

w , (t) =  V  ay t ( t —jT c ) 
j - i

(7.1.8)

W here:

( l  JT C < t < j T c + A
0 elsewhere (7.1.9)

The detection  process perform ed by the  receiver consists of correlation of the 

derived this way te rn a ry  impulse tra in  w ith the reference windowing sequence:

L jT‘ + A
Di,k =  X; /  D(t) ay d t 

j = i  j T r

(7.1.10)
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E>i,k is random . I t ’s value depends on the num ber of interfering users and  the 

shot noise resulted from the  threshold crossovers by the therm al noise 

com ponent.

For the  purpose of th is analysis we neglect this noise com ponent.

U nder the  assum ption of only m ultiple user interference Dj k is determ ined by 

the num ber of the interfering code transitions occurred during the window 

dura tion  A .

The expected value of Dj k is the value when no other users are interfering:

E(»l,k M .k ) -  £  z !,k «tj (7.1.11)
i - i

W here rc is the duration  of the pulse after shaping.

Then the expected value of D, k is d a ta  dependent:

E(Diik / d ijk =  0 ) =  -  (n+ +  n_ ) rc

E(Di k / d i(k =  1) =  +  {n+ +  n_ ) t c  (7 A A 2 '>

W here: n + and n_ are num bers of positive and negative transitions in the  

spreading sequence correspondingly.

W e assume th a t  the value of A is selected sufficient to com pensate for the 

impulse j i t te r  and also assum e perfect tracking.

These assum ptions imply th a t  the ta rg e t transitions of the i-th PN-code uccur 

during the  window interval w ith the probability  equal to  one.

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

Poisson d istribution of the arrival times a t  the ou tpu t of the differentiator.
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Every user contributes on the average (n+ + n_  ) impulses per d a ta  b it duration ,

(n+ + n_  ) {n+ + n_  )
or on th e  average — ----------  positive impulses and ---------------  negative ones.

2 2

Then the  average frequency of the positive and the  negative impulse tra in s is:

n + +  n_
,, =  „+ _  _  N   (7.1.13)

L et us examine the  random  value of (Dj j; / d i1t =  0 ) and (Dj  ̂ /d j  ̂ =  1)

Let

Y,,k -  (Du  / d i k =  0 ) +  1 -  (D,,k /d i,k =  1 ) -  1  (7.1.14)

Here Yjjj is the error signal which is the result of the m ultiple user 

interference.

A
Y: v. is a function of the num ber of active users and the ra tio  —— .1, K rn

A C

In the ideal system  where the in ter-transition  intervals are determ inistic and 

therefore A can be m ade infinitely small the ternary  Pseudo- R andom  impulse 

tra in s  are orthogonal and the probability  of error becomes equal to  zero 

(assum ing th a t  the tracking is perfect).

R ealistically, A is finite and the PN-Code transitions are represented not by the 

D elta-functions b u t ra ther by the impulse responses of the  receiver fron t end 

F (t).

Then the  signal (7.1.5) becomes:

! > ( * ) - £  S  > > i j F ( t - T c ) (7.1.15)
i=l k= -  cv j=l
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W here:

F (t) =

The noise consists of positive and negative components

1+ W  =  £  F ( t—tj )
i «  —  r c

i -  M  =  -  2  )

1 0  5 : t  <  T0
0 elsewhere (7.1.16)

(7.1.17)

W here the arrivals times tj have Poisson distribution. W e will use signal 

decom position technique to analyze the  system  perform ance. The m ultiple user 

noise, F ig .7.2 , can be represented by i t ’s positive and negative components.

In order to be able to  com pare this system to the ones analyzed in the  previous 

chap ters we use an approxim ation of the m athem atical model for the  m ultiple 

user noise by a  model th a t  is sim ilar to the one used for the  TH system.

This approxim ation will require decomposition of the system  noise in to  positive 

and negative com ponents as it is given by (7.1.17). The positive com ponent of 

th e  m ultiple 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 s ta tistics. The negative com ponent of the  noise is derived the  same 

w ay from  the  impulses corresponding to the negative transitions in the  users’ 

codes. These two noise com ponents can be considered independent from  each 

other. The signal can be represented the same way by i t ’s positive and  negative 

com ponents. It can be seen th a t  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 a t  the  beginning and  a t  the end of the  PN  codes due to  preceding 

and  succeeding d a ta  b it values th a t  m ight a lte r the code’s first and  last 

transitions. W h at this fac t implies is th a t  the  TDL correlator has to  be 

m atched  to  the  P N  code transitions excluding the first and the  last. Fig.7.3. 

illustra tes th is s ta tem en t for a fifteen chips long P N  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 F ig .7.4. The TDL correlators th a t  are 

incorporated by the receiver are m atched to  the positive and negative 

com ponent of the  signal. The positive com ponent of the m ultiple user noise is 

comprised by the secondary process x+(t) . The average contribution of each 

user per second to  this p a r t of noise is equal to i.'t pulses per second, where:

(7.1.18)

Then for N interfering users we have:

n+ +  n_ 

2 T d

n + +  n_
  (7.1.19)

If to  assum e symmetric d a ta  sources then both com ponents of noise are 

s ta tistica lly  identical. The average duration  of the positive and negative 

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

-  _  —  1 -  e"  "r"
r, -  V  =  r. = ------1^—  P.1.20)

/.«

And the  average rate:



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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F i g . 7 .3 .  P N - S c q u c n c c  t o  P R 1 S  C o n v e r s i o n  in  T h e  R e c e i v e r
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7.2 SYSTEM PERFORMANCE ANALYSIS

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

to  false detections by the m atched filters.

Now we will determ ine the probability  of false detections caused by the  m ultiple 

user noise com ponents a t  the  inputs of each of the  two TDL correla to r 

detectors. The detector s tru c tu re  is identical to  the  one used in the 

O O K /O R /T H  system  with strobing signal z(t) recovered using the m ethod 

described in chap ter six for the system  w ith Active Pause Signaling. The 

threshold  signal we will assume to  be set a t  i t ’s maximum th a t will correspond 

to  imposing a requirem ent on the o u tp u t pulses to  be a t the ir m axim um  

dura tion  r 0 . Then the  probability  of false detection can be found using

(3.3.46):

(7.2.1)

W here :

(7.2.2)

This param eter is the  processing gain of the DS system.

K f is the  receiver bandw idth expansion coefficient and  is defined as :

( 7 . 2 . 3 )
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The D irect Sequence Channel load we define as:

C, = N
K n

(7.2.4)

Then the  probability  of false detection in term s of the channel load can be 

w ritten  as follows:

n , +n

P f d  =
n .+ n _

1 +  2K,
1 /

n , + n

(7.2.5)

F ig.7.5 illustra tes the probability of error as a function of the channel load and 

the  receiver bandw idth expansion coefficient. As it can be observed the  more 

bandw id th  is expended the be tte r is system ’s perform ance. F ig .7 . 6  illustrates the 

p robability  of error for different values of processing gain K p . There is 

obviously an optim al processing gain th a t  yields the  minim um  probability  of 

error. The m echanism  for th a t  is identical to the one in the TH system.

Fig.7.7 shows the  optim al processing gain as a function of the channel load. 

A nd again, as in the  TH system , the  tendency is to  reduce the num ber of pulses 

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

We proposed a novel m ethod of the O O K /A D D ER /D S signal dem ultiplexing 

based on additional signal bandw idth expansion in the receiver. The proposed 

technique allows to  improve the channel throughput. However it requires high 

dynam ic range of the  optical composite signal and therefore can be used only 

when the num ber of users is small and the therm al com ponent of noise in the 

receiver is negligible.
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8. APPLICATIONS  

8.1 INTRODUCTION

There are num erous applications of the  signaling techniques th a t  -were proposed 

and  analyzed in previous chapters. In two subsequent sections we will illu stra te  

tw o typical examples of F iber O ptic spread spectrum  signaling applications. 

F irs t exam ple describes an asynchronous non-orthogonal multiplexing technique. 

The second exam ple describes a  new type of a F iber Optic Local Area N etw ork 

th a t  is based on Code Division M ultiple Accessing of a single Fiber O ptic 

m edium .
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8.2 ASYNCHRONOUS RATE-INVARIANT MULTIPLEXING

Tim e Division and  Frequency Division multiplexing techniques are based on the 

orthogonal signaling and therefore allow each of the signals to  occupy 

preassigned tim e or frequency slot. These techniques guaran tee  absence of 

interference among channels b u t when some of the  channels are idle others 

can ’t  tak e  advan tage  of the available tim e or bandw idth . There are 

multiplexors th a t  a ttem p t to  realize dynamic bandw idth allocation by 

reassigning the  subchannels among signals when some of them  are idle. This 

technique is ra th e r complex and requires gradual ra te  ad justm ents for some 

m edia (like Voice, per example) and very often requires a set of compression 

techniques to  handle gradual ra te  changes.

To avoid problems connected w ith reprofiling the  channel we propose to  use 

non-orthogonal Code Division Multiplexing technique th a t  allows construction of 

an Asynchronous R ate-Invarian t M ultiplexor, (ARIM), for m ulti-m edia 

com m unications. The a rch itec tu ra l block-diagram  of the proposed m ultiplexor 

is shown in Fig.8 .1 .

Digitized signals are m odulated by a pseudo random  carriers th a t  differ in ra te  

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 th a t  we allocated to  the  electrical domain will 

be perform ed in optical form in not too d is tan t future.

Demultiplexing is perform ed by a set of TDL C orrelators m atched  to the  

corresponding PRIS codes. If the d a ta  ra tes fit some s tan d a rd  hierarchy the  

common electrical or optical clock can be used. Otherwise every m edium  can 

have i t ’s own clock absolutely independent from other media.
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M U X l DEMUXl

/ \

FIBER

TDL

(PRIS*)

TDL

(PRIS3 )

Fig.8.1. R a te-Invarian t M ultiplexing



- 177 -

8.8 CORENET

We propose a new type of a  local in tegrated  services digital netw ork using Code 

Division M ultiple Access protocol. Tlie netw ork should be capable of carrying 

packetized video, voice graphics and d a ta  signals and have point-to-point as 

well as broadcasting capability . This will allow to  conduct secure full m otion 

and  audio-graphics teleconferencing in local a rea  netw ork environm ent, 

d istribution  of m aps and mixed mode (tex t/g raph ics) com m unication.

The nam e of the  proposed network, "CORENET", (Code R eservation Network), 

reflects the Spread Spectrum  Code Reservation scheme which will be used in the 

netw ork for code and bandw idth allocation.

CO REN ET is a fiber-based LAN using 1.3 micron optical sources and  single 

mode fiber. E ach  node has a passive ta p  and no optical signal regeneration is 

required.

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

handle the netw ork layer of the communication protocol.

One of the possible network topologies is an open ring, Fig.8 .2 , w ith a central 

s ta tio n  th a t  uses a control channel reserved for network m anagem ent.

The cen tral s ta tion  keeps in i t ’s d a ta  base the encryption keys assigned to  the 

nodes. It uses the  keys to com m unicate to  each node. The nodes use encrypted 

signals on the  control channel to  request a v irtual circuit connection w ith 

ano ther node, to  report End of Session and num ber of errors detected  during 

the  session (average per second), and to  receive all necessary inform ation to 

establish  the  v irtual com m unication link w ith another sta tion .

A nother possible netw ork topology is a  s tar.
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CDMA netw ork has certain  degree of im m unity to  collisions. However the 

s tab ility  of the netw ork m ust be insured by m onitoring the traffic conditions 

and  limiting the in ter-user interference via code assignm ents th a t  trad e  off the 

b it error ra te  for sm aller contribution of the user to  the system  noise. The 

channel m easurem ents can be perform ed by the  central s ta tion  b u t can also be 

a function of the  "intelligence" built into each node.
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Fig.8.2. C O REN ET Topology
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8.4 CONCLUSIONS

We proposed an arch itec ture  of a R ate-Invarian t M ultiplexor th a t  utilizes non- 

orthogonal signaling techniques for multiplexing of the com m unications media 

signals. The applications of th is m ultiplexor can be single-user/m ulti-m edia, 

m ulti-user/single m edium  and com binations thereof.

We proposed a  F iber O ptic Local Area Network th a t  is usable for real tim e 

com m unications. This netw ork will be especially effective for m ulti-m edia 

com m unications when inform ation sources employ different d a ta  ra tes and  have 

different s ta tis tic s  of the inform ation flow.
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9. FUTURE AREAS OF RESEARCH  

C odes F o r  C D M A  S y stem s

There is a  need to  create  sets of Pseudo R andom  Intervals Sequences w ith auto- 

and  crosscorrelation properties suitable for CDMA applications. These code 

sets should have controlled crosscorrelation functions th a t  can be traded  off for 

the  num ber of codes in the  set. It will allow Code Division M ultiplexing of 

m ultiple users and  in the sam e tim e will allow control of the netw ork 

perform ance.

C o m p o n en ts  F o r CD M A  S y stem s

The com ponents needed for CDMA fiber optic systems are the  TDL correlators 

w ith m ultiple taps and  all-optical code generators. For Color-Hopped system s 

there is a  necessity to  create tunable lasers.

There is a necessity to  create  optical logical components in order to  m ake 

possible all signal processing to be perform ed in the optical domain.

N e tw o rk in g  P ro b lem

To continue research directed to the realization of the  Fiber O ptic Local A rea 

N etw ork based on Code Division M ultiple Access one has to  define the  link 

layer of the  netw ork protocol. It is quite possible th a t  for d a ta  applications 

w hen collision detection is needed there will be a need to  analyze coding on the 

top of spread spectrum  signaling as a  possible cand idate  for the  collision 

detection mechanism. D etailed access discipline has to  be defined for the
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netw ork as well as contention resolution (if any) and d a ta  retransm ission 

stra teg ies. Only then the analysis of the  netw ork perform ance can be realized 

th a t  will answ er the question regarding network th roughpu t and  packet delays. 

W hen com paring the CDMA network to  the  ones th a t  employ contention 

resolution techniques a  composite criterion has to  be defined to  characterize the 

netw ork th roughpu t taking to consideration m ulti-m edia, including real tim e, 

com m unications. Because th a t w hat this research is all about.
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