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ABSTRACT

An  implementation of the code division multiple access (CDMA)
technique in an optical fiber multi-user system 1is described in this
thesis. CDMA encoding/decoding techniques are discussed first, followed
by the characteristics that the address codes should possess. 3Several
types of sequence have been examined theoretically, and Gold codes have
been chosen as the address sequences to be used.

With the aid of computer simulations, the system capacity and the
BER caused by interference from other signals have been discussed and
calculated, and 1illustrative examples of CDMA transmission tunder
various conditions have been presented. It has been verified that, hy
using what is referred to as "synchronous data slot transmission”, a
CDMs system utilizing N-chip Gold codes can support more than N users,
with error-free transmission being maintained for up to N users.

An experimental sysiem has been designed and constructed in order
to verify the properties of CIMA using 31-zhip Gold codes. It consists
of two transmitters, an optical fiber channel and a receiver decoder.
Lytronous data slot transmission was used, which can in principle
syt up to 31 users with error free transmission. A novel correlator
circuit, which use a 4-quadrant multiplier, was implemented in the
decoder, allowing an increase of the data rate compared to a previously
uged correlation method. For the system tested in this thesis, which
was operated at the DS-3 chip rate of 44.736 Mb/s (a data rate of
1.40 Mb/s), a BER of less than 10™° was obtained.

The results obtained in this project indicate that CDMA using Gold

iv



s a suitable method for achieving multi-user access in an

edo

codes

optical fiber communication system.
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1. INTRODUCTION

1.1 Optical Fiber Communication Systems

During the last decade, optical fiber has been replacing coaxial
cable and microwave waveguides in many applications. Optical fiber
communication (OFC) uses a carrier at an optical frequency (infra-red
range), and an optical fiber as the channel medium to transmit
information. It has several unique advantages [1], such as: enormous
potential bandwidth, immunity to interference and cross-talk,
electrical isolation, signal security, low transmission loss, small
size and light weight, potential 1low cost, etc. Because of these
properties, OFC is widely used today and will be even more widely used
in future transmission and communication systems.

An OFC system 1is normally composed of three parts: the
transmitter, the opticai fiber channel, and the receiver. In a digital
OFC system (see Fig.1.1), the transmitter consists of a data encoder, a
modulator and an electro-optical (E-0) converter such as a laser diode
(LD) or a light emitting diode (LED) [2]. The transmission channel
could be either single mode or multi-mode optical fiber. The receiver
consists of an opto-electrical converter, possibly an optical 1local
oscillator, an amplifier and a decoder. During transmission over the
fiber channel, the signal is degraded due to attenuation, dispersion,
noise, and cross-talk. This degradation decreases the signal to noise
ratio (SNR), and causes bit errors. To regenerate and reshape the
signal waveform, one or more repeaters (a back-to~-back

receiver-transmitter unit) may be necessary, depending on the total
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Fig.1.1 An optical fiber digital communication system.



amount of degradation that has occurred in the 1link.

The two most important technical parameters of a communication
channel are the maximum distance that the signal can be sent without a
repeater, and the information-carrying capacity that the channel can
provide. Research and development in OFC is aiming at, on the one hand,
higher bit rates and longer repeater distances. On the other hand,
there is an increasing need for low cost lower bit rate local area
networks (LANs) covering shorter distances (ranging from a few meters
to about ten kilometers), transmitting multiple sources of digitized
information such as voice, video, images, and data traffic, with
provision for frequent access by a large number of users to the system
[3, 4, 51. This kind of network has several stations connected within a
room, a building, or several buildings (e.g., a campus), and a

multi-user transmission method needs to be used here.

1.2 Multi-User Access Techniques

Az optical fiber multi-user transmission system can be coherent or
incoherent. A coherent system can, in principle, support a large number
of users, but it requires high quality single-mode LDs with good phase
stability [6, 7]. An incoherent system can also support many users by
choosing a suitable method of multiplexing. Since LEDs or ordinary LDs
can be used as the optical source, the cost of an incoherent LAN system
is much lower than that of a coherent one.

In an incoherent multi-user LAN system, signals can be multiplexed
electrically or optically. When electrical multiplexing is used, an

optical source is driven by electrically multiplexed signals [8] (e.g.,



time division multiplexing — TDM, frequency division multiplexing —
FDM, time-frequency matrix — TF, or subcarrier multiplexing — SM,
etc.). In an optically multiplexed system, optical signals from
different users are combined and fed into a common channel by passive
optical couplers.

Optical multiplexing has several attractive properties compared
with electrical multiplexing. It has a large potential bandwidth and
very high signal processing speed. It also avoids the problem of
queuing in TDM.

So far, several multiple access methods have been used to achieve
incoherent optical multiplexing. These are optical frequency division
multiplexing (OFDM), optical time division multiplexing (OTDM), wave
length division multiple access (WDMA), passive opticai packet
transmission, and code division multiple access (CDMA) [9, 10]1. The
difficulty of OFDM is that it requires a highly stabilized optical
source, and a narrow band optical filter in the receiver. The OTDM
requires a high degree of synchronization, hence asynchronous access is
not possible. The WDMA method cannot support a large number of stations
or terminals (addresses), because different stations must use different
optical wavelengths and their spacing is limited among other factors by
the laser frequency drift impairment. The use of WDMA also leads to a
difficulty in distribution control [11]. The optical packet
transmission method needs some measurements to avoid signal packet
collisions, and this may cause the transmitted packet to experience an
unbounded delay, especially under heavy traffic [12]. Considering all
of these options and their properties, it was decided to explore the

properties of the CDMA method for optical multiplexing in this project.



1.3 Spread Spectrum and Code Division Multiple Access

The spread spectrum coding technique is a means of coding for
transmission in which the signal occupies a bandwidth in excess of the
minimum necessary tc send the information. The band spreading is
accomplished by means of a code which is independent of the data, and
synchronized reception with the code at the receiver is used for
despreading and subsequent data recovery [13]. Fig.1.2 shows a

communication system using spread spectrum techniques.

Input Data e__Spectrum — - - - —] SpectruT —>- Received Data
Spreading Despreading
Code Code

Fig.1.2 A communication system using spread spectrum.

The code division multiple access (CDMA) method used in thiz
project is one of the spread spectrum techniques called direct reguapte
(DS) modulation CDMA. In a DS modulation system, a carrier is mnuculuted
by a digital code sequence whose bit rate is much higher tusn the
information signal bandwidth [14]. DS CDMA is an engineering compromise

between the transmission bandwidth, which is abundant in an OFC systen,



and the multi-address switching ability, which is not so strong in OFC.

A DE mnmodulation optical fiber CDMA system is illustrated in
Fig.1.3.

In this system, each station is assigned a fixed code sequence,
which serves as its address. Any station transmitting data encodes each
data bit 0 using the address code sequence of its intended 1eceiver,
and each data bit 1 using the complement of this code sequence. For
example, sequence Ii or IJ is assigned to station ¢ or 4 as the
address, respectively; the station & transmitter wishing to send data
to station { uses binary keywords Ii to encede each data bit. Code word
xl or Ti is transmitted, corresponding to the data 0 or 1 (Ti is the
complc nent of Il, obtained by the inversion of Ix)'

At each transmitter, an eléctro-optical source (E-0) is intensity
modulated by the coded signal. The optical signals from different
transmitters are combined and coupled onto a common optical fiber
channel by optical couplers. The resulting multi-level signal is
transmitted through the common channel, and split by another optical
coupler at the receiver end.

Each receiver first converts the multi-level optical signal into
an electrical one by an opto-electrical (0-E) converter, then uses its
particular address sequence to correlate with the multi-level signal.
The Lth receiver is able to decode the signal into a data bit 1 or O by
knowing and using the code sequence Ii.

If the address or code sequences were orthogonal with respect to
each other, there would not be any interference between stations.
However, the different code sequences being used are usually

pseudo-orthogonal [15), therefore, transmissions intended for other
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stations, coded by different keywords, will appear as interference (or
cross-talk) for this ifh receiver. Generally speaking, for a certain
receiver station, other received signals intended for other stations
will be partially rejected by the correlator and cause only a small
amount of interference noise. Each receiver, using its own code
sequence, will only decode the data intended for it. Provided that neo
two simultaneous users attempt to send data to the same destination,
using a set of properly chosen code sequences can enable a number of
stations to access the channel simultaneously.

In order to decode the data signal, the desired station {station
i) must maintain synchronism with the intended signal (from the station
k transaitter). This can be obtained in two ways. One is to uze a clock
recovery technique, initial acquisition and tracking [16, 17]. The
other method is to distribute a master clock to both transmitter and
receiver, meanwhile sending trigger pulses to the receiver to trigger
the local code generator. The latter method is used in this project.

Optical fiber CDMA transmission has several advantages in an
optical fiber local area network (LAN):

(1) 1t offers potentially high speed. The high bit rate allows for
great flexibility in terms of the type of service that a station can
provide.

(2) It allows each bursty user to share the entire transmission

“ernel (this occurs quite often in local area networks) by providing
nnous access to each user, so that it makes more efficlent use
shannel.

(3) 1i allows new users to be easily added to the network by

simply connecting them to the channel using a passive optical coupler.
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(4) It provides multi-user simultaneous access to the channel with
no waiting time; therefore, there is no need for the user to wait for
the right frame sict (as in TDMA), or to wait until the channel is idle
{(as in carrier sensc mul:iple access) to gain access.

(5) Forwurd error correction is more effective when it is used

with CDMA, than when it is used with FDMA [18].
1.4 Electrical Proces:ing and Optical Processing

For a receiver .1 a: optical DS CDMA system, there are two oasic
ways to process (i.e. to spectrum despread) the received signal so as
to decode the data. These two methods are electrical ana optical signal
processing. Optical signal processing today is usually equivalent to
power measurement (incoherent), due to the lack of low cost, highly
coherent lasers which would allow coherent optical detection [19].
Since, wunlike voltages or currents, power cannot be negative, if
coherent effects (phase information) are eliminated, signals in such a
positive system cannot be optically manipulated to add to zero. In
electrical processing, since +1 and -1 (normalized voltage) signals are
used, selection of suitable code word takes advantage of the ability to
sum voltages to zero in the electrical domain. Therefore, codes or
sequences that satisfy the pseudo-~orthogonal properties in electrical
processing do not necessarily maintain those properties in optical
processing, and optical orthogonal codes need to be introduced.

Up to now, there have been several papers describing incoherent
optical fiber transmission using CDMA. A system using Gold codes,

electrical processing, optical multiplexing, and asynchronous data slot
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transmission has been reported [20]. In other systems [21, 22, 321,
optical processing and new CDMA sequences which were designed
specifice .ly for this kind of processing were used. A 16-channel
digital CATV multiple optical transmission system using a modified time
polarity control (M-TPC) line code has been presented [24]. A system
using the Alberta Code and an electro-optical combined CDMA technique
has also been proposed [25].

In this project, CDMA wusing electrical processing has been
selected for the following reasons:

Firstly, there has be2en no work reported discussing electrically
processed CDMA using a synchronous data slot transmission pattern so
far. It is shown in this investigation, which includes both simulation
and experimental verification, that this kind of transmission is able
to minimize user interference, thus increasing the allowable number of
simultaneous users.

Secondly, although optical processing can in principle provide
better system performance (faster data rate and more efficient
bandwidth usage) than electrical processing, the special facilities
required to construct the necessary optical integrated experimental
system were not available. In addition, traditional codes are not
suitable for positive signal processing [19] and research on new codes
is needed for optical processing.

Finally, there is another method of decoder correlation, namely,
optical switches and electro-optical signal processing. The basic
concepts of electrical and electro-optical signal processing are quite
similar since each of them uses both the positive and negative part of

the signal for correlation. Therefore, if the coding, transmitting, and
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decoding methods work for electrical processing, they will also in
principle work for electro-optical processing. So, today’s research on
CDMA using electrical processing may be wuseful for other signal

processing methods in the future.

1.5 Thesis Objectives and Organization

1.5.1 Objectives

An OFC network using CDMA is attractive for a LAN. By using
different code sequences, different transmission patterns or different
signal processing methods, there are several possible ways of realizing
multi-user access. The main objectives of this thesis are:

(1) to investigate the properties of an optical fiber CDMA system

both theoretically and experimentally,

(2) to set up an experimental transmission systen,

(3) to optimize the performance of a CDMA system in an optical
fiber LAN application.

The following steps have been taken to achieve the above

objectives:

(1) a theoretical investigation of code sequences was carried out,
so that a set of code words used as the address codes in CDMA
could be chosen to maintain minimum interference noise,

(2) a theoretical investigation of the transmitting pattern being
used in CDMA was conducted, to obtain the maximal number of
stations that the system could support for a given chip rate,

(3) a computer simulation for the system BER caused by the
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interference of other users and for the channel capacity under
a certain system BER has been presented,

(4) computer simulations for transmission under different
conditions have been demonstrated,

(5) an experimental system was set up, including: Gold code
generators, encoders, lasers and modulators, fiber link and
coupler, photo-detector and decoder,

(6) experimental measurements of system BER, channel capacity,
the near-far problem, and the signal spectrum, were obtained
under the conditions of single station transmission as well as
multi-user environments,

(7) a comparison between computrr simulation and experimental
results has been made,

(8) analysis, discussion of the results, and conclusions have been

presented.

1.5.2 Organization

The first chapter has given a brief description of OFC systems,
and the concepts of the CDMA spread spectrum technique. Discussions
about the different multiple access techniques, and the state-of-the
art in the area of multi-user communications, has been presented.

Chapters 2 and 3 concern the first stage of this project; i.e.,
the theoretical investigation and computer simulation. Chapter 2
discusses in detail the auto-correlation and cross-correlation
concepts, the CDMA encoding/decoding process, and the network

configurations. The properties of codes which can possibly be used as
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address sequences are investigated next. It is concluded that Gold
sequences are the best choice, and the method for the generation of
Gold sequences is discussed.

The computer simulation results of interference noise and systenm
BER are presented in Chapter 3. The asynchronous and synchronous data
slot transmission patterns are investigated first, then multi-user
behavior and interference are discussed. The relations between the bit
error rate (BER) and the length of the Gold code and the number of
simultaneous wusers are illustrated. The computer simulations for
several different transmission conditions are demonstrated.

Chapters 4 and S deal with the second stage of this project; i.e.,
the experimental system operation and measurements. Chapter 4 describes
the design and construction of each part of the experimental system,
which consists of two transmitters, the optical coupler, the fiber
channel, and the receiver. All the circuit diagrams are given in
detail, and many problems concerning the circuits and the system
configuration are discussed.

In Chapter S5, the performance of different parts of the system,
especially the operation of the electronic coder and decoder, are
demonstrated first. Next, the system transmission properties such as
signal waveforms, transmission error and the system capacity, have been
measured and 1illustrated for the case of single station and
multi-station transmission. The relation between the ®¥R and various
system parameters are presented. The power spectrum of the transmitted
and received signals are also illustrated. A discussion of the various
sources of error is given at the end of this chapter.

In Chapter 6, the results and conclusions of this thesis work are
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outlined, Several areas in which this project can be continued are
pointed out. Possible future research topics in the area of optical

CDMA are also outlined.
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2. CODE DIVISION MJLTIPLE ACCESS
2.1 CDMA Czding and Decoding

In a CDMA communication system the multiplexing is accomplished by
means of a code which is independent of the data, and sjynchronized
reception with the code at the receiver is used for the data decoding.
The important properties of the code sequences and the basics of the

CDMA technique are discussed in the following sections.
2.1.1 Auto-Correlation and Cross-Correlation of Codes

Auto-correlation is the measure of similarity between a code Xl(t)
and a phase-shifted replica of itself Xi(t—t)' It is defined by the

integral
+00
® (1) =f X (t) X (t-1) dt (2.1.1)

-0
for a continuous signal, or defined by the sum

¢11(Tn) =kg1 Xl(tk) Xi(tk-Tn) (2.1.2)
for the discrete case. It is equal to the number of agreements minus
the number of disagreements for the overall length of the code Xi(tk)
and Xl(tk—Tn) (k =1, 2, -+, N), when the codes are compared chip by
chip. An auto correlation function is a plot of the auto-correlation
over all phase shifts Tn (n =0, 1, -++ N-1) of the code.

Similarly, cross-correlation is defined by the integral
+o0

$,,(0) =j X,(£) X (t-1) dt, (2.1.3)

-0

for a continuous signal, or defined by the sum
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N
@ (T) =Z X(t) X (t-T) (2.1.4)

for the discrete case, which is a measure of the similarity between two
different code sequences Xl(tk) and Xj(tk—Tn). It also gives a
cross-correlation function over all phase shifts Tn (n=0, 1, -~- N-1)
of the two codes. Fig.2.1 illustrates the auto-correlation of a 12-chip
binary sequence (N = 12) and the cross-correlation of two 12-chip

binary sequences.

1 23456789 101112 1 23456789 101112

M Lrrv. 1 M LTIt I

LI I 1 [ LI | N e B |
8, (0) = 12 o (2) = -2

{(a) Auto-correlation of a code.

123456789 101112 123456789 101112

Mmoo LI T 1 M LIl

e e _Tud Lreri o el
¢1j(0) =6 @ij(S) =2

(b) Cross-correlation of two codes.

Fig.2.1 Auto-correlation and cross-correlation of codes.
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When a large number of users using different codes are sharing a
common channel, the code sequence must be carefully chosen to avoid
interference between users. A high degree of auto-correlation and z low
degree of cross-correlation between the local reference code and a
received undesired code, will increase the signal and decrease the

interference, improving the error rate performance [26].

2.1.2 Code Division Multiple Access

Suppose that data 441 (logic) of 1 or 0, corresponding to the
electrical signal A1 of 1 or -1, is transmitted to station i. Using the
address sequence fxi(tk) (the logic sequence representing the electrical
sequence Xl(tk)) to encode the data by using a modulo-2 addition, the

transmitted signal is:

Il(tk), for "4i= 1
}=s4 X (t) (2.1.5)

sdica ftl(tk) = {
Il(tk), for sdi= 0

. A,
3

N Ak, are encoded and transmitted to station 1, 2, creyd, e, kK.

ie., electrical signal Ai(-Xi(tk)). Meanwhile, data Ai, A2

These encoded data Ai (—Xi(tk)) are summed and transmitted by a common

channel. Thus, the input of receiver 4 is the multi-level signal

I(t) = E:: [C, A (X (t))] +n(t) (2.1.6)
where ij is the attenuation factor between transmitter m (m=1, 2, ---,
k ) and receiver 4 (4=1, 2, ---, kK, j#m), and n(tk) is channel noise.

Assume that the receiver j is synchronized with respect to the

signal sent to it by transmitter n. Using its key sequence Xj(tk), the
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correlation of this receiver can be expressed as

C,t) =[IC A (Xt +ntt)]] X (t) ] (2.1.7)

1
m
It can then be expressed as

Cj(tk) = an AjXJ(tk)XJ(tk)
+ Y ij AiXI(tO)XJ(tk) - n(tk) XJ(tk) (2.1.8)

The signal received by station j would be

N
R_\ =k§1 c (tk)

= anAj @Jj(O) + ij Al QU(TI)+ n (2.1.9)

13
where, <I>”(O) is the in-phase auto correlation of the jth keyword

X_\(tk)’ )
QJJ(O) = k§1 Xj(tk) Xj(tk) (2.1.10)

¢I>U(Tl) is the £ chips out-of-phase cross correlation between the P

th _
and the 4~ keywords Xi(to) and Xj(tk), tk— t°+ Tl,

N
<I>U(T1) = °§1 Xi(to) XJ(t°+T]) (2.1.11)

A or Aj is the data to the Lth

. or the 4™ receiver, and, n is the

averaged noise.

The processes of data encoding and decoding are illustrated in
Fig.2.2.

In order to decode the data signal, the desired receiver (station
4) must maintain synchronism with the intended transmitter signal (from
station n). This can be obtained in two ways. One is to use a clock
recovery technique, initial acquisition and tracking. The other method

is to use a master clock to drive both the transmitter and receiver,
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Code
sequence LU U Mgy AU U une I

Info. 1 0 0 1

data [ L ! = B
Coded

signal mnJuur— ooyl gy T L

Received
signal U l_,—"l—ll J,__IJU—LU J‘I_"L‘_I_L\_I'LLL‘

Local
sequence Uy Ny yune U uUnuTL . o

Decoded ' 1 . 0 . 0 ' 1
data f 1— L J

Fig.2.2 Data encoding and decoding.
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meanwhile sending trigger pulses to the receiver to trigger the local
code generator.

From (2.1.9), it is obvious that to maximize the correlation of
each receiver for the desired message Aj, while rejecting the
interference Ai (L =1, 2, 3, -+, i # 3), two requirements need to be
fulfilled:

(1) The coefficients ij should all be chosen equal to one; i.e.,
the system should be a power balanced network where signals from
different stations arrive at each receiver with the same amount of

optical power.

(2) The keywords must have a high auto-correlation @JJ(O), as well

as a low cross-correlation Qlj(Tl).
2.2 Network Configuration for a Power Balanced System

The requirement of a power balanced network places some
constraints on the topclogy of the optical fiber communication system.

In a typical OFC network, k users are geographically separated,
and they can be connected with each other by an optical fiber network,
such as a ring, bus, or star network. These network topologies are
shown in Fig.2.3. When the optical signal is transmitted through the
I.ber and optical couplers, some optical power is lost due to coupling
loss and fiber attenuation. The ;U1 receiver trying to detect the
signal sent by the n}h transmitter might be much closer physically or
connected by fewer couplers to the m*™ transmitter as compared to the
ath transmitter, therefore, the coupling efficiency factor ij will be

larger than an in (2.1.9). Assuming that the output optical signal
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Fig.2.3 The network topologies: (a) ring; (b) bus; and (c) star.
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pewer from each transmitter is the same, the m*" signal will arrive at
the receiver 4 with a stronger power than that of the intended ath
signal, i.e. the interference at receiver j due to the mth signal is
increased. This decreases the system SNR and increases the error rate,
resulting in a decrease in the allowable number of simultaneous users
in the network.

This is usually called the "near-far problem” in a radio system
using spread spectrum [27]. In an optical fiber local area network,
because the fiber loss is only a fraction of 1 dB/km and the distance
between users is typically less than 10 km, the "near-far problem " is
caused mainly by the difference in the number of optical couplers that
a signal passes through, rather than the length of fiber that the signal
passes through between the transmitter and receiver.

Because of this, a ring or bus [28, 29] configuration (refer to
Fig.2.3) should not be used, unless active couplers are used. A power
balanced configuration such as a star network is preferable, where
every signal, whether desired or undesired, is received with the same
power. In this case ij = 1, where m = 1, 2, --+- k. Then the signal

received by station 4 is

R = A 0”(0) v E A <I>U(Tl) +n (2.2.1)
This gives the best average SNR for each station, and hence allows the
largest number of simultaneous users.

An N-by-1 star coupler made from a network of 2-by-2 optical
couplers can be used to combine optical signals from N stations and
feed them into the common optical fiber channel. Suci. .. . “iguration

is show in Fig.2.4. As has been mentioned before, the power loss in the

fiber is small in a LAN since the transmission distance is short, but
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(a) An 8-Ly-2 star coupler made of a network of 2-by-2 couplers.

P1
gi P3
Ps

Ps
Pe P7

P1+P2+P3+P4+P5+Ps+P7+Psg

~

b) An 8-by-1 star coupler.

Fig.2.4 Star couplers.
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the signal suffers a 3 dB loss when passing through each 3 dB coupler.
Therefore, the overall loss depends mainly on the number of couplers
the signal passes through. As long as the system power budget allows
the use of the N-by-2 star coupler configuration shown in (a), this
method is preferable to the commercial N:1 star coupler configuration
shown in (b). An N:1 star coupler is usually more expensive and less

power balanced due to imperfections in the manufacturing processing.

2.3 Possible Codes for CDMA

To fulfill the second requirement in Section 2.1, the code
sequence used for CDMA should have these properties:

(1) be easy to generate,

(2) be statistically pseudo-random,

(3) bhave high auto-correlation as well as low cross-correlation,

and

(4) should be such that it is easy for the receiver to synchronize

with the desired signal.

Considerations and discussions about what kind of sequence 1s best
for this project, and the method of sequence generation will be given
in the following sections. Among the many codes available, two possib)-
sequences that satisfy some or all of these properties are f{-

M-sequences and Gold sequences.

2.3.1 M-Sequences

Maximal length sequences (often called m-sequences or maximal
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codes) are, by definition, the longest sequences that can be generated
by a shift register, or a delay element, with a given length [30]. An
m-sequence of length N = 2"-1 chips is the longest sequence that an
n-stage binary linear feedback shift register can generate.

Certain m-sequences will interfere very strongly with each other.
Those sequences (a and &) exhibiting the minimum possible
cross-correlation peak (bounded by !@abl = 1+2(n+1)/2, n odd) are
referred to as preferred m-sequences [11]. Usually, CDMA requires a
large number of assignable addresses. Since there are only a few
preferred m~sequences (6 sequences when N = 127), it is not suitable to
use a set of different m-sequences (a, &, ¢, ---,) for CDMA, when a
large number of address sequences are needed.

However, it has been noted that the correlation result for an
m-sequence a with its i-chips-shifted sequence Tia, where T is a chip
shift operator which shifts the sequence cyclically to the left by one
chip (and T? by two chips, etc.), is [15, 31]:

N, if i=0 or N
Qa(i) = { ] (2.3.1)
-1, otherwise
Therefore, it 1is possible to use one m-sequence a(tn) and its
chip-shifted sequences a(tn—Tl) (£ =1, 2, -++, N), as address code

sequences. From (2.1.9), the correlation result of receiver 4 is

Rj = § { a(tn—TJ) z Aia(tn—Tl)}

= N AJ - 1§j Ai +n (2.3.2)

Such an approach requires correct synchronization between the
coded signal and the receiver local keyword, because a one bit shift of

the position of the receiver keyword means in fact changing the keyword
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from a{tn—TJ) to a(tn—Tj_l). This will result in exactly decoding,
instead of AJ, the data signal Aj__1 which was coded by a bit shift
a(tanj_i) of the code sequence a(tn—Tj) and was sent to another
station. Thus, a correct framing match of the incoming signal and the
receiver keyword becomes very important. Unlike other CDMA methods,
where wrong synchronization caused by keyword shifting results in
getting no data, so that the receiver can shift its local key-sequence
until it does decode the data (called re-framing), here, incorrect
synchronization results in obtaining data that is intended for another
receiver.

In this situation, it is quite difficult to decide how to shift
the local key-sequence to make it synchronous with the correct signal.
One possible solution to this problem is to send a framing pulse
together with the information signal so that the receiver can use this

framing information to synchronize correctly.

2.3.2 Prime Codes and Other Codes

Prucnal and others [21, 22, 23] have used the Prime code [32] in
some optical processing CDMA networks. MacDonald has proposed the use
of the "Alberta Code" for opto-electronic detection processing [24].

Optical signal processing eliminates the 1limits caused by the
speed of electronic signal processors, hence offers a much higher data
transmission rate. However, the successful use of this method depends
on the development of integrated optical components. Furthermore, there
are still many problems with optical processing, such as how to design

the optical orthogonal codes, and how to realize and optimize the
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receiver correlation when using only the positive polarity of the
signal.

For this project, because of the many difficulties of wusing
positive signal processing, electrical processing is used in the coder

and decoder; thus, the prime code is not suitable.

2.3.3 Multi-Level Sequences

It is possible to utilize multi-level sequences for data encoding
in CDMA [33, 34]. This can provide a higher than normal data rate by
transmitting the data information using multi-level symbols. It is said
that this method may increase the transmission error rate and may need

to be investigated further [34].

2.3.4 Gold Sequences

For electrical processing, a set of N-chip Gold Sequences can
provide N+2Z nearly orthogonal sequences. They can be used as the
address codes for a CDMA network and the assignable number of addresses
is relatively large (up to N+2).

The addition of two m-sequences, each of length N, produces a
sequence of length N which does not belong to the set of maximum leng'h
sequences. For each combination of delay between the two m-sequences,
the composite sequence is different. Therefore, a pair of m-sequences
can generate N non-maximal length binary sequences, each N chips long.
If the component m-sequences are properly chosen, the set of composite

sequences will have well defined auto-correlation and cross-correlation
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properties [22, 24].

A Gold sequence is obtained when a pair of preferred m-sequences a
and & are combined. By shifting the m-sequence & and combining these
shifted sequences (Tl&, Ta&,---, Ti&, -+«,etc.; where T is the chip
shift operator as shown in Fig.2.5) one by one with sequence a, Gold

sequences aeTb, a@TZb, LN a@Tib are generated.

Y

Sequence a

Y

Clock —— @——>— Code a @ Tlﬁ

i-chip
delay

L4

Sequence & —

Fig.2.5 Block diagram of Gold code generator.

For an n-stage register, there are a certain number of m-sequences
that can be generated using all the possible linear combinations of the
feedback taps. Among these m-sequences, only a few can be used as a
preferred pair. Gold has presented a method for choosing the preferred
pair of m-sequences [13, 35]. A set of N-chip Gold sequernces,
comprising N+2 sequences in all, is given by { a, b, aeb, aeTb, a@TZb,

., aoT" 'b }, where N=2"-1.

There are 2"+ 1 different Gold sequences in this set. If n is odd,
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the auto-correlation for each Gold sequence gives
Qi!(o) = N, (2.3.3)
while the in-phase cross-correlation between any pair of sequences

(without sequence &) is

ij(o) = -1, (2.3.4)
For sequenc= &,

| ¢,,(0) =1, (2.3.5)
The out-of-phase cross-correlations, when the sequences are displaced

by £ chips, are

_1+2(n+1)/2
Ql (Tl) = { -1 . (2.3.6.a)
J _1_2(n+1)i2
with probability,
(zn-2+2(n—3)/2)/N
p (<I>U(Tl)) = { (2"-2""1-1)/N (2.3.6.b)

(Zn-2+2(n-3)/2)/N

It is the objective of this project to verify the properties of a
CDMA system using Gold codes, both by experiment and by computer

simulation, and finally to optimize the system performance.

2.3.5 Generation of M-Sequences and Gold Sequences

An m-sequence generator can be made up of delay lines or even from
lengths of coaxial cable; however, it is most commonly made up of
digital circuits (flip-flops) in a shift register configuration. This
kind of generator consists of a shift register working in conjunction

with appropriate logic, which feeds back a logical combination of the
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state of two or more of its stages to its input. The output of the
generator and the contents of its n stages at any time, are functions
of the states of the stages fed back =zt the preceding sample time.
Fig.2.6 shows the configuration of the generators for the sequences
[5,3] and [5,4,3,2], where the numbers in brackets refer to the number
of the stages that are fed back to the input i1 the S-stage shift

register.

®

j?(

> 1] 2] 3] 4] 5+ m-sequence [5, 3]

— P

L1 1] 2| 3] 4] s m-sequence [5,4, 3,2]

Fig.2.6 Schematic configuration of M-sequence generators.

A set of N-bit Gold sequences can be produced by combining the two
N-bit m-sequences with different initial offsets. If N is equal to 31,
each of the preferred pairs of 31-bit m-sequences is generated by a
S-stage shift register. The preferred pairs of m-sequences, according
to Gold’s rule [22, 35], are the [5,3] or [5,2] code, with the
[5,4,3,2] code. Since these two possibilities, produced by the

different pair combinations, have the same auto-correlation and
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cross-correlation properties, the pair combination of [5,3] and
[5,4,3,2] have been used. Table 2.1 illustrates the different shift
combinations of the pair of m-sequences, i.e., the generation of
different Gold codes.

Fig.2.7 shows a schematic diagram of the Gold code generator made
of the two m-sequence [5,3] and [5,4,3,2] generators. It produces a set
of Gold sequences including 31 different Gold codes (without codes
[5,3] and [5,4,3,2]), each with a length of 31 chips. Among this set,
the P sequence can be written as .'ri = [5,3] @ Ti_1[5,4, 3,2]

(i =1, 2, ce-, 31). A list of this set of Gold sequences

{Ii, flz, cee, 13 } is given in Table 2.2.

ﬁ,@*

4

1] 2] 3] 4] 5
inttialisation

Trigger pulse A~

i

N

Ii delayl

<

~—— [5,3]0 T'[5,4,3,2]

{+

N

P

P

1] 2] 3] 4] 5
initialisation

<~

Fig.2.7 Schematic configuration of Gold code generator.



Table 2.1 Generation of Gold Codes.

Zero-shift combination:

a:

0

T &:

X .
1

1111100011011101010000100101100

1111100100110000101101010001110

boo0000111101101111101110100010

One-chip-shift combination:

a:

T'6:

X
2

1111100011011101010000100101100

1111001001100001011010100011101

0000101010111100001010000110001

Five-chip— :1Zt combination:

a:

T&:

X
6

1111100011011103:i010000100101100

0010011000010110101000111011111

32

11701111011001011111000011110011



Table 2.2 A list of the set of 31 Gold sequences.

Gold sequences (without a and &) used as address codes:

.-
31

N -

&2
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Y
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ooR ~ o cns.'2
o o

']
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ooy [ ra - - - - - =
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=y o=

=2
N
>

(o=

R R
(@]

R R
-

8] K
—

oy
(o]

8)R
o

R OR KR K R
o o

N
o

a® TO&, ae Tl&,

-++ao T°°% (a result from program 0G).

X,
1

33

X,
2
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22’

24’

25°
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5. COMPUTER SIMULATIONS OF CDMA USING GOLD CODES

This chapter will investigate the properties of the multi-user
transmission system using computer simulation. Different transmission
patterns and interference from signals intended for other stations are
analyzed first, to determine which pattern gives the lowest error
probability caused by interference. The noise considered in this
chapter is mainly that of signal interference. The additional effect of
thermal noise is not discussed. Then, the relation of the system BER
with the number of simultaneous users, as well as the length of the
code are investigated. Finally, various transmitting conditions are
simulated, and waveforms for the data, the coded ignals, the received

signals, the correlated signal, and the deccded data, are illustrated.

3.1 Different Transmission Patterns

3.1.1 Asynchronous Data Slot Transmission

Asynchronous data slot transmission is depicted in Fig.3.1. In
this kind of transmission, each station transmits its data at the same
speed, but different stations access the network asynchronously; their
coded signals are synchronous in the sense of chip bits but are
asynchronous in the sense of data bits.

In orde{' to receive the signal, the receiver 4 must maintain
synchronization with the first chip in a data slot of the signal
transmitted to it (refer to Section 1.3). Then, it is ready to decode

the data coded by XJ. Since the receiver j is only synchronized with
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the signal coded by Xj and not with any of the other signals coded by
X‘ being sent to station ¢ (i =1, 2, 3,---, &L= 4 ), the correlation
results in an auto-correlation @jJ(O) and an ¢ chips out-of-phase
cross—correlation QIJ(TI). Assuming that i{+1 stations are transmitting
and that the channel noise is neglected, the correlator output at the
receiver 4 is, from (2.2.1)

Rj = Aj ¢JJ(0) + 1§j Ai ¢1J(T1) (3.1.1)

where AJ, Ai = +1 or -1.

Transmitter 1

data signal s S p| | ]

coded signal

Transmitter 2

data signal : —1 T ! | - —

coded signal | (AU LR UL lnn
Fig.3.1 Asynchronous data slot transmission.

3.1.2 Synchronous Data Slot Transmission

In this kind of transmission, stations in the network are
synchronized with respect to not only the chip bits but also the data

slots. Each station can still access the network at any time, except
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that it needs to wait until the beginning of each data time slot, so
that the transmitted signals are synchronous in the sense of both chip
bit and data slot, as - +m in Fig.3.2. When the receiver { maintains
synchronization with nal coded by its address code Xi in order
to receive the data, it is automatically synchronized with other
signals coded by different codes and intended to be sent to different
receivers. In this case, the correlator output at the receiver § (from

(2.2.1)) is
RJ = N-AJ + l§j A1 ¢1j(0) (3.1.2)

where Aj, Al = +1 or -1.

Transmitter 1

data signal e W se— | L 1
coded slgnal MMM M MU UL AL T

Transmitter 2

; : 1 0 1 1 o 0 1
data signal : e I T 1 n |
coded signal . N B Wy g W N B B B W e W B e B W B

Fig.3.2 Synchronous data slot transmission.
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3.2 Interference and System BER

3.2.1 The Asynchronous Case

In general, for any number of simultaneous users k, calculation of
the interference and hence the BER requires consideration of how each
station interferes with other stations, using the two different phases
(depending on data +1 or =-1) of the three possible distributed
cross-correlation values (shown in (2.3.6)). It is relatively easy to
obtain the average BER versus number of users k by some approximation
method, when k is very large or very small.

Referring to the detailed discussion in APPENDIX A, when the
number of transmitting stations is sufficiently large, the mean value

of the interference term A1 QiJ(Tl) in (3.1.1) is given by (A.7)

E( A1 ¢1j(Tl) ) =0, (3.2.1)
with the variance given by (A.9}
2
2 = (N¥N-1) (3.2.2)
asyn N

and the total variance of all the k-1 different interference terms in
(3.1.1) is (k-1)o°. For large values of k, according to the Central
Limit Theorem [38], the overall interference has an almost Gaussian
distribution [36, 37]. The error probability, and hence the system BER,
caused by the Gaussian distributed interference with zero mean and

variance (k—l)oz, is (refer to (A.13):

e \
erf [ V// 5 ], (3.2.3)
2(k-1) (N"+N-1)

2
re'“ 2 du (3.2.4)

v r 4]

BER =
asyn

Nop =
o[ =

where

erf(x) =



33

is the error function [39], and N is the chip length of the Gold Codes.
The BER versus the number of stations k given by (3.2.3), when
using different length (N} Gold sequences, are shown in Fig.3.3. Some

of the BER (N, k) values are listed in Table 3.1.

Table 3.1 BER (N, k) for asynchronous case, results of

Gaussian approximation

N K BER

-8

31 2 2.09 x 10
-5

3 5.29 x 10
-4

a 7.74 x 10
. -3

5 3.06 x 10
6 7.10 x 1073
127 8 1.10 x 10°°
9 3.61 x 10™>
511 16 2.76 x 10°°
-9

17 8.22 x 10

When k 1is small, the interference no longer has a Gaussian
distribution. Referring to the detailed discussion in APPENDIX B.1, the
largest interference occurs when the intended data is Aj= 1 while the
undesired data being sent to other stations are AIE -1 (é=1, 2, 3, ---,
#4), or AJ= -1 while A:E 1. Since the maximum value of the

(n*”/2|, in this case, the

cross—correlation @lj(Tl) is  *|1+2
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Fig.3.3 BER (N, k) for asynchraiious data slot transmission,

Gaussian approximation (good for large k).



41

correlator output at receiver j is given by (B.1.1):

R =N+ (-1)(k-1)(1+ o (P*1)/2) (3.2.5)
and we have
BERk<K =0 (3.2.6)
where
n (n+1)/2
K=-2*2 ) (3.2.7)
1+ 2(n+1 /2

When k is larger than K, it is still possible to get no error
caused by interference. This is due to two reasons. First, |1+2("+1”2[
is the largest interference among the three possible interference
values; it may not occur all the time. Second, interference caused by
two or more stations may cancel partly or totally, depending on whether
the stations are sending data 1 or data O, and what the code signal is
at that chip. The relationship of BER versus user number k is
illustrated in Table 3.2 ( refer to APPENDIX B.1 ). Comparing Tables
3.1 and Table 3.2, it is seen that, as k increases, the result of the
accurate calculation agrees more and more closely with the result from
the Gaussian approximation; at k = 6 (N=31), the BER calculated by the
two method are almost the same. This indicates that for k > 6, the
Gaussian approximation is sufficiently accurate.

It 1is reasonable to assume that the BER versus k curve is
continuous and smooth, so that, using the BER (k) results of (3.2.3)
for large k and the BER (k) results of Table 3.2 for small k, the BER
versus k curves over the whole range of k can be obtained. These BER
versus k curves are shown in Fig.3.4. The BER increases quite rapidly
as more users (k) are traﬂsmitting in the system. By increasing the
length (N) of the Gold codes, the system capacity can be increased

under the same amount of BER, or alternatively the BER can be improved
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if the numwoer of users is kept same.

Table 3.2 BER (N, k) for asynchronous case, results of accurate

calculation

N X BER
3] 1to 4 0
-3
5 2.14 x 10
-3
6 6.41 x 10
127 1to8 0
-6
9 2.82 x 10
511 1 to 16 0
17 6.86 x 1071

3.2.2 The Synchronous Case

In this case, for any number of simultaneous users k, the
interference and hence the BER can be calculated by considering that
each station gives a cross-correlation of +1 or -1 as interference to
any other station. For this case, it is relatively easy to obtain BER
versus k, for either large or small k using some approximation method.

When k, the number of transmitting stations, 1is sufficiently
large, the average value of the interference term is (refer to (A.7))

E( Ai ¢1J(0) ) =0 (3.2.8)
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’ (3.2.9)

and the total variance for all the k-1 different interference terms in
(3.1.2) is (k-1)¢°. Since k is large, the overall interference is
Gaussian distributed [35, 36], according to ‘he Central Limit Theorem

[38]. Thus, the error probability or BER caused by the interference is

(refer to (A.14) ),

BER =
syn

NIH
Nrd

erf [ N ]. (3.2.10)
v2(k-1)

Where erf(x) is the error function given in (3.2.4). The BER (N, k)

curves are shown in Fig.3.5. Some BER (N, k) are listed in Table 3.3.

Table 3.3 BER (N, k) for asynchronous case, results of the Gaussian

approximation

N K BER

31 31 7.58 x 10°°
32 1.29 x 1078
33 2.13 x 107°
34 3.40 x 1072
35 5.29 x 107°
36 8.03 x 10°°

127 127 can be ignored (6 x 10™°)

128 can be ignored (9 x 107°°)




BER

Legend
A N=3lsyn

X N=1Z7.syn
‘j O N=St.syn

500 000 1500 2000 2500
Number of Users k

Fig.3.S BER (N,k) for synchronous data slot transmission,

Gaussian approximation (good for large k).
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more. Referring to APPENDIX B.2, the largest interference occurs when
the intended data signal 1is AJ = 1 while all the other stations are
sending data AIE 1 (=1, 2, 3, -+, i#§), or Aj= -1 while all other
AiE -1. In this case, the correlator output wt¢ the receiver 4 is given
by (B.2.2):

RJ =N Aj - (k-1) Ai =N - (k-1) . (3.2..1)
If R is greater than zero when Aj= 1 is transmitting, cr R is less than

zero when AJ = -1 is transmitting, then there will be no error caused

by interference, and we have

BER =0, (3.2.12)
k<K
where
k < K = N+1 , (3.2.13)

When k is larger than K, it is still possible to get no ervor
caused by interference. The relationship of BER and the number of
users, k, when k is relatively small, may be calculated as detailed in
APPENDIX B.2; the results are illustrated in Table 3.4.

Comparing Table 3.3 and Table 3.4, it is seen that the approximate
and exact BER values become closer as k increases, however, even at
k = 36 (N=31), the BER values are still not close enough. This
indicates that for up to 36 users, the Gaussian approximation is still
not accurate enough. In addition, when using 127- or S511-chip Gold
codes, with more than one hundred users, the interference is very
small, so that the BER will be virtually zero.

As for the asynchronous case discussed in Section 3.1.1, it can be
assumed that the BER versﬁé k curves vary continuously and smoothly as
k changes, hence, using fhe BER (k) results of (3.2.9) for large k and

the BER (k) in Table 3.4 for small k, the BER versus k for the whole
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range of k can be obtained. The BER versus k curves are shown in
Fig.3.6. As can be seen, the BER increases as k increases, but more

slowly than for the asynchronous case.

Table 3.4 BER (N, k) for synchronous cast, results from accurate

calculation
N k BER
31 1 to 31 0
32 2.33 x 1071°
33 2.33 x 1071°
34 2.04 x 107°
35 2.04 x 107°
36 8.69 x 1077
127 1 to 127 0
128 to 130 can be ignored (10°°%)

3.2.3 Comparison of Asynchronous and Synchronous Transmissions

Fig.3.7 illustrates the BER(k) for the case of synchronous and
asynchronous data slot transmissions. It is clear that for the same
BER, and using the same set of 3l-chip Gold codes, synchronous data
slot transmission can support many more users than asynchronous

transmission.
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Fig.3.7 BER (N,k) for asynchronous and synchronous transmissions.
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system capacity significantly in the case of synchronous transmission,
compared witk the case of asynchronous transmission, as shown 1in

Figs.3.4 and 3.6.

3.3 Simulations for Different Transmission Conditions

Real data transmission situations, using a set of N = 31 Gold
sequences as address keywords for different stations, have been
simulated using the computer. These computer simulations show the
effectiveness o7 a CDMA system when accessed by many users [40].

Data signal is encoded in each transmitter and the binary optical
,»signal is fed onto the common channel (see Fig.3.8). If there is one
station transmitting, the optical signal transmitted in the common
channel, as well as the signal arriving at the receivers, is only the
one encoded signal (see Fig.3.9 (a)). The desired receiver uses its
keyword to correlate the received zlectrical signal, and then obtains
an output using an integrate—and-dump filter. Therefore, the filter
output waveform is a distinct ramp, which attains the peak positive
value +31 or peak negative viiue -31 at the end of each data slot when
data 1 or O is sent, respectively. This is shown in Fig.3.9 (b). After
that, a decision circuit is used and the valuc at the end of each data
slot is compared with a chreshold level O volts. The decision that a
data 1 or O was transmitted will be made, corresponding to the final
output value is larger than O or smaller than O (see Fig.3.9 {c)).

When two stations are transmitting simultaneously. the signal in

the common channel as well as the received signal contzin three levels



51

3.608 _

T

T e i et

SR
T

Propeep ey

R R Sl e bl e A .ﬁel.dw

=2
(<=4
[
w
1)

200

chip

32

Transmitted data.

(a)

‘T_fllf!’illl‘l“f'

!

T

At L M i A e A M A St o

f

T

| I DA AR ..|_| T T T T
[~
2 8
<<

o r.lw
)

1

I
H

200

chip

32

Encoded signal.

(b)

Fig.3.8 Transmitted data and encoded signal.



28,8060

-2, 666

o
fae]

R SURIHIY

’
%]
e
23
&

PR T

o - 1 r - LWt n Lrn . r—
EATIEE: | AL

Cn LA SVL AT R A RN AP A AR MVp A AP A RS
- UYL L P T O W VU VIWLAK U ATV T AW

'
'
i
i
:
=
i
"*‘ ANt I A A e A Rt A L M 20 T 20 N A N A A R T A DL B R S AL L |

0 32 chip 200

(a) Received signal.

GG

i
—
.
i 2l 21
, o A .
- i o | o
i -~ | - | - } -
=i t s i - i -
e H R ’L.-" i L
) - [ . |
i ) !
i - ~
[l ! . i
- R
: i ~4
-
-

B e e e e R

o g e YTy
0 32 chip 200
(b) Integrate-and-dump output signal.

—— i 7 —

B P SO U S |

A2 b e Iaat et i g ? [t it S S B SR SO At e SRR A e S B S :""‘f"T"T"T"Y"."“"l"'!"’\"'!"T"-T—Y—'a

. 20
32 chip 0

{c) Data decoded.

Fig.3.9 One station transmitting.

52



53

from each station at the passive optical coupler. The ocutput waveform
becomes less perfect and, in general, it cannot always reach the
previous peak value, because of the interference given to the receiver
by the undesired signal.

As the number of stations increases, the received signal waveform
contains an increasing number of 1levels and the integrate-and-dump
filter output waveform becomes progressively less distinct. However, as
long as the value at the end of each data slot remains positive or
negative correctly, the rightt decision can be made. Figs 3.10 - 3.14
show situations for 3, 10, or 31 stations transmitting simultaneously.

Synchronous transmission can always supwort a larger number of
users than asynchronous transmission under the same BER restriction, as
concluded in Section 3.2. This conclusion is verified by the waveforms
in Figs.3.10 - 3.14. It is shown in these figures, that synchronous
transmission always provides a more distinct ramp waveform at the I-D
filter and gives a larger peak output at the end of each data slot than
asynchronous transmission does. Thus, asgsuming the same number of
users, synchronous data slot transmission will give less errors.

For example, for 10 stations transmitting asynchronously (refer to
Fig.3.13), there 1is an unacceptable decoding error caused by the
incorrect output voltage (polarity) at the €nd of the second data slot.
For synchronous transmission with 10 stations, the waveform is still
quite distinct as is the accumulated output value, and hence the
decoded data is correct (see Fig.3.13). Fig.3.14 shows that, with
synchronous transmission, 31 stations can transmit simultaneously

without error, as was already been proved in Section 3.2.
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neglected, synchronous transmission using 32 Gold sequences: a, co,
aoTk, aoT’k, ---, aeT- 4 (each of them has a length N = 31); allows 31
simultaneous users; while for the asynchronous case only 3 users can
transmit simultanecusly without any chance of error caused by

interference from other users.
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4. EXPERIMENTAL SYSTEM

4.1 Introduction

An experimental optical iiber multi-user system employing the CDMA
technique was set up. Fig.4.1 shows the overall experimental system. It
consists of two transmitting stations, a 3 dB optical coupler, an
optical fiber common channel, and a receiving station capable of
representing any one of the possible 31 different receiving stations.
The data is generated by a data generator (HP-3764A) at the transmitter
end and the system bit error rate (BER) is measured by an error
detector (HP-3763A) at the receiver.

Each transmitting station comprises a Gold code generator, an
encoder and a laser transmitter (E/O converter). The receiving station
consists of a PIN detector with a preamplifier, a main amplifier, a
Gold code generator and a decoder.

The operation of the system may be described as follows. Assume
that the encoder of transmitting station 1 intends to send data to the

th . th
n station. The encoder uses the n

Gold code among the set of 31
Gold sequences (which is chosen by setting a switch to number n-1),
thus encoding the incoming data at 1.40 Mb/s and producing a coded
44.736 Mb/s (DS-3 rate) NRZ signal. The coded signal modulates the
loser diode, producing an intensity modulated optical digital signal of
44.736 Mb/s at a wavelength of 1.3 um. Meanwhile, the other

transmitting station trying to send data to the m"h station uses the

mth Gold code to encode its data and finally generates an optical

signal at a speed of 44.736 Mb/s and at a wavelength of 1.3 um. The two
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stations are transmitting in synchronization so that, at the receiver,
the code words from the two transmitter stations begin at the same time
(we refer to this as synchronous data slot transmission).

The optical signals from the two transmitting stations are fed
into a 3 dB optical coupler (1.3 pm) which sums the two binary optical
signals into a three-level optical intensity modu .ited signal. This
signal is then passed through the optical fiber transmission line.

At the receiving station, the optical signal is first converted
into an electrical AC signal by a PIN detecter with a preamplifier,
followed by a main amplifier. The output of the main amplifier is fed
into the decoder. The Gold code sequence assigned to the receiver is
produced by a local code generator, and is also fed into the decoder.
After the cor.-lation and the decision making process, the NRZ binary
data signal ‘ransmitted to the station is decoded. At each receiver,
because of thL: correlation property of the codes, signels intended to
be received by »ther stations behave like interference. Usually, the
interference is small enough that the decision as to what data was
transmitted can be made correctly.

The decoded data is fed into an error detector which compares the
data received with the data sent; the bit error rate may thus be
measured for a variety of data test patterns.

The design and construction of the experimental components and

circuits are described in detail in this chapter.
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4.2 Transmitter
4.2.1 Data Source

An HP-3764A data generator which generates a TTL compatible
non-return-to-zero (NRZ) signal, is used as the data source. It can
produce a pseudo-random binary sequence (PRBS) pattern of length 210—1,

15

2°7-1, or 223—1 bits. It can also be programmed to produce any 10 or 16

bit word pattern. The data rate in our system is 1.40 Mb/s.
4.2.2 Gold Code Generator

A generator capable of producing a set of 31 Gold sequences, each
with a length of N=31 chips, was designed and constructed on standard
printed circuit boards using TTL and ECL chip components. Fig.4.2 is a
block diagram of the Gold sequence generator. The generator consists of
generators for m-sequences a and &, which are driven by a common clock
at 44.736 Mb/s, a decimal counter which provides certain fixed delays
in order to obtain different a and IJ& combinations, and a modulo-2
adder which combines a and T'4. The binary NRZ code sequences {aeb,
aoThk, aoT?8, +++, @oT>'% }, which can be written as {X1’ Xz’ eee, X$1}'
are generated at a chip speed of 44.736 Mb/s.

Fig 4.3 illustrates the schematic circuit of the Gold sequence
generator used in the transmitter. A mechanical switch S1 is used to
reset the two D flip—fldps D1 and D2, which provide a trigger pulse
(rising edge) to the system. A 44.736 Mb/s common clock is distributed

by several 74F04 (B1 to B4) chips.
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A 32 chip counter which functions as a 0 chip counter, and an {
chip counter, are both triggered by the rising edge at the D2 output,

and produce the ot" and Lth trigger pulses. In the counter, counting up

— Counter 0O

w

Sequence a

Clock —— X =a o T'8
44.7Mb/s

— Counter i Sequence &

A4

Fig.4.2 Block diagram of the Gold sequence generator.

to a larger number produces more delay than counting up to a smaller
number. To avoid the delay error and to get the o™ and & trigger
'pulses at exactly the right rising edge position, the pulses are
resynchronized with the clock rising edge by D3 and DA4.

The ICs BS5, B6, B7, Al, B10 and Bl11 produce a clock which is the
same as the 44.736 Mb/s common clock except that the Oth. 32nd,
(32-2)*" cee, (32-n)th, -++, chips in the clock sequence are dumped
(refer to Fig.4.4).

This dumped clock is then converted into an ECL <ignal by a
MC10124 IC and functions as a clock for the a and T 31 chip
m-sequence generators. The o™ and * pulses are also converted into

an ECL signal and are used to trigger the a and ' m-sequence

generators, respectively.
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As discussed in Chapter 2, according to Gold’s method, sequence a
is a [5,3] sequence and & is a [5,4,3,2]. Each of these sequences is
produced by a shift register with a particular feedback layout, which
has already been shown in Fig.2.6 {(page 30). The circuit diagram is
illustrated in Fig.4.5. The generator for a is composed of the Ul and
U2 S-bit shift register and a modulo-2 adder El. The sequence & is
generated by the U3 and U4 shift registers and three modulo-2 adders
(E2 to E4). The reason for using ECL chips to generate the m-sequences
is that in the & sequence generator, the accumulated delay given by
three TIL modulo-2 adders is so large [41) that the shift register
cannot produce a cyclical sequence &, whereas an ECL chip gives much
less delay, so that it can produce this sequence [42, 43 1. The i-chip
shift of sequence & is decided by the & trigger pulse sent by the {
counter . The output a and T'8 sequences are combined chip by chip in a
modulo-2 adder ES, and then converted into a TTL signal by an MC10125.
Codes a, T'# and aeT'b are all the same length (31 chips).

The counter circuit is illustrated in Fig.4.6. The generated Gold
sequence aeT'h is chosen by a 5-bit binary switch S2 which shows the
order number i (from 0 to 31) for the intended receiver i+1. This
switch then controls a counter comprising U7 and U8, the latter
providing the Pt trigger pulse which is delayed by { (any number
between O to 31) chips to the generator of sequence &. Another counter,
which comprises US and U6, always produces the oth chip trigger pulse
(the same as the 32™ chip trigger pulse) to the generator of sequence
a. Therefore, the phase difference between a and &, or the delay i in
TJ&, is { chips (refer to the timing diagram shown in Fig.4.7), and

their combination produces the L+1th Gold sequence aoT &.
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. 0 th 32 nd 64 th
Framing pulse I n |
[ Sequence @ |[ Sequence a |[ Sequence a ||
. i th 32+1 th 64+1 th
Framing pulse n M M
Sequence & '[ Sequence & | [ Sequence & |[ Sequence &

Fig.4.7 Timing diagram of sequences a and T'6.

4.2.3 Encoder

Fig.4.8 shows a diagram of the encoder, in which the data signal
is combined with the Gold sequence by a modulo-2 adder E6. D6, D7 and
A8 are used here to 2void the delay introduced in the chip components,
so that the coded signal is synchronized chip by chip with the
44.736 Mb/s clock. The coded signal is then sent to modulate the laser

diode.

4.2.4 Laser Diode and Its Modulator

Two packaged lasers, each of which includes a laser diode (LD)
chip, a thermo-electric (TE) cooler, a thermistor, a monitor photo
diode, and confocal coupling to a fiber pigtail, are used in the
transmission system. A Northern Telecom. PBH 4317-32 LD is used by the
first station. It has a threshold current of 40 mA and can provide a

fiber output power of 0.6 to 0.9 mW. A HITACYI HL1321DL LD is used by
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the second station. It requires a threshold current of 30 mA and can
produce a fiber output power of 0.6 to 1.2 mW. Both LDs produce optical
power with a wavelength ranging from 1290 nm to 1310 nm; they can be
modulated up to a signal speed of 800 Mb/s.

The LD temperature control circuit is shown in Fig.4.9. When the
bridge circuit (R3 to R7) is balanced, the two input voltages (V2 and
V3) of Ul are equal. As the laser heats up, the thermistor resistance
R4 decreases, causing the bridge to become unbalanced. The differential
amplifier amplifies the difference between V2 and V3, and its output V6
drives a power transistor Q2 whose current varies with V6. This voltage
controlled current source delivers a current Ic through the TE cooler,
which cools the laser and the thermistor. This cooling causes an
increase in the thermistor resistance, thus increasing the voltage V2,
and decreasing Vo and Ic. Therefore, by setting the potentiometer R6 to
permit enough current Ic to flow through the cooler, the laser can be
controlled t¢ a proper temperature of about 20 °c.

Each of the two LDs is intensity modulated by the 44.736 Mb/s
coded NRZ signal at each station. Great care must be taken to ensure
that the instantaneous LD drive current never exceeds the maximum safe
current, even if the modulator is overdriven or breaks into oscillation
{44]. The LD modulation circuits shown in Fig.4.10 (a) and (b) are
designed to limit the maximum possible drive current to a safe value,
thus fulfilling the above requirement.

The LD moduvlation circuit comprises a differential amplifier
utilizing Widlar current sources [45], which allow precise control of
the bias current and the modulation depth of the LD. Neglecting the

base currents, since each transistor has a B greater than 100, and
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taking the base-emitter voltages to be 0.65V, then the reference
current, Ir, is determined by the collector and emitter resistors (Rf
Rz) of Ql:

I =( Vc-Ve-Vbel)/ ( R1+ Rz)

(5-0.65) 7/ (390+100)

8.88 mA (4.1)
Transistors 02 and Qs are Widlar current sources. The collector
currents of Qz' and Qs’ are given by

I
2c

R

I R/R (4.2)
r 2 4

114

I I R/R (4.3)
SC r 2 10

Therefore, Q2 draws a constant current of I2C through the LD, and Qs
draws a constant current of Isc through the differential pair Q3 and
Q4-

Under quiescent conditions (V}3= Vi;= 0), the collector currents
of both 03 and Q4 are equal to Imfz’ since Q3 and Q4 are a matched
pair. When an input signal, no matter how large, is applied to Via, the

peak-to-peak current modulation of the LD is always less than or equal

to I__.
sC

The collector resistors of Qz’ Q, Q and Q5 are used to reduce

3 4

the collector-emitter voltages, and hence to reduce the power
dissipated in these transistors to a permissible level. Their values
are such that none of the transistors is driven into saturation, even
under conditions of maximum modulation of the differential amplifier
The emitter resistors (R7, Ra) of Q3 and Q4 improve the distortion
performance of the LD transmitter.

The emtter resistors of Q2 and Q5 control the LD bias and

modulation current, respectively. When R1 and R2 are fixed, changing R4



77

can change the LD’'s bias current, while RIO is used to control the
modulation current. Therefore, the output optical power of the LD can
be adjusted. Usually, R4 and R1o are chosen so that each LD produces
the same amount of output power. Because the two LDs have a different
threshold current and maximum modulation current, their modulation

circuits are slightly different, as shown in Fig.4.10 (a) and (b).

4.3 Optical Coupler, Fiber Link and Fiber Connections

4.3.1 Optical Coupler and Optical Fiber

The 2-by~2 optical coupler used here is a GOULD S/N 1300-BA-100036
3 dB coupler with a coupling ratio of 50% at 1309 nm and an excess loss
of 0.74 dB. It was made of AT&T single mode fiber working in the range
1290 nm to 1330 nm.

The optical fiber used as the common channel is 1.3 um single mode
step index fiber with a length about 1 km; this was the maximum length
available. Since single mode fiber has a loss of about 0.2 dB/km, and
the system power budget allows a channel loss of 12 dB - 4 dB {coupling

loss) = 8 dB, the maximum fiber length might be 40 km.

4.3.2 Fiber Connections

When making the fiber connectiors in a system, the main concern is
to obtain the smallest optical power loss and signal distortion. The
usual method for connecting optical fibers has been to use simple

butt-joint connections. Other techniques, such as graded index rod
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lenses, ball lenses and holographic methods have been suggested, but
the butt-joint configuration is certainly much simpler and also gives a
very low coupling loss (dewn to 0.2 dB).

For single mode fiber butt-joint connections (splices or
connectors), there are two kinds of loss; extrinsic loss and intrinsic
loss [46]. Extrinsic loss is caused by the quality of the connection
(extrinsic parameters), while intrinsic loss is caused by differences
in the two pieces of fiber being cornected (intrinsic parameters).
Extrinsic loss can be minimized by proper connection design and
construction, including fiber end preparation and alignment, as well as
cleanliness, degree of index matching in the connection, and core
deformation (fusion splices). The loss due to the differences in the
intrinsic parameters, such as the width of the Gaussian beam (mode
field radius), outer diameter variations, circularity and core
concentricity, cannot be easily eliminated.

Three methods are often used for butt-joint coupling: fusion
splice, micro-positioner joining, and v-groove joining. Usually, a
fusion splice provides the smallest insertion loss (0.2 dB) and the
most stable coupling. Mechanical connection using a micro-positioner
can result in the best alignment for a joint, hence causing quite small
loss which is even compatible with a fusion splice. However, this
method requires an optical table as well as accurate and frequent
adjustment. Mechanical connection using a V groove causes a bigger
loss. Nevertheless, proper end face preparation, good alignment and
using index matching fluid between the two fiber ends can greatly
reduce the insertion 1loss (down to less than 2 dB) [47]. In this

project, fusion splices have been used wherever possible.
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Fig 4.11 illustrates the different fiber connections used in the
experimental system. At points A and B, the LDs output pigtail fibers
are connected to the fiber from the coupler by biconic connectors,
where the two fiber ends are butt joined via a mechanical V groove
splice using glycerin index matching fluid. The insertion loss was

about 2 dB.

A C D
@ PN ]
il ] ietectorv
3 dB _—
coupler
2nd laser p—— Optical
B power meter

A, B: V-groove mechanical splice.

C, D: Fusion splice.

Fig.4.11 Fiber connections in the experimental system.

One reason for using butt-coupling for the source is that this
makes it easy to connect and disconnect the LD from the system if it is
required for other purposes or for checking LD operation, etc., while
the larger insertion loss (compared to that introduced by a fusion
splice) introduced by a butt-joint is not a problem for the system
because the power output 6f the source is relatively high.

The optical connections at points C and D in Fig.4.11 use fusion

splices, which gives an insertion loss of about 0.1 to 0.2 dB. The
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splices were made at the Alberta Telecommunicaticn Research Centre
{ATRC) using their arc fusion machine; an insertion loss of 0.3 to

0.5 dB (per splice) was obtained.

4.3.3 Optical Power Attenuator

Because the fiber used here is not very long, the optical power
loss is very small. It was shown in the experiment that the received
power caused saturation of the PIN detector and its built in
preamplifier. To avoid the PIN detector from being saturated by
receiving too much pover, and also to simulate a real system with a
longer fiber, an optical attenuator was used. Because no commercial
attenuator operating at 1.3 pm was available, power attenuation was
introduced by winding a short length of fiber around a 0.9 cm diameter
cylinder for four turns, as shewn in Fig.4.12 (refer to [48] for
bending loss). In this way, an optical power attenuation of 8.5 dB was

obtained.

Cylinder,

D=0.9cm 1

. 2

Optical fiber @

LD

Fig.4.12 Configuration of the optical pewer attenuator.
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4.4 Receiver

4.4.1 Optical Detector and Preamplifier

After transmission over the single mode fiber, the multi-level
optical signal 1is detected by a PIN optical detector (RCA type
C30986-150 QC-02). It is an Indium Gallium Arsenide photo-diode with an
integrated hybrid preamplifier, supplied in a hermetically-sealed 14
pin dual in-line package. The multi-level electrical output is
AC (capacitively) coupled to a 500 ohm termination.

The detector has a system bandwidth of 150 MHz and a responsivity
of 18 kV/W. Its sensitivity at a BER of 107° is -38 dBm, and the noise

equivalent power (NEP) is 1.89 pW/(Hz)llz.

4.4.2 Main Amplifier

The output AC signal from the detector preamplifier is amplified
by a Keithley 105 Pulse Amplifier, which has a bandwidth of 500 MHz.

The voltage gain can be set to either 10 or 100.

4.4.3 The Generation of Receiver Address Codes

The receiver local Gold sequence generator with the delay circuit
is shown in Fig 4.13 The address sequence can be set manually to
generate any sequence. This enables the one receiver used in the
experiment to furiction as any one ¢f the possible 31 different receiver

stations, by producing its particular address sequence.
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In order to decode data, the local key sequence must be
synchronized with the transmitted signal. This is usually done via a
clock recovery and framing tracing terhinique. In this - roject, because
verification of the code properties and operation of the decoding
method are our main goals, the receiver synchronization with the
received signal was obtained by using a delayed framing pulse from the
transmitter to trigger the local code generator at the receiver.

The delay circuit is made up of mono-stable multivibrators U5 and
U6 as shown in Fig.4.13. This circuit delays the trigger pulse, which
is transmitted via an extra line from the transmitter to the receiver
local sequence generator, by the same amount of time that the
information signal takes to arrive at the receiver. The delay was set
experimentally by adjusting the resistance Rx’ so that the delayed
framing pulse triggers the local generator at the correct time.

Therefore, receiver decoder synchronism is obtained with the received

signal.

4.4.4 Analog Decoder

The received signal is multi-level, due to the combination of the
coded signals that are being sent to different stations. To obtain the
binary data signal sent to a certain station, the electrical signal
must be correlated with the keyword for the particular station and,
depending on the output of the correlator, a decision must be made as
to whether a 1 or 0 has béen received. The decoder schematic diagram is

shown in Fig.4.14.
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Received signal

P r [Integrate-
—————>———IMultiplier > and-dump
Circuit

1 i 1
T X -~ {
s l o~
e o i
A | PS4 S

ﬂ Bt S
' Nl

Delay Circuit| K€Y sSequence Received data
!ﬂ (EH l.'f] n ajuny -—v—-———l
i uiﬁhiw I]l n.:’:l_J ‘ﬁ-zlﬁ .. J_'T ! ]
Key Generator] ' ! Decision R
Circuit Circuit 7

Fig.4.14 Schematic diagram of decoder.

The sigral is multiplied in a correlator with the address sequence
(key word) of the receiver. The correlator can utilize
surfaac~acsnstic-wave (SAW) devices, charge-coupled devices (CCD), or a
tapped «<«:r%  line [49]. However, SAW devices zre comparatively
expensive; ::xrge coupled devices have been used by some researchers
[20], but they are somewhat slow and hence limit the system data rate.

The Gold sequence correlator used in this thesis consists of a
high-speed analog 4-quadrant multiplier (MC12002) followed by an
integrate~-and-dump filter, as illustrated in Fig.4.15. The multiplier
is a high frequency analog mixer which changes the phase of the input
signal by 0° or 180° accofding to the logical high or low of each chip
of the local keyword.

The differential output of the multiplier is converted to a single
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ended output using the current mirror formed by T1 and T2. This output
is filtered by an integrate~and-dump (I-D) circuit comprising the
capacitor C1 and a high-speed switch YMOSFET (VN1OKM) for discharging
(dumping) the capacitor voitage ([SO]. At the end of each 32 chip
period, a very short pulse switches the FET on so that the drain-source
resistance becowes very small and the capacitor is discharged. Thus,
the voltage across the canacitor at the beginning of each data period
is set to zero.

It is desired to complete the discharge of the capacitor at least
within a chip time interval, and the shorter the discharge time or the
smaller the RC constant, the shorter the reset time will be. Because of
this, the basic requirements of the filter are a slow integration time
and a quick dumping time (less than a few nanoseconds). To obtain a low
“on resistance”, two FETs are used in parallel, which gives an Ron of
2.5 ohm. The two groups of FETs Q1-Q2 and Q3-Q4 are connected
back-to-back in series, so that they make up a switch, which operates
for both positive and negative input / output voltages. To completely
discharge the capacitor, a dump time of nearly 30 ns is necessary. This
was achieved by using a mono-stable multivibrator, which controls the
pulse width of the delayed o't pulse. An increase of the pulse width
from 22 ns to 30 ns was obtained in this way.

In the decision circuit (also shown in Fig.4.15), the output
voltage of the filter is first compared with a threshold (0 Volts) by a
comparator (MC3430). Corresponding to a positive or negative input, a
TTL compatible output of 1 or 0 is achieved. Following this is, a D
flip~flop samples the TTL output at the end of each data period (at the

time slot corresponding to the 32™ chip). According to whether this
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voltage is 1 or O, the output of the D flip-flop is held to 1 or 0 for
the duration of the next data period (32 chips). Thus, the decision of
a data bit of 1 or 0 is made and the transmitted data signal is
regenerated.

When errors are made, the regenerated waveform differs from the

one originally transmitted. This can be measured by the error detector.

4.4.5 Error Detector

The decoded data is fed into an HF 3763A Error Detector, which
compares the received data with the original transmitted data pattern.
In this project, 10-bit words were used to test the system operation,
and 16 bit word as well as pseudo-random sequences were used in the BER
measurements. The error detector and the data generator were driven by
a comnon clock at 2 speed of 1.40 Mb/s. This detector can be set at
“displaying BER when over 10 errors are measured" (10 error pattern),
or at "displaying BER when over 100 errors are measured” (100 error
pattern). Because of the very low bit error rate, it usually takes
hours to get a single BER measurement when the 100 error pattern is
used. Over such a long period, the system might be changed by
occasional interference and the measured results might be meaningless.
To avoid this, the 10 error pattern was used throughout the BER
measurements, even though it 1is statistically desirable to use a

pattern with a large number of errors [51].
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5. EXPERIMENTAL RESULTS

Using the experimental system described in the previous chapter,
various measurements were made to verify the properties of the CDMA
method wusing Gold codes, and the capability of this method for
supporting simultaneous users.

This chapter presents and discusses the experimental results.
Firstly, the performance of the encoder, laser, optical receiver, and
decoder arc presented. Secondly, the experimental relation between the
BER and various parameters, such as the power of the received signal,
the power of the other interfering station, the number of stations, and
the noise power, are given. Next, the power spectra are illustrated and

discussed. Finally, the possible sources of BER are investigated.

5.1 System Topology

Fig.5.1 illustrates the whole experimental system. A Wavetek model
178 50 MHz Programmable Waveform Synthesizer generates a TTL compatible
clock signal at 44,736 Mb/s. This provides the clock signal for the
Gold code generator and, by means of a frequency divider, it gives a
1.40 Mb/s clock which drives the HP 3762A Data Generator. The data
signal enters the encoder and is processed according to the Gold coding
rules; the encoded signal then modulates the laser transmitter. Light
signals from the two LDs are coupled to a 1 km length of fiber using a
3 dB coupler. The other output port of the 3 dB coupler is used to
monitor the output power from the LDs using an Optikon 22XLA Fiber

Optic Multi-meter, which displays the same power level as that coupled
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into the fiber channel.

At the receiver, a PIN photo detector with a preamplifier converts
the optical signal into an electrical signal, which is then passed
through a Keithley model 105 Pulse Amplifier to the decoder. The clock
used by the decoder local address sequence generator would normally
have to be obtained from the received signal using a clock recovery
circuit. 7» this work, however, the receiver clock signals were taken
directly from the transmitter. The framirg pulses for receiver local
keyword synchronization were also taken from the transmitter. Since the
transmitted signal is delayed by the fiber transmission line, the
framing pulse needs to be delayed by the same amount of time in order
to obtain synchronization between the received signal and the 1local
keyword. This was achieved by using two mono-stable multi-vibrators,
which provide delays to ‘the framing pulse. By adjusting the delay, the
local keyword can be synchronized with the desired signal. The decoder
correlates the received signal with the local sequence using a
multiplier followed by an integrate-and~dump filter, then a
sample-and-hold circuit regenerates the data. This data signal is then
sent to the HP 3763A Error Detector, which display the system BER.

The experimental waveforms were obtained using a Tektronix 2465
300 MHz Cscil)oscope; the power spectra are measured by a HP 8557A

Spectrum Analyzer.



91

5.2 System Performance and Output Waveforms

5.2.1 Gold Code Generator and Encoder

In each of the two stations, there is a Gold code generator which
produces code sequences corresponding to the address sequence of the
intended receiver. Two difference sequences Il and 1é are shown in
Fig.5.2 (a) and (b).

For each data bit (0 or 1) at the input, the encoder generates the
31 chip code sequence X or X corresponding to the address code. Since
there is an extra chip for dumping in the integrate—-and-dump
processing, the code is actually 32 chips long. Therefore, the data at
a rate of 1.40 Mb/s gives a chip rate of 44.736 Mb/s (the standard T3
transmission rate).

Figs.5.3 (a) and (b) demonstrate the operation of the Gold encoder
for two different 10 bit words as the input data. Fig.5.4 shows the
situation for a 213—1 PRBS data input. As can be seen, the encoder
output is a waveform with a symmetrical and almost perfectly opened eye
pattern. This indicates that the waveform at the encoder output is
train of almost rectangular pulses with very small amplitude variations

(neise) and time variations (jitter).
5.2.2 Laser Modulation, Optical Coupler Combining and Optical Detection
Fig 5.5 shows the modulation current (corresponding to the encoded

data) in the LD. Since ti!3s is obtained by measuring the voltage across

a 1 ohm resistor which is connected in series with the LD, it is
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Fig.5.2 The Gold Code Sequences and the 32™ Framing Pulses.
a) Il, Gold code for the 1st station

b) 2&, Gold code for the 2nd station
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proportional to the modulation current going through the LD. Therefore,
the noise shown here is mainly the circuit’s thermal noise; additional
noise may be present in the LD output signal.

The 1 km fiter wused here is a single mode fiber with an
attenuation of about 0.2 dB/km at 1.3 um. Since the dispersion of
single mode fiber is small and the length of the fiber used in a LAN is
fairly short (a few meters to ten kilometer), the dispersion of the
fiber transmission line could be ignored.

It was found during the experiment that the received power caused
saturation of the PIN detector and preamplifier. To reduce the received
power so that the receiver would operate in its linear region, an
optical power attenuator was employed. The attenuation inserted was
about 8.5 dB, equivalent to the attenuation caused by a length of about
42 km fiber; however, it does not give the same dispersion as is caused
by 42 km of fiber.

Figs.5.6 (a) and (b) show the received signal at the PIN
preamplifier output when either of the two stations is transmitting,
and (c) shows the output when the twe stations are transmitting
simultaneously. The transmitted signal and the received signal are
identical with the exception of a time delay and the noise spikes on
the received signal.

The delay is due to the system transmission time. The spikes are
caused by the 44,736 Mb/s clock, which is a return to zero (RZ) signal.
As is shown in Fig.5.2, there is a small fluctuation of
44.736 frequency noise on top of the 44.736 Mb/s non-return-to-zero
(NRZ) coded signal; in Fig.5.6, there is a larger fluctuation of the

same nolse on top of the received 44.736 Mb/s NRZ signal at the output
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Fig.5.6 Laser modulation signal and PIN received signal.
(a) One station transmitting
(b) Another station transmitting

(c) Two stations transmitting simultaneously

of the preamplifier. This clock noise may be picked up, mainly by the
detector and preamplifier and partially by the encoder, due to
insufficient power supply decoupling of the encoder circuit, and due to
insufficient isolation and shielding between various parts of the
system. There is also random noise in the preamplifier output, which is
primarily contributed by %he PIN detector noise and the preamplifier
noise. The LD modulation circuit noise and the LD source noise are very

small, because the LD is operated at a relatively high power level. The
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channel noise is also very small, since the optical fiber is virtually
noiseless. Usually, a BER of less than 10~° was obtained, which
indicates that the overall system noise was not large enough to cause

any data decoding problems.

S5.2.3 Generation of Local Address Sequence with Variable Delay

Fig.5.7 shows a local key sequence generated with a variable delay
pulse set by a delay circuit.

To simplify the receiver circuit design and construction, the
receiver synchronization with the received signal was obtained by
sending a framing pulse directly from the transmitter to the receiver
through a variable delay circuit. Thus, the local code generator was
triggered at the correct time, so that the local code was synchronized

with the received signal.

5.2.4 Decoder Correlation

In the decoder, the received multi-level signal is correlated with
the local key sequence in order to decode the signal. Figs.5.8 (a) and
(b) display the output waveform of the integrate-and-dump filter.

For the case of only one station transmitting (see Fig.5.8 (a)),
the output closely approximates a linear ramp, which agrees with the
computer simulation results. When the other transmitter is also
operaiing (see Fig.5.8 (b)), the waveform becomes distorted, due to the
interference.

It is observed in Fig.5.8 that, for a 1 1 data sequence, the
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integrate-and-dump filter output waveform is exactly as described;
however, for 00, 01, or 10 data sequences, there is a slight
negative fluctuation at the beginning of the 2nd data slot correlation.
This imperfect correlation 1is ©probably due to the turn-off
characteristic of the FET switch in the decoder; it may be the charged
voltages in the FET channel flow back into the capacitor at the
beginning of the next duta slot, causing a negative voltage. This
imperfect correlation may cause a data transmission error when the SNR
is low (such as when the desired signal power is low, or when the

undesired signal power is high).

5.2.5 Decoder Decision Circuit

Using the system for direct electrical signal transmission, that
is, the transmitter and receiver operating back-to-back without the
optical channel, the data was decoded with a BER of less than 1x10 .
This was reported in a conference paper [52]. The following describes
the measurements carried out on the complete system, i.e. including the
optical channel. The optical signal output power coupled into the fiber
from the first station is P1c' and the power from the second LD is ch
(refer to Fig.5.1 on page 89).

Fig.5.9 shows the operation of the sample and hold circuits, when
only the 1st station is transmitting. The second trace is the received
signal. The third trace shows the integrate-and-dump filter output
waveform, which is also‘the input waveform of the sample and hold
circuit. In the sample and hold circuit, the input was compared with a

threshold 0, sampled at the 32" clock time slot, and then held for a
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32 clock period (i.e., one data time slot period). The output
regenerated data is shown in the first trace.

If P1c decreases, the signal to noise ratio (SNR) is decreased.
This situation is illustrated in Fig.5.10: the second trace shows the
decreased Plc signal, and the third trace shown the integrate-and~dump
waveform. When Plc is in the range from 3.3 dBu to -3.9 dBu, the system
BER is less than 1 x 107. If P _ is less than -3.9 dBu, the BER
increases rapidly; this will be discussed in Section 5.3.2.

The transmitted and received data under different synchronization
conditions are shown in Figs. 5.11 (a) and (b). When the local key
sequence is synchronized with the received signal, the integrate and
dump waveform is seen to be ideal (Fig.S5.11 (a)). When synchronization
with the received signal is not obtained, the integrate and dump
waveform is very irregular and the decoded data contains many errors
(see Fig.5.11 (b)).

Fig.5.11 (c) demonstrates the situation when sequence 25 is used
to decode the incoming signal, while data was intended to be
transmitted to the 2™ station (coded by address sequence ZE; refer to
Appendix A for the address sequences). There is no data received, and

the error detector shows synchronization loss.
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Fig.5.10 Operation of the sample and hold circuit when P1c= -4.2 dBu.
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Integrate-and—dump
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Fig.5.11 Transmitted and received data signal.
(a) The desired receiver is synchronized with received signal
(b) The desired receiver is not synchronized with received signal

(c) At the undesired receiver

5.3 Bit Error Rate Measurements

5.3 ‘'mbe: of Simultaneous Users

. luded from the theoretical discussion and the computer
simulatio a Chap:ier 3 that, with a set of 32 31-chip Gold sequences
as the address codes, 31 simultaneous stations can be supported with
error free transmission. It was not possible in our experiment to set

up a transmission with all these stations. With two LDs available, the
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test of the circuit had to be limited to two stations. There is the
possibility of adding manv electrical signals from several stations,
and applying the total voliage to one of the LDs, so as to simulate the
interference from otper users. This would be a good test of the
receiver and the correlation; however, this was beyond the scope of

this work.

5.3.2 The Transmitted Signal Power

The first LD coupled a maximum optical power of 3.3 dBu to the
fiber. The actual LD output optical power is estimated to be nearly
6 dB more than this. The loss in the 3 dB coupler and the loss in the
connection (including a 2 dB connection loss between the LD pigtail and
the fiber, and a 0.7 dB coupler excess loss) were measured to be about
5.7 dB.

Fig.5.12 shows the BER curve versus received optical power. Curve
A is obtained when only one station is transmitting. The maximum
coupled power from the first station is 3.3 dBi. As long as this power
Plc is larger than -3.9 dBu, the BER is less than 1 x 107, Reducing
the power of P1c decreases the SNR of the optical signal, thus
increases the BER.

With two stations transmitting, the BER obtained for the desired
signal depends on the power transmitted from each station. In general,
the BER will increase as the power from the desired station decreases
or the power from the interfering station increases. Curve B in

Fig.5.12 shows the effect of the power variation of the desired signal

Plc on the system BER, while the power of the undesired signal P2c
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remained at 3.3 dBu. As long as Plc was larger than 1.3 dBu, the BER
was less than 1x107°.

Fig.5.13 shows the BER when Plc was kept at 3.3 dBu while P2c' the
power from the other station was increased. This increases the
interference. As long as P2c was less than 6.3 dBu, the BER for the
desired signal was less than 1x 10°°. It is observed that the BER —
Power curve when P2c remains constant and Plc is decreasing (curve B in
Fig.5.12), 1is symmetric with the curve for the case when P1c remains
constant and P2c is increasing (Fig.5.13). This is to be expected,
because the two situations are the same in the sense of reducing the
system SNR, as the noise coming from the LD, detector and amplifier
circuits remains approximately constant (although the noise coming from

the PIN may vary a little with the received power).

5.4 Power Spectra

The power spectrum of the 1.40 Mb/s data signal is shown in
Fig.S5.14. Because the data is an NRZ signal, the first harmonic occurs
at 0.70 MHz. The peak slopes of the first, third, fifth, «-+, harmonics
at 0.70 MHz, 2.10 MHz, 3.50 MHz, ***, are illustrated clearly. Fig.S5.15
displays the spectrum of the received data. Comparing it with Fig.5.14
(b), it is seen that the spectra of the transmitted and received data

are almost the same, as expected.

5.5 Possible Sources of Error

As discussed in Section 3.2.2, the interference from a signal
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(a)

Fig.5.14 Spectra of the 1.40 Mb/s transmitted data signal.
(horizontal: 1 MHz/DIV, vertical: linear)
(a) 10-bit word data.

(b) 2'-1 PRBS data.
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Fig.5.15 Spectrum of the 1.40 Mb/s received PRBS data.

(horizontal: 1 MHz/DIV, vertical: linear)

intended for another station should, ideally, have no effect on the
system BER until the power ch is increased to more than 31 x Plc. In
the experimental system here, P2c could only go up to 2 x Plc (limited
by the range of the LD modulation). Therefore, the poorer BER
performance must originate from sources of error other than from user
interference, such as the followings:

Firstly, the error introduced by the imperfect correlation in the
decoder. This is caused mainly by the incomplete discharge of the
integrated-and-dump circuit through the FET switch; also the multiplier
does not switch instantaneously, and there may be slight timing errors
between received signal and the local keyword).

Secondly, the spikes in the transmitted signal, which is picked by

the encoder circuits from the 44.736 Mb/s clock.
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Thirdly, the thermal noise added by the PIN ietector and the
preamplifier to the received signal before decoding [53, 54, 55]. The
photo-detector shot noise will vary, depending on the power of the
received optical signal, however; it is normally negligible, as we used
a PIN photo diode detector [55].

Fourthly, the 1limitation of the preamplifier bandwidth, which
causes distortion of the received signal pulse shape.

Finally, the normal sources of errors in a communication systenm,
such as: power amplitude variations (which may raise the power and
cause a 1 to be regenerated when « 0 was sent), timing jitter (which

may cause sampling at a wrong time), and intersymbol interference.
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6. DISCUSSION AND CONCLUSIONS

This thesis work has investigated and demonstrated the
applicability of the Gold code used in an optical fiber multi-user
communication network. The code division multiple access technique
using Gold codes has conventionally been employed in spread spectrum
communication systems, where the main application has been for
interference rejection, signal security, or multiple access. Usually, a
spread spectrum sysiem requires a large bandwidth, and hence this
method is not used in most conventional systems. In an optical fiber
communication system, however, the available transmission bandwidth is
very large. This makes it attractive to use the CDMA method as the
multiplexing technique in an optical fiber network.

Previous researchers [14,15,16] have employed either electrical
signal processing or complete optical signal processing, and have all
used what has been referred to in this thesis as "asynchronous data
slot transmission". The original intent of this thesis was to optimize
multi-user system performance, especially to improve a similar
transmission system previously developed by S. Tamura, et al. [20],
which was an asynchronous data slot transmission using Gold codes for
coding, and with electrical signal processing for decoding. Their
network could transmit at the relatively low data rate of 20 kb/s, and
was limited mainly by the charge-coupled-devices (CCD) in the decoder.
Using a set of 127-chip Gold codes, their network could support
6 simultaneous users with a BER of 8.1 x 10°°.

In order to investigate and optimize the system performance, this

thesis work has used Gold codes as the address sequences, electrical
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signal processing as the decoding method, and synchronous data slot
transmission as the transmission pattern.

Computer simulations of BER when using different length Gold
sequences were demonstrated in this research work. Assuming that there
was only one transmitter for each receiver, with a set of N-chip Gold
sequences, ideally, up to N simultaneous transmitters could be
supported by the system without any receiving error caused by user
interference.

One of the unique features of the reported system is the
significant increase in system capacity. This increase came from using
the synchronous data slot transmission pattern which takes advantage of
the uniform low cross-correlation {(-1) of the Gold codes. It was shown
by computer simulation that this kind of transmission pattern could
support many more users than asynchronous transmission, for the same
system BER. For example, for error free transmission, the synchronous
case can support 31 users with a set of 31-chip Gold codes, while the
asynchronous case with the same set of codes can guarantee only 4
users.

Usually, asynchronous data transmission is favored by
communication systems, since synchronous data slot transmission needs
extra circuitry to obtain the synchronization. However, as shown in
this thesis, synchronous transmission can greatly increase the number
of simultaneous users, or it can decrease the necessary length of the
code sequences, so as to increase the data speed, given the same number
of users and the same BER performznce. Therefore, further investigation
should be carried out for this kind of transmission.

An experimental CDMA communication system was designed and set up,
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which consisted of coders, laser transmitters, 3 dB coupler, single
mode fiber transmission line, PIN detector, amplifier, and a decocder.
The system was operated at a 1.40 Mb/s data rate (44.736 Mb/s DS-3 chip
rate). The address sequences used here were Gold sequences { aeb,
aeT's, aeT’h, ---, aoTk } belonging to the set with 31 chips. The
44.736 Mb/s coded signals from two stations were mixed in the 3 6B
optical coupler and transmitted by a 1.3 um single mode fiber chaunel.
Each transmitter and receiver was designed such that it was able to u:=
any one of the 31 Gold sequences, i.e., it was able to function as any
one of the 31 possible users. Experimental measurements for the BER
were taken, with one and two station transmitting.

An unique feature of the decoder in this system is the use of an
analog multiplier to perform the correlation, as well as an
integrate-and-dump filter and a decision circuit to obtain the decoded
output at the receiver. This allowed an increase in the speed of the
system to the 44.736 Mb/s (T3) channel rate. By using the shortest
31-~chip Gold codes, a data rate of 1.40 Mb/s was obtained. This speed
is considerably higher than the one achieved by S. Tamura et al. [20],
who used the CCD in the decoder. The use of surface-acoustic-wave (SAW)
devices in the decoder could also allow a higher data speed. However,
this would increase the system cost, as SAW devices are comparatively
expensive,

Using the experimental system, various BER measurements were
carried out for three different system conditions: one station
transmission, two station transmission with equal power, and two
station transmission with unequal power. The experimental results

indicate that the system performance is dependent on the power balance
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of the network, and is influenced by the interference of the signal
from other users and the system noise (produced by the laser sources,
the optical detector, the amplifier, and the circuits). A BER of less
than 10™° was obtained for one user with a minimum optical power of
—-3.9 dBu, or for two users each with a power of 3.3 dBu. For the worst
case, when the interference signal was bigger than the desired signal,
up to a differenc: of 3.0 dB. the BER was less than 10—9; and for a
difference of 3.3 dB, the BER was 5.0 x 10°°.

Electrical signal processing has been used in this thesis work. An
optical fiber CDMA system employing electrical signal processing uses
both the positive and negative polarity of the signal. For this reason,
the address codes for conventional CDMA, which have been investigated
thoroughly for many years, can be simply introduced into the optical
fiber CDMA system without changing the correlation prorerty of the
codes. Otherwise, for a transmission employing optical signal
processing, new optical orthogonal codes need to be introduced; such
codes have been discussed in the literatures [21, 32], and still
require further investigation. It should be pointed out that the
allowed data rate in a system employing optical processing can be
higher than the data rate in a system using electrical processing,
because the latter is limited by the speed of the electronic circuits.
However, there are many applications for low cost multi 'ser systems
that require a relatively low data rate (1 Mb/s to 100 Mb/s). The
optical fiber CDMA electrical processing system reported in this thesis
used currently available techniques, and is relatively inexpensive.
Further research that can be carried out are outlined below:

(1) This thesis has experimentally investigated the transmission
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with two simultaneous users. Further experimental verification
of the relationship between the BER and the number of users
could be carried out by introducing more users or by
simulating the interference from many simultaneous users.

(2) As discussed in Section 5.5, it is possible to improve the
experimental system performance of the decoder circuit by
optimizing the correlator circuit design and construction.
Attention chould be paid to further improving the charging and
discharging characteristic of the integrate-and-dump circuit,
in order to decrease the signal distortion and increase the
system speed. Improvement of the circuit properties may also
be possible by using a custom IC in the correlator.

(3) This research has considered in detail the interference noise
caused by different user signals. However, the white noise
and fluctuation introduced by the laser sources, the optical
fiber channel, and the optical detector, also play an
important part in a communication systenm. Therefore, an
accurate investigation into the effect of the white noise on
the system performance needs to be made.

(4) In order to realize synchronous data slot transmission in a
real communication system, a method of distributing the clock
signal to the different transmitters or some other technique
of achieving transmitter synchronization among users needs to
be investigated.

Generally speaking, electrical signal processing always limits the

data rate. To fully realize the potential of iiker optical CDMA

communications, large bandwidth signal processing will be required. An
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all-optical system could be quite promising for this, and it should
provide a substantial improvement in the capacity and signal speed of
multi-user systems. Some of the present areas of research in the field
of all-optical coding are: the possibility of using the Prime Code or
improved pseudo-orthogonal optical codes, the investigation of better
correlation techniques and, in the future, utilization of coherent

communication.

It is hoped that the work of this thesis will stimulate and help
future research of optical fiber multi-user communications in both the

theoretical and experimental aspects.
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APPENDIX A

GAUSSIAN APPROXIMATIONS FOR BER CAUSED BY MULTI-USER INTERFERENCE

Assume there are k simultaneous users in the system, and the set
of 31-chip Gold sequences is used to encode data signals. From
Section 3.1.1, ignoring the channel noise, the correlator output at the
receiver 4 is

R . =A & (0) + Ad (T Al
J J jJ( ) i§J i !J( 1) ( )

where AJ, Al = +1 or -1.

Referring to Section 2.3, the auto-correlation of Gold sequences

gives

Qil(O) = N, (2.3.3)
the in-phase cross-correlation petween any pair of sequences { a, aeb,
aeTk, a@Tz&, vee, aeT% } is

QIJ(O) = -1, (2.3.4)

and the out-of-phase cross-correlations, when the sequences are

displaced by £ chips, are
_1+2(n+1)/2
élj(Tl) =4 -1 , (2.3.6.a)
_1_2(n+1)/2
with probability respectively to

(zn-2+2(n-3)/2)/N
Pl (T)) = (2"2"" 1N (2.3.6.b)
(zn-z_z(n-s)/z)/N
For asynchronous data slot transmission, (A.1) becomes
RJ’asyn = N-AJ + 1§J Ai-éij(Tl) (A.2)
while for synchronous case, (A.1) becomes
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= A9 (0) + A - 0
Jrsyn J JJ( ) i§J i ¢lJ( )

= N'AJ - 1§j Ai'QiJ(O) (A.3)
The first term in (A.2) or (A.3) is the desired signal and other
terms are interference terms, which represent signals intended to be
received by other stationc
At the receiver, the data is regenerated after decoding. The
probability of error, hence the bit error rate (BER), may be broken
down into two parts:
BER = p(1|0) P{0) + p(0|1) P(1) (A.4)
where, p(1|0) is the probability of regenerating 1 when 0 is sent,
p(0|1) is the probability of regenerating O when 1 is sent,
P(0) is the probability of data 0 is sent, and
P(1) is the probability of data 1 is sent.
Assume equal "a priori" probabilities for the transmitted data

symbols O and 1, i.e.,

P(Al) = P(0) = P(1) = 172
or

P(A) = P(-1) = P(+1) = 1/2 (A.S)
We have,

BER = (1/2) [p(1]|0) + p(0|1)] (A.6)

When k, the number of simultaneous users, is sufficiently large, the
mean value for the interference term Ai ¢IJ(T1)' for elther
asynchronous or synchronous case, is,

E( A;'ij(Tx) ) = E P (Ax)'A1'°13(T1)
§ '11/2'(1)"”:3”1” +§ [1/2-(-1)-¢U(T1)]

0 (A.7)



126
with the variance given by

2 _ 2 _ 2
o"=E [ A Qij(Tl) ] [EC A QlJ(Tl) )]
— 2. -—
—P§p{ [4, Qij(Tl) 17 p [A °;J(T1) I'Y-o

= 2, .
=T, 0 (A & (1) 1% P(A)-p(e, (T))) )

2
2 x (1/2)'§ { [Ai ¢1j(Tl) I 'p(éiJ(Tl)) }

2
§ { [Ai éiJ(Tl) ] p(QiJ(Tl)) } (A.8)
Therefore, for asynchronous case,

0_2a o = (_1+2(n+1)/2)2. (zn-2+2(n-3)/2)/N + (__1)2. (zn_zn-l__:,l }/N
S

+ (_1_2(n+1)/2)2_ (zn--z_'__‘?‘(n--3)/2)/N

_ (N N-1)
= - , (A.9)

and for synchronous case,
o = (1312 + (-2 =1 . (A.10)
syn
When the number of the simultanesus user (k) is large, the overall
interference has an almost Gaussian distribution [35, 361, hence, the
variance of interference terms in (A.2) or (A.3) is (k-1)c°.
According to the Central Limit Theorem ([37], the error

probability, hence the system bit error rate, caused oy the Gaussian

distributed interference with zero mean and variance (k—l)oz is

BER=—é———-;—erf[—-L——-], (A.11)
v2(k-1) o
where,
2/2
erf(x) = Jx e % du (A.12)
Y & [o)

is the error function [38]).
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Therefore, the BER for the asynchronous data slot transmission is

3- ~
- _;‘_ erf [ / N > ] » (A 13)
2(k-1)(N"+N-1)

and the BER for the synchronous data slot transmission is

N[

BER =
asyn

BER =;—--é—erf[-———£———]. (A.14)
syn V2(k-1)
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APPENDIX B
ACCURATE CALCULATIONS FOR BER CAUSED BY MULTI-USER INTERFERENCE

When the number of simultaneous users k is small, the interference
of undesired users is not Gaussian distributed, therefore, the BER
results from APPENDIX A are no longer right for these situations.
Detailed discussions and accurate calculations for these cases are

given below.
B.1 The Case of Asynchronous Data Slot Transmission

For asynchronous data slot transmission, the correlator output of
receiver 4 is given in (3.1.1):

R = & (0 + A .1.1
| AJ jj( ) i§j 1<I>U(Tl) (3.1.1)

where Aj, Al = +] or -1.

Look at the interference terms Q!j(Tl), from (2.3.6.a), the

(n+1)/2|

maximum value of ¢1J(Tl) is +|1+2 Therefore, the largest

interference occurs when the intend data is Aj= 1 while the data being

sent to other stations are AiE -1 (=1, 2, 3, +--, i#4 ) (or Aj= -1

while A1§ 1), and the largest interference noise in this case will be

(n+1)/2l

due to the correlation value |1+2 Now the correlator output at

receiver § is, from (3.1.1),

. (n+1)/2
Rj =N Aj + i§j Al (1+ 2 )

N + (-1)(k-1)(1+ 2172y ' (B.1.1)

If the RJ is greater than zero when data AJ= 1 is transmitted, or R is
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less than zero when AJ = -1 is transmictted, then there will be no error

caused by interference. This requires

N ~(k-1)- (1+ 2™172) 5 o,
that is,
L <K = N 4 2(n+1)/2
1 4 p(m*1)/2
Therefore, we have
BERk<x = 0.

Some examples are shown in Table B.1.

(B.1.2)

(B.1.3)

(B.1.4)

Table B.1 Values of N and k when BER=0, asynchronous transmission

k N-chip Gold code
=4 N=31, n =
=8 N=127, n =
= 16 N=511, n =

In fact, even when k is larger than K, it is still possible to get

no error caused by interference. The error probability,

to the BER, can be calculated as follows.
For the case of N = 31,

¢ (0) =31
Jj( )

+7
¢11(T1) = { -1 , with probability of p(@lj(Tl)) = {

-9

Whenever

10/31
15/31
6/31

which is equal

(B.1.5)

(B.1.6)
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31 + % QIJ(TI) <0 (B.1.7)
there is a error.
When k = 4, as shown in Table B.1,
BER = 0. (B.1.8)
When k =5, the only three cases that produce error, i.e., the
correlator outputs R gets wrong polarity (this occurs when the sum of
the cross-correlations isjlarger than the auto-correlation of 31), are:

(1) when the desired signal is A3= 1 and each of the four
cross-correlations is -9. This requires that every undesired signal
is Ai= 1 (which has a probability of 1/2) and its cross-correlation
at receiver 4 is -9 (which has a probability of (6/31) ) among the
three possible value shown in (B.5).

(2) when the desired signal is Aj= 1 and one of the four
cross-correlations is -7 (which has a  probability of
(1/2)x(10/31) ) while the other three are all -9 (each has a
probability of (1/2)x(6/31) ).

(3) when the desired signal is AJ= 1 and two of the four
cross-correlation are all -7 while the other two are all -9,

These different combinations are shown in Table B.2. Considering

these situations, the probability of error (BER) is

( ) (

3 1

o

BER (k=5 )

T )4

Q
N
W,

+
~~ Nll—'

Nl'—' OJI
\—J

%)
)2

Nhﬂ lvha
wIH wl

(
L

2.14 x 1073 (B.1.9)

When k = 6, the different situation where error occurs are shown

in Table B. 3.
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Table B.2 The combinations of cross-correlation which cause error for

the case of N=31, k=5, adj=1 and asynchronous transmission

@U(Tl) Times this will occur
-9 -9 -9 -9 1
-9 -9 -9 -7 4
-9 -9 -7 =7 6

Table B.3 The combinations of cross-correlation which cause error for

the case of N=31, k=6, sdj=1 and asynchronous transmission

QU(TI) Times this will occur

-9 -9 -9 -9 -9 1

-9 -9 -9 -9 -7 5

-9 ~9 -9 -9 -1 S

-9 -9 -9 -9 +1 S

-9 -9 -9 -7 -7 10

-9 -9 -9 -7 ~i 20

-9 -9 -9 -7 +1 20

-9 -9 -7 -7 -7 10

-9 -9 -7 -7 -1 30

-9 -9 -7 -7 +1 30 *

-9 -7 -7 -7 -7 5

=S =7 -7 -7 -1 20 *

=7 =7 -7 -7 -7 1

* Here the sum of cross-correlation 1s <N, so that the output of the

correlator is O. The probability of decision error is 1/2.



The overall average BER is

) (350 (3R

115 16 1 10
ar) (35 )10+ (33x) (z37) 10

BER (k=6 ) = ( %-g—

—

+
~~
N =

[+

+ 40-(
16 1 10 115 16
+45:- (537 ) "(337) (5355)+5 (335 ) (

16 1 15 1 10 110
+10:(z3x ) (35 ) (z5) * (3737)

=6.41 x 10

LE) (B (110 0o (15)

Similar as the case of N = 31, for the case of N = 127,

@, (0) = 127
+15 36/127
e (T) = { -1, with probability of p(8, (T))) = { 63/127
-17 \28/127

Whenever
127 + % @lj(Tl) <0
there is a error.
When k = 8, as shown in Table RB.1,

BER =

(B.1.10)

(B.1.11)

(B.1.12)

(B.1.13)

(B.1.14)

When k =9, the different situations where error occur are shown in

Table B.4. The overall average BER is

128 128 ' ,1 36
BER (k=9) = (3337) *8(31%) (3137)
1 36 2 128 \° ,1
*28'(2'127) (337) +56 (%) (3

=2.82 x 1078

(B.1.15)
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Table B.4 The combinations of cross-correlation which cause error for

the case of N=127, k=9, AJ=1 and asynchronous transmission

Qij(Tl) Times this will occur
-17 -17 -17 -17 -17 -17 -17 -17 1
-17 -17 -17 -17 -17 -17 -17 -15 8
-17 -17 -17 -17 -17 -17 -15 -15 28
-17 -17 -17 -17 -17 -15 -15 -15 56
-17 -17 -17 -17 -15 -15 -15 -15 70

For the case of N = 511,

QJJ(O) = 511 (B.1.16)
+31 136/511
QiJ(Tl) = { -1 ,with probability of p(QIj(Tl)) = { 255/511 (B.1.17)
-33 120/511
Whenever
511 + % QIJ(TI) <0 (B.1.18)
there is a error.
When k = 16, as shown in Table B.1, BER = 0. (B.1.19)

When k = 17, the different situations where error occur are shown

in Table B.5. The overall average BER is

BER (k=9) = ( 2520 )16 + 16+ ( 1.120 15,( 1136
ceo (I (G e GED) ()
crso0 (3222)7 (118)" 4 zisa (1422) 7 (L8
v ooos- (389 (38)" + ano (389)(58)
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=6.8 x 107! (B.1.20)

Table B.5 The combinations o' ' ress-correiation which cause error for

the case of N=511, £J=1 and asynchronous transmission

Times this

¢1J(Tl) will occur
-33 -33 -33 -33 -33 -33 -33 -33 -33 -33 -33 -33 -33 -33 -33 -33 1
~33 -33 -33 -33 -33 =33 -33 -33 -33 -33 -33 -33 -33 =33 -33 -31 16
-33 -33 -33 -33 -33 -33 -33 ~33 ~33 -33 -33 -33 -33 -33 -31 -31 120
-33 -33 -33 -33 -33 -33 -33 -33 -33 -33 -33 -33 -33 -31 -31 -31 560

-33 -33 -33 -33 -33 -33 -32 -33 -33 -33 -33 -33 -31 -31 -31 =31 1820
-33 -33 -33 -33 ~33 -33 -33 -33 -33 -33 -33 -31 -31 -31 -31 =31 2184
-33 -33 -33 -33 -33 -33 -33 -33 -33 -33 -31 -31 -31 -31 -31 =31 8008

-33 -33 -33 -33 -33 ~33 -33 -33 -33 -31 -31 -31 ~31 -31 -31 -31 11440

B.2 The Case of Synchronous Data Slot Transmission

For synchronous data slot transmission, the correlator output of
receiver 4 is given in (3.1.2)

RJ = Aj N + i§j Ai¢ij(0) (B.2.1)
where AJ, A! = +1 or -1 corresponding to the data ﬂj, ﬂl =1 or 0, and
the interference QIJ(O) is £ 1 as given in (2.3.4). Therefore, the
largest interference occurs when the intended data is AJ= 1 while all

the other stations are sending AiE 1 (@=1,2, 3, -+, i#i) (or Aj= 1

while AIE 1), and the largest interference noise in this case will be
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due to the correlation value -1. Now the correlator output at the
receiver 4 is,

Rj =N Aj + (-1)(k—1)Ai =N - (k-1) (B.2.2)
If Rj is greater than zero when Aj= 1 is transmitting, or R is less

than zero when Aj = -1 is transmitting, then, there will be no error

caused by interference. This requires

N - (k-1) >0 (B.2.3)
that ig,
k < N+1 (B.2.4)
Therefore, we have
BER K<k = 0. (B.2.5)

Some examples are shown in Table B.6.

Table B.6 Values of N and k when BER=0, synchronous transmission

k N-chip Gold Sequence
= 31 N=31 (n=S)
= 127 N=127 (n=7)
= 511. N=511 (n=9)

Similar as the asynchronous case, when k is larger than K, it is
still possible to get no error caused by the interference. The error
probability (BER) can be calculated as follows.

According (B.1.2), whenever

N + % (-1) <0 (B.2.6)

there is a error.
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Firstly, 1let us consider N = 31. When k = 31, as shown in
Table B.6, BER = 0. When k = 32, 33, 34, 35, 36, the situations where

error occur are shown in Table B.7 respectively.

Table B.7 The combinations of cross-correlation which cause error for

the case of N=31, £J=1 and synchronous transmission

k iQU(O) Times this will occur
1 2 3 +++ 27 28 29 30 31 32 33 34 35
32 -1 -1 -1 ++0 =1 =1 -1 -1 1
33 -1 -1 -1 -1 -1-1-1-1 1
34 =1 -1 -1 e+ =1 -1 -1 =1 =1 =1 -1 1
-1 =1 -1 +++ =1 =1 -1 -1 =1 -1 +1 1*
35 -1 -1 -1 -1-1-1-1-1-1-1-1 1
-1 =1 =1 +++ =1 =1 =1 =1 -1 -1 -1 +1 34
36 -1-1-1 -+ -1-1-1-1-1-1-1-1~1 1
-1-1-1 -4+ ~1-1-1-1-1-1-1 -1 +1 35
-1 -1 -1 +++ =1 -1 =1 =1 ~1 -1 -1 +1 +1 595+

¢ See Table B.3.

The overall average BER are

1,3, -10

BER ( k=32 ) = 5-(3) = 2.33x10 (B.2.7)

1, % -10

BER ( k=33 ) = ( 5) = 2.33x10 (B.2.8)
1 33 1 1 33 -9

BER ( k=34 )= (5) +33-5-(5) = 2.04x10 (B.2.9)
1 34 1 1 34 -9

BER ( k=35 )= (5) +34-5-(3) = 2.04x10 (B.2.10)

1,% 1, 1,% -9
BER ( k=36 )= 36-( 5) + 35-17-5-( 5) = 8.69x10 (B.2.11)
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Secondly, for the case of N = 127,
When k = 127, as shown in Table B.6,

BER = 0. (B.2.12)
When k = 128, 129, 13", the situations where error occur are shown

in Table B.8 respectively. The overall average BER are

1147 -39
BFR ( k=128 ) = 5-(5) = 2.94x10 (B.2.13)
1 128 -39
BER ( k=129 ) = (5) = 2.94x10 (B.2.14)
1 129 1 1 129 -38
BER ( k=130 )= (5) + 129-5-(3) = $.62x10 (B.2.15)

Table B.8 The combinations of cross-correlation which cause error for

the case of N=127, AJ=1 and synchronous transmission

k i&ij(O) Times this will occur

1 2 3 +++ 127 128 129 130

128 -1 -1 =1 .- -1 -1 1*

129 -1 =t -1 .- -1 -1 -1 1

130 -1 -1 -1t .- -1 -1 -1 =1 1
-1 -1 -1 .- =1 =1 -1 +1 129*

* See Table B.3.

It is seen from (B.2.13)—(B.2.15) that, when using 127-chip Gold
codes, up to 130 users, the BER caused by interference signals is less
than 10'3? Therefore, in a real communication., the thermal noise
becomes the main source of error and the effect of interference signal

can be ignored totally.
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APPENDIX C
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