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ABSTRACT

Digital anisochronous pulse time modulation (PTM) techniques are alternative schemes for
transmission of signals over optical fibre communication links. Modulation is simple and
low cost and has the ability to trade performance with bandwidth overhead. Pulse interval
width code modulation (PIWCM) and pulse interval code modulation (PICM) belong to the
category of schemes where the former offers built in frame synchronisation capability and

the latter offers improved receiver sensitivity.

This thesis is concerned with analysis, design, simulation and physical implementation of
PIWCM and PICM for a single channel system. Original mathematical expressions are
given for code characteristics, transmission capacity and power spectral density for both
schemes, which explain the the anisochronous nature of the code formats. A simulation
model based upon Matlab has been developed for both schemes to assist the development
of the implementation process. Analytical and simulated results are presented along with

the evaluation of error sources and their impact upon the system performance.

The PIWCM and PICM modulators/demodulators are formulated around analogue-to-digital
converters and purpose designed Moore state machines, in order to generate the code
formats and timing information needed to synchronise transmitter and receiver modules.
Depending on source connection, the system is capable of transmitting PCM coded parallel

binary information or directly sampled analogue message signals.

A complete system operating at 1 Mb/s has been designed, constructed and analysed. The
results obtained are in close agreement with predicted and simulated data, indicating the

potential of such schemes for wide-band transmission.
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GLOSSARY OF ABBREVIATIONS

Abbreviation Description

APD Avalanche photo diode

APWM Analogue pulse width modulation
ATM Asynchronous transfer mode
DPPM Digital pulse position modulation
DPWM Digital pulse width modulation
EDI Electronic data interchange |
FDM Frequency division multiplexing
FM Frequency modulation

HDTV High definition television

ISDN Integrated services digital network
LAN Local area network

LED Light emitting diode

NRZ Nonreturn-to-zero

PCM Pulse code modulation

PFM Pulse frequency modulation -
PICM Digital pulse interval modulation
PIM Pulse interval modulation

PIN P-N photodiode

PIWCM Digital pulse interval width modulation
PIWM Pulse interval width modulation
PPM Pulse position modulation

PTM Pulse time modulation

PWM Pulse width modulation

SWFM Square wave frequency modulation




TDM Time division multiplexing
VvCO Voltage controlled oscillator

WDM Wavelength division multiplexing



GLOSSARY OF SYMBOLS

Symbol
Bo

8, 85, 8y,

(06" c

mm’ m
abci
A

B, By, By
C

C/N, C/Ny, C/Ny

409
Jy(x), J(x), Jy(x)

k

Definition

shift of sampling frequency

sidetones in frequency spectrum
random time delay

constant depending on the pulse shape
pulse width

time constant

clock frequency

modulating frequency

variables

amplitude, magnitude

bandwidth occupancy, n-naturally sampled, u-uniformly sampled
capacity of transmission channel
carrier-to-noise ratio, N-naturally sampled, u-uniformly sampled
duty cycle

fibre bandwidth

frequency spectrum

guard band

sampling frequency

slope of rising pulse edge

pulse shape transform

pulse shape

Bessel function

length of high or low-word



avg
max

min

S/N, S/Ny, S/Ny,

S@)

x(0)

X4

frame length

average frame length
maximum frame length
minimum frame length

mark

modulation index

number of quantisation levels
length of truncated sequence
bit-resolution

error function

Nyquist rate

transmission rate

space

signal-to-noise ratio, N-naturally sampled, u-uniformly sampled
power spectral density
sampling period

maximum pulse width change or peak-to-peak deviation
stochastic pulse position
frame duration

rise time

time slot duration

channel bandwidth

decimal equivalent value
pulse train

Fourier transform of truncated pulse train x(r)
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1. INTRODUCTION

Currently, communication authorities provide a number of voice and data services
(telephone, facsimile, teletex, etc.) over various public or private networks. These networks
are specialised to provide one type of service only, and have therefore different
transmission rates and characteristics. Some of the data services are prévided in two or
more networks, but the terminal equipment is not the same, nor is the modulation or
coding of data. Internetworking can only be achieved using specialised gateway

exchanges that convert from one form of transmission to the other [1].

The need to provide higher speed data rates results from the ever increasing processing
power, storage capacity and transfer rate capability of modern data processing equipment.
New communication services such as electronic data interchange (EDI), on-line airline
.travel and reservations, etc. are already integrated in private networks and will soon be
available for a wide range of users. In the future, users will be faced with the
interconnection of telecommunication networks and data networks through ISDN. The
ultimate target for network operators is the integration of digital broadband services into
the public networks. To fulfil this objective, much work has been done in defining new

protocols such as asynchronous transfer mode (ATM) to capitalise on broadband-ISDN [2].

Market factors point towards an increase in telecommunication needs for both video and
data as well as other novel applications. Services which are rapidly gaining importance
are the multimedia services which include the basic components of the future broadband
service: voice, data, video. However, such services require substantially more bandwidth

capability in the access network than the existing copper pairs can provide. Consequently,



telecom operators are replacing large parts of their access networks at present with optical
fibre, thus reducing the network operating costs and improving the quality of services to
the end user [3]. Furthermore, the network operators need the services of other telecom
operators or long distance carriers to support the growing number of interactive services

beyond the boundaries of their cable franchise territory.

Originally, voice was carried as analogue information but, with the advent of digital
transmission media, voice is now more often digitised — the analogue voice signal is
sampled 8000 times per second and digitised with 8-bits, thus givihg a data rate of 64 kb/s.
The advantages of digital modulation techniques, in particular pulse code modulation
(PCM) have been well defined. The most important advantages of digital transmission are
its good signal-to-noise performance and system linearity which, to a great extent, is
independent of transmission channel quality. Video signals have generally been carried
in analogue form over wireless or cable TV systems, requiring only a few mega Hertz of
bandwidth. However, when digitised the bandwidth requirement of an uncompressed
video signal increases to 270 Mb/s [4]. To avoid the bandwidth overhead, video
compression techniques are used to bring down the data rate to 3 Mb/s [4]. Data files
such as computer files, graphic files or other application program data files, are usually
transferred through pﬁrpose designed local area networks (LANSs) at rates of between 10

Mb/s and 156 Mb/s [4].

At the physical level modulation techniques are employed to convey the original signal.
The modulation formats fully utilise the given practical channel characteristics and provide
relevant performance to a specific end user or network operator. Here, two digital
modulation techniques will be investigated for transmission of voice or data over an

electrical or optical link.



1.1. Objectives and Plan of Text

in this study the digital transmission of a single voice or data channel is presented.
Theoretical characterisation and practical evaluation of the effectiveness of the digital pulse
interval width code modulation (PIWCM) and digital pulse interval code modulation (PICM)

system are described, along with the design and development of the system.

PICM and PIWCM are closely related to each other and can be easily transformed from
one form to the other. They exhibit different characteristics and are therefore intended for
different applications. The main advantage of PICM is its narrow pulse width, providing
a high peak optical power level and low average optical power, ideal for optical sources.
The use of PICM is intended for fibre-based long-haul transmission links. On the other
hand, PIWCM has higher average power, but its average bandwidth occupancy is much
lower than PICM. It is also self synchronised, since each frame is initiated with a rising
edge, unlike PICM where frame synchronisation is essential. PICM and PIWCM code
properties with their associated system requirements are examined and the system
performances are compared with existing digital modulation methods. Software simulation
of both modulation techniques was also carried out. A practical system, operating at a

data rate of 1 Mb/s was designed, constructed and tested.

Digital modulation under the constraints of disturbances in the optical channel are the
subject of Chapter 2. The characterisation and performance of existing continuous and
discrete pulse time modulation techniques may be assessed in terms of spectral analysis
and signal-to-noise performance. Furthermore, principal methods of modulation and

demodulation of these techniques are explained with their advantages and disadvantages

in Chapter 3.



Chapter 4 describes the code properties of PIWCM and PICM, together with mathematical
models which are used to represent the codes in the time as well as in the frequency

domain. Furthermore, error sources inherent to these modulation techniques are also

given.

Chapter 5 looks at the system design which is based on conventional analogue-to-digital
data conversion techniques and a synchronous modulator and demodulator. Either the
PIWCM or PICM outputs can be transmitted via the optical or electrical link. By
employing synchronous circuit design through state machines — implemented in
programmable macro logic (PML) devices — the resulting process of modulation and

demodulation could be kept compact.

A comprehensive software simulation package for the whole system has been developed
in order to predict the system performance; it is described in Chapter 6. Finally, theoretical
and practical results are given in Chapter 7 and conclusions are drawn in Chapters 8

and 9.

1.2. Published Papers

1) U. SCHILLER, R.U. REYHER, Z. GHASSEMLOOY, A.). SIMMONDS and J.M.
HOLDING: ’‘Modelling of baseband data transmission system in hardware and
software’, IEEE Transactions on Education, submitted: July 1993, reviewed: Feb. 1994,

scheduled for publication: autumn 1996.

2) R.U. REYHER, U. SCHILLER and Z. GHASSEMLOOY: 'Modelling of baseband data
transmission system in hardware and software’, Matlab User Group Meeting: 1994

Annual Meeting, 12. October 1994, Hilton International Hotel Milton Keynes.



3)

4)

5)

6)

Z. GHASSEMLOOY, E.D. KALUARACHCHI, R.U. REYHER and A.J. SIMMONDS: 'A
new modulation technique based on digital pulse interval modulation (DPIM) for
optical-fiber communication’, Microwave and Optical Technology Letters, Vol. 10, No.

1, Sep. 1995, pp. 1-4.

Z. GHASSEMLOOY, R.U. REYHER, A.). SIMMONDS and E.D KALUARACHCHI:
‘Digital pulse interval width modulation’, Microwave and Electronic Letters, submitted:

August 1995, accepted for publication: Vol. 11, No. 4, March 1996.
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modulation system using pulse interval code modulation (PICM) and pulse interval
width code modulation (PIWCMY, 3rd International Symposium on Communication
Theory and Applications: 10-14 July 1995 Charlotte Mason College Lake District UK,

pp 403-404.
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1995 Pennsylvania Convention Center, Philadelphia USA, SPIE 2641-08.






2. TRANSMISSION AND MODULATION

Communications refers to the electronic transmission of any type of information. The
information may be encoded and then modulated before it is transmitted over the
transmission channel, which may be a coaxial cable, a microwave link or an optical fibre
cable. The primary factors to be considered when selecting a partic'ular modulation

technique are transmission bandwidth, signal-to-noise performance, bit-error rate, cost and

complexity.

Modulafion |
[ ]
Analogue Pulse Analogue | | Digital
A - Pulse Time PCM
FM - Isochronous Pulse Time
PM PPM DPPM
PWM
- Anisochronous PIWCM |
- PIM
- PIWM
~ PFM, SWFM
- Pulse Shape
- PAM
- PSM

Figure 2.1 Modulation tree.

Figure 2.1 illustrates a modulation tree. The advantages and disadvantages of some of the

wide range of modulation techniques will be discussed in the following sections.
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2.1. Binary Transmission Channel

For a type of channel over which communication is désired, physical limitations determine
the principal factors that affect the transmission of the message signal. These factors refer
to sampling, channel capacity, signal power and noise distortion and consequently the bit-

error rate [5].

The main objective when transmitting information over any communication channel is
reliability, which is measured by the probability of errors in the recovered information.
Fundamentally, reliable transmission is possible even over noisy channels as long as the
transmission rate R is less than or equal to a maximum data rate, called the channel
capacity C. This remarkable result, first shown by CE Shannon (1948), is known as the
'noisy channel coding theorem’ which states that ‘the basic limitation that noise causes in
a communication channel is not on the reliability of communication but on the speed of

communication’.

The capacity of an additive white Gaussian noise channel is given by Shannon’s [6]

formula as:

C=W log, (1+S/N) (2.1)

where # is the channel bandwidth and S/N is the signal-to-noise ratio. There exists a
trade-off between W and S in the sense that one can compensate for the other. Increasing
the input signal power obviously increases the channel capacity C. However, the increase
in C as a function of S is logarithmic and slow. Increasing ¥ has two contrasting effects:
on one hand, with a higher value of W one can transmit more samples per second and
therefore increase the transmission rate R; on the other hand, a higher channel bandwidth

means higher input noise to the receiver and this degrades the system performance. In all

7



practical systems one must have a transmission rate R < C in order to achieve fewer errors

during transmission in the presence of noise.

The minimum message rate r is equal to the Nyquist sampling rate r = 2f,, and the

information rate R can be measured in terms of bandwidth of the message signal f,, and

independent levels n:

R=2f,log,n (2.2)

2.2. Optical Fibre Communications

Optical fibre communications is a transmission system employing a light source, turned on
and off very rapidly by electrical pulses, whose emissions are sent through an optical fibre
to a light sensitive receiver in order to convert the changing light intensity back into
electrical pulses. While electrical transmission has limited application for high data rates
as it suffers from attenuation and electromagnetic interference, optical transmission has
advantages in high data rate and long-haul transmission, as it decreases the number of
cables and reduces the number of repeaters needed for transmission. Optical fibres also
offer increased security of communication due to very low fibre-to-fibre cross talk.
Furthermore, optical fibres have smaller dimensions and are cheaper to produce, since the

primary material of optical fibres is sand [7].

Although the intrinsic transmission capacity of optical fibres has been seen as virtually
unlimited, with the increase of bit rates and progress in electronic circuits and
optoelectronic components the span of ultra—high bit rates is now limited by fibre
properties: dispersion and attenuation of standard optical fibres in terrestrial networks,

optical fibre non-linearity especially for transoceanic transmission, optical noise or



bandwidth in optical amplifiers [3].

Dispersion limits the maximum rate at which information can be transmitted through a
form of signal degradation that causes light pulses to spread in time. The relationship
between bandwidth and dispersion is determined by the characteristics of the optical fibre
cable. This relation depends principally on the numerical aperture (ability of the cable to
collect light), the core diameter and the wavelength. Multimode fibré cores have the
ability to gather more power but induce more reflections that reduce the data rate — single
mode fibres have a lower efficiency of collecting light by small numerical aperture and

smaller core but allow higher data rates due to fewer reflections in the core and little

material dispersion.

The attenuation limitation of a point-to-point optical transmission system is determined by
the available output power of the transmitter, the attenuation of the fibre and the receiver
sensitivity. In order to achieve the maximum transmission span, most optical fibres operate
at a wavelength of either 1300 nm (typically 0.35 dB/km) or 1550 nm (typically 0.2 dB/km)
where single mode fibres have lowest loss at these wavelengths [8]. In practical systems,

splice and connector losses lead to further power losses.

Considerable improvement in S/N performance can be obtained by fully exploiting the
wide bandwidth of fibres [9], thus allowing much narrower pulses to be transmitted [10).
However, when reducing the pulse width, the choice of optical sources will be limited to
devices that can provide more concentrated light beams, ie. lasers [11]. Optical sources
and fibres limit the quality of the received pulses in that the received pulse may be time
spread or light coloured (a pulse of light that includes many wavelengths) or both. The

optical power emitted from a laser diode or a light emitting diode (LED) contains a range



of wavelengths (the wavelength range emitted by an LED is much greater than for a laser
diode). These various colours travel at different speeds when propagating through a fibre.
Consequently, a range of wavelengths will therefore produce pulses arriving over a range
of times. The receivers performance depends on the optical detector. Higher sensitivities

can be produced with avalanche photo diodes (APDs) in comparison to PIN diodes.

Current inte;city optical trunk links, installed in the mid-eighties, operate at data rates of
140 Mb/s [3] and are being upgraded to provide data rates of 2.5 Gb/s [12]. The first
transoceénic optical system installed in 1988 was capable of transmitting data at a rate of
280 Mb/s. By using erbium doped amplifiers, the fibre optic span is increased
dramatically. The new generation transoceanic ‘first erbium doped amplified’ fibre system
appearing in 1995 will provide a high speed data link of 5 Gb/s [3]. Recent results have
shown that total bit rates of up to 340 Gb/s can be successfully transmitted over a distance
of 150 km by sharing seventeen wavelength division multiplexing (WDM) channels at 20
Gb/s [13]. One single channel could therefore acéommodate a minimum of 1000 high

definition TV (HDTV) channels at a bit rate of 20 Mb/s each [14].

2.3. Digital Modulation

Digital signal transmission is popular and is becoming even more popular due to the low
cost of digital circuits. They are less subject to distortion and interference than analogue
circuits. With their binary nature, digital waveforms are ideal for transmission over noisy
channels or environments. However, digital transmission requires synchronisation in
which the receiver must know the timing of each discrete instance with relevant accuracy
and must be able to determine the signal state under noisy conditions correctly. The
combination of digital signals using time division multiplexing (TDM) results in

multichannel transmission over one line, thus utilising the channel bandwidth more
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efficiently. The performance of a digital system is often a trade-off between bandwidth

occupancy and complexity.

2.3.1. Pulse code modulation

In pulse code modulation (PCM) the analogue input signal is sampled, quantised and
encoded in groups of pulses of a fixed frame length. For optical fibre systems, the pulse
streams are used to intensity modulate an optical source [15, 16]. At the receiver, the
optical pulse groups are converted back into electrical signals, amplified, filtered and then
further processed by the demodulator. This results in a train of individual amplitude
modulated pulses. After passing the pulse train through a low-pass filter, the original

analogue signal is recovered, as illustrated in Figure 2.2.

Analogue O Analogue
— ) — — Filter {—{ Demod. | ) — =
ot ADC Mod. | £/0 = 0/E| Amp [ Filter emo DAC LPF Ouput

Figure 2.2 Block diagram of an optical PCM transmission system.

The analogue signal .to be transmitted is sampled and quantised to the nearest of n
quantisation levels; then each quantised sample is modulated into a p = log,n long pulse
group. The difference between the analogue signal and the quantised signal levels — the
uncertainty — is largely dependent on the resolution » = 2 or on the number of
quantisation levels (uniform spacing). With a non-uniform spacing, quantisation noise can
be made to be dependent on the signél size by providing fine quantisation of the weak
signals and coarse quantisation of the strong signals. The effect is to improve the overall
signal-to-noise ratio by reducing the noise for the predominant weak signals, at expense
of the rarely occurring strong signals. With a greater number of levels, quantisation noise

will be reduced, but at the cost of increased bandwidth.
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The output signal-to-noise ratio of unipolar PCM with uniform quantisation can be

expressed [17] as:

2% -1 (2.3)

SIN=
1+4(222-1)P,

where p is the number of codeword bits and P, is the error rate as:

P,=Q(/CT@N) : (2.4)

Q is an error function of the carrier-to-noise ratio C/N at the input of the PCM

demodulator. Where:

1 feof-2 (2.5)
Q) m[exp( 2)dz
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Figure 2.3 Performance of PCM in the presence of noise.
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. The performance of a PCM system as used for transmitting analogue signals is measured
in terms of peak signal-to-noise ratio power at the receiver output. Carrier-to-noise ratio
at the receiver input versus the signal-to-noise ratio at the demodulator output is plotted
in Figure 2.3. This clearly shows that a PCM system exhibits a threshold effect beyond

which S/N deteriorates rapidly. Above the threshold level, the dominant noise source is

quantisation noise.

Figure 2.4.a. illustrates a nonreturn-to-zero (NRZ) PCM data with its spectral components
shown in Figure 2.4.b. As can be seen from Figure 2.4.b, most of the signal energy is
concentrated below 1/T, thus the channel bandwidth required is equal to the bit-rate. The
main limitations of NRZ signals are the presence of the dc component and the lack of

synchronisation capability [18].
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Figure 2.4 Example of an 8-bit NRZ PCM (a) waveform; (b) frequency spectrum.
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2.3.2. Digital modulation in optical fibre communications

Currently, voice, data and video services are offered to customers through different network
architectures [4]. In future these services will be provided to the end user by one single
optical network [19]. A critical factor which will ensure reliable transmission of such

diverse services is the S/N and error rate performance.

The error performance of a classical PCM system depends only on the sigﬁal-to-noise ratio,
whereas in optical systems the equivalent signal-to-noise ratio will be a function of the
pulse width. Using short optical pulses suits the optical source, since it has essentially a
longer time period to prepare for the following pulse and, furthermore, it has been shown
that the error probability decreases for pulses with fixed energy as the pulse width reduces
[20]. The traditional approach of increasing the optical launch power in order to
compensate for limited receiver sensitivity may be overcome by adapting alternative
modulation formats to PCM. An increase of receiver sensitivity and increase of repeater

spacing may be achieved by converting PCM into digital pulse position modulation

(DPPM) before transmission {21-23], [57-70].

In DPPM the receiver sensitivity improves with increasing n = 2?7 because more bits are
being conveyed by a single pulse. The improvement continues until the rise time of the
pulse is comparable to the time slot duration. For this reason the optimum receiver
sensitivity increases with the fibre bandwidth. Garrett [22, 23] has shown that digital PPM
can offer a 10-12 dB improvement of receiver sensitivity over PCM. This represents an
increase of regenerator spacing of 50-60 km [21]. If digital PPM is to be used in
telecommunication links, it is essential that the slot rate is increased. The ultimate
improvement offered by DPPM, however, depeﬁds on the optical source mean-to-peak

power ratio — since the mean power of an optical PPM system must not exceed the mean
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power of a PCM system — and the pulse width must not become smaller than the pulse

rise time in the optical channel. A comprehensive description of DPPM is given in

Section 3.3.1.

2.4. Summary

Practical reasons for modulation come from the necessity of preparing a message for
transmission over a communications channel. Present trends in communications favour
optical transmission systems due to the high information transfer rates and immunity to
external disturbances. Optical links become more t.ransparent through optical technology
all along the transmission path. Future prospects indicate an all-optical communications
network by the year 2005 [24]. PCM and PCM -related coding techniques represent a
major contribution in digital communications but they have efficiency problems in optical
communications. Alternative modulation techniques such as DPPM seek to capitalise upon

the strengths of optical transmission.
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3. PULSE TIME MODULATION

Pulse time modulation (PTM) [25] occupies an intermediate position between purely
analogue and digital techniques, enabling benefi‘cial trade-offs between fidelity and cost
for specific applications. Modulation is simple, requiring no digital coding, while the pulse
format of the modulated carrier renders the scheme largely immune to t.he channel non-
linearity. Moreover, PTM is unique in its ability to trade signal-to-noise performance for
bandwidth which is a particular exploitable feature in optical fibre systems. It is of
pérticular interest where short pulses, such as solitons, may be employed which can yield

further improvement in signal-to-noise ratio and bit-error-rate over PCM systems [26].

3.1. Continuous Pulse Time Modulation

Continuous PTM techniques represent an alternative approach to digital modulation and
have been proposed for the economic short haul point-to-point distribution of video (27,
28], audio, data, or control and instrumentation signals over optical fibre [29, 30]. All
PTM methods use a constant amplitude binary pulse carrier, where a range of time

dependent features is used to convey the information {31, 32] as shown in Table 3.1.

PTM Type Variable Category

PPM Position Isochronous
PWM Width (duration) Isochronous
PIM Interval (space) Anisochronous
PIWM Interval and width Anisochronous
PFM Frequency Anisochronous
SWFM Frequency Anisochronous

Table 3.1 Continuous PTM schemes.
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PTM may be classified in two categories: isochronous and anisochronous. Depending on
the sampling nature. In the isochronous category the sampling takes place within a fixed

time-frame, as shown in Figure 3.1.

lnpul /_\—/

PWM i

N I |
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Figure 3.1 Isochronous PTM techniques.

In anisochronous systems each successive time frame commences immediately after the

preceding pulse, thus resulting in a variable frame, shown in Figure 3.2.

w UL

Figure 3.2 Anisochronous PTM techniques.

All PTM techniques produce modulation spectra that share a common set of features. In

each case, modulation gives rise to diminishing sets of sidetones centred around the carrier
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(sampling) frequency and its harmonics. Sidetones are separated in frequency by an
amount equal to the modulating frequency [25], as illustrated in Figure 3.3. The sidetone
profile is characteristic and unique to each PTM technique. In addition, a b<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>