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our disposal, the need for sharing this information has greatly increased. Hence, within 

the last decade the communications industry has experienced a remarkable growth in 

network traffic.

In the 1980s the capacity of existing transmission channels had reached their limit. A 

good portion of the radio spectrum had already been allocated to various governmental 

and commercial organisations and the coaxial cable networks were carrying traffic at a 

maximum capacity. Therefore, the emergence of optical fibres as a practical transmission 

medium was critical.

Optical fibres posses two unique characteristics compared to existing transmission 

channels: one is the enormous transmission channel bandwidth and the other is the 

extremely low loss of the optical fibres. In communication systems, a rule of thumb is to 

assume the transmission capacity is approximately 10% of the carrier signal. Since the 

optical frequencies extend well into the THz region, the transmission capacity of optical 

fibre communication systems is a few orders of magnitude greater than the existing 

transmission channels. Therefore, optical fibres provided a means of carrying the ever 

increasing volume of network traffic and opened up the possibility of providing 

broadband services.

Today, optical fibre cables with attenuations as low as 0.2 dB/km are available and allow 

for a greater distance between repeater stations. The emergence of erbium doped fibre 

amplifier and soliton transmission has helped to increase the transmission distances of 

optical communication, even further [4]. In addition, optical communication systems are
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Meanwhile in the interim, subcarrier multiplexed (SCM) systems offer an attractive 

alternative for transmitting broadband services at an affordable price. SCM systems offer 

simplicity and low cost and has the ability to access the high bandwidth available on 

optical fibres to deliver broadband applications.

The SCM concept was first used in microwave communication systems where a number 

of subcarriers were used to transmit baseband channels over a wireless or coaxial link. 

With the advent of optical fibres in the 1980s, SCM concept was implemented in optical 

communication systems. The mature GHz technology gave access to the high channel 

bandwidth of optical fibres and also resulted in the cost effectiveness of SCM systems 

[10].

Initially they replaced the existing coaxial and microwave long-haul links, but later they 

were extended into point to multi-point applications. Currently SCM is being used in 

local area network (LAN) applications and in the cable television industry to deliver 

analogue video channels[ll].

1.2 Objective of the Research

The majority of existing SCM systems are based on analogue signal transmission. For all 

its positive attributes, the low cost of SCM networks is realised by compromising the 

level of performance. Analogue modulation techniques, such as frequency modulation 

(FM) and amplitude modulation (AM), employed in SCM are simple and bandwidth 

efficient and modulate the optical source in a continuous manner. However, due to the 

analogue nature of the signal, the noise and nonlinearity requirements imposed upon the
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impossible. Frequency division multiplexing is a possibility, but due to the larger 

frequency presence of PTM signals (in comparison to analogue modulation schemes), is 

inefficient.

An alternative multiplexing approach called compound PTM (CPTM), which combines 

various PTM formats together with a self synchronising mechanism, has also been 

reported [17]. There are several types of CPTM techniques such as compound pulse 

frequency and width modulation (CPFWM), compound pulse position and width 

modulation (CPPWM) and compound pulse interval and width modulation (CPIWM). 

However, the maximum number of channels that can be accommodated in most 

compound techniques is two, at a cost of considerable increase in system complexity. 

Therefore, due to limited multiplexing capability, PTM has been employed mainly in 

single channel applications.

The objectives of the research can be broadly stated as twofold. Primarily, it is to 

demonstrate the viability of PTM as a second stage modulator and to evaluate its 

performance against conventional SCM systems. Secondly, as explained above, PTM 

systems hitherto has been used mostly in single channel applications. Therefore, the 

research should investigate the potential of the proposed technique for multi-channel, 

broadband signal transmission, for PTM formats.

1.3 Organisation of the Thesis

In section 1.1a brief historical background into SCM systems was presented. Chapter 2 

gives a detail account of the concept of SCM, with respect to optical communication
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systems, its advantages compared to evolving digital technology, evolution and 

applications.

The design aspects of SCM systems are considered in Chapter 3. The SCM system is 

divided into three distinct sections: transmitter, optical channel and receiver. In each 

section key system parameters, noise and nonlinear sources are presented. For both the 

transmitter and the receiver, performance critical optical stage is considered in detail. In 

section 3.5, by combining parameters introduced in the previous sections, an expression 

for the carrier-to-noise ratio (CNR) of an individual subcarrier channel is derived. The 

chapter concludes with a discussion on optimisation of system parameters and the 

penalties of conventional SCM systems.

The concept of second stage modulation is introduced at the beginning of Chapter 4. 

Several second stage modulation systems and their performance are also considered. A 

detailed description of PTM techniques is given in section 4.3, including their 

classification, spectral characteristics and comparison of different PTM schemes in terms 

of performance, cost and complexity. Section 4.4 introduces the concept of PTM, as a 

second stage modulator in a SCM system, and the possible techniques which can be 

incorporated.

Chapter 5 presents two popular PTM techniques: PFM and square wave frequency 

modulation (SWFM). They are considered in one chapter as their characteristics are 

closely related. Initial sections are an introduction to modulation and demodulation of 

each technique. The SNR analysis is carried out in section 5.4, culminating in the
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derivation of SNR expressions. Optimisation of PFM and SWFM system parameters are 

dealt with in section 5.5.

Chapter 6 deals exclusively with PPM systems. Section 6.2 details the characteristics and 

generation of PPM signals. The PPM demodulation is dealt with in detail in the following 

section, including a spectral investigation, the behaviour of the PPM clock component 

and the possibility of employing a phase locked loop (PLL) to recover information. The 

SNR derivations, using different pulse models, is carried out in section 6.4.

Details of the prototype implementation are listed in Chapter 7. The nature of the 

subcarrier channels, and their modulation and demodulation formats are presented. 

Various aspects of system and circuit design for each of the implemented PTM 

techniques are also presented in detail. The design of the optical link and the associated 

optical system parameters are presented in section 7.5. The bandpass filtering and the 

appropriate demodulation techniques employed to recover each signal channel are 

presented in the final section.

The results and analysis of the PTM signal spectra, SNR and bit error rate (BER) 

performance and the nonlinear distortion performance are given in Chapter 8.

The concluding remarks and the contributions made to knowledge are presented in 

Chapter 9.
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Chapter

Subcarrier Multiplexed Systems

2.1 Introduction

Subcarrier multiplexed (SCM) systems were originally used in microwave 

communication systems, where a number of baseband channels are frequency shifted 

using subcarriers at different frequencies and the frequency division multiplexed 

(FDM) signal is transmitted over free space [10]. With the emergence of low loss 

optical fibres in the 1980s, optical communication began to revolutionise the 

communication industry and became the preferred medium for high capacity, long 

distance transmission applications. The SCM concept was incorporated into optical 

communication systems, because of the ability of the microwave technology to utilise 

the large channel bandwidth available on optical fibres. In optical SCM systems the 

FDM signal is modulated on to an optical carrier, which is the primary information 

carrier. From here on in the text, the SCM systems referred to are optical SCM 

systems, unless otherwise specified.

2
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detectors at the receiver. External optical modulation belong to the fourth generation 

optical systems and is still evolving. Although it has advantages over direct modulation, 

the high cost associated with it prohibit their large scale deployment at present [19-20].

At the receiving end, once the optical signal is converted into the electrical domain the 

baseband channels can be recovered by employing a heterodyne receiver or bandpass 

filtering. In heterodyne receivers the local oscillator locks onto the incoming subcarrier 

of the desired channel and demodulation follows. In bandpass filtering, the desired 

channel is filtered from the composite signal and appropriate demodulators are used to 

recover the baseband information.

2.2 Motivation to use SCM

Although SCM is an analogue transmission technique it has a number of advantages over 

digital multiplexing. Most of these advantages are due to the fact that SCM employs a 

technology which has matured, compared to the evolving digital technology.

The microwave techniques employed in SCM systems have been around for a number of 

years. Therefore they have been studied extensively and are optimised for different 

system applications [21]. Currently available lasers, when operated as intensity 

modulators can offer modulation bandwidths upto 20 GHz [11].This far exceeds the 

speed of modem baseband digital circuitry. Such high bandwidths can only be accessed 

by employing microwave technology which extend well into the GHz range. Most 

critically, microwave techniques are cost effective compared to the evolving digital 

technology and therefore SCM offers system economy [18].
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bandwidth available on optical fibres, making lower end of the modulation bandwidth 

redundant. To transmit digital information using the SCM technique, more bandwidth 

per channel is required compared to TDM systems since baseband digital information has 

to be modulated on to a carrier [11].

2.3 Evolution and Applications

SCM systems have evolved with optical communication, which was first employed as a 

commercial transmission medium in early 1980s. In its initial stages they replaced point- 

to-point transmission links [22], employed in long distance communication. The superior 

performance of optical links were preferred to the existing coaxial and microwave links, 

whose transmission capacities were reaching their limits. Pioneering the move towards 

embracing SCM technology were telephony companies, and SCM was used in the trunk 

lines of the public telephony network [23].

As the source power and linearity improved the point-to-point systems evolved into 

point-to-multi-point systems. In multiple access networks employing time division 

multiple access (TDMA) technology, the bit rate that each user must handle grows 

linearly as the number of users increase. Hence the cost and complexity of each receiver 

is a problem in large networks [22]. Since SCM enables the bandwidth per node to 

remain constant as the number of nodes increase, it has found applications in local area 

network (LAN)s [24-25], multi-channel video distribution networks and bi-directional 

broadband networks [26-27].
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Two techniques have been widely deployed in LANs using SCM. In the first technique, 

subcarriers are not part of the access method, but are simply carriers for conventional 

multiple access procedure. Standard LAN traffic is used as a data source and modulated 

on to a carrier to be transmitted along other services in a multi service environment [11].

The second technique is to use subcarrier frequencies for addressing in order to 

implement a multiple access procedure [25]. In these type of networks each node 

transmits on a given frequency and the receivers wishing to tune in select the appropriate 

subcarrier frequency. Figure 2.2 illustrates a NxN star coupler interconnecting N users. 

The user “J” transmits on a given frequency and the receiver can tune into any of the 1-N 

users. The speed at which the receiver can tune to any given subcarrier is very important, 

since it directly effect the access delay time of the implemented access procedure.

mod

BPF

demod

Receiver

user

in

NxN 
star coupler

out

Figure 2.2 Interactive LAN using SCM to interconnect N users [25].
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and optical detection at the receiver to recover the original bit stream. A prototype 

system employing two 2.5 Gbit/s data channels and a transmission distance of 300 km 

has been demonstrated.

Although the thrust is towards a broadband digital network (B-ISDN), experts predict 

the initial delivery of multimedia services will employ analogue techniques and SCM is 

expected to play major role [37].

2.4 Summary

In this chapter the basic concept of SCM with reference to optical fibre communication 

systems was introduced. The advantages of SCM systems, their evolution and 

applications were also discussed.

The primary advantage of SCM systems, compared to alternative TDM systems, is its 

low cost. The microwave technology employed in SCM systems is simple and 

inexpensive, and can access the large bandwidth available on optical fibres. The 

compatibility of SCM with the existing RF and microwave systems makes it useful in 

many applications from CATV to LANs. The flexibility of SCM networks provide a 

platform to deliver the emerging broadband services, at a lower investment cost 

compared to the evolving digital technology.
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Chapter

Design Aspects of SCM Systems

3.1 Introduction

In order to implement SCM systems, an understanding of the fundamental system 

parameters is required. In this chapter the parameters which affect the performance of 

SCM systems and their limitations are presented. Noise and distortion are the major 

design considerations of analogue systems and therefore, are discussed in detail.

The overall system has been divided into three distinct parts as shown in Fig. 3.1. 

Section 3.2 presents some key parameters associated with the transmitter, and its noise 

and distortion contributions. The attenuation and dispersion of the optical channel and 

the noise introduced by the receiver are discussed in sections 3.3 and 3.4, respectively. 

The carrier-to-noise ratio and the penalties associated with SCM systems are discussed 

in section 3.5.

3
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Figure 3.1 SCM system considered in three sections: transmitter, channel and receiver.

3.2 Transmitter

The SCM transmitter consists of two stages. The primary stage implements the 

subcarrier frequency generation, modulation and multiplexing to form the SCM signal 

from the baseband channels. The secondary stage consists of an optical transmitter, 

which converts the SCM signal into the optical domain for transmission via the optical 

channel. The type of optical source can determine the transmission distance, number of 

channels, noise and nonlinear contributions and therefore, is a major design 

consideration. Since the primary stage employs standard RF and microwave techniques, 

it is not discussed here.

The optical transmitter can either be a direct optical modulator or an external optical 

modulator (Fig. 3.2). In direct modulation the composite signal is used to modulate the 

injection current of a laser diode which in turn modulates the intensity and the frequency 

of the optical carrier [38]. Normally, the receivers respond to the intensity variations of 

the optical carrier and such systems are known as intensity modulation direct detection
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(IM/DD) systems. The receivers which respond to the phase variations of the optical 

carrier are known as coherent systems.

External optical modulators are employed in both intensity modulation (IM) systems as 

well as coherent systems. In IM systems, a continuous wave laser source and the 

modulating signal are fed to an external device such as a Mach-Zender or a Y fed 

directional coupler which acts as the external modulator (see Fig. 3.2(b)) [39]. Solid 

state laser sources such as Neodymium-Yttrium Aluminium Garnet (Nd:YAG), 

employed in external modulators, offer extremely high optical power levels. However, 

the main drawback of external modulators is the nonlinearity of the optical output power 

and the voltage transfer characteristic of the interferometric device.

In coherent systems, a narrow line-width, continuous wave semiconductor laser and the 

electrical signal are fed to an external modulator. The external modulator is usually a 

waveguide device fabricated from a group III-V semiconductor compound, and provide 

amplitude, frequency or phase modulation of the optical carrier [39].

The majority of SCM systems proposed to date employ IM/DD due to its low cost and 

simplicity. Coherent optical techniques can be applied in SCM systems [19, 40] 

providing increased receiver sensitivity, link lengths and a large number of users through 

dense wavelength division multiplexing (WDM). Against these advantages must be 

weighed the complexity and cost inherent in coherent systems. It is therefore, only in 

specific situations where the overall advantages justify the cost, that coherent techniques 

are employed. Therefore, an IM/DD system has been assumed throughout the analysis.
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Figure 3.2 Direct and external optical modulation.

In the following subsections, parameters of the transmitter which influence the system 

performance are considered. Section 3.2.1 deals with the optical modulation index 

(OMI), which represent the depth of modulation of the optical source. OMI can 

determine the transmission capacity and the signal quality of individual channels, and is a 

key system parameter. The main noise source at the transmitter is laser intensity noise 

and is considered in section 3.2.2. Nonlinear distortion can be introduced during electro­

optic conversion if the laser is driven beyond its linear region. Intrinsic and clipping 

distortion of the laser are considered in sections 3.2.3 and 3.2.4 respectively.
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so that the distortion within individual channels could be minimised. Clipping distortion 

can be kept to acceptable levels by restricting the rms OMI below unity.

3.3 Optical Channel

Optical fibres are the most widely used transmission medium for optical communication 

systems. Although optical fibres are superior in performance compared to other 

transmission mediums, signal impairments occur during transmission. Attenuation and 

dispersion are the major degradations and are discussed below.

3.3.1 Attenuation

During optical transmission signal power attenuates, limiting the transmission distance. 

Although modem optical technology offers attenuations less than 0.5 dB/km (in the 1300 

nm and 1500 nm optical windows), repeaters or optical amplifiers are required for long 

haul links. Repeaters convert the signal into the electrical domain for amplification and 

therefore introduces noise and distortion in the process. The emergence of erbium doped 

fibre amplifiers [54, 55] has made it possible to amplify optical signals without 

conversion, thus offering low noise figure amplifiers.

In erbium doped fibre amplifier (EDFA)s, a section of the fibre is doped with erbium 

atoms and an external laser source excites the electrons into a high energy state (see Fig. 

3.8). At the incidence of the optical signal, the excited electrons emit photon energy by 

stimulated emission, boosting the optical power level. Current amplifiers can offer gains 

upto 20 dB at a theoretical minimum noise figure of 3 dB [38]. Although these amplifiers
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offer advantages compared to conventional repeaters, current technology allows their 

operation only at 1550 nm wavelength.

Optical input 
(1550 nm)

Amplified 
optical output

 ►Optical
coupler

Splice Erbium doped Splice
fibre («50m)

Pump light 
source

(980/1480 nm)

Figure 3.8 Erbium doped fibre amplifier.

3.3.2 Dispersion

Dispersion results due to different optical modes arriving at the receiver at different 

times. In digital systems the effect of dispersion is to introduce pulse spreading resulting 

in inter symbol interference (ISI). In intensity modulated subcarrier systems, dispersion 

induces harmonic and intermodulation distortion and can set an upper transmission limit

The scale of dispersion induced distortion depends on the subcarrier frequencies, the 

dispersion constant, length of the fibre and modulation indices. Therefore, the assignment 

of channels and communication bands (i.e. a group of channels) is influenced. Ih and Gu

[57] have shown that the magnitude of dispersion induced IMD sum terms are 

comparable to those of HD of the same order, provided the frequencies considered are

[56].
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not far apart. The IMD difference terms are though, much smaller compared to HD of 

the same order.

Multi-mode fibres suffer from intermodal dispersion (dispersion due to several optical 

modes travelling within the fibre) and can severely limit the transmission bandwidth- 

distance product. However, single mode fibres only suffer chromatic dispersion 

(dispersion due to different materials within the fibre) and the effects are not as limiting 

as intermodal dispersion. Today single mode fibres operating at 1300 nm and dispersion 

shifted fibres at 1500 nm optical windows can offer extremely low dispersion values. 

Therefore, the dispersion induced distortion can be comparably much smaller to laser 

induced distortion, discussed previously.

3.4 Receiver

The SCM receiver consists of an optical stage, where the optical signal is converted back 

into an electrical signal, followed by further processing in order to recover the baseband 

channels from the composite signal. The main requirements of the optical receiver are 

that it should convert the optical signal into an electrical signal efficiently, be able to 

operate with an appropriate bandwidth and add as little noise as possible [38]. As stated 

in section 3.2, coherent optical techniques are not considered and the optical receiver is 

assumed to employ direct detection. The baseband recovery from the composite signal 

employs either heterodyning or bandpass filtering and will not be discussed due to their 

common usage in communication systems [58].
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Direct detection optical receivers convert the optical intensity variations into an electric 

current. These receivers exhibit good linearity and the distortion contribution is 

insignificant. However, the noise performance is critical since the optical receivers must 

be able to operate at low optical power levels. The main noise sources are shot noise 

generated by the photodiode and thermal noise of the post amplifier.

In optical communication systems two types of receivers are employed: PIN-FETs and 

avalanche photodiode (APD)s [39]. PIN-FET receivers show good noise performance at 

low frequencies and therefore are used in narrowband applications. On the other hand, 

APDs can offer additional signal gains at the expense of cost, complexity and higher 

power consumption. However, APDs have superior sensitivities and better SNRs at 

higher frequencies and therefore, are preferred to PIN-FETs for broadband applications.

The bandwidth of the receiver is also critical in SNR performance. In order to process 

the entire signal, the receiver bandwidth must be at least as large as that of the 

information. However, if the receiver bandwidth is too high additional noise is 

introduced, resulting in poor SNRs. Low noise receivers have bandwidths that range 

from little more than, to twice, the signal bandwidth [5].

Shot noise and thermal noise contributions of the receiver are discussed in the following 

sub-sections.
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3.5 Summary

In this chapter the design parameters of SCM systems were considered in detail. The key 

parameters of the transmitter were identified as the optical modulation index, and 

intensity noise and nonlinear distortion of the laser diode. In order to limit intensity noise 

a laser diode which has a low intrinsic RIN value and techniques to limit back reflection 

must be employed. Clipping distortion was identified as the dominant form of nonlinear 

distortion for systems operating a large number of channels. Techniques to evaluate the 

amount of nonlinear distortion at a preliminary design stage were also introduced.

The attenuation and dispersion of the optical channel and its impact on the SCM signal 

was presented in section 3.3. Shot noise and thermal noise were identified as the 

dominant noise sources of a SCM receiver and can set a fundamental limit to the 

achievable CNR. The stringent requirements imposed on laser RIN and nonlinear 

distortion, to achieve the high levels of CNR levels required in SCM systems, restrict the 

optical power budget limiting the transmission distance, number of channels and the 

subscribers in a network.
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(PCM), since a digitised signal is employed for optical transmission. However, 

applications of this technique can be limited due to the following:

(a) speed of the A/D converter:

currently available digital encoders, at most, can sample upto frequencies of 100 

MHz. Therefore, the modulation bandwidth of the digital modulator is severely 

restricted, limiting the number of subcarrier channels.

(b) digital encoding is a complex and expensive process.

(c) digital signals carry an intrinsically large bandwidth overhead and therefore, 

require extremely high channel bandwidths.

On the other hand FM modulation is simple and cost-effective. FM modulator can have a 

significantly higher input dynamic range compared to digital modulators, allowing for 

greater number of subcarrier channels to be transmitted. The constant amplitude of the 

FM signal allow for the optical source to be operated without stringent nonlinear 

restrictions. The SNR performance is improved considerably compared to AM systems, 

due to wideband FM gain, but is lower compared to PCM systems.

The analogue-digital hybrid technique introduced in [66] can also offer sensitivity to 

nonlinearities comparable to digital systems. As this method employs time multiplexing, 

intermodulation and cross modulation associated with FDM systems is eliminated. The 

reported results indicate an optical power budget improvement of approximately 8.5 dB 

compared to conventional FDM systems. However, bandwidth requirements are higher 

compared to FDM systems and timing recovery at the receiver increases the cost and 

complexity of the system.
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4.3 Pulse Time Modulation

As we have already discussed in this chapter analogue modulation schemes are 

vulnerable to various noise sources and often fail to deliver the required SNRs over 

moderate distances in optical fibre communication systems. The nonlinearity of the 

optical source, optical channel and associated circuitry can also severely limit the quality 

of the received signal through intermodulation and crosstalk.

In contrast, digital schemes such as PCM have been demonstrated to be substantially 

immune to channel noise and nonlinearities, and are capable of producing high SNRs at 

the receiver. However, digital systems are significantly more complex, largely due to 

their coding circuitry, and therefore, costly compared to simple analogue systems. Digital 

systems also carry an intrinsically large bandwidth overhead, restricting the transmission 

capacity. The emerging compression techniques such as moving pictures experts group 

(MPEG) [9] and joint photographic experts group (JPEG) [67] address the bandwidth 

overhead of digital systems and will play a crucial role in future broadband digital 

services distribution.

For example, current compression technology is capable of transmitting upto 10 

compressed digital video channels within a single analogue video channel [68]. However, 

the complexity of compression techniques and the need to have a decompression unit in 

each receiver significantly increases the cost, and therefore is not financially viable at 

present.
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The PTM concept was conceived around 50 years ago and was first reported in the 

1940s [15, 70], but its applications were limited in the early years. However, with the 

advent of optical fibre communication, PTM has re-emerged as a preferred modulation 

format for the optical carrier and is the most widely used pulse modulation technique.

In contrast, PSM is the modulation of the physical appearance of a pulse, such as pulse 

slope or pulse amplitude [71], and is limited in its applications. Different PTM techniques 

will be considered in the following sub-sections, but PSM systems will not be considered 

as they are not employed in this work.

The second category is discrete pulse modulation [72], where the modulating signal is 

discrete, such as binary PCM. The primary discrete pulse modulation technique is digital 

pulse position modulation (DPPM) [73], where the position of a pulse within a time 

frame is determined by the value of the corresponding PCM word. This technique has 

shown substantial improvements in receiver sensitivity over equivalent binary PCM, 

when the fibre bandwidth is several times that required by PCM. Discrete pulse 

modulation has found applications in deep space communication but, is not considered 

here as it is as complex and costly as PCM systems.

4.3.2 PTM techniques

The primary advantage of PTM is its ability to trade cost against system performance. 

Modulation is simple and inexpensive, requiring no complex digital coding, and the pulse 

format of the modulated carrier improves the noise immunity and tolerance to 

nonlinearities. Moreover, PTM is unique in its ability to trade performance with
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bandwidth overhead, which is a particularly exploitable feature in optical fibre systems. 

For example, certain short distance applications such as local area networks (LANs), 

may use multi-mode or singlemode fibre with a dispersive optical carrier, which imposes 

a significant bandwidth limitation in the optical channel. In these applications low speed 

optical sources such as light emitting diodes (LEDs) can be used, while still achieving the 

required SNR. In contrast, the available bandwidth on long distance terrestrial and 

undersea routes may be many orders of magnitude broader where optical amplification 

and soliton techniques are employed. This additional bandwidth can be readily exploited, 

at a low cost, by PTM to improve SNR performance. Therefore, PTM has the ability to 

trade bandwidth against SNR, to significantly high levels compared to analogue systems, 

and at a relatively low cost compared to digital systems [16].

Additional advantages of PTM include its ability to be routed through logic circuits and 

switching nodes in networks, and the lack of synchronisation requirements at the 

receiver, offering circuit simplicity and low cost.

The adoption of PTM techniques has certain beneficial consequences from the standpoint 

of opto-electronic subsystem specifications as well. Since PTM deals exclusively with a 

pulse format, there are no concerns over LED or laser diode linearity, as would be the 

case with direct intensity modulation or subcarrier multiplexing techniques (sections 

3.2.3 and 3.2.4). In addition, for narrow pulse PTM formats the peak optical output may 

be maintained at a high level to ensure good noise performance at the receiver without 

compromising device lifetime through elevated mean power levels at the transmitter. An 

optical transmitter for a PTM system may therefore be chosen primarily for its maximum

64



peak power level, with little regard to device linearity, in order to maximise transmission 

distance [74].

In all PTM methods, one of a range of time dependent features of a pulse carrier is 

varied to convey information. Table 4.2 lists the different PTM techniques and the pulse 

variables associated with each technique.

PTM technique Variable

PPM position

PWM width (duration)

PIM interval (space)

PIWM interval and width

PFM frequency

SWFM frequency

Table 4.2 Different PTM techniques and associated pulse variables

According to the structure of the time frame, PTM can be sub-divided into isochronous 

and anisochronous techniques [75]. In isochronous systems, there exists a fixed time 

frame equivalent to the pulse period of the carrier at all times, and information is 

conveyed by modulating some pulse property within that fixed time frame. Pulse position 

modulation (PPM) and pulse width modulation (PWM) belongs to the isochronous PTM 

category. In PPM information is carried by virtue of a continuously variable position of a 

narrow pulse within the fixed time frame. In PWM, the width of the pulse within a pre­

determined time frame is modulated to carry the signal. Time domain representation of 

isochronous PTM techniques are illustrated in Fig. 4.10.
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Figure 4.10 Isochronous PTM techniques in the time domain.

Anisochronous systems do not have a fixed time frame and the period between 

consecutive pulses is determined by the modulating signal amplitude. Pulse frequency 

modulation (PFM), square wave frequency modulation (SWFM), pulse interval 

modulation (PIM) and pulse interval width modulation (PIWM) are classified as 

anisochronous PTM techniques and are illustrated in Fig. 4.11.

In PFM, the instantaneous frequency of a train of narrow pulses is determined by the 

modulating signal amplitude. SWFM is closely related to both PFM and analogue FM, 

consisting essentially of a series of square wave edge transitions occurring at the zero 

crossing points of FM.

As its name suggests, in PIM the variable intervals between adjacent narrow pulses are 

determined by the modulating signal. PIWM is derived directly from PIM to produce a 

waveform in which both mark and space convey information in alternating sequence.
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4.3.4 Comparison of PTM techniques

The performance of a modulation technique is measured by its ability to deliver high 

SNRs and low distortion values. Bandwidth efficiency, complexity and cost are also 

important system parameters in selecting a modulation format and a trade-off has to be 

made for conflicting requirements in order to achieve an optimised system [59].

As has already been shown, the spectrum of different PTM techniques share 

commonalties, resulting in similar bandwidth requirements. The cost of PTM is also low 

compared to digital systems requiring elaborate coding techniques. PFM and SWFM are 

relatively less complex to other PTM techniques, as they can be operated with 

commercially available VCOs. All the other PTM schemes require a high speed linear 

ramp generator at the transmitter and sometimes at the receiver too, depending on the 

demodulation technique adopted. A common approach is used for signal demodulation in 

all PTM systems: regenerating a PTM signal with a baseband component at the receiver 

and employing a lowpass filter.

However, the distortion and SNR performance of different PTM techniques are variable 

and are considered here. Hitherto, relatively little work has been published on PIM [76- 

77] and PIWM [78] systems, for two reasons. Primarily, they have shown no 

performance advantage over PPM systems, but are more complex in their circuit 

implementation. Secondly, the input dynamic range of PIM and PIWM modulators are 

limited since the most negative transitions of the modulating signal could produce pulses 

at very short intervals, increasing the instantaneous frequency of the signal [79]. 

Therefore, only PFM, SWFM, PPM and PWM are considered further.
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Figure 4.13 Sampling ratio vs. modulation index for a BD level of -40 dB.

The improvement factor (IF) of a modulation technique is the difference between the 

recovered SNR and the carrier-to-noise ratio (CNR) at the input of the demodulator, 

expressed in dB units. In communication systems, an optimum modulation technique is 

one which delivers a high SNR for a low CNR, without compromising other system 

parameters. As all PTM techniques rely on a time-amplitude conversion to recover 

information, jitter noise determines system performance. However, if the CNR at the 

demodulator is lowered too much, impulse noise begins to dominate system 

performance. The CNR, below which impulse noise begins to dominate, represents a 

threshold value in PTM SNR performance and is around 20 dB for most PTM systems 

[80].

For PTM systems operating above the noise threshold value, the IF factor is proportional 

to the square of the ratio of channel bandwidth to carrier frequency, when peak signal
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4.5 Summary

In this chapter the concept of a second stage modulator, to improve the performance of a 

SCM system, was introduced. Implementation and performance of several second stage 

modulator systems, incorporating digital PCM and analogue FM modulation, were 

presented. The concept of PTM, an intermediary modulation technique, was introduced. 

Different PTM techniques, their spectral characteristics and performance were also 

presented. The low cost, simplicity, bandwidth to signal performance trade-off and its 

ability to exploit the high bandwidth available on optical fibres makes PTM an ideal 

candidate for a second stage modulator in SCM systems.

74



Chapter

Pulse Frequency Modulation and 
Square Wave Frequency Modulation 
Systems

5.1 Introduction

Pulse frequency modulation (PFM) and square wave frequency modulation (SWFM) are 

anisochronous PTM techniques which can deliver adequate signal performance for 

transmission over small and moderate distances [80], Both modulation schemes are 

closely related to each other as well as to conventional FM systems. PFM and SWFM 

can be implemented using simple digital circuitry offering low cost and simplicity. The 

signal to noise ratio (SNR) performance can be traded-off for transmission bandwidth 

and therefore are particularly suited for wideband channels such as optical fibres.

Since PFM and SWFM have similar characteristics they are considered together in this 

chapter. Modulation and demodulation techniques and the characteristic of the frequency 

spectra are considered in sections 5.2 and 5.3 respectively.

■
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SNR is a primary performance indicator of any communication system. Therefore, in 

section 5.4, the SNR of PFM and SWFM are derived from the first principles and 

expressed for different pulse models. The threshold effect of frequency modulated 

systems is also discussed.

In order to optimise system performance the parameters upon which the SNR is 

dependent must be optimised. In the final section of this chapter the parameters and their 

optimisation, in the context of a SCM system, is presented.

5.2 PFM and SWFM Modulation

In PFM, the instantaneous frequency of a constant amplitude pulse train, having a fixed 

pulse width, is varied according to the modulating signal. In SWFM the carrier signal is a 

square wave of fixed duty cycle (approximately 50%) and the modulated signal is 

essentially a series of square wave edge transitions occurring at the zero crossing points 

of a sine wave FM signal [81].

SWFM can be conveniently and simply generated by driving the input of a square wave 

output VCO with the modulating signal. Alternatively a sine wave FM signal can be 

generated first and then passed through a voltage comparator to convert it into a SWFM 

signal. A PFM signal can be generated by feeding the SWFM signal into a pulse 

generating circuit such as a monostable. Below carrier frequencies of 30 MHz, standard 

VCOs from the TTL logic family are suitable for signal generation, but above this 

frequency emitter coupled logic (ECL) devices become increasingly necessary [16]. PFM 

and SWFM signal generation and the time domain waveforms are illustrated in Fig. 5.1.
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results in limited linearity and noise performance as a consequence of selecting only a 

restricted spectral slice. The presence of a distortionless baseband component indicate 

that information can be recovered directly from the PFM signal and baseband recovery is 

indeed the technique widely employed in PFM and SWFM demodulation [70].

The simplest form of demodulation would be to recover the baseband component 

directly from the incoming PFM signal. However, this technique generates poor SNR 

performance as both leading and trailing edges of the PFM signal are affected by noise. 

Therefore, in PTM systems, the incoming signal is regenerated at the receiver before 

employing baseband recovery [81].

The PFM regenerator consists of a threshold detector and a constant width pulse 

generator. The incoming PFM or SWFM signal is passed through a threshold detector 

with a threshold crossing set at half the pulse amplitude for optimum pulse detection, as 

will be explained in section 5.4.2. The output of the threshold detector is fed to a 

monostable in order to trigger constant width pulses at the leading or lagging edge. The 

baseband component of the regenerated PFM signal can be recovered by employing a 

low pass filter (see Fig. 5.3).

incoming
SWFM/PFM
signal

recovered
basebandThreshold

detector
Pulse

generator

Figure 5.3 PFM and SWFM demodulation by baseband recovery.
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The rms signal to rms noise power ratio for a trapezoidal model, where peak optical 

power is considered, can be derived by combining Eqns. (5.17) and (5.31), yielding,

The electrical 3 dB bandwidth and system rise time are inversely related. For linear 

systems, the relationship can be approximated by Eqn. (5.33) and can be used as a 

conservative guideline in optical systems [10].

Therefore, rms SNR can be re-written in terms of transmission bandwidth as:

As in PFM systems, the amplitude noise of SWFM pulses at the threshold crossing is 

converted into time jitter of the constant width pulses produced at the demodulator. 

When amplitude noise added to the SWFM signal is white Gaussian, and the rate of 

change of the signal at threshold crossing can be represented by the derivatives of the 

pulse models employed above, the output noise power spectral density is equivalent to 

PFM systems. Since SWFM demodulation is achieved by generating a PFM signal and 

recovering the baseband, the rms signal power at the output of the SWFM demodulator 

is also equivalent to Eqn. (5.17). Hence the SNR expressions derived for PFM is also 

valid for SWFM systems, provided the above conditions are satisfied.

The SNR of SWFM systems employing double-edge detection, differs from PFM and 

single-edge SWFM systems due to increased signal power. Assuming the slope of the

(5.32)

(5.34)
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Wilson and Ghassemlooy [16] have evaluated the baseband distortion as a ratio of the 

peak recovered signal level to the peak sidetone level, inside the baseband, for different 

modulation indices and sampling ratios. The minimum required sampling for both PFM 

and SWFM is plotted for a range of distortion levels as function of modulation index in 

Fig. 5.17. It can be seen that for a modulation index of 1, PFM requires a sampling ratio 

in excess of 5 to achieve a baseband distortion level of -40 dB, while under the same 

conditions the sampling ratio requirement of SWFM is below 4. The superior 

performance of SWFM is due to the suppression of sidetones around the carrier 

fundamental and increase in the baseband signal level, due to double edge regeneration at 

the receiver.

Sampling

Ratio

Figure 5.17 Sampling ratios for single tone modulated PFM and SWFM systems [84].
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Since single-tone modulation is assumed in these calculations, if they are to be used in a 

SCM-PTM system, the following factors must be taken into account.
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5.6 Summary

In this chapter modulation and demodulation techniques, SNR performance and 

optimisation of PFM and SWFM systems were presented. The simplicity, spectral 

characteristics and the similarities of the two modulation techniques were illustrated. It 

was also shown, the double-edge detection SWFM technique has lower sampling ratio 

requirements and a 3 dB SNR advantage over single-edge SWFM and PFM systems.

Jitter noise is the primary noise source in PTM systems operating above the CNR 

threshold. Performance comparison of the derived PFM SNR expressions has shown that 

the raised cosine pulses deliver the optimum SNR level. The CNR, below which the SNR 

starts to deteriorate significantly, was shown to be close to 20 dB. In section 5.5, 

optimisation of PFM and SWFM systems in the context of a SCM-PTM sub-system, was 

presented. The VCO voltage-to-frequency transfer characteristic is critical to nonlinear 

distortion performance and commercially available devices are capable of transmitting a 

large number of subcarrier channels. A transmission bandwidth, which corresponds to 

the inverse of the pulse width, was shown to be adequate for PFM signal transmission.
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Chapter

Pulse Position Modulation Systems

6.1 Introduction

Pulse position modulation (PPM) is an isochronous PTM technique, which carries 

information by virtue of a continuously variable position of a narrow pulse within a fixed 

time frame. This modulation scheme is closely related to pulse width modulation (PWM), 

where information is conveyed by the variable width of a pulse within a pre-determined 

time frame. However, a fundamental advantage of PPM over PWM is that a significant 

portion of the transmitted power which conveys no information in PWM is eliminated, 

resulting in a more efficient modulation technique [74]. PPM also has better SNR 

performance compared to other PTM techniques. The complexity of PPM is marginally 

higher than PFM and SWFM systems dealt with in the last chapter, but considerably 

lower compared to PCM systems.

6
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This chapter exclusively deals with PPM systems. Section 6.2 introduces PPM 

modulation and is followed by a spectral characterisation and various options available 

for signal demodulation, in section 6.3. The SNR expression for a PPM system is derived 

in section 6.4.

6.2 PPM Modulation

In PPM, the position of a narrow pulse within a fixed time frame is varied in proportion 

to the amplitude of the modulating signal. It is known as an isochronous PTM technique, 

as there exists a fixed time frame at all times. Typically, PPM pulses are generated by 

differentiating the trailing edge of a PWM signal [92], and various aspects of PPM 

generation are discussed in this section.

Figure 6.1 shows the block diagram of a PPM modulator and the associated waveforms. 

Fundamental to the PPM generation is a high speed, linear ramp generator, which 

determines key parameters such as the modulation sensitivity, input dynamic range and 

the amount of nonlinear distortion. The PWM signal is generated by comparing the ramp 

signal with the modulating signal and driving the comparator to a low state at the 

detection of equivalence. The PPM signal may be derived by differentiating the trailing 

edge of the PWM signal and a constant width pulse generator is generally used for this 

purpose [16].

PPM may be divided into two categories, according on how the incoming information is 

processed. When the modulating signal is directly compared with the linear ramp,
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PLL will acquire lock almost immediately. This is achieved with a wide loop bandwidth, 

which also allows for an extended lock-in-range as its value is equivalent to the loop 

bandwidth. The drawback of a wide loop bandwidth is that it admits more noise making 

the hold-in-range smaller [99].

On the other hand a narrow loop bandwidth ensures good noise performance and will 

tolerate a larger amount of frequency change without loosing lock i.e. an extended hold- 

in-range. However, acquiring lock is difficult, making the lock acquisition time longer 

and resulting in a narrower lock-in-range.

6.3.4 Alternative demodulation techniques

An alternative PPM demodulation technique has been demonstrated by Holden [100], 

where a ramp generator and sample-and-hold circuits are employed in conjunction with a 

lowpass filter at the receiver. The block diagram of the demodulator circuit and the 

associated signal waveforms are illustrated in Fig 6.8.

As shown in Fig. 6.8(a), the demodulator consists of two sample-and-hold circuits, the 

first of which is triggered by the PPM pulses and samples the ramp signal. The output 

signal is a staircase waveform, where the amplitude and width of each step varies as a 

function of the position of received pulse in the time slot. In order to generate a constant 

width step, the signal is fed to a second sample-and-hold unit, which is triggered by a 

sync pulse. Filtering this constant width step waveform removes the high frequency 

components introduced by sampling circuits and yields the original information.
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The cost and complexity of this technique is higher due to two reasons. One is the 

additional circuitry required at the receiver due to the inclusion of a ramp generator and 

two sample-and-hold circuits. The other is the lack of synchronisation between the 

transmitter and the receiver. The ramp generator at the receiver is allowed to free run at 

approximately the same frequency as the transmitter, but in order to align the two signals 

in phase a reference signal is transmitted via separate link.
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Figure 6.8 PPM demodulator nominated by Holden [100]
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Figure 8.10 SNR vs. CNR for PPM systems.

6.5. Summary

In this chapter the modulation and demodulation techniques and SNR performance of 

PPM systems were considered. PPM was shown to be an efficient derivative of PWM, 

well suited for optical channel applications. A study of the PPM spectrum has shown that 

under moderate modulation conditions a clock signal can be extracted from incoming 

PPM signal. Hence, a novel detection technique, where a PWM signal containing the 

baseband information is reconstructed at the receiver by virtue of the recovered clock 

signal, was demonstrated. Alternative demodulation techniques and their disadvantages 

were also considered. Using the jitter noise analysis of Chapter 5, the SNR expression 

for a PPM system was derived. Optimum performance is delivered by raised cosine 

pulses, and PPM has an approximately 5 dB SNR advantage over PFM systems.
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Chapter

System Implementation

7.1 Introduction

In order to evaluate the performance of SCM-PTM technique a prototype system to 

transmit a broadband SCM signal was designed and built. The PTM schemes 

incorporated into the system are PFM, SWFM and PPM. Video, audio and data signal 

channels were employed in the subcarrier stage to demonstrate the broadband 

transmission capability of the SCM-PTM technique. The overall system block diagram is 

shown in Fig. 7.1.

The prototype system was built on colander ground plane vero boards, using high 

frequency circuit techniques, and the emphasis was to use commercially available custom 

and semi-custom built IC devices. Each PTM technique was implemented using emitter 

coupled logic (ECL), due to its superior performance at high speeds over other logic
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7.2.2 Audio channel

Two audio channels, conforming to the TV sound broadcasting standards, are 

implemented. The first audio channel is modulated onto the TV audio subcarrier at 6.0 

MHz and the second channel is allocated a subcarrier frequency of 7.2 MHz. The 

characteristics common to the audio channels are tabulated below.

Audio bandwidth / kHz 15

Modulation FM

Max. deviation / kHz 50

Pre-emphasis / ps 50

Table 7.1 Characteristics of the audio channels

Since FM is used to frequency shift the baseband audio channels, pre-emphasis can be 

employed to improve the SNR performance. Both channels were pre-emphasised using 

the 50 ps TV sound broadcasting pre-emphasis standard, which defines a first corner 

frequency of 3.18 kHz. The pre-emphasised FM signal is actually a combination of FM 

and phase modulation (PM) and combines the advantages of both modulation techniques 

with respect to noise performance. The audio pre-emphasis network and its frequency 

characteristic is shown in Fig. 7.4(a) and 7.4(b), respectively.

MC 1376 [101] is a monolithic IC, custom built for television sound broadcasting, and 

was used to implement the two audio channels. The device can be used as a FM 

modulator in the frequency range 1.4-14 MHz, with the centre frequency set by the 

resonance of the
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inductor (L) between pin 6 and 7, and the capacitance (C) from pin 7 to ground. The 

modulation sensitivity of the device varies with the centre frequency and is equivalent to 

approximately 0.3 MHz/V at a carrier frequency of 6 MHz. The best linear 

characteristics of the device can be realised by biasing the input signal between 2.6-2.7 

V. The circuit diagram of the FM modulator for the 6.0 MHz audio channel is shown in 

Fig. 7.5. Also shown in the figure is the spectrum of the FM audio channel, modulated by 

a 10 kHz sine wave, at a maximum deviation of 50 kHz.

7.2.3 Data channel

A data channel capable of carrying a maximum non-return to zero (NRZ) data rate of 

500 kbit/s was implemented using frequency shift keying (FSK). A channel bandwidth of 

780 kHz was allocated at a carrier frequency of 6.552 MHz. The pseudo random bit 

stream used to simulate the data, is shown in Fig. 7.6.

FSK modulation was implemented using a dual voltage control oscillator [102]. The two 

VCOs can be operated independently upto a frequency of 85 MHz. The centre frequency 

is set by a combination of external capacitance (between pin 4 and 5) and the dc voltage 

on pin 2 (Frequency Control). The deviation range is set by the dc bias on pin 3 (Range 

input). The circuit diagram of the FSK modulator is shown in Fig. 7.7. Since the output 

of the VCO is a square wave a bandpass filter is used to reduce the harmonics.
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7.3.1 VCO and SWFM generation

SP 1658 [105] is a VCO, with a maximum output frequency of 190 MHz, which 

generates complementary ECL outputs. Frequency control of the square wave VCO 

output is accomplished through using a voltage controlled current source, which controls 

the slew rate of a single external capacitor. An input filter is available to decouple noise 

from the modulating signal and a bias filter eliminates ripple from the output signal at 

high frequencies.

The voltage-to-frequency conversion characteristic of the VCO determine the amount of 

non-linear distortion generated at the SWFM/PFM transmitter (refer to section 5.5.1). 

The linearity test of the SP 1658 device, carried out for the intended frequency range of 

operation for this application, is given in Chapter 8.

It was shown in section 5.5.2 that in double-edge regeneration of SWFM, the spectral 

profile of PFM is translated on to the even harmonics, with the complete suppression of 

the sidetone structures around the carrier fundamental and odd harmonics, provided the 

duty cycle is 50%. Any deviations of the duty cycle would result in partial generation of 

the fundamental and odd harmonics, increasing the baseband distortion.

The time domain and frequency domain signals of the VCO output are shown in Fig. 

7.10, indicating a strong presence of a second harmonic. In order to achieve a duty cycle 

closer to 50% and improve the even harmonic suppression, the VCO outputs were fed 

through an inverter.
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7.4 PPM Transmitter

PPM modulation was dealt with in section 6.2. The process of PPM signal generation, by 

triggering pulses on the modulated edge of a PWM signal, was illustrated in Fig. 6.1. A 

critical part of the PPM modulator is the high frequency ramp generator used to generate 

the PWM signal, and is discussed in the following section. The PPM signal generation 

using the ramp signal is presented in section 7.4.2.

7.4.1 Ramp generator

PPM modulation requires a linear, high frequency ramp signal in order to implement 

voltage-to-pulse position conversion. There are various techniques of generating a ramp 

signal, but some of these are only suitable for low frequency applications.

An appropriate high frequency ramp generation technique is to charge a capacitor with a 

constant current source and to discharge through a high frequency switch. During the 

charging of the capacitor the ramp voltage rises to its maximum value, and discharging 

of the capacitor resets the ramp to its initial value. The linear characteristic of the ramp is 

governed by the following equation,

where/is the value of the constant current source and C is the capacitance. For example 

to generate a ramp of height 2 V in a duration of 25 ns, using a constant current source 

of 5 mA, the required value of capacitance is 62.5 pF.
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Figure 7.12 shows the circuit diagram for a highly stable constant current source using 

general purpose pnp transistors. The voltage between T2 base and the positive supply line 

is held constant by the voltage reference source, usually a temperature compensated 

zener diode, forcing T2 to act as a constant current source. Thermal variations in VW are 

compensated by the use of an identical transistor Ti, connected in a base-collector diode 

arrangement. Assuming that T2 has a sensibly high current gain, the output current Ic2 

will be given simply by Vr/Ri. A very low overall temperature co-efficient of less than 50 

ppm can be achieved by using a glazed ceramic resistor formulation for R.

Very short reset times are desired for the ramp signal, in order to improve the input 

dynamic range of the PPM modulator. BFR 183 [106] is a npn, RF transistor with a gain 

bandwidth upto 8 GHz, which can be switched at extremely high frequencies. This 

device was used as a switch to discharge the capacitor, resulting in reset times in the 

order of 2 ns.

+ 15v

Figure 7.12 The constant current source.
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Figure 7.13 The ramp generator.
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It was stated in section 6.2, that key parameters of the PPM modulator, including the 

amount of non-linear distortion, are primarily determined by the ramp generator. 

Therefore, in order to minimise the non-linear contribution a highly linear ramp signal is 

desired. The linearity of the PPM modulator was determined by accounting for the 

variation of the pulse width at the output of the comparator, for different values of offset 

voltages. The results are presented and analysed in Chapter 8.

7.5 Optical Link

The PTM signals are transmitted via an optical link, which consists of an optical 

transmitter, optical fibre and an optical receiver. The choice of optical components is 

determined by a number of parameters such as system fidelity, cost, reliability, 

transmission capacity and transmission distance [59]. Details of the optical transmitter 

and optical receiver are presented in sections 7.5.1 and 7.5.2, respectively.

The performance potential of an optical link is characterised by two system parameters: 

optical power budget and rise time budget. These two parameters are evaluated in 

section 7.5.3.

7.5.1 Optical transmitter

Optical transmitter converts the electrical signal into an optical format for transmission 

via optical fibre. PTM signals are ideal for optical fibre transmission as they can operate 

lasers at low duty ratios, increasing the device lifetime. Hence a laser source was 

employed as the optical source for PFM and PPM transmission. However, SWFM
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operates with a 50% duty cycle, and due to its reduced bandwidth requirements a LED 

was adequate for optical transmission.

LSC 2100 [108], a coolerless laser module operating at 1300 nm, was employed as the 

optical source for PFM and PPM transmission. The device is well suited for low power 

applications and can be modulated upto a data rate of 1 Gbit/s. The internal 

semiconductor laser is based upon InGaAsP buried heterostructure (BH) technology and 

has a maximum power output of 4 dBm and a typical spectral width (FWHM)of 3 nm. 

Threshold current of the laser is approximately 20 mA with a temperature co-efficient of 

2.5% per °C. The LSC 2100 package also include a photodiode for monitoring the laser 

output power and a longhorn type heat sink mounting flange.

The laser source, when operated as an optical transmitter, employs a bias circuit to 

compensate for temperature fluctuations of the device and a drive circuit to modulate the 

laser current, as illustrated in Fig. 7.15.

Drive
circuit

Laser
diodePhotodiode :

Bias
circuit

Figure 7.15 Laser source operated as an optical transmitter.
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7.6 PFM and SWFM Receiver

A block diagram of the PFM/SWFM demodulator was shown in Fig. 5.3, where the 

information is recovered by lowpass filtering the baseband component of a regenerated 

PFM signal, constructed from the incoming PFM or SWFM signal. The post decision 

circuit of the DLR1040-ST [110] optical receiver generates PECL outputs, which can be 

converted back into ECL level by applying a dc bias. This signal can then be applied to 

the constant width pulse generator, discussed in section 7.3.2, in order to produce the 

regenerated PFM signal. The parabolic relationship identified in section 5.3, for the 

baseband signal power and the duty ratio of the regenerated PFM signal, will be 

confirmed by experimental data in Chapter 8.

Double-edge regeneration of SWFM, employing the gate delay technique for pulse 

generation, was illustrated by Fig. 5.5. The width modulation produced by this technique 

has already been mentioned in section 7.3.2. In double-edge detection systems, this effect 

is even more pronounced as the rise and fall times of the SWFM signal are not identical.

Therefore, in order to generate pulses on both edges of a SWFM signal, the approach 

shown in Fig. 7.20 was used. Here, two constant width pulse generators, described in 

section 7.3.2, are used to produce pulses at the rising and falling edges of the SWFM 

signal. The two pulse streams are combined resulting in a double-edge signal.
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7.7 PPM Receiver

The demodulation process of PPM was outlined in section 6.3. The recovery of a clock 

reference signal from the incoming PPM pulse stream allows for a PWM signal to be 

regenerated at the receiver. Information is recovered by lowpass filtering the baseband 

component of the PWM signal. Therefore, the key components of the demodulator are 

the PLL and the PWM generator. The theory behind PLL operation was presented in 

section 6.3.3, and its circuit implementation is dealt with in section 7.7.1. The sub­

section which follows, presents the PWM generator.

7.7.1 Phase locked loop (PLL)

The PPM spectral investigation in section 6.3 had shown the strong presence of a clock 

reference signal at low modulation indices, decaying to its lowest value at a modulation 

index close to 80%. Figure 7.21 shows the lowest clock component detected for a PPM 

signal, when modulated at an index of 78%. This illustrates that the clock component is 

approximately 25 dB above the signal noise floor, allowing adequate margin for a PLL to 

lock on to it.

NE 564 [112] is a monolithic PLL with TTL compatible inputs and outputs, which can 

be operated upto a frequency of 50 MHz. The device consists of a limiter, VCO, phase 

detector and a post detection processor for demodulation applications. The phase 

detector consists of a double balanced modulator with a limiter amplifier to improve AM 

rejection.
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To design a small loop bandwidth PLL and to ensure good locking, a crystal controlled 

VCO is highly desirable. The VCO frequency drift should be controlled to be less than 

the lock-in range in order to prevent the PLL going out of lock. A crystal controlled 

VCO, operating at 20.5 MHz was used at the receiver. The frequency offset between the 

transmitter and the receiver must also be kept to a minimum, so that the VCO frequency 

drift can be made to be within the lock-in range of the PLL. The carrier frequency of the 

PPM transmitter was set by the clock signal from a stable function generator (HP 

8081A).

The circuit diagram of the PLL is shown in Fig. 7.22 (a). The received PPM pulse stream 

and the recovered clock signal is shown in Fig. 7.22 (b).

7.7.2 PWM generator

The signal waveforms associated with the PPM demodulator and its circuit block 

diagram were shown in Figs. 6.4 and 6.6, respectively. The recovered clock signal and 

the PPM pulses can be combined to trigger a latch in order to generate the PWM signal. 

The TTL compatible clock output of the PLL was converted to ECL levels using an 

ECL comparator and pulses were triggered at the falling edge of the inverted clock 

signal. These clock pulses were combined with the PPM signal and fed to a dual D-latch, 

which performs a divide by two operation to generate the PWM signal. The circuit 

diagram of the PWM generator is shown in Fig. 7.23.
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8.1.1 PFM and SWFM systems

The spectral characteristics of SWFM and PFM systems were identified in section 5.3. A 

verification of these theoretically predicted spectrums is given in this section. Figure 8.2 

shows the spectrum of a SWFM signal, modulated by a 1 MHz sine wave. The presence 

of a carrier fundamental and odd harmonics, with sidetones around them seperated by 

the modulating signal frequency, can be identified. As predicted, the deviation around the 

harmonics is greater , compared to the deviation about the fundamental. The even 

harmonic presence is due to the deviation of the square wave duty cycle from an ideal 

value of 50%.

The sidetone structure around the carrier fundamental and the harmonics are predicted 

by Bessel functions of the first kind. The first carrier null detected for the SWFM signal 

is shown in Fig. 8.3. Theoretically, this corresponds to a p value of 2.408, and this 

predicts a modulation sensitivity of 20.24 MHz/V for the VCO. This value is in close 

agreement (within experimental errors) with the experimental data (see Fig. 8.6), 

conforming the Bessel function behaviour of the sidetones.

The PFM spectrum, when modulated by a 1 MHz sine wave, is shown in Fig. 8.4. Here, 

the significance is the presence of the modulating signal as a distortionless baseband 

componenet, which allow for signal recovery at the receiver. In addition to the carrier 

fundamental and odd order harmonics side tone stuructre, as in the case of SWFM, the 

even order harmonics are also present in PFM systems.
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illustrated in Fig. 8.5. The measured values were fitted to the theoretical curve by 

applying an appropriate uniform gain factor, confirming the parabolic relationship 

indicated in Chapter 5. Therefore, as opposed to the transmitter, a wider pulse is 

advantageous at the output of the PFM regenerator in order to maximise the signal 

power. Figure 8.5 indicates that when the duty ratio is raised from 20% to 40 %, the 

baseband signal power increases by a factor of 4, a 6 dB improvement.

2 - -

Theoretical

Measured

0.5 --

0 5 10 15 20 25 30 35 4540

D uty ra tio / %

Figure 8.5 PFM baseband signal power variation for different duty ratios.

8.1.2 PPM system

The spectral characterisation carried out in section 6.3 revealed the presence of a strong 

clock frequency component for the PPM spectrum, and a baseband component for the 

PWM signal. Based on these findings a novel detection technique, based on recovery of 

the clock component from the incoming PPM pulse train, was introduced. The details of 

its implementation were presented in section 7.7.
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The SNR performance of the video and audio channels for PPM transmission are 

illustrated in Figs. 8.12 and 8.13, respectively. The measured values are complemented 

by theoretical calculations. The PPM theoretical curve has been calculated using the 

SNR expression given by Eqn. (6.19). For each signal channel the predicted SNR of the 

conventional SCM approach, employing equivalent system parameters, is also indicated.

8.2.2 Performance analysis

In the previous section the SNR performance of the video and audio channels for 

SWFM, PFM and PPM systems were illustrated. The system measurements were 

complemented by theoretical predictions, for both SCM-PTM technique and the 

conventional method, using the derived SNR expressions and parameters listed in tables

8.1 to 8.4. The SWFM transmission, employing single-edge detection at the receiver, 

produced SNR values equivalent to the PFM system. By employing double edge 

detection technique, the SNR performance is improved further by ~3 dB as reasoned in 

Chapter 5, see Figs. 8.10 and 8.11.

The pulses at the optical receiver output are best approximated using a Guassian pulse, 

and therefore the SNR expressions representing the Guassian model has been used in the 

calculations. The theoretical values are in close agreement with the measured values at 

higher optical power levels. At lower optical power levels the measured values deviate 

significantly from the theoretical curve. A possible explanation for this could be the 

threshold effect, discussed for PFM systems in section 5.4. However, according to the 

calculations the threshold value correspond to a much lower received optical power 

level, approximately -40 dBm for the PFM system. On the other hand the limited gain of 

the optical receiver post- amplifier can limit the sensitivity of the output logic decision
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circuit at lower optical power levels. Since, the roll-off effect is present in both PFM and 

PPM systems, this is the most likely cause.

The SNR criterion laid down for each signal channel in Table 7.2 is easily met for both 

PFM and PPM systems. The PFM system indicates an approximately 6 dB improvement 

in the optical receiver sensitivity, compared to a conventional SCM system operated 

using equivalent system parameters. The approximate receiver sensitivity improvement 

for the PPM system is 8.5 dB. The 2.5 dB increase of the receiver sensitivity in PPM 

system compared to PFM system, corresponds to the 5 dB SNR advantage predicted for 

PPM over PFM, in Chapter 6.

The increased receiver sensitivity results in a higher optical power budget which can be 

utilised to extend the transmission distance and the number of network nodes. For an 

example, the 8.5 dB improvement in PPM systems results in an increased transmission 

distance of 17.2 km for the 1300 nm optical window, or 28.6 km for the 1500 nm optical 

window. An increased transmission bandwidth will further increase the receiver 

sensitivity. However, this is a trade-off of a number of system parameters such as system 

capacity, cost and the available channel resources. Similarly a higher modulation index 

will improve the SNR, but the modulation index that each channel can be operated will 

depend on the number of channels and the input dynamic range of the PTM modulators.

In order to further validate the above SNR measurements, attempts were made to relate 

the obtained results with published material. However, due to different system 

parameters used in other works no meaningful comparisons could be made.
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The wide open eye comfortably exceeds the 0.9 dB ISI degradation specified as tolerable 

for digital data transmission.

The amount of jitter in the system is indicated by the sharpness of the eye corners. In the 

presence of jitter, the zero crossings of the consecutive bits are variable, resulting in 

fuzziness at the edges of the eye. The width of the fuzziness is a measure of the peak-to- 

peak jitter. The measured peak-to-peak jitter of the eye is in the order of ns, providing 

adequate noise margin for the intended bit rate.

The horizontal crossings of the generated pattern have dropped towards the lower half of 

the eye. This is due to the slight asymmetry in the mark to space ratio of the data 

generated by the post detection processor of the FSK demodulator. No significant 

deterioration in the eye was seen until the power level was dropped below -30 dBm.
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(a) 1 |j.s time base

(b) 500 ns time base 

Figure 8.15 The generated eye pattern for data transmission.
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A third order polynomial curve fit was also considered to characterise the linearity of the 

VCO and the ramp generator. However, the third order harmonic distortion is 

significantly lower compared to the second order distortion and therefore, its influence 

on the overall system linearity is minimal.

8.3.2 Overall system linearity

In order to evaluate the overall system linearity, the harmonic distortion measurements 

were carried at the system output. For analogue signals, harmonic distortion is measured 

in terms of a second and third order nonlinear term with respect to the fundamental. The 

results obtained for the video and audio channels, when the system was operated using 

the PFM/SWFM technique, are shown in Fig. 8.18.

Linear distortion results when the frequency response deviates from a consistent level, 

within the channel passband. The fundamental component for both the video and audio 

channels are flat throughout their respective channel passbands, and therefore no linear 

distortion is introduced. The lowpass filter specifically designed for PAL/SECAM 

television receiver applications has a sharp roll-off of 190 dB/decade, implicating a filter 

order of 9. The second and third order harmonics of the video channel are below -40 dB, 

the value specified for adequate signal performance [12, 81]. The roll-off of the audio 

signal is gradual due to the lower order filter employed. For the audio channel no third 

order harmonic was detected and the second order harmonic was approximately 44 dB 

below the fundamental.
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Similar tests were carried out on the PPM system and the results obtained are presented 

in Fig. 8.19. The second harmonic of the video channel is approximately -48 dB, relative 

to the fundamental and no significant third order terms could be detected. The 

performance of the audio channel is also marginally better than the results obtained for 

the PFM system. The marginally lower harmonic performance of the PPM system 

compared to the PFM system can be attributed to the excellent linearity of the PPM 

modulator ( Fig. 8.15).
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Chapter

Conclusions

9.1 Conclusions

In conventional SCM systems, the poor receiver sensitivities impose strict noise and 

nonlinear requirement on the optical link, restricting the power budget. The applications 

of various second stage modulators, incorporated into SCM systems in order to enhance 

system performance, have been restricted either due to the limited improvements in 

receiver sensitivity or in the increased complexity and bandwidth overheads. PTM 

systems have shown to achieve excellent signal performance to bandwidth trade-off, 

without compromising system cost and complexity. The work presented in this thesis has 

demonstrated the viability of PTM as a second stage modulator in SCM systems. The 

broadband transmission capability of PFM, SWFM and PPM techniques has also been 

demonstrated. The predicted performance of the PTM techniques has been verified by 

the implemented prototype system, capable of transmitting a video channel, two audio 

channels and a data channel.

9
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indicating excellent linear characteristics, was generated by charging a capacitor from a 

constant current source and discharging through an extremely fast transistor in order to 

achieve short reset times.

An investigation of the PPM spectrum revealed the existence of a clock component, 

which has a strong presence at low modulation indices, decaying to a minimum at 

approximately 80% modulation. A quantitative appreciation of the clock component 

shows adequate system margin for the operation of a PLL to recover the clock reference 

signal at the receiver. The sidebands on either side of the clock signal are at close 

proximity and dwarfs the clock component beyond a modulation index of 60%. 

Therefore, a carefully designed PLL, with a narrow lock-in-range, is required to prevent 

it from locking onto the sidebands.

Based on reliable clock recovery at the receiver, a novel detection technique was 

implemented for the PPM technique. The recovered clock pulses are multiplexed with 

incoming PPM signal to trigger a bi-stable, generating a PWM signal. The spectral 

investigation of PWM has shown the presence of a baseband component, which is 

utilised for information recovery. Due to the self-synchronising property of the proposed 

demodulator no reference pulses are required to be transmitted, and the cost and 

complexity are also reduced compared to the existing demodulation techniques.

In order to verify the predicted performance of the PTM techniques and their broadband 

transmission capability, a prototype has been implemented. Video, audio and data signals 

were employed at the subcarrier stage and the PTM systems have been implemented 

using the high speed ECL logic. The need for a bias circuit to stabilise laser operation
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against optical power fluctuations, due to threshold variations resulting from temperature 

fluctuations, and a driver circuit to account for the low output impedance of the ECL 

outputs, were outlined. The optical link was shown to have a maximum, power restricted 

transmission distance of 60 km, and a transmission bandwidth of 150 MHz for a graded 

index multi-mode fibre, operating at the power restricted transmission distance. The 

bandpass filtering technique was preferred to the heterodyne detection due to the 

implementation of a baseband channel and the commercial availability of filters at the 

chosen subcarrier frequencies.

The PFM system delivered a 6 dB improvement in receiver sensitivity compared to 

conventional SCM systems. The PPM system offered an extra 2.5 dB improvement in 

receiver sensitivity, confirming the 5 dB SNR advantage predicted for PPM over PFM. 

The increased receiver sensitivity of SCM-PTM technique results in an improved optical 

power budget allowing for longer transmission distances and a greater number of 

subscribers in a network. The simplicity and the low cost of PTM techniques mean that 

this performance enhancement is achieved without compromising other system 

parameters. The overall harmonic performance of PFM and PPM systems were shown to 

be within -40 dB, the value specified for video and audio signal transmission.

In summary, the prototype implementation has shown the feasibility of PTM techniques 

to transmit multi-channel signals, in optical communication systems. The SCM-PTM 

approach is a hybrid technique for multiplexing signal channels, where hitherto time 

domain and frequency domain multiplexing of PTM channels have proved inefficient or 

complex. The commercial availability of VCOs, with extended frequency range of 

operation, provide for a large transmission capacity in PFM and SWFM systems. In PPM
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systems, excellent circuit design techniques are called for in order to produce high 

frequency, linear ramp generators with short flyback intervals. System measurements 

have confirmed the predicted SNR performance for the PFM and PPM systems. Novel 

detection technique, which exploits the self-synchronising property of PPM, has been 

proposed, reducing the cost and complexity of PPM demodulation. The low cost of 

PTM implementation and the relaxed specifications on the opto-electronic sub-system 

means, that the improvement in receiver sensitivity is achieved without compromising 

other system parameters.

9.2 Contributions to Knowledge

The following is a list of the main contributions to knowledge resulting from the work 

carried out in this thesis. These original contributions have been supported by the 

publications listed at the end of the section.

1. The SNR expressions derived for PFM system have been further developed by 

using appropriate pulse models to represent the detected pulses in optical 

communication systems. Raised cosine shaped pulses were shown to deliver a 3 dB 

improvement in SNR over Guassian and exponential pulses, characteristic for 

optical fibre transmission. The energy distribution of the PFM signal has shown 

that approximately 98% of the signal energy is contained within a signal bandwidth 

corresponding to the inverse of the PFM pulse width.

206






































