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(ABSTRACT) 

Subcarrier multiplexing (SCM) on lightwave systems is an important technique for the near term 

implementation of broadband services* by both telecommunication and cable TV companies. With advance 

in opto-electronics technology in the mid-1980s, lightwave SCM systems can now be practically 

implemented to provide a carrier platform for both digital and analog signals and (for short distance 

applications) are presently more cost effective than time division multiplexed systems. 

AM SCM systems are particularly attractive for multichannel video signal transmission due to their 

compatibility with the National Television Systems Committee Amplitude Modulated Vestigial Sideband 

(NTSC AM-VSB) TV format. However, AM SCM systems are generally recognized to have a limited 

system capacity due to large carrier-to-noise ratio (CNR) and low nonlinear distortion requirements. This 

research dissertation contains a comprehensive study of the system capacity of such systems based on 

theoretical analysis, experiment, and simulation. 

  

tT oA glossary of italicized terms is provided at the end of dissertation.



The practical performance of lightwave AM SCM systems are limited by the laser diode threshold- 

nonlinearity and laser relative intensity noise, the photodiode shot noise, and the receiver thermal noise. 

The practical system performance is evaluated and compared with that of the theoretical performance limit. 

The analysis indicates that AM SCM systems have sufficient system capacity for typical CATV loop 

distribution and supertrunking systems. It is shown that previous reported limits are generally overly 

conservative. A sensitivity analysis identifies the critical performance limiting parameters and provides 

system designers with achievable system performance as device characteristics improve. 

For 1550 nm AM SCM systems employing erbium-doped fiber amplifiers (EDFA) operating on the 

1300 nm single-mode-fiber of telephone networks, there are additional sources of nonlinear distortion and 

noise to be considered. The nonlinear distortion produced by laser-chirp and fiber-induced-dispersion and the 

noise produced by the EDFA can significantly degrade the system performance. The analysis shows that the 

maximum link distance is limited by the composite-second-order (CSO) distortion, and the maximum 

number of subscribers is limited by the EDFA excess fluctuation noise.
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CHAPTER 1. 

INTRODUCTION 

Fiber optic multichannel video signal transmission is a subject of intense interest in both the 

telecommunication and cable TV (CATV) industries as they prepare their network infrastructure for future 

broadband services’. Both these industries anticipate that the entertainment segment, namely interactive and 

enhanced multichannel video services such as pay-per-view and switched-video-libraries, will be the 

foremost attraction of broadband services and may be the impetus for its growth. Realizing the significance 

of video services for the future broadband networks, both the telecommunication and CATV industries have 

been engaged in active research on lightwave multichannel video systems over the past few years. This 

dissertation is an integral part of this effort. 

In this introduction, first, the importance of video services to the telecommunication and CATV 

industries is discussed. This is followed by a review of the current status of multichannel video systems on 

fibers. Previous research in this area is discussed, and open research topics are identified. Finally, research 

objectives and organization of the dissertation are presented. 

  

T OA glossary of italicized terms is provided at the end of the dissertation. The terms are italicized the first 
time they appear. 
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1.1. Video Service Perspective of the Telecommunication Industry 

Since C.K. Kao and G.A. Hockham's [1] prediction in 1966 of the ability of glass fibers to carry 

optical signals with intrinsic loss lower than 4.0 dB/Km and the subsequent experimental verification by 

researchers at Corning [2], research in fiber optics has progressed rapidly toward its application in 

telecommunications. The first system experiments and trials were held in 1976 [3], and deployment of 

commercial systems began in 1979 [4]. Asa consequence of research and development efforts spanning the 

past three decades, much of today's voice long-distance interoffice/intercity trunking signals are carried by 

optical fibers, providing increased transmission capacity and reliability compared to both copper-based and 

microwave radio transmission systems. At present, the use of optical fibers is both technically and 

economically justified, not only in long-distance transport of telephonic signals, but also in medium- 

distance loop carriers connecting central switching office to local loop distribution units. The deployment 

of optical fibers is now expanding to the last mile of telephone networks as telephone operating companies 

are planing Fiber In the Loop (FITL) systems in the distribution plant and with their final goal of Fiber-to- 

the-Home (FTTH) systems. The FTTH systems will then be able to provide full fiber optic network 

infrastructures that will support the envisioned broadband services [5]. 

With relatively low growth in voice networks, and thus low growth in revenues from voice services, 

local telecommunication service operators (such as regional Bell operating companies) are now actively 

seeking out new opportunities. (In contrast to this, CATV networks have been growing at a much faster 

rate than those of the telecommunication networks. Furthermore, currently envisioned enhanced video 

services such as pay-per-view and switched-video-libraries promise an even higher growth rate of video 

service networks as well as increases in operating revenues.) With FITL on the way, the 

telecommunication service operators will be well positioned to provide video services in their networks. 

The total fiber network would be able to deliver better video picture quality and higher system reliability 
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than present coaxial based CATV networks. Furthermore, integration of video services into their present 

voice and data networks would eventually allow telecommunication companies to provide fully integrated 

broadband services to subscribers. At present, however, due to economics and government regulations 

[6,7], the telecommunication service operators’ activity on the integration of video service into their 

network is limited primarily to field trials [8] and research activities [9-12]. Bell Communications Research 

(Bellcore), which is a research organization funded by the seven regional Bell Operating Companies, has 

been extremely active in research in this area and has provided support for the research reported in this 

dissertation. 

1.2. Video Service Perspective of the CATV Industry 

The situation is quite different for CATV service operators. The CATV operators’ main business has 

always been in video services and their business has been protected from telecommunications service 

providers by government regulations. However, this may soon change with further deregulation of 

information service businesses. CATV service operators would then face competition from 

telecommunication service operators in providing video services to residential subscribers. Traditionally, 

despite the explosive growth of CATV networks over the last four decades [6], CATV companies have been 

conservative in exploring or developing new technologies . However, this is starting to change. With new 

business opportunities provided by fiber optics technology, CATV service operators and their equipment 

suppliers are now actively taking part in the research and development of lightwave technology for the 

transport and distribution of multi-channel CATV video signals [13-17]. 

Cable TV companies are quickly realizing that the initial cost of installing fiber is offset by reductions 

in capital, operating, and maintenance costs of video signal trunking. At the same time, optical fibers in 
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their network provide improved reliability and better quality signals to customers. Furthermore, optical 

fibers are considered the most economical way of increasing channel capacity for future revenue growth. 

The first deployment of optical fibers in CATV networks started with supertrunking of CATV signals [13] 

in 1987, and CATV application is currently one of the fastest growing areas of fiber optics. Although 

present application of fiber optics is limited primarily to the supertrunking/trunking part of their network, 

there are extensive research efforts by CATV companies and associated research laboratories not only in the 

area of CATV signal transport/distribution but also in many aspects of video services (such as on-line pay- 

per-view and switched video services) [13-17]. 

1.3. Current Status of Multi-Channel CATV Signal Transmission 

Most of current multichannel CATV signals are transmitted over coaxial cables. In these systems, due 

to high signal loss of coaxial cables, as well as the splitting losses in branching networks, electronic 

amplifiers/repeaters are employed to maintain sufficient signal power levels from head-end stations to the 

subscribers. Although today's coaxial CATV systems are generally cost effective, there are inherent 

performance problems and limitations due to repeater amplifiers. These amplifiers add noise and nonlinear 

distortion, thus degrading the signal quality. Also, since the amplifiers contain active components which 

must withstand the harsh outside plant environment and must be provided with electrical power, system 

reliability is an important issue. Furthermore, cascaded amplifiers impose stringent operating tolerances 

making system installation and maintenance difficult. In contrast to these impairments associated with 

coaxial systems, low signal loss fiber optic systems can provide repeaterless transmission, thus providing 

higher picture quality and improved system reliability. At present, high capacity trunking fiber optic video 

systems can be built at lower cost than coaxial systems and are becoming the technology of choice. In 
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addition, deployment of optical fibers will provide CATV networks with high capacity network 

infrastructures which will be needed for the future broadband services. 

For fiber optic multichannel video systems, analog subcarrier multiplexing (SCM) technique is 

presently considered the most promising multiplexing technique [9-12]. In a SCM system, a number of 

baseband electronic signals are first frequency division multiplexed, and this electronic signal is then used to 

intensity modulate the laser diode. Because of the versatility of being able to carry a variety of signal 

formats (such as amplitude-modulated (AM), frequency-modulated (FM), and even digital formats) 

simultaneously and its lower cost than time domain multiplexing, SCM systems can provide an ideal 

carrier platform for the near term implementation of broadband service networks. 

In particular, the amplitude-modulated (AM) SCM technique is the simplest in terms of its compatible 

electrical interface to the North American National Television Systems Committee Amplitude Modulated 

Vestigial Sideband (NTSC AM-VSB) TV format. In this technique, the NTSC AM-VSB signal directly 

intensity modulates a laser without need for any signal conversion as would be necessary in FM and digital 

systems. Consequently, the AM SCM technique provides reduced system cost and complexity over other 

types of modulation and multiplexing. However, AM SCM systems have in the past been limited to a 

small number of channels and limited optical power margins due to high dispersion and loss of optical 

fibers; and due to electrical bandwidth, nonlinear distortion, and relative intensity noise (RIN) limitations of 

lasers [18-22]. Since the late-1980s rapid advancement of the 1300/1550 nm distributed feedback (DFB) 

lasers with high output power, high linearity and low RIN, as well as high-speed low-noise receiver 

modules, have permitted the implementation of practical AM SCM systems with more than 40 channels 

and 10 km link distance [23-25]. However, owing to large carrier-to-noise ratio (CNR) and signal nonlinear 

distortion requirements, AM SCM systems have a limited system capacity compared to other modulation 

techniques such as frequency modulated (FM) SCM or digital systems. 
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1.4 Previous Research and Potential Research Areas 

1.4.1 Review of Lightwave Multichannel AM SCM System Research 

SCM video systems first appeared in 1977 [18,19]. At that time, SCM systems had a limited number 

of channels and limited optical power margins, and thus were not adequate for transport of multichannel 

CATV signals. High performance SCM systems reappeared in 1986-7 when several groups of researchers 

reported experiments. T.E. Darcie et al. of AT&T Bell Laboratories reported a demonstration of subcarrier 

multiplexing for an optical multiple-access-network [26]. R. Olshansky and V.A. Lanzisera of GTE 

Laboratories reported a 60-channel FM video SCM transmission system [27]. W.I. Way et al. of Bell 

Communications Research reported a SCM system for a microwave multicarrier transmission link [28]. 

These experiments became possible with the advent of extremely low noise, high linearity and high speed 

DFB lasers [29-31], and low noise and high speed detectors/receivers [32-34]. Since then, there have been 

continuing improvements in opto-electronics device performance for SCM systems particularly in the area 

of high linearity, high power, and low noise laser diodes (23-25, 35,36]. 

Following earlier experimental work, recent papers have appeared that consider system design issues, 

performance, and limitations of multichannel SCM video systems [9,10,13,23-25]. Of these, review 

articles by T.E. Darcie [9] and W.I. Way [10] give a general overview of the AM SCM video systems 

describing the system performance, requirements, and impairments. Lightwave AM SCM video 

transmission systems and distribution network design issues, from the perspective of CATV companies 

also appeared in the literature [13-17]. 
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14.2. Study of Practical AM SCM System Performance and Capacity 

Although there have been many papers analyzing the performance of AM SCM systems, it was not 

until 1989 that A. Saleh of AT&T Bell Laboratories identified the threshold nonlinearity of laser diodes as a 

fundamental limit on channel capacity. In this paper, the nonlinear distortion power due to the laser 

threshold characteristic is estimated, and the channel capacity is calculated based on the CNR degradation due 

to the nonlinear distortion power and photodetector shot noise. Although this contribution of identifying 

the laser threshold nonlinearity as the fundamental limiting factor of the channel capacity is generally 

accepted, there was skepticism that the numerical results were overly conservative. Supporting this 

skepticism, experimental results showing higher channel capacity were reported by M. Tanabe et al. [25]. 

Theoretical analysis showing Saleh's conservative estimate of the nonlinear distortion power has also been 

recently reported by Alameh and Minasian [38]. 

In addition to the conservative estimate of the nonlinear distortion, there appears to be yet another 

reason which leads to under-estimating the channel capacity. In order to calculate the channel capacity, 

Saleh considered the nonlinear distortion as a noise power which degrades the system noise performance. 

Alameh and Minasian [38] also continued to use the same approach for the channel capacity calculation. 

However, in normal CATV practice, the performance requirements are given separately for noise and 

nonlinear distortion. (The noise performance is specified by the carrier-to-noise ratio (CNR), and nonlinear 

distortion performance is specified by the Composite-Second-Order (CSO) and the Composite-Triple-Beat 

(CTB).) Thus, consideration of nonlinear distortion as noise which degrades the system CNR seems to be 

inappropriate. 
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Furthermore, channel capacity reported by Saleh [37] and Minasian and Alameh [38] are given in terms 

of the number of channels per milliwatt of the received optical power. As will be shown later, the number 

of channels per milliwatt of the received optical power is a valid measure of system capacity only when the 

photodetector shot noise is the dominant noise in the CNR analysis. When additional system noise is 

considered, namely the laser RIN and receiver thermal noise, the channel capacity is no longer linearly 

dependent on the received optical power. Thus, use of number of channels per milliwatt of the received 

optical power is an inappropriate parameter for describing the system capacity of a practical system. Thus, 

both the methodology and assumptions of prior theory do not adequately describe the capacity of "practical" 

CATV systems. 

1.4.3 Study of 1550 nm AM SCM Systems on 1300 nm Single-Mode Fiber Platform of 

Telecommunication Networks 

Although AM SCM systems are generally recognized to have limited power margins, recent successful 

development of erbium-doped fiber amplifiers (EDFA) have alleviated the power margin limitation by 

means of optical signal amplification [16,39-41]. However, in order to benefit from EDFA technology, 

AM SCM systems must operate with 1550 nm sources since the EDFA gain profile lies in the 1550 nm 

region. 1550 nm AM SCM systems can also potentially be used simultaneously to deliver both analog 

voice and video services when multiplexed together with 1300 nm using wavelength division multiplexing 

(WDM) in telecommunication networks. However, because most of the optical fibers in 

telecommunication networks are dispersion optimized for 1300 nm sources, 1550 nm AM SCM systems 

will suffer from increased fiber dispersion by operating away from the dispersion minimum. 

Correspondingly, the chirp of the laser diode and dispersion of the fiber together will produce additional 

nonlinear distortion further degrading the nonlinear distortion performance. 
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The phenomenon of dispersion-induced distortion due to laser chirp at 1550 nm operation was first 

observed by M. Shiegematsu and co-workers [42] from their experiments in 1990. Soon after this, M.R. 

Phillips et al. [43] presented an analytical method to predict the CSO and CTB using solutions to the wave- 

equation. E.E. Bergmann et al. [44] also reported an analytical method to interpret the CSO nonlinear 

distortion in their experiment. The results of experiments [43,44] indicate that the CSO could reach 

unacceptable levels even for a fiber length less than 10 km. Since presently envisioned telecommunication 

local distribution loops may approach 10 km, this imposes significant restriction in designing AM SCM 

systems ona standard 1300 nm single-mode fiber platform. 

The study of dispersion-induced distortion due to laser chirp is the subject of on-going research. The 

analytical method [43] reported by Phillips et al. requires numerical solution of the wave-equations and 

provides no insight into the nonlinear generation mechanism. The analysis reported by Bergmann et al. 

[44] does not appear sufficiently accurate to predict the behavior of nonlinear distortion for distances less 

than 5 Km. Accordingly, there is need for more research in this area for better understanding of the 

mechanisms causing nonlinear distortion and the resulting system capacity limitations. 

1.5. Research Objectives 

As discussed in the previous section, although extensive research efforts have improved the system 

performance and brought better understanding of system limitations and impairments, there are still many 

unresolved issues regarding the system performance limits and capacity. Based on a review and assessment 

of the current state of fiber optic AM SCM systems, the following major research objectives are 

established. 
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(1) Study of the nonlinear distortion resulting from the threshold nonlinearity of the laser 

diode and its impact on the system channel capacity, 

(2) Study of the nonlinear distortion produced by the combined effects of laser chirp and fiber 

dispersion and its impact on the maximum link distance of the 1550 nm AM SCM video 

systems, and 

(3) Study of fiber optic AM SCM video system performance and capacity. 

The first objective is to improve previously reported estimates of the nonlinear distortion and to present a 

proper method, based on conventional CATV measurement practice, for the calculation of channel capacity. 

It also includes the channel capacity comparison between theoretical shot noise limited and practical 

systems. The second objective is to study the nonlinear distortion causing mechanisms due to laser diode 

chirp and fiber dispersion, and to deduce the maximum subscriber loop distance for 1550 nm video services 

arising from this limitation. The third objective is to study practical fiber optic AM SCM system 

performance and capacity. It includes (1) system performance sensitivity analyses, (2) system capacity in 

terms of channel capacity and system power margins, (3) practical limit of the channel capacity, and (4) 

specific performance limitations associated with 1550 nm AM SCM systems when integrated into 

telecommunication networks. 

1.6 Organization of Dissertation 

The dissertation is organized in the following manner. First, in Chapter 1 a perspective of the 

telecommunication and CATV industry on video services, a review of the current status of multichannel 
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AM SCM video systems, a review of previous research in AM SCM systems, and research objectives are 

presented. In Chapter 2, the AM SCM lightwave system is described along with a discussion of system 

impairments, limitations, and typical performance requirements. The study of the nonlinear distortion 

produced by the threshold nonlinearity of the laser diode in multichannel AM-VSB video systems and its 

impact on system channel capacity is presented in Chapter 3. The study of the nonlinear distortion 

produced by the combined effects of laser chirp and the fiber-induced dispersion, and the maximum link 

distance limitation due to this effect is presented in Chapter 4. In Chapter 5, a comprehensive study of AM 

SCM system performance and capacity is presented. Finally, summary and conclusions are given in 

Chapter 6. A glossary of the technical terms (italicized when they appear for the first time) is provided for 

readers who are not generally familiar with the topic. A description of the BOSS simulation tool [45] used 

for the simulations is included in an appendix. 
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CHAPTER 2. 

LIGHTWAVE MULTICHANNEL AM SCM 

VIDEO SYSTEMS 

An overall description of lightwave multichannel AM SCM video systems is presented in this chapter. 

Prior to describing the lightwave AM SCM video system, a brief review of current CATV systems in terms 

of the CATV network architecture, channel frequency allocation, TV spectrum, performance parameters, 

and performance testing technique is presented. Basic lightwave AM SCM system configuration, system 

performance, impairments, and limitations are then discussed in that order. 

2.1 Review of CATV Systems 

CATV systems in the Unites States began in 1952 [6,7] to deliver off-the-air broadcast signals in areas 

where TV signal reception was inadequate with conventional TV antennas. For those areas, large 

community antennas were set up to share the received broadcast signals among many TV sets. Typical 

areas needing community antenna services were rural areas far away from TV broadcast antennas and 

metropolitan areas subject to multi-path reflections from large buildings. CATV was originally an 

acronym standing for Community Antenna TeleVision, but now has come to more broadly mean cable 

television. 
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By the end of 1960, nearly all areas of the United States that could benefit from CATV systems had 

been served. The next evolution in CATV networks took place in the mid-1970s when satellite delivery of 

TV programs became wide spread allowing viewing of TV programs other than locally generated ones. 

Thus, mini-networks such as Turner Broadcast Services (TBS) and FOX were started. These mini-networks 

offered not only a variety of programmed channels similar to the major broadcast networks (ABC, CBS, 

NBC, PBS) but also offered specialized channels such as news, sports, weather, shopping, etc.. Increases in 

the number of channels with added variety of programs attracted subscribers and resulted in a major 

expansion of CATV networks even into areas which did not require the traditional community antenna 

services. Today, CATV services are available to 80 percent of the U.S. households, and of that more than 

60 percent are active subscribers representing approximately 50 million households [46]. Accordingly, the 

term CATV came to mean more than just community antenna service; and nowadays is more often referred 

to as CAble TeleVision to distinguish it from over-the-air broadcasting. 

2.1.1 Current CATV Network Architecture 

The architecture of current CATV networks is basically a tree-and-branch type. As shown in Figure 

2.1, source signals, which include satellite received programs and locally generated programs, at the headend 

(central distribution site) are branched out to local distribution sites called hubs. The connection between 

the headend and hubs is referred to as supertrunking. At the hubs, the CATV signals are distributed to 

subscribers via trunk/bridge amplifiers and taps. Trunk/bridge amplifiers compensate for the distribution 

and propagation losses in coaxial cables. The taps provide power splitting functions from main coaxial 

cables to drop cables. The drop cables are then connected to the subscriber TV sets via service-access- 

control units. The service-access-control units are physical switches that provide control of the subscriber 

connection to the CATV network. 
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Current CATV networks are extremely cost effective in providing broadband multichannel CATV 

signals to subscribers. However, performance limitations of the RF components, mainly due to noise and 

distortion accumulation across the cascaded amplifiers, and signal reflections within the discrete components 

in the distribution sites, cause degradation in TV image quality. In addition, reliability of cascaded 

trunk/bridge amplifiers under the harsh field environment and the supply of electrical power to these 

components have resulted in relatively poor overall system reliability. At present, fiber optic supertrunking 

systems are at cost parity with their coaxial counterparts and are being extensively deployed in CATV 

networks [14,46]. At the same time, applications of optical fibers in CATV networks are now extending 

closer to the CATV feeder/distribution networks not only to further enhance TV signal quality and system 

reliability but also to prepare the network infrastructure for future switched broadband services. One of the 

popular approaches of optical fiber deployment in the feeder/distribution parts of CATV networks is the 

fiber-backbone technique proposed by American Television and Communications [14, 47]. In this 

technique, fiber is used from the headend to conversion nodes (see Figure 2.2), and the existing coaxial 

cable and amplifiers are then used from the conversion point to the feeders. This reuses the existing coaxial 

cable and amplifiers, but avoids the reliability and performance problems of a large number of amplifiers in 

tandem. 

2.1.2 TV Channel Spectrum and CATV Channel Frequency Allocation 

Coaxial cable systems can provide approximately 400 MHz of usable spectrum for typical lengths of 

1000 to 2000 ft [13]. Transmission of signals having a bandwidth greater than SOO MHz is generally 

impractical due to transmission loss and signal dispersion associated with the coaxial cable. Accordingly, 

for the 6 MHz bandwidth of NTSC AM-VSB TV channels, the number of channels that can be carried is 

limited to about 50-60 channels [48,49]. Figure 2.3.a shows the CATV frequency allocation plan for 52 
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channel CATV systems. Five "low-band" channels and seven "high-band" channels, corresponding to 

broadcast channels 2 — 6 and 7 — 13, are assigned within the 54 MHz — 88 MHz and 174 MHz — 216 MHz 

bands, respectively, to be compatible with conventional TV sets which are not equipped with CATV 

converters. The spectrum between 120 — 174 MHz (above the FM band), which is not used for 

broadcasting owing to intermodulation considerations, is used in coaxial systems to obtain an additional 

nine "mid-band” channels. The remaining 31 channels are allocated at spectrum above 216 MHz. 

The AM VSB TV channel spectrum is illustrated in Figure 2.3.b. showing the location of major 

frequency components, namely the video carrier, color subcarrier, and audio carrier. As can be seen in the 

figure, the video carrier is located 1.25 MHz above the low frequency cut-off of the channel. This provides 

a vestigial lower sideband which is necessary since sharp cut-off filters cannot be used with video signals. 

For example, for Channel 2 whose spectrum is assigned between 54 MHz and 60 MHz, the video carrier is 

located at 55.25 MHz. Within a TV spectrum, the video carrier is the most dominant frequency component, 

and performance testing of the CATV signal is carried out mainly using the video carrier only. More details 

on performance measurements are provided in the following section. 

2.1.3 CATV Signal Performance Parameters and Measurements 

Performance of multichannel AM-VSB CATV signals is specified by the noise and nonlinear distortion 

associated with the video carrier. The noise performance is specified by the carrier-to-noise ratio (CNR). 

The CNR is the ratio of the carrier power to the noise power within a 4 MHz video signal bandwidth. 

(Note that there is a difference between the 4 MHz effective video signal bandwidth and the 6 MHz physical 

channel bandwidth.) The nonlinear distortion performance is specified by the composite-second-order (CSO) 

and the composite-triple-beat (CTB) which are the intermodulation distortion products resulting from 

frequency beating of subcarriers. The CSO and CTB are the strongest accumulated sum of the second (A+B) 
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order and the third (A+B-C) order products within the 6 MHz channel bandwidth. The CSO and CTB are 

the most dominant distortion products in multichannel AM SCM systems. Although other types of 

nonlinear distortion exist such as cross-modulation distortion and harmonic distortion products, they are 

relatively small compared to the CSO and CTB and usually ignored in system performance measurements. 

In the standard CATV channel allocations, the CSO products fall 1.25 MHz above or below the video 

carriers because they are generated by sums and differences of two carriers whose frequencies are located at 

1.25 MHz above the integer multiples of 6 MHz. For 42 channel systems, there are more CSO products 

1.25 MHz below the video carrier than 1.25 MHz above due to the unequal distribution of the second-order 

intermodulation products within the CATV channel band. Therefore, CSO is measured at 1.25 MHz below 

the video carrier. Similarly, the third-order intermodulation products fall on the video carrier frequencies 

themselves, and therefore CTB is measured at the video carrier frequency with the video carrier of the desired 

channel turned off. CSO and CTB are measured relative to that of the carrier power level and specified in 

terms of dBc. 

Performance measurements of the composite CATV signal are conventionally done with unmodulated 

multiple carriers (24, 48, 49]. These unmodulated carrier based measurements give 3 dB, 6 dB, and 9 dB 

better results on the CNR, CSO, and CTB, respectively, as compared to the ones using live-video CATV 

signals. Requirements are specified in terms of unmodulated carriers since these measurements are simpler 

to make. 

2.1.4 CATV Signal Performance Requirements 

Present coaxial systems are designed to delivera CNR of about 45 dB to 48 dB, and a CTB and CSO 

of about -55 dBc to subscriber TV units. The requirements for supertrunking systems are about 10 dB more 
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stringent for both the CNR requirement and the CSO and CTB requirements. In this dissertation, the 

following performance requirements will be used: for trunking/feeder distribution systems, CNR=48 dB, 

CSO and CTB <-60 dBc; for supertrunking systems, CNR=55 dB, CSO<-65 dBc and CTB<-65 dBc. 

These requirements will then be used to evaluate the channel capacity and system power margins. These 

results will be shown to depend strongly on the specified requirements. 

2.2 Lightwave Multichannel AM SCM Video Systems 

As mentioned in Section 2.1, coaxial CATV systems are limited in terms of channel carrying capacity 

due to high signal loss in coaxial cables and noise and nonlinear distortion accumulation in supertrunking- 

repeater and trunk/bridge amplifiers. In comparison, fiber optic CATV systems can provide higher channel 

capacity and can be built without repeater amplifiers, thus, improving overall signal quality. In this 

section, basic fiber optic AM SCM CATV system configuration, impairments, performance, and 

limitations are discussed. 

2.2.1 Basic Lightwave Multichannel AM SCM Video System Configuration 

A basic configuration of fiber optic multichannel AM SCM systems is shown in Figure 2.4. In these 

systems, a number of baseband AM-VSB TV signals are first frequency division multiplexed using local 

oscillators of different frequencies (subcarriers). This combined VHF signal is then used to intensity 

modulate the laser diode. (For this reason, SCM systems are also known as frequency-division-multiplexed 

intensity-modulated (FDM-IM) systems.) The generated light output of the laser diode is carried by single- 

mode optical fibers. At the receiving end of the fiber link, a high speed photodetector generates a photo- 

current proportional to the received light intensity. This photo-current contains the sum of all the 
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transmitted subcarrier channels. From these, the desired TV channel signal is extracted by tuning a local 

oscillator to the desired channel and down-converting the VHF signal to the original baseband amplitude 

modulated signal. In this respect, each receiver in SCM systems need have only the bandwidth of the 

desired channel. This permits use of low bandwidth electronic receivers as compared to the high bandwidth 

electronic receivers in digital systems. This also means the AM SCM technique is currently the most cost 

effective fiber optic multichannel CATV systems due to use of existing CATV electronics. 

2.2.2 AM SCM System Impairments 

Many factors may degrade the noise and nonlinear distortion performance of multichannel lightwave 

AM SCM systems [9,24]. Of these, the noise performance is affected by; (1) phase-to-intensity converted 

noise due to optical reflections generated from discontinuities in the fiber link [10,50, 51], (2) intrinsic 

relative intensity noise (RIN) of laser diodes [9,52], (3) thermal noise of the receivers [9,10], and (4) shot 

noise of the photodetectors. In practical systems, the phase-to-intensity converted noise from optical 

reflections can be sufficiently suppressed using optical isolators, low return loss connectors, or fusion 

splices. On the other hand, the intrinsic RIN of laser diodes and thermal noise of receivers cannot be 

reduced beyond a certain level. Therefore, in studying the noise performance of the system, laser diode RIN 

and receiver thermal noise should be considered together with photodetector shot noise. 

The nonlinear distortion performance is generally affected by: (1) intrinsic nonlinearity from laser 

diodes [53-57], (2) the threshold nonlinearity of laser diode [25,35,37,38], (3) the nonlinear response of 

photodiodes [10], and (4) the nonlinear distortion produced by the laser diode chirp and fiber dispersion [42- 

44]. Of these, with current device technology the intrinsic nonlinear distortion of a laser diode is 

sufficiently low such that it is not a performance limiting factor. Current laser diodes exhibits CSO and 

CTB of about -65 dBc to -70 dBc under typical multichannel CATV signal modulation, and ideal device 
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performance studies indicate that CSO and CTB distortion levels lower than -70 dBc [55, 57] can be 

obtained. The nonlinear distortion contribution from the photodetector is relatively small compared to that 

produced by other terms [10]. The nonlinear distortion produced by laser diode chirp and fiber dispersion can 

be reduced to a negligible level by minimizing the dispersion of the fiber or minimizing the laser chirp. 

The nonlinear distortion produced by signal clipping due to threshold nonlinearity of the laser diode can be 

avoided by not over-modulating the laser diode with the composite AM SCM signal. However, because 

the intrinsic nonlinearity of laser diodes is sufficiently low, the laser diode is over-modulated to a certain 

extent to get higher CNR, higher channel capacity, and higher power margins in typical systems. Detailed 

study of the nonlinear distortion produced by the over-modulation of laser diodes and the nonlinear distortion 

performance limitation due to this effect are presented in Chapter 3. 

2.2.3 AM SCM System Noise and Nonlinear Distortion Performance and Limitations 

As stated in the Section 2.2.2, for the practical AM SCM system noise performance analysis, laser 

diode RIN, receiver thermal noise, and photodetector shot noise are included in the CNR equation. Eq. (2.1) 

represents the CNR of a given channel. 

Ln 2K2P2 
CNR = 2 2.1 

2p2 2 (2.1) 
RINSR“P GB + 2gRPorB + <ijj,>B 

  

where X is the photodiode responsivity, Po is the average received optical power, B is the effective noise 

bandwidth (4 MHz for a video channel), q is the electron charge, and <ith2> is the receiver thermal noise 

spectral density. (Each of the terms in Eq. (2.1) has the unit of current squared.) The first term in the 

denominator represents the RIN contribution, the second term represents the shot noise contribution, and 

the third term represents the receiver thermal noise contribution. By preventing optical reflections into the 
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laser diode cavity using high performance isolators and fusion splicing, the RIN contribution to the CNR 

can be limited to intrinsic RIN of laser diodes. 

To compare the CNR performance prediction based on Eq. (2.1) with that of the actual system CNR, 

the system CNR was measured. The experimental setup is as indicated in the block diagram in Figure 2.5. 

A forty-two TV channel Matrix Signal Generator (MSG) is used as the multiple carrier signal source. The 

per-channel modulation index m=0.054 is used. Its composite SCM output is used to intensity modulate a 

highly linear InGaAsP 1550 nm Fujitsu DFB laser transmitter with a -50 dB isolator built into its package. 

The transmitter is connected to an InGaAsP pin-FET receiver module from ORTEL (Model 2610B) via 5 

meters of 1310 nm dispersion-minimized single-mode optical fiber. The laser diode exhibits a RIN of -155 

dB/Hz when measured at a bias current of 30 mA. The ORTEL pin-FET receiver module has a responsivity 

of 0.93 A/W and a thermal noise current density of 7 pA/VHz. 

The experimentally measured CNR with respect to various received optical power levels is plotted in 

Fig. 2.6 along with that calculated from Eq.(2.1). Also plotted separately in Figure 2.6 are the individual 

noise contributions of the laser diode RIN, the photodetector shot noise, and the receiver thermal noise. 

As can be seen in Figure 2.6, in general there is close agreement between the measured and the calculated 

CNR indicating that Eq. (2.1) can indeed predict the CNR performance of the system. The CNR difference 

for low received optical power levels may be attributable to measurement errors and discrepancy between the 

actual receiver thermal noise and that provided by the device specification. Comparisons of the system 

CNR with noise contributions from the individual RIN, shot noise, and thermal noise illustrate that there 

are three noise limited regimes for different received optical power levels; (1) a RIN noise limited region, 

which limits the maximum attainable CNR at high received optical power levels; (2) a thermal noise 

limited region, which limits the maximum attainable CNR at low received optical power levels; and (3) a 

shot noise limited region, which limits the maximum attainable CNR at intermediate power levels. 
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Its was mentioned earlier that the nonlinear distortion performance of the system is mainly dictated by 

the nonlinear distortion performance of the laser diode. Accordingly, the linearity of the laser diode is 

checked by measuring the CSO at Channel 2 using the same experimental setup shown in Figure 2.5. 

(Channel 2 typically exhibits the worst CSO performance over all channels. Also, the CSO of Channel 2 

is always higher than the CTB of any other channel. Thus, the CSO measurement at Channel 2 represents 

the worst nonlinear distortion in our system.) Figure 2.7 shows the CSO measurement results as a 

function of the laser diode bias current. As can be seen in the figure, the optimum linearity is obtained for 

a bias current of approximately 30 mA. At high bias current, the increase in the CSO is due to the gain 

compression (saturation) phenomenon. At low bias current, the increase in the CSO is attributed to the 

additional CSO produced by the signal clipping due to the threshold nonlinearity of laser diode. 

2.3. Summary and Discussion 

In this chapter, review of coaxial CATV systems and fiber optic AM SCM CATV system is presented. 

In particular, basic noise and nonlinear distortion performance of the multichannel fiber optic AM SCM 

system is described in detail to illustrate the basic limitations of the system. These performance limitations 

will impose limitations in overall system capacity given in terms of channel carrying capacity and system 

power margins. The remainder of this dissertation will present a detailed study of how these limitations 

influence the overall system capacity. Specifically, the channel capacity limitation due to the threshold 

nonlinearity of laser diode is studied in Chapter 3. The nonlinear distortion produced by the laser diode 

chirp and fiber dispersion and system limitation due to this effect are discussed in Chapter 4. This study of 

nonlinear distortion produced by the laser diode chirp and fiber dispersion bears particular importance in 

understanding 1550 nm EDFA amplified multichannel AM SCM video system performance limitations 
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when the system is being incorporated into the standard 1310 nm single-mode fiber platform of the 

telecommunication network. In Chapter 5, a comprehensive study of overall AM SCM system 

performance and capacity and their limits are described. 
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CHAPTER 3. 

THRESHOLD NONLINEARITY OF LASER 

DIODES AND CHANNEL CAPACITY 

LIMITATION DUE TO THIS EFFECT 

In multichannel AM SCM systems, the nonlinear distortion performance is basically limited by the 

nonlinear distortion from laser diodes. However, because laser diodes are available with intrinsic nonlinear 

distortion that exceed system requirements, typical systems are designed to operate where nonlinear 

distortion performance is limited by over-modulation of laser diodes to obtain higher system power margins 

or channel capacity. When laser diodes are over-modulated, their threshold characteristic generates nonlinear 

distortion due to clipping of the intensity modulated signal when the modulating current falls below the 

threshold current. (Owing to the near Gaussian distribution of a multichannel CATV signal, some over- 

modulation always exists.) This signal clipping induced nonlinear distortion is generally higher than that 

produced by the intrinsic device nonlinearities, and, as the rms modulation index increases, it quickly 

becomes the dominant nonlinear distortion producing mechanism in the system. The threshold nonlinearity 

is a device independent characteristic and fundamentally limits the nonlinear distortion performance of the 

system. In this chapter, we describe how the nonlinear threshold characteristic degrades the nonlinear 

distortion performance and thus how it eventually limits the system channel capacity. 
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3.1 Motivation and Approach 

In a multichannel AM SCM system, when the number of channels or the per-channel modulation is 

increased beyond a certain level, the modulating current may fall below the laser threshold, due to the 

negative tail of the near Gaussian distribution of the amplitude of the composite multichannel signal. This 

results in the negative-peak-clipping of the intensity modulated laser output, as shown in Figure 3.1. In 

1989, A. Saleh of AT&T Bell Laboratories was the first to identify that this threshold nonlinearity of the 

laser diode is the fundamental factor which limits the channel capacity of fiber optic multichannel AM 

SCM video systems [37]. Saleh then calculated the signal clipping induced nonlinear distortion power 

(NLD) and the corresponding channel capacity of AM SCM systems by considering the NLD as noise 

which degrades the system CNR. In calculating the NLD, Saleh assumed that all of the clipped portion of 

the signal comes back into the signal bandwidth as NLD and is distributed uniformly over the channels. 

Also, in calculating the channel capacity, he considered a theoretical CNR performance limit imposed by 

the NLD and photodetector shot noise. His calculation, for example, gave a maximum of 50 channels that 

could be accommodated with a CNR requirement of 55 dB. However, although Saleh's contribution in 

identifying the laser threshold characteristic as the fundamental channel capacity limiting factor is generally 

recognized, there was skepticism that his NLD estimates and consequently his channel capacity estimates 

were too conservative. Supporting this skepticism, 80 channel AM SCM experiments by Tanabe et al. 

[25] demonstrated higher channel capacity than Saleh's limit, and the NLD calculation by Alameh and 

Minasian [38] also indicated that Saleh's estimate of the NLD may be overly conservative. Alameh and 

Minasian calculated the spectrum of the clipped signal using a transform method and showed that not all of 

the clipped portion of the signal falls within the CATV channel bandwidth as NLD. 
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Alameh and Minasian [38] provided an estimate of the channel capacity based on their calculation of 

NLD. In this calculation, they also considered the NLD as noise as did Saleh. However, according to 

conventional CATV performance specifications, as mentioned in Chapter 2, the nonlinear distortion 

performance (CSO and CTB) requirements are separate from the noise (CNR) performance requirement. 

Therefore, a more appropriate approach to determine the channel capacity should be based on the specified 

CNR, CSO and CTB performance requirements. In addition, for practical systems, rather than theoretical 

systems, laser diode RIN and receiver thermal noise cannot be ignored and must be included in the CNR 

analysis in addition to photodetector shot noise. 

On the basis of the discussion given above, research needs in the following areas have been identified: 

(1) study of nonlinear distortion produced by the laser threshold nonlinearity to further verify that Saleh's 

NLD is indeed overly conservative, (2) study of channel capacity limitation based on separate noise (CNR) 

and nonlinear distortion (CSO and CTB) performance, and (3) comparative study of the channel capacity of 

theoretical systems, considering only photodetector shot noise, with practical systems considering laser RIN 

and receiver thermal noise in addition to the photodetector shot noise. 

The nonlinear distortion produced by the laser threshold nonlinearity is investigated using simulation 

and experiments. The NLD obtained from the simulation of signal-clipping due to the laser threshold 

nonlinearity is compared with that obtained from our experiments and previously published results. The 

laser threshold limited channel capacity is then determined based on the experimentally measured CSO and 

CTB results and the CNR performance analysis, considering both practical and shot noise limited theoretical 

systems. Also presented is a methodology of channel capacity calculation based on conventional CATV 

performance measurement practice. 

Chapter 3: Threshold Nonlinearity of Laser Diodes and Channel 

Capacity Limitation Due to This Effect 32



3.2 Simulation of Laser Threshold Nonlinear Distortion 

In this section, the NLD produced by the laser threshold nonlinearity is determined from simulation and 

compared with previously reported ones. Modeling of the composite multichannel CATV signal, threshold 

characteristics of laser diodes, description of the simulation, and NLD measurement results are presented in 

that order. The simulation is carried out using the Block Oriented System Simulator™ (BOSS) [45] which 

is a time-domain simulation tool which allows one to "build" and test systems on the basis of user- 

specified functional blocks. Details of BOSS are presented in the Appendix. 

3.2.1 Composite Multichannel CATV Signal Model 

The composite multichannel signal current I(t) which modulates the laser diode in an AM SCM system 

can be represented as 

N 
I()= Ibias[ 1+ Y mj cos ( wjt + 0; )] 

i=] (3.1) 

where Ipjgs is the bias current, N is the number of video carriers (TV channels), mj, ®j, and oj are the per- 

channel modulation index, angular video carrier frequency, and phase of channel i, respectively. In the 

following, we assume a constant per-channel modulation index, viz., mj;=m. For random phases and with 

N larger than 10, I(t) can be modeled as a Gaussian random process with a mean value of Ipjgs and a 

variance of o =Ipias¢Nm2/2 [58]. When this I(t) is used to intensity modulate the laser diode, as shown in 

Figure 3.1, the generated optical signal P(t) has an average power of Py and variance of Sopt?=Po*Nm?/2. 

We can then define an rms optical modulation index of the optical signal as 
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u=V Sopi/P3 = YNm222 (32) 
0 

which represents the ratio of the rms level of the composite multichannel signal with respect to the mean 

power level and is the parameter that determines the nonlinear distortion. 

A BOSS functional block called Video Channel Generator (VCG), which generates 42 channel 

composite signal, is created to generate the composite multichannel signal. The VCG produces 

unmodulated tones for 5 “low-band" channels (Channels 2 to 6, from 55.25 MHz to 83.25 MHz), 9 "mid- 

band" channels (Channels A to I, from 121.25 MHz to 169.25 MHz), 7 “high-band” channels (Channels 7 

to 13, from 175.25 MHz to 211.25 MHz), and 21 "super-band” channels (Channels J to GG, from 216.25 

MHz to 337.25 MHz) according to the U.S. CATV channel frequency allocation as shown in Figure 2.3.a. 

Figure 3.2 shows the spectrum of 42 channel composite signal generated by the VCG. 

3.2.2 Description of Simulation 

For the NLD simulation measurements, a noise-loading technique is used [59]. The noise-loading 

technique is a method of measuring the distortion signals. First, a particular frequency band of interest, 

where the NLD is to be measured, is notch-filtered out from an input signal. This is then passed through 

the distortion generating component, and the NLD falling into the notched-out frequency band is measured 

at the output. (In our simulation, since a multichannel composite signal is used as input instead of wide- 

band noise, the term channel-loading technique seems more appropriate.) In our simulation, the distortion 

generating component is the laser diode with the threshold characteristic. 
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Figure 3.3 gives the block diagram of the simulation system for the NLD determination. First, the 

desired channel, at which the NLD is to be measured, is notched-out from the composite multichannel 

signal of the VCG using the notch-filter. The notch filter is an IIR filter with a6 MHz bandwidth that may 

be centered at any of the channels. The notched-out signal is then fed into the laser diode which is modeled 

by an ideal linear characteristic above a threshold current Ith as shown in Figure 3.1. By appropriately 

lowering the Ipigas level of the VCG signal, the signal clipping can be gradually introduced. The NLD 

falling in the notched-out frequency band is then determined from the spectrum display. A raised-cosine 

window is applied at the output of the laser diode prior to the calculation of the frequency spectrum to avoid 

spurious responses. The measurement of nonlinear distortion (NLD) is obtained by calculating the total 

power of NLD components (including CSO and CTB) falling within the 4 MHz video bandwidth. 

Simulations are performed by successively notching out each channel for various levels of signal 

clipping, determining the distortion products that fall within that channel, and normalizing by the channel 

signal (corresponding to the unmodulated video carrier) power. The NLD is obtained by averaging 45 

measurements using different input data sequences (different sets of random phases for each carrier) and 

evaluated at different time intervals. Each input data sequence consists of 215 samples at 1 ns intervals. 

This gives an effective frequency resolution of 30 kHz which is the IEEE recommended resolution 

bandwidth of the spectrum analyzer for the measurement of CATV nonlinear distortion [60]. An example 

of the spectrum of the clipped-signal for 4=0.35 is shown in the Figure 3.4. In Figure 3.5, the NLD across 

the 42 channel signal band is shown for an 8.5 percent modulation index per channel, which corresponds to 

p=0.389. As can be in this figure, the NLD is nearly uniform across the channels. 
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3.2.3 NLD Simulation Results 

In Figure 3.6, the C/NLD for Channel 11 is shown as a function of rms modulation index p, and 

compared with the results calculated by Saleh [37] and Alameh and Minasian [38]. It is seen that the 

simulation gives at least 10 dB better C/NLD than is obtained with Saleh's estimate [37] and is generally 

consistent with Alameh and Minasian's calculation [38]. The difference with Saleh’s results may be 

attributed to the fact that a significant portion of the NLD resides outside of the signal band, contrary to 

Saleh's original assumption. Furthermore, the CSO and CTB calculation by A. Angenent [61] also 

indicates that the total NLD, which mainly consists of the CSO and CTB, within a video channel 

bandwidth is much less than Saleh's prediction, thus, supporting our simulation results. Apparently, Saleh 

attempted to improve his NLD estimates [9] by including a higher order expansion term and considering 

that only half of the clipped-signal energy falls within band. (The basis of this modification does not 

appear to have been published.) Nevertheless, as can be seen from Figure 3.6, there are still substanual 

differences for small values of u although the difference in C/NLD obtained from the simulation and the 

modified expression is reduced, particularly for large values of pL. 

3.3. Measurement of Laser Threshold Nonlinear Distortion 

Objectives of the nonlinear distortion experiments are (1) to measure the spectral distribution of NLD 

to show that a significant portion of the nonlinear distortion resides outside the signal bandwidth, (2) to 

measure the composite-second-order (CSO) and the composite-triple-beat (CTB) due to the laser threshold 

characteristic, and (3) to show that the effect of the NLD on the CNR degradation is negligible for the range 

of ut of interest. The CSO and CTB measurements along with other nonlinear distortion products will also 
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allow assessment of the NLD power within a 4 MHz video bandwidth and enable us to compare with 

simulation and previously reported results. 

3.3.1 Experimental Setup and Procedure 

For the measurement of the NLD due to laser diode threshold nonlinearity, the same experimental set- 

up shown in Figure 2.5 is used. The output of a highly linear InGaAsP 1550 nm Fujitsu DFB laser diode 

is connected by a short fiber pigtail to an ORTEL (model 2610B) pin photodiode module. The laser diode 

has intrinsic CSO and CTB that are lower than -65 dBc, when measured with 42 channels and with per- 

channel modulation index of 0.05, and has a RIN lower than -155 dB/Hz, when measured with a bias current 

of 30 mA. The photodiode module has a responsivity of 0.93 A/W and a thermal noise current density of 

7 pA/VHz. The matrix generator (MG) Model SX-16 from Matrix Test Equipment, Inc., produces a 

composite 42 carrier CATV multichannel signal that is used to intensity modulate the laser diode. A 

Motorola MHW6182 CATV amplifier is used to obtain additional signal gain at the output of the 

photodiode module. The amplified signal is then connected either to the HP 8154 spectrum analyzer to 

observe the NLD spectrum or to the matrix signal analyzer (MSA) Model R-75 from Matrix Test 

Equipment, Inc., to make CSO and CTB measurements. The MSA is a composite multi-channel! signal 

analyzer and is used to make the calibrated measurements of CSO, CTB, and CNR. 

The NLD measurement is performed by setting the bias current at a fixed value and varying the 

modulation index per channel m, thus, effectively varying the rms optical modulation index p=mv(N/2), 

where N is the number of channels. The bias current is set at 30 mA, at which the lowest intrinsic CSO 

and CTB is obtained. When ut exceeds a certain level, the modulation current may fall below the laser 

threshold, which results in the clipping of the negative-peaks of the intensity modulated signal, thereby 

producing the NLD. The NLD is measured over a range of pt from 0.2, for which there is essentially no 

Chapter 3: Threshold Nonlinearity of Laser Diodes and Channel 

Capacity Limitation Due to This Effect 37



clipping induced NLD, to y=0.5, for which there is significant clipping induced NLD. For all cases, the 

NLD of Channel 2 (center frequency of 55.25 MHz) was measured. (The NLD of Channel 2 is generally 

the poorest of all channels, and the variation in NLD across the channels is within a few decibels.) The 

NLD is obtained by measuring the peak power of all of NLD products within the 4 MHz video bandwidth, 

and then summing all of the distortion products. It is found that the clipped NLD is essentially uniformly 

distributed across the channel band, which is in agreement with our simulation results. 

3.3.2 NLD Measurement Results 

The measured NLD are plotted in Figure 3.7 along with the NLD obtained by our simulations. Also 

plotted in Figure 3.7 are the results of the Alameh and Minasian [38], and Saleh [9,37] analyses. The 

flattening of the experimental results, when u<0.29, is a result of intrinsic device dependent nonlinearities 

resulting in a minimum level of NLD. As can be seen in Figure 3.7, as the rms modulation index wp 1s 

increased, the output of the intensity modulated signal begins to produce additional NLD, and it quickly 

dominates over the intrinsic NLD for u>0.29. 

Experimental, simulation, and Alameh and Minasian’s [38] results, in Figure 3.7, are also shown to be 

in close agreement and are significantly better than Saleh's estimates [9,37]. In fact, the comparison even 

with the modified NLD estimate [9] shows that there is approximately a 10 dB difference for u<0.3, which 

is the low nonlinear distortion region of interest. As mentioned previously, this difference is attributed to 

Saleh's assumption that all of the clipped portion of the signal comes back as distortion. The measurement 

of a clipped signal spectrum at t=0.27 shown in Figure 3.8.a illustrates that a major portion of the NLD 

resides as out-of-signal band components. The shape of the NLD spectrum shown in Figure 3.8.a is also 

consistent with the shape of the calculated spectrum of Alameh and Minasian [38], thus, further verifying 

that Saleh's assumption leads to an over estimate of NLD. 
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3.3.3 CSO and CTB Measurement Results 

In the above comparison, all nonlinear distortion products were treated as noise to allow a comparison 

among the simulation, prior analyses, and measurements. However, as noted previously, conventional 

CATV signal nonlinear distortion performance is specified in terms of CSO and CTB requirements. 

Looking into the nonlinear distortion within the 4 MHz video channel bandwidth of Channel 2, shown in 

Figure 3.8.b, indicates that nonlinear distortion appears as discrete products and not as wide-band noise. 

Therefore, it is more appropriate to consider how the nonlinear distortion produced by the laser threshold 

characteristic degrades the overall CSO and CTB performance of the system, rather than by treating it as 

noise. 

Figure 3.9 shows the measured CSO and CTB of Channel 2 and Channel 11. To measure the CSO and 

CTB degradation due to signal clipping, the modulation index per channcl m is initially set to a small value 

such that the resulting total current level does not fall below the laser threshold. (The total current is the 

sum of a zero-mean signal current plus a constant bias current.) Then, the modulation index per channel m 

is gradually increased by increasing the signal current, thereby increasing 1 and causing signal clipping. 

As can be seen in Figure 3.9, as the rms modulation index is increased, the output of the intensity 

modulated signal begins to produce additional CSO and CTB owing to signal clipping, and they quickly 

dominate over the intrinsic CSO and CTB for 2>0.29. Comparison of the measured CSO and CTB due to 

signal clipping with that of the calculated values reported by Angenent [61] shows good agreement. Also 

included in the figure is the measured CNR for Channel 2. From this we can see that the CNR continues 

to increase although the clipped-signal induced nonlinear distortion degrades the CSO and CTB. This 

shows that the noise contribution from the nonlinear distortion is not significant, at least for the range 
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that is of interest, namely =0.3. This verifies that considering the NLD as a noise degrading factor is 

indeed inappropriate. 

3.4. Lightwave multichannel AM SCM video channel capacity 

In this section, the channel capacity of multichannel AM SCM systems is studied based on the separate 

noise (CNR) and nonlinear distortion (CSO, and CTB) performance requirements. Also presented is a 

comparative study of the channel capacity of photodetector shot noise limited theoretical systems and 

practical systems which include additional laser RIN and receiver thermal noise. 

3.4.1 Channel Capacity Calculations 

In prior papers by Saleh [37] and Alameh and Minasian [38], channel capacity was calculated by 

assuming that the CNR is degraded equally by the shot noise ShN and NLD ,1.e., CNR = C/(SRN+NLD). 

However, as discussed in the previous section, in actual systems the NLD appears as discrete 

intermodulation products, and thus it is more reasonable to consider whether the clipped composite signal 

meet the CSO and CTB requirements. Therefore, our approach is first to determine the maximum i which 

satisfies a given CSO and CTB requirement, and then use that 1 to calculate the corresponding number of 

channels at a specified CNR. Combining the CNR Eq. (2.1) with the p=mvV(N/2) the following equation 

for channel capacity N is obtained, 

2p? 
N = RPO U2 (3.3) 

CNR (RIN-B+®2P23 + 2q-B-RPo + <ig,>*B) 
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where & is the responsivity of the photodetector, Po is the optical power at the photodetector, RIN is the 

laser relative intensity noise, B is the 4 MHz video bandwidth, q is the electron charge, and <ith?> is the 

receiver thermal noise spectral density. 

In Figure 3.10, the number of channels N are plotted versus the rms modulation index ut for CNR of 

55 dB and Po of 0 dBm. The values of RIN= -155 dB/Hz and V<ith2>= 7 pA/VHz are used here as 

representative of the performance achievable with a good device technology. Also plotted on the same 

figure are the experimentally measured CSO and CTB at Channel 2 to indicate increases in the CSO and 

CTB as clipping increases. (The CSO at Channel 2 is generally the worst CSO/CTB over all the 

channels.) The channel capacity can be obtained from Figure 3.10 in the following manner. First 

determine pt corresponding to given system CSO and CTB requirements from the right ordinate. Then for 

that value of 2 read out the number of channels from the left ordinate of the graph. For example, with 

CSO and CTB requirements of -60 dBc, the corresponding p is = 0.31. At this Lt, the channel capacity is 

about 115. This is higher than previous reported values [37, 38]. The main reason for this difference is due 

to not considering the NLD as a CNR degradation mechanism in our analysis. 

The calculation of the channel capacity in this section is based on the CSO and CTB performance 

obtained from experiments using 42 channels. This assumes that the CSO and CTB are not significantly 

affected when the number of channels is increased. This is supported by observations made from our 

experiments and simulations and prior theory [10]. Also, it may be noted from Figure 3.10, the value of p, 

and consequently the maximum number of channels, are not sensitive to small variations in the CSO and 

CTB levels. 
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3.4.2 Channel Capacity of Theoretical and Practical Systems 

It is important to note that the number of channels depends on the received optical power, and this 

dependence is not linear when the laser diode RIN and receiver thermal noise are included in the analysis. 

As seen from Eq. (3.3), only when photodetector shot noise is dominant is the number of channels linear 

with the received optical power. Therefore, it is not generally valid to extrapolate shot noise limited results 

to lower receiver power levels. To illustrate this nonlinear dependence, the channel capacity is calculated as 

a function of received power and plotted in Figure 3.11 with CNR requirements of SO and 55 dB for both 

fundamental and practical limits. The fundamental limit case corresponds to the shot noise limit, and the 

practical limit corresponds to the performance limit imposed by the laser RIN and the receiver thermal noise 

in addition to the shot noise. A linear power scale is used for the abscissa to show the nonlinear functional 

relationship when the laser RIN and the receiver thermal noise are included. In these plots, we have again 

used RIN=-155 dB/Hz, V<ith2>=7 pA/VHz, corresponding to good device technology, and 1=0.31, which is 

the maximum value consistent with CSO and CTB requirements of -60 dBc. As can be seen from the 

curves in Figure 3.11, only in the fundamental limit is the channel capacity linearly dependent on Po. In 

the practical limit, the channel capacity shows a nonlinear dependence on Po. Thus, in practice, both the 

received power and the desired CNR must be specified to determined the capacity. Furthermore, it is not 

generally appropriate to express the channel capacity in terms of the number of channels per milliwatt of 

received power. Also shown in Figure 3.11 is the channel capacity for CNR requirements of 50 and 55 dB. 

The comparison of the two shows that the channel capacity is extremcly sensitive to the CNR requirement. 

3.5 Summary 

Simulation and experimental measurements of the NLD due to over-modulation of laser diodes in 

multichannel AM-VSB system are presented. The experimentally measured NLD are lower than previous 
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estimates but consistent with more recent results. Using the CSO and CTB measurements, the practical 

channel capacity is calculated on the basis of conventional CATV signal performance requirements and is 

shown to be higher than previously reported ones. It is also shown that when laser diode RIN and receiver 

thermal noise are included in the analysis of channel capacity, the relationship between the number of 

channels and the received optical power is not simply linear, and thus the channel capacity must be specified 

with the received optical power level. More details on the relationship between channel capacity and 

received optical power are presented in Chapter 5 where overall system capacity of fiber optic AM SCM 

systems is discussed. 
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Figure 3.1 Intensity clipped signal due to the laser diode threshold nonlinear characterisitic. 
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Figure 3.2 Spectrum of the 42 channel composite CATV simulation signal according to 
the U.S. CATV channel allocation. Channel 10 is notched-out to make the 
nonlinear distortion measurement. 
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Figure 3.3. Block diagram representation of the noise-loading simulation system for the 
clipped-signal NLD determination. 
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Figure 3.4 Spectrum of the clipped 42 channel composite CATV simulation signal for 

yw=0.35. 
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Figure 3.5 NLD across the 42 channel band with modulation index per channel of 8.5 %. 
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Figure 3.6 Comparison of the simulation results with prior approximations. 
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Figure 3.7 Comparison of the NLD results from experiments with prior theory and simulations. 
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Figure 3.8.b Experimentally measured clipped-signal nonlinear distortion products at Channel 2 (carrier 
frequency at 55.25 MHz) showing the CSO (at 1.25 MHz below the carrier) and CTB (at 
the video carrier) with respect to the video carrier (shown with dotted line). 
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CHAPTER 4, 

NONLINEAR DISTORTION DUE TO LASER DIODE 

CHIRP AND OPTICAL FIBER DISPERSION 

In a proposed Fiber-In-The-Loop (FITL) architecture of the telecommunication network [62, 63], 1550 

nm multichannel AM SCM video distribution systems are to be wavelength division multiplexed (WDM) 

with the 1310 nm telephone systems to provide near term fiber optic delivery of voice and multichannel 

video services. With recent advances in erbium-doped fiber amplifiers (EDFAs), whose gain spectrum lies 

in the 1550 nm region, AM SCM systems now have sufficient power margins [39-41] to deliver video 

signals to many subscribers in the local distribution plant. However, because presently deployed optical 

fibers in the telecommunication networks are standard 1310 nm dispersion minimized single-mode fibers, 

1550 nm systems will suffer from the increased fiber dispersion caused by operating away from the 

minimum dispersion wavelength. This added fiber dispersion and laser diode frequency chirp produces a 

second order type nonlinear distortion which degrades the CSO performance of 1550 nm systems. In this 

chapter, the mechanisms which produce this second order type nonlinear distortion are described and 

evaluated. The effects of this distortion on the overall system performance are studied using theoretical 

analysis, simulation, and experiment. 
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4.1 Motivation and Approach 

The CSO degradation due to fiber dispersion and laser diode chirp in multichannel AM SCM systems 

was first reported in 1990 by M. Shiegematsu and co-workers [42] for their 1550 nm optically amplified 

systems with EDFAs using 1310 nm single-mode fibers. Following this, M.R. Phillips et al. [43] and 

E.E. Bergmann et al. [44] reported analytical methods to predict the CSO and CTB degradation. The 

analytical method presented by Phillips et al. [43] relies on numerical solution of the wave-equations. The 

analysis reported by Bergmann et al. [44] is based on the harmonic analysis from a series expansion of the 

fiber dispersion and laser phase nonlinearities. These results [42-44] indicate that the CSO distortion could 

reach -45 dBc with a nominal fiber dispersion of 17 ps/Km/nm at a fiber Iength of 10 Km for typical DFB 

lasers. This is above the -50 dBc minimum CSO requirement of AM SCM systems. Since some local 

distribution loops could approach 10 Km, the CSO degradation by laser chirp and fiber dispersion will 

significantly restrict the maximum link distance of the system. 

Although the results of M. Phillips [42] and E. Bergmann [43] agree reasonably well with 

experimental measurements, neither analysis explains details of the nonlinear distortion generation 

mechanism. There had been earlier theoretical analysis of the fiber dispersion induced distortion due to the 

laser chirp, but these efforts were limited to single frequency analysis. In 1984, G. Meslener [64] studied 

the signal distortion due to the harmonics generated by using Fourier series expansions to numerically 

evaluate the signal distortion. In 1985, F. Koyoma and Y. Suematsu [65] analyzed the same effect using 

the first order exponential expansion and gave an analytic expression for the distortion of the intensity 

modulated signal. However, both of these results (64, 65] are based on a single frequency analysis, and thus 

no intermodulation distortion can be explained. More recently, C. Ih and Y. Gu [66] studied the 

intermodulation distortion based on a common frequency concept and Fourier series expansion, but only 
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numerical results are reported. Therefore, an analytic expression of the intermodulation distortion is highly 

desired for better understanding of the CSO degradation in multichannel systems. 

In this chapter, we derive an analytic expression which describes the intermodulation distortion due to 

fiber dispersion and laser chirp. For this purpose, a model for laser diode chirp under the typical modulation 

frequency of a CATV signal is first derived. Based on this model, a small-signal two-tone analysis is 

carried out to derive an analytic expression for the distortion. A two-tone simulation is performed to check 

the results of the analysis. Experiments and simulation are used to extend the results to the multichannel 

case to evaluate the CSO degradation in AM SCM video systems. Maximum link distance limitations for 

local loop distribution due to the CSO degradation is presented. 

4.2 Laser Diode Chirp Model 

When laser diodes are intensity modulated by varying the modulation current, the optical frequency of 

the output is also changed. This accompanying frequency variation is referred as frequency-chirping (or 

simply chirp). This is caused by the modulation induced refractive index variation of the active region of 

the laser diode. Study of the laser diode chirp is based on the following single-mode laser rate-equations. 

The laser rate-equations describe the dynamics of photons generated in the active region of the laser [67]. 

a = ay BON-ND(1-€8) 8-8 (4.1.a) 

TN ds = Igo (N -N) (1 - €S) S - t on (4.1.b) 

d ; = 3 (P80 NNO (4.1.c) 
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where N (t) is the electron carrier density, S(t) is the photon density in the active region, O(t) is the optical 

phase , I(t) is the injection current, V is the volume of the active laser cavity, € is the gain compression 

factor, 2, is the gain constant, N, is the electron carrier density at which the net gain in the active medium 

iS ZETO, T, is the spontaneous recombination lifetime of the carriers, Tp is the photon lifetime in the active 

cavity, q is the electron charge, I is the optical confinement factor specified by the ratio of the active region 

volume to the modal volume [68], B is the spontaneous emission factor given by the fraction of 

spontaneous emission coupled into the laser mode, and o is the laser linewidth enhancement factor [69]. 

Each of the terms in Eqs. (4.1.a) and (4.1.b) is simply book-keeping of the creation and annihilation of 

carriers and photons for a given supply of injection current. Therefore, Eqs. (4.1.a) and (4.1.b) represent the 

time variation of the electron carriers N(t) in the cavity and generated photons S(t) with respect to the 

injection current I(t). Eq. (4.1.c) represents instantaneous optical phase change (frequency) relative to that at 

the on-set of laser threshold, i.e., Pgg(N - Ny) = 1/tp. 

By applying a small signal analysis [30] (i.e. I()=Ip+ied@l, N(=No+neJ@l, and S(t)=Sy+sell, 

where I,, No, and S, are the steady state values), to Eqs. (4.1.a) and (4.1.b), neglecting second order terms, 

and solving for n (jw) in terms of s (j@) gives, 

  

. _ 1] . . 
nN G@) = ® + Ya) S G@ Ga) Tapa Gw + Ya) s Go) (4.2) 

where (®, is the resonant frequency and Yq is the inverse of the damping time constant which are given by 

W:=VgoSo/tp and y= €So/tp. Also, from Eq. (4.1.c) the resulting optical frequency shift Av under 

sinusoidal signal modulation is given by 

Av (jo) = 1.990) - ot n (jo) (4.3) 
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Substituting Eq. (4.2) into Eq. (4.3) gives, the relationship between the optical frequency shift and the 

photon density is [70], 

Av G@)= aS Go + Ya) Ss G@) (4.4) 
oO 

Since the modulation frequencies corresponding to a composite multichannel CATV signal are less than 

500 MHz, © is much less than Yq for typical DFB laser values of e=2.5x10°23 m3, S)=10°2! m3, and 

Tp=1 ps. Therefore, the optical frequency excursion Av under a typical CATV signal modulation of laser 

diode simplifies to 

  Av (jw) = ins, Ya s (jw) = inh sj) (4.5) 

Now, as can be seen from Eq. (4.5), the w dependency of Av is limited only to the photon density 

variations and is proportional to the constants ae/4nty. Thus, the time dependence of Av(t) is proportional 

to the time dependence of S, S(t). Using the relation between the photon density and optical power P(t), 

2Vt 
S(t) = a TP P (t) Vmhv (t) (4.6) 

where 1 is the internal quantum efficiency of the laser, h is Planck's constant, and v is the optical 

frequency, the following relation between Av and the optical intensity output P(t) of the laser diode under 

CATV signal modulation can be established 

Av(t) = O 208 pay = 2 « Pet 
OF ae vay ag C7) 
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where k=2Te/Vnhv is a laser structure dependent constant having the unit of Hz/watt. (A representative 

value of « is 1013 Hz/watt.) As shown in Eq.(4.7), the chirp is dependent on the linewidth enhancement 

a, laser diode physical constants «, and output power P(t). One important thing to recognize from Eq.(4.7) 

is that Av is in-phase with the intensity modulated signal. 

4.3 Two-Tone Analysis 

In this section, a small-signal two-tone analysis of the nonlinear distortion, namely the second- 

harmonic distortion and the second-order intermodulation distortion, is carried out to study how laser chirp 

and fiber dispersion lead to this type of distortion 

For the purpose of analysis, the optical field E,(t) at the output of the laser diode is approximated as 

Eg(t) = P(t) « e7J(@ot - o(t)) (4.8) 

where P(t) is the output intensity, W, is the angular optical frequency, and $(t) is the time varying phase 

related to the chirp in Eq. (4.7). For the two-tone (W and @) intensity modulated laser, the optical output 

P(t) can be written as 

2 
P(t) = Po i. > mi coset = Po [1 +m); cOs@it + m2 coswot | ; (4.9) 

i=] 

and the corresponding field amplitude VP(t) for small signals (m, and m9 <<1) can be approximated by 
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2 

  

2 2 
¥P(t) = YP, 1+ ym mi cosmt - L > mj COS@il 

  

(4.10) 
isl is] 

Also, using Eq. (4.7) and the small signal constraint aKPym;/2@j<<1, € JO can be expanded as 

2 mm: 
joe Y @ sino;t 2 2 2 

oO i=1 Oj =14j aKPo > Mi sine - 1 aKPo F Mi sinwit (4.11) 

i=] i 2\ 2) j=] Mi 

where terms higher than the second-order are ignored. Substituting Eqs. (4.10) and (4.11) into Eq. (4.8), 

multplying-out, and ignoring the d.c. terms and terms higher than the second-order gives E,(t) 

4 2 2 
E,(t) =e JOot a 5 Mi COS jt + j aKPo y mi sing jt   

i=l 2 2 i=] Wi 

22 2 p. 2 2 
- 5 Mi py. AKPo) | costar + j SKFO F Mi sin2ajt 

i=] i i=] Qj 

22,2 22.2 

+ Mum? ( ] + 2K Po ) cos(y; - @2)t + ume ( ] 2K Po » cos(e, + W2)t 

4 12 4 (1 W2 

-j™M™M2 gxp,(-L-L) sina, - w2)t + j M2 axP, (1. +L) sin(a + w2)t 
8 @1 @2 8 1 2 

(4.12) 

The optical field E,,;(L,t) at the end of fiber of length L can be obtained from the inverse Fourier transform 

oo 

= 1 
Eout (Lt) On | 

~0oO 

dwE,(w) H(w) el _ x | dw Es(@) elo el (4.13) 
™ YI OO 
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where E,(q) is the Fourier transform of E,(t). H() is the transfer function of the optical fiber, and 

(neglecting attenuation) is given by e JB(@)L [71-73]. Expanding B(o) in a Taylor series gives 

B(@)L = Bol - B (@ - Wo)L - B (@- @o)L2 (4.14) 

The first two terms in Eq. (4.14) can be ignored in our a.c. analysis since they represent constant phase and 

pure delay terms, respectively. The third term represents dispersion in the fiber which is related to the fiber 

dispersion coefficient D (typically expressed in units of ps/Km/nm) as 

7 2 

B(@o) = - DA- ome (4.15) 

where A is the source wavelength and c is the speed of the light. The evaluated E,,,;(t) based on Eq. (4.13) 

is 

4 2 ple? 2. ples? 
Eou(L,b =e J@ot h +y Mle ) 2 * coswjt + j aKPo 5 Mie Boo sinwjt 

i 2 2 i Oj 

i=1 1=1 

2 2 «xP , Pesos -axP, 2 m’ Peau; ; - ¥ Mi - G2) Je%2 | cos2ajt+j2O y Mie’? sin2ajt 
i=l 16 Wi i=1 j 

2 2p? jb (1 - a2)” + Mim. (7 4 2K Poy. Jy cos(@1 - 2)t 
@)1 02 

222 Lb o 
+ Mim2 (1 2K Po ye iB (@1 + 2) Cos(@1 + @2)t 

12 

“aL 01-0 2 

- j Mme axP, (1. Lye Hy | 2) sin(@ - @2)t 
8 W1 2 
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” 2 
“Be (@1+ @2) + j M2 gxp,( t+ Lye sin(@) + W2)t (4.16) 

8 @1 2 

Then, the output intensity of the signal Pp,;(t) is given by 

Pou (L,t) = Eou(L,t) ° Eou(L,t) | 

2 tp (2 2m at 2. 
= 1+¥ mjcosBea; cosajt + akPo YM sinBLw; sinw;t 

i=] 2 i=1 i 

2 mi OKP oy 1 nciLn 2 aKPy 2 mo aLo.2 & 
+ y= [1- (EX) } cosBL 2m; cos2mjt+ ——2 ¥ Mi sinBL20; sin2@jt 

i=l 8 Oi 2 4 i=] Qj 

22.2 - 2 e 2 
+ mime (y+ 2K Po [coset ©2)- cosBL(oni - @2) | cos(w1 - W2)t 4 @1 2 2 2 

22.2 . on 2 
+ mime (1 aK Po [cos wi - w;)-cospk-(a, + @2) | cos(@i + @2)t 

4 W102 2 2 

. . 2 
+ MM2 gxPp, | jy 1) sinbliw? - o2)+(-L- -L) sinbLo, - 9) | sin(@; - @2)t 

4 @) @W2 2 M1 W2 2 

2 2 2 

+ M1M2 g KP, ( 1+ 1) sinBE(w; + 2) + (LE - +) sinBE(o: - ] sin(@1 + @2)t 
4 @1 W2 2 ®1 W2 2 

(4.17) 

As can be seen from Eq. (4.17), in addition to the fundamental frequency terms @, and w9, harmonic 

distortion, 2@ , and 2w> terms, and intermodulation distortion , ®1 + @ and @  - @9 terms have been 

generated. Coefficients of these terms are dependent on modulation indices, the linewidth enhancement 

factor @, a constant related to physical structure of the laser cavity k, average light output of the laser diode 
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Po, angular frequency of each tone «;, fiber dispersion B, and fiber length L. The coefficients of nonlinear 

distortion terms (harmonic and intermodulation frequencties) are dependent on the frequencies @ 1 and @ as 

well as on the above paramters. Details on these distortion terms are discussed in the next section. 

To check for the correctness of Eq. (4.17), in the absence of fiber dispersion, set B=0. This makes all 

the terms in Eq. (4.17) zero except for the fundamental cosine terms and the second-order harmonic terms, 

2 2 2 2 
Pour (Lt) = 143 mj coswjt + 5 Mii - @kP2) ] cos2uit (4.18) 

i=] i=] 8 Oi 

Ideally, this equation should be the same as the P(t) of Eq. (4.9) consisting only of the fundamental terms. 

However, due to the series expansion of the VP(t) there still exist the second order harmonic terms. 

Similarly, in the absence of laser chirp, a=0, Poy;(t) should become P(t) of Eq. (4.9). However, due to the 

same reason as above we have both harmonic and intermodulation terms, 

2 « 2 2 2 . 2 

Pou (Lt) = 1+ mj cosa cos@it+ >& 2 cose cos2Mjt 
i=] i=1 

2 

+ ae cosBlwi - 2) cosPe(e - W2) Cos(W1 - W2)t 

oo oe 2 

+ oe cosBlcat @} )- cosB(on + @2) | cos(@) + W2)t (4.19) 

The distortion calculated from Eqs. (4.18) and (4.19), which is a result of the series expansion, is negligible 

compared to the distortion resulting from Eq. (4.17) where the dominant distortion term is the sin 20;t 

term. 
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4.4 Two-Tone Simulations 

The two-tone simulation is based on the same mathematical formulation given in Section 4.3 without 

imposing the small-signal constraint. The simulation system block diagram for evaluating of the 

nonlinear distortion produced by the fiber dispersion and laser chirp is shown in Figure 4.1.a. Using the 

intensity modulated signal P(t), the chirped optical field E,(t) is obtained from the laser diode chirp model 

described in Section 4.2. E,(t) is then convolved with the time-domain dispersive response of the optical 

fiber to obtain the optical field E,,,;(t) at the end of the fiber. The convolution operation is done in the 

frequency domain to speed up the calculation. (BOSS takes care of this process automatically.) The 

resulting output is then squared (multiplied by its complex conjugate) to obtain the output power Poy(t). 

The frequency response of the fiber H(w) is taken to be a unit (constant) amplitude response and B(w)L 

phase response as specified in Eqs. (4.14) and (4.15). If the constant phase and pure delay term are ignored, 

H(q) has simple quadratic phase response. Figure 4.1.b shows the fiber dispersion induced quadratic phase 

rs 2 

IB (@- 00) L/2 here § =-DA2/2mc as in Eq. (4.15), and 4=1550 nm, D= 20 response H(@) =e 

ps/Km/nm, and L=104 Km. Such long fiber lengths are necessary to produce significant levels of harmonic 

and intermodulation products for comparison with the results obtained from the two-tone small signal 

analysis. 

Figure 4.2.a shows the BOSS implementation of the two-tone simulation. In the simulation, the 

amplitudes of the two tones (given by cosine terms in the figure) having frequency of f;=60 MHz and 

f9=100 MHz are multiplied with their phase terms (give by sine terms in the figure). The power spectrum 

of the two-tone signal is shown in Figure 4.3.a. This signal is fed into the unit amplitude quadratic phase 

filter representing a fiber dispersion characteristic. The output at the end of the fiber is multiplied by its 

complex conjugate to obtain the optical intensity of the signal. Figure 4.2.b shows the simulation 
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parameters as well as the ith channel modulation index m;, and the chirp parameter OKP,/4x of Eq. (4.15). 

Small values of m,=0.005, m7=0.005, akP m4/4nf,=0.035, and axP m/4nf>=0.020 are chosen in 

order to compare with the results from the two-tone small signal analysis. 

Table 5.1 Comparison between two-tone analysis and simulation results 

  

      

        

Distortion Products analysis | simulation | analysis | simulation 

a=5 a=5 a=6 a=6 

Harmonic Distortion 

2HD(1)/@ 1 - 57,05 dBc - 56.67 dBc} - 55.31 dBc - 55.61 dBc 

2HD(w2)/w2 - 52.21 dBc - 53.49 dBc| - 50.41 dBc - 51.55 dBc 

Intermodulation Distortion 

IMD(@2-1)/@] - 61.82 dBc - 61.60 dBc| - 60.28 dBc - 59.51 dBc 

IMD(2+@ 1 )/o2 - 48.61 dBc_- 49.59 dBc | - 46.89 dBc_- 47.91 dBc 
  

The output spectrum of the two-tone simulation is shown in Figure 4.3.b. It shows two harmonic 

products at 120 MHz and 200 MHz and two intermodulation products at 40 MHz and 160 MHz, in addition 

to the two fundamental tones. Table 5.1 summarizes the simulation results as well as the numerical results 

obtained from Eq. (4.17) of the two-tone analysis. As can be seen in the table, there is good agreement 

between the simulation results and analytical results. Calculations and simulations are carried out for a=5 

and 6 to study how the linewidth enhancement factor affect these distortion products. As seen in Table 5.1, 

by increasing o from 5 to 6 the harmonic and intermodulation distortion terms are increased as predicted by 

Eq. (4.17). The same applies to x, Po, m; . (Note that their increase is proportional to m;2.) Calculations 

also show that the sin (@1+@ )t terms are an order of magnitude larger than the cos (@1+@9)t terms for 

the intermodulation distortion products. Of the sin (@1+W9)t terms, calculations also show that the 
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-- 2 
( + ty) sinB (on +@2) coefficient in sin (W1+@ )t is the largest and thus the leading coefficient. 

®@1 2 

This makes the sum (1+) terms larger than the difference (w1-@ 2) terms. Consequently, we can 

expect that the CSO will be higher at higher frequency channels than at lower frequency channels for 

multichannel systems. In the next section, this is verified experimentally. 

4.5 CSO Degradation in Multichannel AM-SCM Systems 

In this section experimental measurement results of the CSO degradation in multichannel systems is 

discussed. Also presented is the multichannel simulation results and a discussion of how close the 

simulation can predict the CSO performance of the multichannel system and how the CSO degradation 

limits the maximum link distance for the 1550 nm systems using the standard 1310 nm single-mode fibers. 

4.5.1 Experiments 

For experimental measurements of the nonlinear distortion produced by laser chirp and fiber dispersion, 

the setup shown in Figure 4.4 is used. This is basically the same setup as that of the system CNR 

measurements shown in Figure 2.1 except that the short fiber link is replaced by 1310 nm single-mode 

optical fibers of greater length. The fiber exhibited signal dispersion D of approximately 17 ps/Km/nm for 

1550 nm sources. The chirp of our 1550 nm DFB laser was approximately 400 MHz/mA at Ipjgg=42 mA 

which is measured with the method described in [70]. 

Both the CSO and CTB were measured setting the per-channel modulation index constant and varying 

the fiber length from 1 Km to 37 Km. Up to 32 Km, for m=0.04, the CTB degradation was not 

significant and was less than - 60 dBc for all channels. However, the CSO increased sharply within 5 Km 
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and soon reached the - 60 dBc level for some channels. The CSO measurement results are plotted for fiber 

lengths from 1 Km to 37 Km in Figure 4.5.a. The dotted lines are logarithmic-curve-fitted lines to the 

measurement data. These measurement results are in reasonable agreement with previous experimental 

results of E. Bergmann [44] and numerical results of M. Phillips et al. [43] considering that their lasers 

exhibited higher chirp of 720 MHz/mA and 590 MHz/mA, respectively. 

As shown in Figure 4.5.a, the CSO increases as the fiber length increases. This increase is particularly 

sharp for higher frequency channels. For example, the CSO at Channel 42 approaches - 60 dBc fora 5 Km 

length of fiber whereas the CSO of Channel 2 remains lower than - 65 dBc. This is because the 

contribution from the sum (@ +4) intermodulation product is larger than the difference (@1-W ) 

intermodulation product as discussed in the preceding section. In Figure 4.5.b, the CSO is plotted together 

with the CNR for fiber lengths from 1 Km to 15.5 Km for the same setup. Per-channel modulation index 

m=0.058 is used to obtain the maximum CNR. One important thing to recognize in this figure is that the 

CSO degradation is faster than the CNR degradation. With typical CATV distribution system performance 

requirements, namely CSO < -55 dBc and CNR > 50 dB, the CSO of Channel 42 increases to -55 dBc at a 

fiber length of 9 Km whereas the CNR remains above 50 dB. This means that the maximum link distance 

is limited by the CSO performance and not by the CNR performance for 1550 nm systems utilizing 

standard 1310 nm single-mode fibers. 

4.5.2 Multichannel CSO Simulations 

We have extended the simulation to a 42 channel system and measured the CSO performance. In this 

simulation, actual laser diode physical parameters and bias conditions are required to make the absolute CSO 

measurement. However, actual physical parameters of laser diodes were not available to us. Thus, we had 

to resort published values of typical DFB lasers [70]. They are: the optical confinement factor '=0.5, the 
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quantum efficiency of intrinsic laser n=0.4, the linewidth enhancement factor a=5, the gain compression 

factor €=2.5x10-23 m3, the active volume of laser cavity V=4.5x10"!© m3. In addition to these, the speed 

of light c=3x108 m/s, optical source wavelength A=1.55x10°9 m, photon energy hf=1.32x10"!9 J, fiber 

dispersion D=17 ps/Km/nm are used in the calculation. The unmodulated laser output power was P5=2.5 

mWatts at Ipigg=45 mA (27 mA above the laser threshold current I,,=18 mA). The coefficient akP)/4n 

results in a maximum chirp swing of approximately 10 GHz for typical CATV modulation signals. This 

number also corresponds to the equivalent chirp of 10 GHz/(Ipjas-1,yh)=390 MHz/mA, which ts 

approximately equal to the chirp of our laser. 

Figure 4.6.a shows the output CATV spectrum of the simulation after 37 Km of fiber for m=0.04. As 

can be seen in the figure, the nonlinear distortion build up is more severe at higher frequency than at lower 

frequency owing to the larger contribution from the sum (@ +7) terms than that of the difference (w - 

4) terms. The CSO is measured at 1.25 MHz below the vidco carriers for Channel 2, Channel 11, and 

Channel 42. An example of the CSO of Channel 42 at 336.0 MHz is shown in Figure 4.6.b. The 

simulation results for fiber length from 1 Km - 37 Km are shown in Figure 4.7.a. As predicted, Channel 

42 gives the poorest CSO performance and Channel 2 gives the best CSO performance. Furthermore, as 

demonstrated by experiments the CSO sharply increases within 5 Km for all channels. For the purpose of 

comparison, both the CSO of Channel 42 from experiments and simulations are plotted on the same graph 

in Figure 4.7.b. There is good agreement for long fiber length, but for short fiber there is substanual 

difference. The reason for higher CSO in the experiment for short fiber length is due to the intrinsic CSO 

of the laser diode. Low CSO produced by the fiber dispersion and laser chirp for these length is masked by 

the intrinsic CSO of the laser diode. 

The chirp of the laser diode can be lowered by using laser diodes with low a. Typical InGaAsP DFB 

laser diodes for 1550 nm systems have a=5. However, with multiple-quantum-well DFB lasers, the a can 
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be made as low as a=2 - 3 [35, 36]. In order to study how decrease in @ can improve the CSO 

performance, we have arbitrarily varied a from 2 to 5 in the simulation. Results of the CSO measurement 

for these o are plotted in Figure 4.8. As predicted, the figure illustrates that decrease in a indeed improves 

the CSO performance. However, the improvement is only 4 dB. This means that even with low chirp 

multiple-quantum-well laser diodes, only a few dB CSO improvement can be obtained. 

4.6 Summary 

In this chapter, the nonlinear distortion produced by the combined effect of the laser diode chirp and 

fiber dispersion is discussed. An analytic expression which describes the second-harmonic and second-order- 

intermodulation distortion generating mechanism is derived on the basis of small-signal two-tone analysis. 

Two-tone simulation of the second-harmonic and second-order-intermodulation is also performed to cross- 

check with the results from the analysis. The simulation results are in good agreement with the analytical 

results. We have performed multichannel experiments and simulations and studied the CSO degradation due 

to laser chirp and fiber dispersion. The results indicate that for 1550 nm systems using the standard 1310 

nm dispersion-minimized fiber, the maximum link distance is limited by the CSO performance and not by 

the CNR performance, and multichannel simulations can reasonably predict the CSO performance provided 

that the actual laser diode physical constants are known. 

Chapter 4: Nonlinear Distortion Due to Laser Diode Chirp 
and Optical Fiber Dispersion 70



  P(t) 
—> Laser Diode 

  

            
  

  

         

   

  

      

  

      

Chirp Model Eout(t) 
Pour() TRE >} 1-f 

Fiber Photodetector Transfer 

Function 

Figure 4.1.a Simulation system block diagram for evaluation of the nonlinear distortion 
produced by the fiber dispersion and laser chirp 
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CHAPTER 5. 

PRACTICAL PERFORMANCE LIMITS 

AND SYSTEM CAPACITY 

In Chapter 3, channel capacity limited by the nonlinear distortion produced by the laser threshold 

characteristic was evaluated. It was also noted that the channel capacity is inversely related to the received 

optical power, thus, system power margins. In this chapter, overall system capacity, which collectively 

refers to the channel capacity and system power margin, is studied for practical systems. First, basic 

system performance, and the sensitivity and limits of this performance are discussed. Second, overall 

system capacity is described showing the inverse relationship between the channel capacity and power 

margins. Third, analysis of practical channel capacity limits is also presented to provide assessment of the 

achievable channel capacity as the device technology advances. Finally, improvements in system power 

margins and limitations associated with use of erbium-doped fiber amplifiers in AM SCM systems are 

described. 

5.1 Review of System Performance 

As studied Chapter 2 and 3, system performance is given in terms of the nonlinear distortion (CSO and 

CTB) and noise (CNR). Figures 5.1 and 5.2 summarize the nonlinear distortion and CNR performance of 

fiber optic multichannel AM SCM systems. Figure 5.1 illustrates typical CSO and CTB performance 
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degradation due to over-modulation. When laser diodes are over-modulated, higher channel capacity or 

system power margins (due to higher CNR) can be obtained. However, as shown in Figure 5.1 that over- 

modulation introduces additional CSO and CTB due to the laser threshold characteristic. Therefore, the 

increase in channel capacity or power margin is fundamentally limited by the laser threshold nonlinear 

characteristic. 

For the system noise performance, as mentioned in Chapter 2, there are three main noise degrading 

mechanisms. They are laser RIN, photodetector shot noise, and receiver thermal noise. Their contribution 

to system noise is plotted in Figure 5.2 together with the overall system CNR. As can be seen in the 

figure, the relative contributions from these are different in magnitude at different power levels. Therefore, 

systems operate in different noise limited regimes at different power levels. For example, for supertrunking 

systems which typically require a CNR of 55 dB, P =O dBm, photodetector shot noise is the dominant 

noise. For local distribution systems which require a CNR of 48 dB, P,=-8 dBm, receiver thermal noise is 

the dominant noise. It should also be noted from Figure 5.2 that the maximum attainable CNR is limited 

by the laser RIN performance. Thus, to achieve high power margin systems laser diodes with low RIN are 

needed. 

5.2 Sensitivity Analysis 

5.2.1 Laser Threshold Limited Channel Capacity 

On the basis of the nonlinear distortion requirements, namely the CSO and CTB, we can determine the 

maximum rms modulation index pp. For example, if both the CSO and CTB requirements are chosen to be 

less than -65 dBc, then <0.295 as can be seen in Figure 5.1. Since the maximum allowable ut is now 

fixed, we can then calculate the number of channels N and the modulation index per channel m by using 
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u=mvV(N/2). The result of this calculation is shown in Figure 5.3 where N is plotted as a function of m for 

ui. ranging from 0.28 to 0.33, which corresponds to the CSO requirements from -55 dBc to -67 dBc, 

according to Figure 5.1. It follows that for fixed 1, the number of channels is inversely proportional to 

m2, This then limits the number of channels for a fixed modulation index per channel, or conversely, as 

illustrated in Figure 5.3. This also indicates that the channel capacity is inversely related to the system 

power margin because the CNR is directly related to m2, as will be discussed in the next section. It should 

also be noted that the relationship between N and m assumes that the CSO and CTB is not significantly 

affected when the number of channels is increased. This assumption is supported by our experimental 

observations and simulations and prior theory [10]. 

5.2.2 System Carrier-to-Noise Ratio 

The CNR in Figure 5.2 is for a fixed value of per-channel modulation index m. In this section how 

the CNR performance is affected by changes in m and by changes in the other system noise components is 

studied and the consequence of these changes to the overall system capacity and performance is discussed. 

To study the CNR dependence on m, the CNR is calculated as a function of the received optical power 

for various values of m (0.04 - 0.06), and the results are plotted in Figure 5.4. RIN=-155 dB/Hz and 

V<ith2>=7 pA/VHz are used for this calculation. As can be seen in Figure 5.4, increasing m increases the 

CNR thereby increasing the overall optical power margin. However, as discussed in Section 5.2.1, as m is 

increased the maximum N must be decreased to maintain CSO and CTB at acceptable levels. Therefore, for 

a fixed number of channels, there is a maximum permissible m if the CSO and CTB requirements are to be 

met. Conversely, there is a maximum permissible number of channels for a fixed m. Therefore, we see 

that the number of channels and available optical power margin are inversely related to each other via m. 
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It is interesting to note from Figure 5.4 that the relative increase in the optical power margins due to 

an increase in m from 0.04 to 0.06 is larger for a high CNR requirement than for a low CNR requirement. 

For example, at a CNR requirement of 55 dB the relative gain in available optical power margin is 

approximately 5 dB where as at a CNR requirement of 48 dB it is only approximately 2.5 dB. This implies 

that the relationship between the modulation index per channel and the number of channels is more 

sensitive for supertrunking systems, which typically require a high CNR, than for local distribution 

systems which require a relatively lower CNR. This also means that the trade-off between the number of 

channels and the optical power margin is more sensitive for supertrunking systems than for local 

distribution systems. 

Another way of increasing the optical power margin is by decreasing the receiver thermal noise. To 

illustrate this, the CNR is calculated as a function of the received optical power for various values of the 

receiver thermal current igh (5 pA/VHz - 9 pA/VHz), and the results are plotted in Figure 5.5. RIN=-155 

dB/Hz, and m=0.04 are used for this calculation. As can be seen in Figure 5.5, decreasing ith generally 

increases the CNR thereby increasing the overall system power margin. The increase in the CNR is 

particularly large for low received optical power levels. For relatively large received optical power levels, 

the decrease in ith has little effect since the CNR is determined primarily by the shot noise and RIN. For 

example, at Po=-10 dBm the CNR improves by 3 dB by decreasing the V<ith2> from 9 pA/VHz to 5 

pA/VHz, whereas at Pp=0 dBm the corresponding CNR improvement is less than 1 dB. This indicates that 

the use of a low thermal noise receiver is more critical for local distribution systems than for supertrunking 

systems. 

We have indicated in Section 5.1 that the maximum attainable CNR is limited by the laser diode RIN. 

Although the RIN performance has no effect on overall system power margin as long as it provides a 

sufficiently high CNR, it is of importance for systems employing cascaded optical amplifiers which require 
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a high CNR at the transmitter. For this reason, the CNR dependence on RIN performance is studied by 

calculating the CNR for different laser diode RIN values (-152 dB/Hz - 156 dB/Hz). The results are shown in 

Figure 5.6. V<ith2> of 7 pA/VHz and m=0.04 are used for the calculation. -152 dB/Hz to -156 dB/Hz 

represents nominal RIN of typical low noise DFB lasers. RIN=-160 dB/Hz represents a practical 

performance limit of RIN for current semiconductor laser technology. As can be seen in Figure 5.6, 

decreasing RIN improves the CNR particularly at high power levels. At low optical power levels, the 

CNR improvements due to decrease in RIN is almost negligible. This indicates that the use of a low RIN 

laser diode is more critical for supertrunking systems than for local distribution systems. 

5.3 System Capacity 

In this section, a study of system capacity is presented. It has been suggested in Chapter 3 that because 

channel capacity is a function of the received optical power, it must be specified together with the available 

system power margin to properly describe the system capacity. Accordingly, the system capacity in this 

chapter collectively refers to the channel capacity and power margin. As discussed in Section 5.2.2, the 

channel capacity is inversely proportional to m2, whereas the CNR is proportional to m2. These 

dependences give an inverse relationship between the channel capacity and the available system power 

margin. 

According to Figure 5.2, typical supertrunking systems having RIN=-155 dB/Hz and V<ith2>=7 

pA/VHz with a 55 dB CNR requirement operate in the shot noise limited regime. Similarly, typical local 

distribution systems with a 48 dB CNR requirement operate in the thermal noise limited regime. When 

these shot and thermal noise limits are considered, the calculation for optical power margin becomes simple 

because the equation for received optical power can be expressed in terms of m, and correspondingly, the 
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dependence of the optical power margin on m can be obtained. The optical power margin is determined by 

assuming a finite output power at the transmitter and by specifying the minimum CNR requirement at the 

receiver. 

From Eq. (2.1) the received optical power Py for the shot noise limit, ignoring laser RIN and receiver 

thermal noise, can be written as 

p, = 498 (CNR) 

m2R (5.1) 

Similarly for the thermal noise limit, ignoring laser RIN and photodetector shot noise, Pr can be written as 

2 
Pye 2<i;p,>B (CNR) 

V m 2R2 (5.2) 

Once the minimum received optical power levels Py are calculated with given CNR requirements, the 

optical power margins can be obtained from the difference of the light output power (in dBm) at the 

transmitter Py and Py. The calculated power margins for supertrunking systems with CNR=55 dB and for 

local distributions system with CNR=48 dB are plotted in the right ordinates of Figures 5.7.a and 5.7.b. Py 

of 5 dBm (~3 mwatt) is assumed for the calculations. To illustrate the inverse relationship between the 

channel capacity and the system power margin, the number of channels N is also plotted as a function of m 

using the left ordinates of the same figures. =0.295 (CSO and CTB < -65 dBc) and u=0.31 (CSO and 

CTB < -60 dBc) are used for nonlinear distortion requirements of supertrunking and local distribution 

systems, respectively. As can be seen from these figures, while the optical power margin increases for 

larger m, the maximum N decreases, thus, demonstrating their inverse relationship. 
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It should be noted that the calculated channel capacity and power margin are based on the shot and 

thermal noise limits. As can be seen from Figure 5.2, at a CNR=48 dB although the system with RIN of - 

155 dB/Hz and V<ith2>=7 pA/VHz operates in the thermal noise limited regime, it is also influenced by the 

photodetector shot noise. Similarly, at a CNR=55 dB although the system operates in the shot noise 

limited regime, it is also influenced by the laser RIN and receiver thermal noise. Observations of the CNR 

and individual noise contributions in Figure 5.2 shows that typically there is a few decibels difference 

between the measured or calculated CNR and that caused by the limiting noise source alone. Accordingly, 

the calculated power margins in this section are a few dB larger and the channel capacity is somewhat higher 

than those of actual systems. Calculations of the channel capacity of practical systems which take into 

consideration of the RIN and thermal noise are presented in the next section. 

5.4 Channel Capacity of Practical Systems 

In Section 5.3, the channel capacity and power margin based on theoretical shot and thermal noise 

limits are discussed. In this section, channel capacity of practical systems limited by the laser diode RIN, 

the receiver thermal noise, and the photodetector shot noise are calculated. It should be noted that since the 

channel capacity is calculated as a function of the received optical power, the available optical power margin 

can be deduced if the output optical power at the transmitter is known. 

Channel capacities are calculated with respect to the received optical power for the system performance 

requirements of CATV supertrunking and distribution systems using Eq. (5.3), which is obtained by 

combining y2=m2(N/2) and the system CNR equation of Eq. (2.1), 
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2p2 
N = RPS u2 (5.3) 

CNR+(RIN¢B*R2P2 + 2g*B*RPo + <ig,>B) 
  

Figure 5.8.a shows N as a function of Po for typical supertrunking system requirements of CNR=55 dB, 

CSO=-65 dBc, and CTB=-65 dBc (u=0.295). Figure 5.8.b shows N as a function of Po for typical 

distribution system requirements of CNR=48 dB, CSO=-60 dBc, and CTB=-60 dBc (u=0.31). Results are 

given for a range of values of the laser diode RIN and receiver thermal noise. A RIN=-160 dB/Hz and 

V<ith2>=5 pA/VHz represent the performance limit of current device technology. A RIN=-155 dB/Hz and 

V<ith2>=7 pA/VHz represent noise performance of high quality devices such as those of the analog DFB 

laser and CATV pin photodiode receiver module that are used in our experiments. Comparison with 

previous studies (37, 38] shows that our analysis gives higher estimates of channel capacity. For example, 

as can be seen in Figure 5.8.a for Pp=0 dBm approximately 95 channels can be transmitted for RIN=-155 

dB/Hz and V<ith2>= 7 pA/VHz with a CNR requirement of 55 dB. This is about 10 channels higher than 

previously reported [38] theoretical limits. Thus, the calculation based on practical system performance 

considered here gives higher channel capacity than previous estimates based on a theoretical performance 

limit. The reason for this seeming discrepancy is that previous theoretical limits [37, 38] treated NLD as a 

system noise component, which is not consistent with normal CATV practice [14]. 

Present "fiber backbone" CATV networks [74] require 80 channels for trunking applications and plan 

150 channels for local distribution for near future systems. Results of calculations shown in Figure 5.8.b 

indicate that 150 channels can be accommodated with RIN=-155 dB/Hz and V<ith2>= 7 pA/VHz at Po=-6 

dBm. If we assume 5 dBm of output optical power at the transmitter, the system can provide 150 channels 

with an optical power margin of 11 dB. Assuming a 0.5 dB/km fiber loss, the link distance can be as large 

as 20 km, which is more than adequate for typical local distribution. However, as can be seen in Figure 

5.8.a with the supertrunking system requirements and the same output optical power, RIN, and receiver 

Chapter 5: Practical Performance Limits and System Capacity 86



thermal noise, the system can only accommodate 80 channels with 6 dB of power margin, which translates 

to 12 km of link distance. This is not an adequate distance for most supertrunking applications. 

Improvement in RIN to -160 dB/Hz provides only 2 dB gain in the system powcr margin. Therefore, 

lightwave AM SCM systems can provide sufficient system capacity for typical CATV distribution 

networks, but for supertrunking systems it is limited both in the number of channels and system power 

margins that may be obtained. 

5.5 Erbium-Doped Fiber Amplified AM SCM Systems 

As has been discussed in Section 5.4, supertrunking systems have limited power margins for today's 

DFB lasers, whose typical output power is limited to about 5 mwatt. Also, for the currently envisioned 

passive star fiber-in-the-loop architecture of telecommunication networks, where the signal power from the 

local distribution center is shared among the subscribers, the signal power at the subscribers are maintained 

by in-line amplifiers. In either system, erbium-doped fiber amplifiers (EDFAs) can provide additional 

power margins through optical amplification. EDFAs have low amplification noise figure (typically in the 

order of 5 dB), low coupling loss (typically less than 0.5 dB) due to the same physical dimension of fibers, 

and can provide high saturation power, in the order of tens of mwatt, without significantly distorting the 

signal. 

EDFAs have already been used successfully as in-line or post amplifiers in fiber optic AM SCM 

systems to obtain the additional power margins [39-41]. We have performed a similar experiment with an 

EDFA from BT&D (model EFA6000). Figure 5.9.a shows the experimental setup for multichannel AM 

SCM video systems with an EDFA, and Figure 5.9.b shows the configuration of the BT&D model 

EFA6000. The experimental setup shown in Figure 5.9.a is basically the same as previous setups in 
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Chapter 2 and Chapter 3 except for the EDFA and optical isolator. In this experiment, the EDFA is used as 

a high power post-amplifier, where the intensity modulated multichannel AM SCM signal is amplified. 

An optical isolator is placed in front of the EDFA to suppress optical reflections from fiber ends. 

In the BT&D EDFA unit, as shown in Figure 5.9.b, the 1550 nm AM SCM signal from the Port 1 is 

multiplexed together with 1480 nm optical pump signal and fed into the fiber amplifier section. Within 

this section, the pump signal is absorbed which gives the population inversion necessary for stimulated 

emission of photons having the same wavelength of the signal to be amplified. Photons emitted by the 

EDFA is proportional to the signal, thus, effectively amplifying the signal. The pump lasers shown in 

Figure 5.9.b are 1480 nm multiple-quantum-well lasers. Each of these lasers launches 30 mwatt of optical 

power. As can be seen in Figure 5.9.b, the EDFA is a symmetrical device meaning that the input and 

Output ports can be exchanged. Another thing to note is that pumping can be provided from either co- and 

counter-propagating directions or from both directions. To obtain the maximum output power, the EDFA 

is operated in a gain-saturated region. The gain profile of the BT&D EDFA is shown in Figure 5.10. The 

figure shows the gain profile for both pumping directions, namely counter- and co-propagating schemes. 

As can be seen in the plot, maximum output power of 13 - 14 dBm can be obtained under gain compression 

operation at which point the EDFA provides 13 dB of signal gain. 

Figure 5.11 shows the CNR measurement results with an EDFA in the system versus the optical 

power at the receiver. The EDFA gives a larger transmitter power, and since it does not significantly 

degrade the minimum required receiver power, this results in an increase in the power margin. As can be 

seen in the figure, with the EDFA the output power 10 dBm was measured with the CNR of 53 dB for 

either co-directional or two-directional pumping. It appears that several additional decibels of output power 

is possible, but not measured because the photodetector might be damaged at such power levels. When the 

EDFA is pumped in counter-propagation direction, the CNR is decreased approximately by 5 dB. 
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Comparing the CNR measurement for systems with and without EDFA shows that EDFA in the system 

increases the relative noise floor by 5 dB. At such high output power levels, this increase in noise is 

mainly due to the beating of amplified spontaneous emission noise with the signal (39, 41]. Therefore, the 

accumulated noise build-up in cascaded EDFAs limits the total number of subscribers that may be served by 

passive star-networks whose power budgets are maintained by in-line EDFAs. For supertrunking systems, 

10 dB gain of the EDFA translates to 20 Km link distances in addition to the original power margins, 

which provides an additional 20 Km link distance assuming 0.5 dB/Km fiber loss. However, due to the 

CSO degradation as discussed in Chapter 4, the dispersion-shifted fiber, whose minimum dispersion 

wavelength is at 1550 nm source wavelength, must be used. 

5.6 Summary 

Practical lightwave AM SCM system capacity for multichannel video supertrunking and local 

distribution systems is studied based on conventional CATV performance requirements. Unlike previous 

studies of channel capacity based on a theoretical performance limit, practical system performance including 

the laser diode RIN and the receiver thermal noise in addition to photodetector shot noise and laser diode 

threshold limited performance is considered. It is shown that the channel capacity alone does not provide a 

meaningful measure of the overall system capacity. Rather, channel capacity and the available system 

power margin should be specified together. For example, the calculations show that CATV local 

distribution systems can accommodate 150 channels with 11 dB power margins, and supertrunking systems 

can accommodate 80 channels with 6 dB power margins with a laser output power of 3 mwatt and a RIN of 

-155 dB/Hz and a receiver thermal noise of 7 pA/VHz. For supertrunking system requirements, it is about 

80 channels with 6 dB power margin. The analysis also shows that the trade-off between number of 

channels and the system power margin is more sensitive for supertrunking systems than local distribution 
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systems. Also studied is 1550 nm optically amplified systems operating on the 1310 nm single-mode 

platform of telecommunication networks. It is shown that the accumulated noise from cascaded EDFAs 

limits total subscribers where star-network power budgets are maintained by in-line EDFAs. 
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CHAPTER 6. 

SUMMARY AND CONCLUSION 

In this dissertation, the nonlinear distortion produced by (1) laser threshold nonlinearity and (2) fiber 

dispersion and laser chirp is studied. On the basis of the results obtained from the nonlinear distortion 

study, overall system performance limitations and capacity are investigated. 

From the nonlinear distortion study of fiber optic multichannel AM SCM video systems, the 

following is concluded: (1) the nonlinear distortion produced by laser threshold nonlinearity limits both 

channel capacity and system power margins, thus limiting overall system capacity, and (2) the nonlinear 

distortion produced by fiber dispersion and laser chirp limits the maximum link distance of standard 

(dispersion minimum at 1300 nm) single-mode fiber platform when the systems operate with 1550 nm 

sources. 

To study the overall performance limits and system capacity of lightwave multichannel AM SCM 

video systems, the laser diode threshold nonlinearity and relative intensity noise (RIN), the photodiode shot 

noise, and the receiver thermal noise are considered. The channel capacity and optical power margin are 

calculated based on conventional CATV performance requirements. The analysis shows higher channel 

Capacity than previous estimates based on a theoretical limit, but more importantly shows that the channel 
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Capacity and the optical power margins should be specified together to describe the overall system capacity. 

For example, the calculations indicate that CATV local distribution systems can accommodate 150 channels 

with 11 dB power margins, and supertrunking systems can accommodate 80 channels with 6 dB power 

margins with a laser output power of 3 mwatt and a RIN of -155 dB/Hz and a receiver thermal noise of 7 

pA/VHz. The system capacity for typical supertrunking systems is shown to be limited by the laser diode 

threshold characteristic and the RIN performance and the photodiode shot noise. For typical local 

distribution systems, the capacity is limited by the laser diode threshold characteristic and the receiver 

thermal noise. 

For 1550 nm optically amplified systems operating on the 1310 nm single-mode fiber platform, as 

planned for Fiber-in-the-Loop applications, the accumulated noise from cascaded erbium-doped fiber 

amplifiers (EDFAs) limits total number of subscribers served by passive star-network whose power budgets 

are maintained by in-line EDFAs. However, the maximum link distance for distribution is limited by the 

CSO degradation from fiber dispersion and laser chirp and not by the available power margin of the system. 

The following contributions to general knowledge in fiber optic multichannel AM SCM video systems 

have been made as an outcome of the research involved in this dissertation : (1) on the basis of the results 

obtained from simulations and experiments, previously reported estimates of the nonlinear distortion 

produced by laser threshold characteristics are shown to be overly conservative [75, 76], (2) a proper 

method of interpreting of TV channel capacity as limited by the system noise and nonlinear distortion is 

proposed [75, 77], (3) a comparative study of the practical and theoretical performance limit of the system 

is investigated (75,78, 79], (4) a closed analytical form for the second order nonlinear distortion produced 

by fiber dispersion and laser chirp which explains the distortion generating mechanism is obtained [80], and 

(5) multichannel systems simulations to evaluate the CSO degradation due to fiber dispersion and laser 

chirp is investigated [80]. 
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In addition to the specific contributions mentioned above, this dissertation demonstrates that fiber 

optic multichannel AM SCM systems are capable of providing sufficient channel capacity and system 

power margins for the most of today's CATV system applications [79]. This may provide further impetus 

to deploy optical fibers in the loop distribution plant of both CATV and telecommunication networks, 

thus, accelerating fiber optic network infrastructures for future broadband services. 
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Appendix 

Block Oriented System Simulator (BOSS™) 

The Block Oriented Systems Simulator (BOSS™) is an icon-oriented interactive tool for modeling 

system response to a set of input signals. It can perform time-domain waveform level simulations of 

communication links that are represented by sets of functional blocks. The time and effort to model a 

complete system response is substantially less than conventional simulation approaches because of BOSS's 

built-in graphical interface. 

To facilitate implementation of the simulated system, BOSS already includes most of the functional 

modules used in communication systems such as filters, modulators, signal generators, etc. It also contains 

a limited set of functional modules for fiber optic communication systems. If the desired functional module 

is not in the module-library, it is possible to build such a module using basic building blocks which have 

basic arithmetical, logical, and conditional functional operations. In the event that the desired model is too 

complicated to be built with existing basic modules, it is possible to create new modules by adding a new 

corresponding FORTRAN subroutine to the module database. BOSS also provides variety of plots (such 

as amplitude and phase spectrum plots, eye diagrams histograms and correlation plots) for analysis of the 

waveforms obtained from the simulations. Currently BOSS is running at Virginia Tech with a 

"V AXStation3200" workstation computer from Digital Equipment Corporation. In the event that more 

computing power is required, the compiled execution program can be run under more powerful VAX 

computers. Also a UNIX version of BOSS is now available. 
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The signal-clipping simulation to generate Figure 3.5 for 215 samples took approximately 5 minutes. 

If calculations involve operators such as Fast Fourier Transforms (FFT) and convolutions, the run-time of 

programs increase drastically. For example, convolution of 214 samples to calculate the fiber dispersion 

induced nonlinear distortion due to laser chirp takes approximately 10 minutes. The maximum data length 

BOSS allows is limited to 215 samples. 

  

BOSS™ (Block Oriented Systems Simulator) is a Registered Trademark of Comdisco Systems, Inc. 
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Glossary 

1550 nm AM SCM systems: fiber optic AM SCM systems with optical source whose center 
wavelength is at 1550 nm. 

1300 nm single-mode-fiber: a cylindrical optical waveguide designed for the propagation of only 
single optical mode and having zero chromatic dispersion for a 1300 nm source wavelength. 

amplitude modulated subcarrier multiplexing (AM SCM): a signal multiplexing technique 
where individual amplitude modulated channel signals are frequency division multiplexed, and the 
resulting VHF signal is used to intensity modulate the laser diode. 

amplitude modulated vestigial sideband (AM-VSB): a transmission format used in television 

signal transmission where most of the lower sideband of the amplitude modulated spectrum is filtered 
out to save the spectrum. The remaining lower, or vestigial, sidebands (approximately 0.75 MHz) 

are kept to avoid impairment of the television signal. 

broadband services: represents a service that requires a wide electronic bandwidth signal as opposed to a 
narrow band voice service offered by telephone operating companies. Its purpose is to provide the 
integrated network which offers video, voice, and, high speed data services. 

carrier-to-noise ratio (CNR): the ratio of the power of the carrier to the power of the noise in the 

bandwidth of the specific system being measured. 

chirp of laser diode: an instantaneous phase (or optical frequency) variation of laser diode light output 
under intensity modulation. This results in a dynamic wavelength excursion from the central 

wavelength. 

composite-second-order (CSO) distortion: second order nonlinear distortion products produced by 
beating of two frequency components. 

composite-triple-beat (CSO) distortion: third order nonlinear distortion products produced by 
beating of three frequency components. 

connector (fiber optic): a device that provides a demountable connection between two fibers. 

dispersion of optical fibers: temporal spreading of a light signal caused by different light velocity of 
different wavelength components in the fibers either because of chromatic or modal effects. The 
chromatic dispersion is the relevant quantity in this dissertation since only single-mode fibers are 
considered. 

distributed feedback (DFB) laser diode: a semiconductor laser diode with the controlled mode 
characteristics which is designed to yield a single spectral line output with very low intensity noise. 

distribution plant: a portion of the subscriber-outside-plant that connects the subscribers with a local 
remote switch or a feeder plant. 

erbium-doped fiber amplifiers (EDFA): optical amplifiers made by doping erbium ions in the 
Silica glass fibers which have same dimensional characteristics of typical single mode fibers and 
allows the in-line amplification of optical signal in fibers. 

fiber-induced-dispersion: see dispersion of optical fibers 
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Fiber In The Loop (FITL): a project planned by telephone operating companies which brings optical 
fibers into the subscriber loop distribution plant of the network. 

Fiber To The Home (FTTH): a project planned by telephone operating companies which brings 

optical fiber connection to the residential subscribers. 

headend: CATV system starting location where the regional CATV programs are distributed to local 
distribution centers. 

hubs: local distribution center of the CATV network where the regional CATV programs received from 
the headend is distributed to subscribers. 

laser diode-chirp: see chirp of laser diode 

laser diode threshold-nonlinearity: a characteristic of laser diode which generates no light output 
when injection current falls below the laser threshold. This produces signal clipping in AM SCM 
systems which in turn produces clipping induced nonlinear distortion products. 

loop distribution: part of telecommunication/CATV networks that links the central-office to the homes 
or businesses served. 

National Television Systems Committee Amplitude Modulated Vestigial Sideband 
(NTSC AM-VSB): North American standard TV signal format. See Amplitude Modulated 
Vestigial Sideband 

nonlinear distortion: distortion of original signal due to nonlinear response of system components. 

optical isolator: an optical device that allows the transmission of light in a single direction and 
suppresses the transmission of light in the opposite direction. 

pay-per-view: a service offered by a cable TV company where the viewing of a particular program (or a 
movie) is charged on a program basis. 

photodiode shot noise: noise created by statistical photon-to-electrical-carrier conversion process 

receiver thermal noise: noise mainly contributed by the first stage of the electrical amplifier following 

the photodetector in the receiver.. 

relative intensity noise of laser: a normalize quantity for describing the the intensity fluctuations of 
the laser diode light output due to spontaneous emission process. (expressed as a power per unit 
bandwidth) 

splice (optical fiber): a permanent joining of two fibers using either mechanical or fusion technique. 

subscriber loop: a part of the telecommunication network that links the central office to the homes or 
businesses served. 

subcarrier multiplexing (SCM): a signal multiplexing technique where individual baseband signals 
are first frequency division multiplexed by using local oscillators, and then the resulting signal is 
used to modulate a higher frequency source. The local oscillator frequencies are so-called subcarriers 
in contrast to the higher frequency carrier source. At the receiver, the desired signal is recovered by 
tuning the local oscillator to the frequency of the corresponding signal and down converting the RF 
signal to a baseband signal. 
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supertrunking: a dedicated link between the remote satellite receiving station to a central location in the 
CATV serving area. 

switched-video-libraries: A feature that may be provided by the future broadband service where the 
subscribers can choose the video program of interest (from a large video library) dynamically through 
the switching capability of the network. 

system capacity: collectively refers to the system power margin and channel capacity 

trunking: A dedicated communication channel between two points in the network. In 
telecommunications, it refers to links between central offices. In cable TV network it refers to links 

between the cable programming station and the major cable distribution plant. 

wavelength division multiplexing (WDM): sending several signals along one fiber with different 
wavelengths of light. 
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