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(ABSTRACT) 

The current telecommunication infrastructure cannot support the future 

bandwidth requirements of consumers. The application of optical amplifier 

technology in fiber-optic networks is demonstrated and analysis is performed on 

methods that can help meet the need for ever-increasing bandwidth in optical 

telecommunications while contributing to lower network operating costs in both 

the local and long-haul domains. Systems engineering methods are used to 

analyze the need for increased bandwidth and to delineate costs associated 

with operating a fiber-optic network using current technology involving the 

application of regenerative repeaters spaced periodically over a given 

communications link. This is contrasted with estimated recurring costs of 

operating a fiber-optic link applying fiber-optic amplifier technology. Possible 

architectures and problems associated with providing integrated broadband 

services to consumers is also analyzed.
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1.0 Introduction 

The current telecommunication infrastructure cannot support the future bandwidth 

requirements of consumers. This project demonstrates the application of systems 

engineering concepts to plan and design the upgrade of existing local and long-haul 

telecommunication networks to meet the future requirements. Today, citizens in the 

developed world depend increasingly on the acquisition, processing and storage of 

information. In the near future, the typical consumer telecommunication needs will be 

image based, requiring at least 100 times the bandwidth available today. This 

performance will have to be delivered at approximately today’s level of cost while 

maintaining a typical (99.99 %) availability rate. 

1.1. Definition of Need 

Most telecommunication equipment for typical consumer or business use is limited to 

the 64kbps bandwidth of a digitized voice channel. This is insufficient for many current 

and most future modes of communication. Specifically, it may take several minutes to 

transmit a single high-resolution graphic or video image over current switched 

telecommunication networks. One image-based application that has become available 

widely to consumers in the past few years over the Internet is the World Wide Web 

(WWW). WWW applications perform reasonably well as long as sufficient bandwidth 

is available, which means by-passing the normal telephone network and directly 

connecting to a high-capacity network, typically at a rate of 1.5 Mbps or greater. 

Bandwidth demand from WWW applicactions is growing at 10% per month [Netgen 95] 

driven by consumer and business communication usage. By definition, multi-media 

applications require greater data rates than text-based applications. For example, a 

page of text is typically 4000 characters, a single high-resolution image 4 inches by 4 
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inches can take 1000 times this. This illustrates the growth in bandwidth required for 

image-based multimedia applications. Another application that is currently using fiber- 

optic communication infrastructure is cable television. Cable television providers today 

typically offer 50 analog channels of television using 1950’s era communication 

standards and resolution. Standards are currently being developed for High Definition 

Television (HDTV) that will require an order of magnitude more bandwidth (100 MHz Vs 

6 Mhz) [Reed 92, p. 154] to transmit a video signal, with additional growth in the 

number of channels of programming expected. Other services like video telephony, 

high-resolution facsimile, video-on-demand, electronic newspapers, and high-speed 

computer networking will soon touch the lives of all consumers, but only if the 

communication infrastructure is in place to support the services. 

2.0 Systems Engineering Process 

The systems engineering process is a continuous, iterative method used to find an 

optimal solution to a particular problem over its entire life-cycle. [Blanchard 90, p.16- 

31] The problem of telecommunication is particularly challenging because it is growing 

at a rapid rate and is continuously affected by technological changes, which are also 

evolving at a rapid rate. This project concentrates on the implementation of technology 

to increase bandwidth without increasing maintenance costs or decreasing reliability. 

This project is a product of this iterative process. The first iteration (or generation) of 

fiber-optic links was simply the replacement of copper infrastructure in point-to-point 

links. The second iteration, the current generation, is the aggregation of many voice 

circuits onto a single fiber link, a sort of high-capacity bit pipe. The third iteration, the 

topic of this project, seeks methods for cost effective increase in bit-rates. The process 

is illustrated in the following figure:
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Figure 1. Feedback in the Systems Engineering Process 

(Adapted From [ Blanchard 90, p.24)) 

In this figure, when desired system requirements change and can no longer be met by 

the current system (bandwidth in this case) then the need for another "generation" of 

fiber-optic system is identified. The application of this evolutionary loop is illustrated by 

the dased line. The systems engineering process, properly applied over the entire 

system life-cycle, can reduce the frequency of application of the dashed loop, and 

therefore reduce the number of evolutionary generations required to continuously meet 

In the case of fiber-optic communication links, a substantial capital | the need. 

investment can be required to upgrade to the next generation technology. 

3.0 Historical Background 

Since the invention of the telegraph in 1838 by Samuel Morse, electronic 

communication has held a permanent place in our culture and society. As our society 

has flourished, so has the demand for telecommunication to the point where our



economic and cultural vitality depends on the continuing growth of telecommunication. 

Throughout the history of telecommunication the growth in traffic in terms of information 

conveyed has been tremendous. In fact the use of telephones alone has sustained a 

6-8% annual growth rate since the late 1940's [O'Neill 82, p. 720]. While growth has 

soared, cost has gone down. Telecommunication has brought on what has been called 

the "Third Wave" or the Information Revolution that is driven by the generation, 

transmission and use of information. Fiber optic technology is the latest realization of 

the attempt to keep up with this revolution. Optical communication technology is 

undergoing somewhat of a revolution itself. 

3.1_ Early Fiber-Optics 

Fiber Optic communication systems have an interesting history. Optical fiber 

communication has only been practical for some 25 years. Early efforts were geared 

toward producing silica glass fibers that had significantly lower losses than the 1000 

dB/km values of the first fibers [Keiser 91, p. 1-14]. These early fibers were not useful 

for communication purposes at distances greater than a few meters because of 

extremely high attenuation. Once the process for manufacturing lower-loss fibers 

(10dB/km) was developed in the early 1970's optical communication became 

competitive with copper wire based infrastructure and began to be installed in 

communication systems as a substitute for copper wire. Incremental improvements 

have yielded attenuation levels (0.2dB/Km today) that have made long-haul 

communication systems practical.



3.2 Sources and Detectors 

The development of optical sources and detectors is of equal importance to the 

success of optical communication systems. Typical sources in fiber optic 

communication include Light Emitting Diodes and Laser Diodes. Typical detectors 

include photodiodes and avalanche photodiodes. Spectral properties of silica glass 

give three distinct "windows" for its use in communication systems (see figure 2). 

Sources and detectors in the early 70's were designed to take advantage of the "first" 

optical window in silica glass at optical wavelengths of around 850nm. As fiber 

technology developed, longer wavelength sources and detectors were manufactured to 

use the 1300nm window. This window has the added benefit of being the silica glass 

minimum dispersion point, or the point where a given pulse "spreading" is at a 

minimum, affecting link bandwidth. The third window at 1550 nm is being exploited in 

more communication links because it is the point of minimum attenuation for silica glass 

material and because of the availability of optical amplifiers. [Keiser 91, p. 11]
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Figure 2. Silica Glass Communication Windows 

From [Keiser 91, p.11] 

4.0 Technical Background 

4.1 Proliferation of Fiber-Optic Communication 

Fiber Optic communication has proliferated since the 1970's because it offers distinct 

advantages over copper wire technology. Longer link distances, immunity to 

electromagnetic interference and higher bandwidths and lower cost are the chief 

advantages of this technology. 

4.2 Basic Fiber Optic Laws 

In order for a fiber optic cable to guide light and make communication possible, it must 

posses certain physical properties. That is, it must be constructed with a core region of 

glass with a higher index of refraction than the surrounding glass cladding area. This is 

achieved with silica glass fibers by using dopants such as germanium in the core 

region. Undoped Silica glass has an index of refraction of around 1.45 at 

communication wavelengths [Keiser 91, p102]. Depending on the dimensions of the 

core region, the index of refraction difference between the core and cladding regions of 
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the fiber and the wavelength of the source signal, light will propagate (or not 

propagate) with certain characteristics Known as modes. (see figure 3) 

  

Cladding Region (n2) 

  

  125 yum Diameter = 2a Core Region (n1) 
(typical)       

  

Figure 3. Fiber Optic Waveguide 

The number of propagation modes in a fiber has direct bearing on its application and 

usefulness. Multimode fiber is characterized by a larger core region. Multimode fibers 

are selected for applications because inexpensive sources and detector components 

are available but is limited in bandwidth and distance due to modal interference and 

source characteristics. Most fiber optic Local Area Networks (LAN's) use multimode 

fibers. Communication links of any significant distance will typically use single-mode 

fiber. A single mode fiber is denoted by the relationship: 

  
2 2 V = uy -no < 2.40



Where V is a parameter (V-number) designation used in the design of fiber optic 

waveguides and A is the wavelength of the communication light source. If the V- 

number exceeds 2.405 then a fiber is considered multimode [Keiser 91, p.44]. 

4.3 Fiber Optics in Communication Systems 

Fiber optic based communication systems began to replace copper and terrestrial 

microwave links in the late 1970's. Fiber optic communication was chosen because it 

offered flexibility for future evolution of consumer expectations and requirements. The 

time has come for some of these technological developments to be considered to meet 

the fast growing need for data communication. 

5.0 Feasibility Analysis 

An inventory of today's requirements versus future requirements for individual users is 

the first step to improvement. This assessment will facilitate the design and 

development of relevant telecommunication systems to meet this increase in consumer 

demand and in quantifying the magnitude of necessary bandwidth improvement.
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Figure 4. Usage Profile of Today's Requirements 

5.1 Today's Requirements: 

  

  

  

  

  

  

                  
  

Device Morning | Afternoon | Evening| Night Capacity 

bps 

Telephone 30% 45% 20% 5% 64000 

Cable TV 25% 25% 25% 25% 300000000 

Audio 25% 25% 25% 25% 20000000 

Services 

Data 20% 20% 40% 20% 28000 

Newspapers O% O% 0% 100% 50000 

3.20E+08 

Figure 5. Current Requirements Table
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Figure 6. Usage Profile of Future Requirements 

5.2 Future Requirements: 

Future requirements represent nearly 100 times currently available bandwidth. There 

are three feasible alternatives to meet this need. 

  

    

  

  

  

  

                
  

Device Morning| Affernoon| Evening Night Capacity 

bos 

Telephone 30% 45% 20% 5% 6.40E+04 

Video 30% 45% 20% 5% 2.00E+06 

Telephone 

Cable TV 25% 25% 29%] 25% 2.00E+10 

Audio 25% 25% 25% 25% 2.00E+07 

Services 

Data 20% 20% 40% 20% 1.00E+07 

2.00E+10 

Figure 7. Future Requirements Table 
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5.3 Feasible Alternatives 

All feasible alternatives must take into account the following requirements: 

1. Increased bandwidth for broadband services. 

2. Cost effectiveness, leading to no more than double current 

service cost . 

Reliability and maintainability leading to 99.99% availability. 

Timeliness of implementation. 

Use of existing infrastructure. 

oO
 
a
 FF 

&
 

Upgradability. 

Option 1 

Duplicate Current Network to provide sufficient bandwidth 

This option requires the overlaying of existing infrastructure with a functionally and 

technologically equivalent infrastructure to include optical sources, detectors, repeater 

hardware, electronic switches and fiber-optic cable. 

Pros 

This option provides for full use of existing infrastructure 

1]



Cons 

This option is costly, requiring labor-intensive installation of large amounts of cabling 

and equipment. This option requires large amounts of cabling at the customer site to 

meet bandwidth needs. 

Option 2 

Replace Current Network with newer, higher capacity technology 

This option discards current infrastructure and completely replaces it with newer, 

broadband technology. 

Pros 

This option provides for maximum compatibility and eliminates the support burden of 

older systems. Provides a standard foundation for upgradability. 

Cons 

This option requires a long transition period where the old and the new system will 

have to be supported. Do not get any benefit from already installed infrastructure. 

Option 3 

Update Current Network with new technology, implement new technology on new 

installations, including Fiber Optics to the Home (FOTH). 

This option utilizes technical improvements to migrate toward high-bandwidth 

capability, replacing elements of the local, and long-haul as bandwidth demand 

warrants. 

12



Pros 

Allows for system evolution that matches actual demand for bandwidth. Allows for 

customers to keep current systems. 

Cons 

Requires support of many different systems. 

6.0 Mode Selection 

The options were consolidated and placed in the mode selection matrix below: 

13
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Figure 8. Mode Selection Matrix 

All options are feasible because they all offer medium to good bandwidth performance 

characteristics. 

6.1 Mode Selection Assessment 

Option 1, Duplicate Current Network, is deficient because it has poor or medium cost, 

reliability, timeliness of implementation, and upgradability characteristics. 

14



Option 2, Replace Current Network, is deficient because it has poor timeliness of 

implementation, infrastructure re-use characteristics and medium or poor cost and 

reliability characteristics. 

Option 3, Update Current network with new technology, has best requirement 

characteristics based on the Mode Selection Matrix. Option 3 is the recommended 

mode. 

7.0 Operational Requirements 

Performance Profile: The telecommunication network will operate 24 hours per 

day, 7 days per week. 

Performance Parameters: The communication network will provide interactive and 

non-interactive data communication including audio, video, 

voice and data services. 

Capacity: Provide 100 times current aggregate bandwidth to the 

consumer. 

Environmental: Network will operate in all weather environments including 

those to which the current network is subjected. 

Use Requirements: Consumer will be limited to 1OMbps outbound. 
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Life Cycle: The system will operate for 20 years after which time it will 

be replaced and have no salvage value. 

Effectiveness Factors: The system will be available 99.99% of the time and cost will 

be no greater than 2 times the aggregate total of current 

services. Implementation of bandwidth improvements will be 

timely, new services will not be hindered by lack of 

bandwidth. 

8.0 Technical Analysis 

The technological improvements in option 3 fall into the following categories: 

1. Upgrade of existing medium and long-haul networks 

2. Interactive broadband to the Home (upgrade of local network) 

8.1 Medium and Long-Haui networks: 

Existing medium and long-haul terrestrial communication networks almost universally 

use fiber optic technology. The limiting factors in the capacity of these fiber optic links 

are the electronics involved in modulating and demodulating the signals. Current 

technology limits links to approximately 2.4 Gbps of bandwidth for this reason. This is 

consistent with OC-48 in the Synchronous Optical Network (SONET) heirarchy. These 

links also require significant infrastructure in the form of repeaters to demodulate and 

retransmit the signal every 30-40 km for high bandwidths. While the reliability of these 

repeaters is in the range of 45500 hours MTBF (See Laser Diode Reliability calculation 

in Appendix F), they represent a significant cost in the operation and maintenance of a 

fiber-optic communication link. | Maintenance cost calculations for a sample 2-way 
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communication link are included in Appendix J. With the growth of interactive and 

broadband services, greater bandwidth must be made available. 

8.2 Repeater Failure Characteristics 

A repeater unit consists of receiver optics, a receiver, processing circuitry, a 

transmitter, and transmitting optics, along with a power supply and monitor/control 

circuitry. The individual component parts of a repeater are highly integrated using Very 

Large Scale Integrated Circuit (VLSI) technology. [MIL-HDBK-217F] states that 

discrete semiconductor devices and silicon integrated circuits have extrapolated failure 

rates on the order of a million hours, given a stable power source and reasonable 

levels of environmental temperature contro! (0-50 degrees Celsius). The main 

contributors to the failure of repeaters are the Laser Diode (LD) sources, failures in the 

power supply, and failures in the environmental controls of the electronics housing. 

8.3 Laser Diode Source Reliability 

From [Schumate 88, p.746] and [MIL-HDBK-217F], Laser Diode sources have failure 

rates on the order of 22,000 FITs (Failures In Time = 10° hours) corresponding to an 

MTBF of 45,500 hours. LD source failures are particularly sensitive to high 

temperature extremes, with particular attention required for the proper housing and 

environmental control of LD sources. 

8.4 Power Supply Reliability 

Typically, a remote repeater station is powered by electric power cables layed along 

with the fiber-optic cable or by Nickel-Cadmium (Nicad) batteries charged by a fixed 

solar panel array. Nicad battery lifetime is measured in charge cycles, with a value of 

1000 charge/discharge cycles being typical. The actual charge/discharge of a nicad 

17



battery system is dependent on factors such as latitude and weather that are not 

controllable by the designer, therefore a 1-day cycle may not always correspond to a 

charge/discharge cycle for the battery pack. Failures when they occur are gradual 

[Kusko 89, p.190] and can be accurately predicted before actual occurance. For this 

reason, replenishment/replacement/monitoring of elements of the power supply set the | 

upper limit in the frequency of repeater station periodic maintenance. 
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Figure 9. Repeater Block Diagram 
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Figure 10. Power Supply Block Diagram 

8.5 Reducing Repeater Requirements 

Using current methods, a reduction in the number of repeaters would require a 

reduction in the bandwidth of the fiber-optic link. This is not a feasible option since 

more bandwidth is required to meet the demand of new services. The number of 

repeater stations may be significantly reduced without decreasing bandwidth through 

the use of technological advances using optical amplifiers. Optical amplifiers use 

physical properties of rare-earth elements doped into a section of fiber-optic cable to 

achieve broad band amplification. Utilizing a pump laser as a power source, optical 

amplifiers effectively increase the distance between repeater stations, or if other 

technical measures are taken like dispersion cancellation, completely eliminate the 

need for repeater stations [Shimada 94, p.87-95]. 
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Typical Long-Haul Network 

            

Optical Amplifier Implementation 
On a Typical Long-Haul Network 

  

= Repeater = Optical Amplifier 

Figure 11. Typical Link Configurations 

8.6 Increasing Available Bandwidth 

Wave Division Multiplexing (WDM) is a useful method of achieving greater bandwidth. 

Using this method, multiple data streams are sent through the same existing fiber optic 

cable over different optical wavelengths. Each data stream behaves as if it has a 

dedicated fiber and is not affected by any of the other data streams. However, repeater 

stations must still be present at regular intervals, and there must be a dedicated 

repeater for each data stream. For communication links of any significant distance, the 

reliability and maintainability cost impacts due to the need for repeater stations is great. 

This point is illustrated in Appendix J. 

9.0 Evaluation Criteria 

9.1 Figures of Merit   

Throughput Bandwidth per link and Life-Cycle Maintenance costs are the figures of 

merit used to compare the current and updated systems. Procurement and installation 
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costs are equal in both systems and therefore not included in this analysis: 

Maintenance cost consists of the aggregate cost to maintain the transmitting 

equipment/facilities, the receiving equipment/facilities and all of the repeater 

equipment/facilities. 

9.2 Design Variables 

Bandwidth is the primary design variable for communication links. In practical design of 

fiber optic communication links Bandwidth-Distance product is the parameter used. 

This is generally a constant for a given transmitter source and fiber. The spacing of 

repeaters is dependent on the bandwidth of the signal so arbitrarily increasing 

bandwidth to satisfy demand is not an option unless repeaters are spaced more 

frequently. Maintenance costs are also a function of bandwidth. For a given link, 

maintenance and reliability penalties increase with the frequency of repeater stations. 

The design variable is Bandwidth, with design dependent parameters of Number of 

Repeaters and Recurring Maintenance Cost. 

9.3 Bandwidth Distance Product 

The bandwidth distance product is a fundamental concept used to design 

communication system through any medium. In radio frequency (e.g. satellite) links, if 

a signal can not propogate effectively across a fixed distance, then bandwidth must be 

adjusted until the signal is detectable above the noise threshold, yielding a fixed 

bandwidth-distance product for the link. This is also true of fiber optic links, hence the 

quantum limit for detection of light in a fiber at a given bandwidth is one of the 

parameters considered in link design. Optical fibers have additional properties that add 

additional limitations on the design of fiber optic communication links. There are three 
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main components limiting the bandwidth-distance product in fiber optic links, Material 

Dispersion, Waveguide Dispersion, and attenuation. 

  -20FT T | 5 

  

  it 1 17 
30 {00 900 ©1000 S000 

BIT RATE (Mb/s} 

Figure 12. Detector-Bandwidth Graph 

(From [Forrest 88, p589]) 

9.4 Material Dispersion 

Material dispersion is generally a fixed value at a particular operating wavelength, and 

is caused by the dependence of core refractive index on transmitted wavelength. The 

value of material dispersion is usually positive for silica glass at most commonly used 

communication wavelengths, that is higher-frequency components of a transmitted light 

pulse travel slightly slower than the lower-frequency components. This limiting 

component of bandwidth-distance product is a function of the optical source spectral 

width, Laser Diodes (LD's) typically have very narrow spectral widths when compared 

with other optical sources like Light Emitting Diodes (LED's). A perfect LD would have 

an infinitely small spectral width. Real-world LD's are constructed with semiconductor 
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materials that contain some levels of imperfection and are limited by the physical 

tolerances of the fabrication methods used in their manufacture. As a result they 

typically have a linewidth around 1 nm at communication wavelengths. For typical LD 

sources this can be significant contributing factor to limited bandwidth-distance product. 

Detailed Dispersion calculations are shown in Appendix B. 

9.5 Wavequide Dispersion 

Waveguide dispersion is dependent on the waveguide refractive index parameters and 

core dimensions. Waveguide dispersion is typically a negative value, that is, higher- 

frequency components of a light pulse travel slightly faster than lower-frequency 

components Waveguide dispersion can be modified with the particular design of the 

fiber. The combination of waveguide and material dispersion can offset each other. 

Around 1300nm, typical fiber-optic waveguides dispersion is near zero [Keiser 91 

0.100]. 

Careful selection of fiber dimensions and index differences can shift the minimum 

dispersion point of optical waveguides, yielding dispersion shifted fibers that can be 

used to optimize the dispersion characteristics of a communication link [Keiser 91, 

p.114-125]. Example calculations are included in Appendix C. 

9.6 Attenuation 

Attenuation is dominated by absorption and scattering. Absorption is usually caused 

by the presence of water ions in the material. These ions have strong absorption 

peaks at several frequencies. Water ion absorption is responsible for the classification 

of communication "windows". At communication wavelengths less than 1000nm, 

attenuation is dominated by Rayleigh scattering [Keiser 91, p.91]. As such, the trend in 
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optical communication has been toward longer wavelengths. Silica glass exhibits 

increasing attenuation in wavelengths greater than 1550 nm due to infrared absorption. 

9.7 Example Application 

To illustrate the application of these concepts, consider the following example 

communication link between New York and Los Angeles: 

  

  

Path Length: 4000 km 

Data Rate: 1000 voice channels (64000 bps x 1000 = 64 Mbps) 

Fiber Type: Single-Mode, 1300nm 

Aggregate AttenuationLoss: 0.55 dB/km 

_|Bandwidth-Distance Prod: 10 GHz-km 

Modulation Scheme: Digital Return-to-Zero, FSK 
  

Detailed calculations are shown in Appendix A. The maximum repeater spacing for this 

scenario is 78 kilometers. Therefore to traverse the total path length, 52 repeater 

stations are required. Assuming an MTBF of 45,500 hours yields a failure every 875 

hours, or one every five weeks. Since this calculation is only for a one-way path, 

including an outbound and an inbound path would yield a failure rate of half the one- 

way rate or 438 hours. Repeater redundancy must be incorporated to meet 0.9999 

availability requirements, as detailed in Appendix J under "Repeater Maintenance 

Calculations", therefore the population of repeaters must be doubled again, yielding 

one repeater failure in the system every 219 hours. This figure is for one two-way 

communication link carrying the equivalent of 1000 voice channels only. When the 

number of data links is multiplied by the number of long-haul fiber optic communication 

links in operation today, The failure statistics alone require a great maintenance effort 
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to be mounted. When the bandwidth requirements of current and future high- 

bandwidth services are considered it is clear that more long-haul optical links need to 

be established to meet the needs of these new services. 

10.0 Maintenance Concept 

10.1 Level of Maintenance 

Maintenance tasks required for the system are performed to assure system availability 

is not compromised below the 99.99% level. Preventive maintenance tasks are 

performed to assure the integrity of the cable right-of-way in areas that may face 

encroaching development. Repeater facilities must be inspected and tested to assure 

proper environmental conditions are maintained and power supply degradations are 

discovered before any failures occur. Corrective maintenance tasks reflect the modular 

nature of repeater electronic components. New modules are removed and replaced 

when failures occur. At least one cable break is assumed over the 20 year lifetime of 

the system. The following levels of maintenance are required for the communication 

link. Repeater maintenance calculations are detailed in Appendix J: 

  

  

Preventive Maintenance: 

  

Action Frequency . Time to accomplish 

Inspect cable right-of-way Annually 1 week 

Remote Repeater Facility Quarterly 2 hours 
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Corrective Maintenance: 

Action Frequency Time to accomplish 

Remove/Replace electronics 

module 219 hours 250 hours (maximum 

includes travel and waiting 

time) 

Splice cable 80,000 hours 6 hours 

  

10.2 Repair Policy 

Corrective and Preventive maintenance of repeater stations will consist of removal and 

replacement of individual system modular components. Components that are removed 

will be discarded. No intermediate or depot level maintenance will be required. 

11.0 Fiber Amplifiers 

11.1 Description 

Fiber optic amplifiers are sections of fiber-optic waveguide that have been doped with 

special elements, usually a rare-earth element like erbium, neodymium, or yttrbium. 

These sections of fiber-optic waveguide can be spliced into an existing communication 

fiber or incorporated into new fiber installations. When a fiber amplifier is excited by a 

pump-laser, it effectively amplifies signals passing through it that are within its 

flourescence spectrum. 

11.2 Application 

Currently, attention has been focused on erbium-doped fiber amplifiers because they 

are capable of amplifing signals at 1550 nm, the third window of silica glass fibers. The 
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third window corresponds to the point of minimum attenuation for silica glass material, 

therefore it is of great interest in fiber-optic communication. [Digonnet 93, p.1] 

New fiber installations can utilize dispersion-shifted fiber to yield a repeaterless system 

that has both minimum dispersion and minimum attenuation at the third window. A link 

incorporating this design could greatly increase its data carrying capacity because fiber 

attenuation is effectively eliminated from the capacity equation. A repeaterless fiber- 

optic link is of particular interest where very high-reliability is an important link 

characteristic, as in undersea cables, where repair of the cable is very difficult and 

expensive [Runge 88, p.881]. Existing installations can utilize WWDM and dispersion 

cancellation devices to increase the data density on the fiber. 
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Figure 13. Fiber Amplifier Example Configurations 
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The previous illustrations show an interesting characteristic of fiber amplifiers. The 

location of the pump laser can be either on the source or the destination side of the 

link. Fiber amplifiers are bidirectional devices so the link designer has flexibility in 

placing the pump source. 

11.3 Fiber Amplifiers and WDM 

Fiber amplifiers innerently make the application of Wave Division Multiplexing (WDM) 

on a single fiber much easier to implement. Implementing WDM on current generation 

fiber optic communication links requires that a repeater be located periodically for each 

individual communication wavelength [Shimada 94, p.264]. For instance, if a 10 

frequency WDM scheme were implemented on the example link between New York and 

Los Angeles, it would have capacity for 10,000 simultaneous voice channels without 

having to lay new fiber. However, the 208 repeater units required for this bandwidth 

and 0.9999 availability would blossom to 2080 repeater units. The failure rates would 

also increase by a factor of 10 and costs would equally rise. 

Using fiber amplifier technology, a single fiber amplifier can be configured to 

simultaneously amplify all 10 individual wavelengths. This allows WDM to be used 

across links using cascaded fiber optic amplifiers without the addition of any hardware 

and therefore without increasing the failure rate of the system. 

11.4 Design Considerations of Fiber Amplifiers 

With the replacement of regenerative repeaters with amplifiers in cascade in long-haul 

links, noise becomes a more significant consideration. Noise causes bit-errors in 

digital systems whereby a 1 is recognized as a O and vice-versa. Fiber amplifiers 
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generally have excellent noise characteristics. Signal-to-noise ratio (SNR) levels of 

13 dB will generally give good bit-error rates (BER) in the vicinity of 1 error per billion 

bits transmitted. SNR can be given by the following equation from [Henry 88, p.821] 

AL 
P10 10 

SNR -= - 
t 

L 

    

Where the critical parameters are A - attenuation, L - Length between cascaded 

amplifiers, Li¢- total link length, B - data stream bandwidth, Pt - power coupled into 

the fiber. Calculations for expected SNR are shown in Appendix |. Using parameters 

of the hypothetical New York-Los Angeles link at 10 times the original bandwidth, SNR 

is excellent, leading to an acceptable BER. 

For the upgrade of an existing optical fiber communication link, the components 

required to replace a repeater station are the fiber amplifier, pump laser source, a 

coupler, and a dispersion compensation module. The components could be 

configured as illustrated in figure 14. 
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Dispersion Compensating Fiber Amplifier 
Fiber -1.56 nsec | 

Pump Laser 

      

Figure 14. Fiber Amplifier Example Application 

| 11.5 Reliability Considerations 

All components with the exception of the pump laser are fiber devices that have high 

inherent reliability, resulting in MTBF characteristics in the hundreds of thousands of 

hours or greater of system operation. The pump lasers are different in application than 

communication lasers. They are continuous wave (CW) lasers that are available with 

high power output and efficiency with greater reliability than communication lasers. 

Additionally, redundancy can be employed with pump lasers to further increase overall 

reliability. Expected reliability of these pump lasers is on the order of 100,000 hours 

MTBF [Shimada 1994, p.215]. MIL-STD-217F calculations are detailed in Appendix G. 

11.6 Additional Characteristics 

Fiber amplifiers offer distinct advantages of cost and reliability for new and existing 

communication links as previously detailed. They also offer distinct advantages for 

upgradability. Current fiber optic links are locked into a particular protocol, data rate, 

and throughput once they are designed and installed, unless all terminal equipment 

and repeaters are replaced to reflect any changes in desired network characteristics. 

In the case of undersea links, There is no way to upgrade the link, even though 

technological developments may warrant it because the link is inaccessible once 
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installed. In the case of links implementing fiber-optic amplifiers, the upgrade of the 

communication link characteristics is simply a matter of replacing the terminal 

equipment provided broad parameters of the the amplifier are not exceeded [Senior 92, 

p.514]. This characteristic from a cost perspective is difficult to quantify, but assuming 

that over the 20-year lifetime of the example link, an update in the character of the link 

behavior is warranted every five years, the cost of the update will necessitate the 

purchase and installation of equipment for each node. Cost calculations for updates 

are shown in Appendix J. 

11.7 Fiber Amplifier Prototype Links 

The feasibility of fiber amplifiers has been demonstrated with prototype links. One 

such experiment [Chraplyvy 94] demonstrated the use of 16 WDM channels, each 

operating at 2.5 Gb/s over a 1420 km fiber link with erbium-doped fiber amplifiers. This 

achievement represented a combined throughput of 40 Gbps over the link distance. 

Recreating this throughput with current technology would require the installation of 568 

repeater units. Another demonstration by [Park 95] demonstrated the use of erbium- 

doped fiber amplifiers in the 1550 nm window over 1300nm optimized fiber. This 

experiment utilized 2 WDM channels and Dispersion Compensating Fiber (DCF) 

modules to achieve a 20 Gbps transmission link over 360 km. This field experiment 

demonstrated the feasibility of the configuration proposed in this report. 

12.0 Local Loop 

While the long-haul networks are important to achieving overall network bandwidth, 

providing bandwidth increases to the consumer is the key to the success of the high 

bandwidth services. To date there is no infrastructure in place on a wide scale to 

provide these services. This is mostly due to regulatory uncertainties. At this time 
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cable television companies cannot provide phone service and telephone companies 

cannot provide cable television services to the consumer. Regulatory reform of 

telecommunication is required before any significant progress will be made providing 

the conduit for high-bandwidth services, fiber-optics to the home. 

12.1 Local Networks: 

Most communication services provided to consumers alway traverse a fiber-optic 

communication link at some point before delivery. Extension of telephone and cable 

fiber-optic feeders into a fiber-optic distribution network is therefore a logical step to 

providing broadband services to the consumer. Cable television and telephone 

companies are the most likely entities that will provide the consumer with broadband 

services in the future [Reed 92, p.20]. Currently, they serve the consumer using two 

different communication network topologies, the bus and the star respectively. 

  

  waar) 4 
rar 

Bus Network Topology Star Network Topology 

  

(Cable Television) (Telephone Network) 

Figure 15. Example Network Topologies 
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The topology used is dependent on the type of service being provided, the cost 

constraints and the protocol used to provide communication. 

12.2 Bus Networks 

The bus topology is particularly suited to providing broadband broadcast services to 

consumers inexpensively. Today, cable television companies provide services to 

many customers using this topology for distribution of broadcast programming to the 

consumer. Unfortunately, it can be a relatively poor performer interactively, because 

many users must share the bandwidth to provide the cost advantages over other 

topologies. 

12.3 Star Networks 

The star topology is particularly suited to providing fixed, switched bandwidth to 

multiple points. The telephone company needs to provide fixed bandwidth to many 

locations and needs to interconnect the locations at the whim of the customer. The star 

network is well suited to this requirement but is dependent on a complex and expensive 

switch at the hub of the star. 

12.4 Fiber-Optics to the Home (FTTH) 

When fiber-optics reaches the consumer directly, it will likely be in the form of a bus 

network, a star network or some hybrid of the two. Most of the bandwidth will be used 

for video services. The extent to which these video services will be interactive is a 

subject of industry debate. If video services are provided in the future that will be 

similar in nature to today's video services, then a bus topology is favored. However, if 

video-on-demand and other interactive services are provided, then the network will 

favor the switched star topology. Industry seems to favor the switched interactive 

33



services whereby the consumer can be charged for each service transaction, while 

inertia favors the current broadcast medium scenario [Reed 92 p.23-50]. 

12.5 Cost Considerations 

Reliability of today services is generally good, owing to the superior operating 

characteristics of electronic devices. These electronic devices, as in long-haul fiber 

optic links, are the primary bandwidth limiter and maintenance cost item. Fiber 

Amplifiers again offer promise of eliminating the requirement for electronic hardware. 

In the bus topology, each tap on the bus reduces the amount of signal by some 

fraction that after cumulative effects of many taps and attenuation, requires 

amplification. The fiber-optic bus network with optical amplifiers offers cost advantages 

that current cable TV providers are faced with using RF technology distribution systems 

[Reed 92 p.28]. An analysis of current bus vs. star networks is located in Appendix P. 

12.6 A Likely Scenario 

Until regulatory confusion is resolved for telecommunication industry players, 

broadband services will not reach the consumer widely. This is because the cost of 

installing and maintaining a fiber network to the home justifies the providing of services 

to the consumer over an integrated broadband network. [Reed 92, p.116] estimates that 

the costs of providing broadband services to the home are from $920 - $2948 per 

subscriber in 1992, depending on architecture and approach. At these cost levels, it is 

unlikely that competing providers like cable TV and the telephone company would be 

able to profitably install separate, competing fiber-optic networks directly to the home. 

Clearly, some regulatory compromise that allows for the integration of broadband 

services onto a single fiber to the home would greatly aid the development of 
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broadband services. These technical developments for increasing bandwidth will likely 

be implemented (and have already been implemented, in some cases) on long-haul 

and undersea links first where they will replace and/or update current infrastructure, 

and the regulatory environment is considerably clearer. 

13.0 Conclusion 

It has been shown that it is possible to implement technical measures that allow an 

increase in bandwidth on existing and new long-haul fiber-optic communication links 

with positive cost impact. Using the sample link cost assumptions, a $3.7 million 

maintenance/upgrade cost savings is shown (Appendix K) by implementing optical 

amplifiers instead of using the current system. System reliability is increased to 

0.999999 from 0.999975 by using optical amplifier technology. Actual implementation 

of this technology depends upon several factors: (1) the regulatory environment, (2) 

the actual demand for broadband services, and (3) the cost of the services and the 

network. At some point, a portion of or all of the broadband services described in this 

research project report will be offered to the consumer. The success of these services 

depends directly on the ability of the telecommunication infrastructure to expand in 

terms of bandwidth to meet the expanding need as well as the cost of providing these 

services. Developments in the area of optical amplifiers will certainly be part of 

expanding the infrastructure bandwidth, and will likely be implemented in many long- 

haul links because of the positive impact they have on the complexity and cost of fiber- 

optic communication links. 

14.0 Future Considerations 

There are other technologies which may be applied to varying degrees to influence the 

impact of increasing bandwidth requirements. Compression technology uses detected 
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data redundancy to send amounts of data that otherwise exceed the bandwidth 

capacity of a communication link. Video, for instance, usually contains a large amount 

of redundancy and can generally utilize compression with great success in most cases, 

yielding a 10 to 1 compression ratio or greater by using specialized hardware and 

algorithms. ATM, or Asynchronous Transfer Mode, is a protocol that facilitates the 

aggregation of data onto high-capacity fiber-optic links, as well as the routing of data 

from source to destination in a logical fashion. ATM is already being implemented on a 

large scale within organizations and telecommunication providers. ATM will certainly 

have an impact in terms of providing broadband services to consumers, once the 

broadband pathways are made available at the consumer level. The consideration of 

these and other technical developments are essential to increasing the useful life of 

current and future generation fiber-optic communication links. The approach used 

here can have general application to the upgrade of systems involving legacy 

infrastructure. 
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Appendix A 

Typical Fiber-Optic Communications 
Link Calculations 

Given the following Parameters: 

Path Length: 4000 km 
Data Rate: 1000 voice channels (64000 bps x 1000 = 64 Mbps) 
Fiber Type: Single-Mode, 1300nm 
Aggregate Loss: 0.55 dB/km 

Bandwidth-Distance Prod: 10 GHz-km 

Modulation Scheme: RZ FSK 

Path := 4000-km 

DataRate := 64-MHz-2. Using RZ coding doubles the required bandwidth 

Loss ‘= 055 Including Fiber loss, Splices, and coupler losses 
m 

aa. Typical Long-haul BW-Distance Product [Senior, 92] 
BW prod ~ 1° GHz:km page 184 Result of Source Spectral Width and Fiber 

Parameters 

P , = 10-10°°- watt Laser Diode Power Output 

Receiver Intensity Requirement for PIN (Typical at 
P .:= 5-10 "watt 128Mbps) [S.R.Forrest, Optical Detectors for 

Lightwave Communication Optical Fiber 
Telecommunications II, p 589] 
  

  

  

10-dB P , , 
Ls= -log| — L =78.201:km Detector Quantum Maximum 

Loss Pp, 

BW prod 
——— =78.125-km Bandwidth-Length Product Limited Spacing 
DataRate 

Therefore for 1300nm Links, Attenuation is the main limiting factor in repeater 
spacing 
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Typical Fiber-Optic Communications 
Link Calculations (Cont'd) 

Using the typical Bandwidth-Distance Product and the detector quantum limits, the 
repeater spacing is the lower of the bandwidth product-data rate ratio and the 
quantum maximum. 

BW dB=1 BW prod aL prod L 

DataRate ’ DataRate’ 
Repeater_Spacing ‘= if 

Repeater Spacing =78.125-km 

The one-way number of required repeaters is: 

Path 
——————— =51.2 Rounding up required 
Repeater_Spacing 
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Appendix B 

Example Dispersion Calculations 

From [D. Gloge, "Weakly Guiding Fibers", Applied Optics, vol 10, pp 2252-2258, 
Oct. 1971], the following relationships are defined 

The parameter b, or normalized propogation constant is defined for the fundamental 

mode, LPO1: 

8 - Propogation Constant i - Wavelength 

n, - Core Index of Refraction n, - Cladding Index of Refraction 

V - V-parameter A - Index Delta 

B 
—— - nn 

A 
b A = ipo (B.4.n 1.9] a] -R5 

phy 
Uppal (VY) = 7 

4 
+ (4 + v) 

Mode Propogation constant, 8, of the fundamental mode is defined as: 

(Urpo (v))’ 
2 

  

2-7 
Brpoi(V.4,n 9,4) wma A: 

      

V 

c iz 3- 108. 

sec 

ps210 I? sec 

nm=10 ?-m 

um=10 °.m 
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Example Dispersion Calculations 

(Cont'd) 

The following parameters are given, n2 is set by the intrinsic index of refraction of 
silica fiber at the given wavelength. The wavelength is selected to be compatible 
with existing fiber optic amplifiers, and the minimum attenuation point of silica 
optical fibers. V-number is selected to yield a single-mode fiber (V < 2.405) 

Given the following parameters, design a circular core, step index weakly guiding 

fiber to obtain zero dispersion (i.e. 20 ps/nm/km waveguide dispersion) 

  

  

  

  

  

ps 
V:=2.2 dW := 1550-nm nv» ‘= 1.45 D ‘= 20- 2 want nm-km 

Lookup on plot below: dVb2 := .188 

-n 7A 

Waveguide dispersion is given by: D we -V-dVb21 
CA 

2 

Nnys= ] n,=1.473 
-D want ©» +N» V-dVb2 1 

"2 
Ais-—— +] A=0.016 

ny 

Solvina f dj _ V-A 
olving for core radius, a a= ——~-----— , _y 49] “um 

om i po 2 

Verifying ata 
2 2 

V-number: V'= , NTL M2 V =2.2 
V 

“ngA ps 
Verifying waveguide D =o V-dVb2 D,. =-20: 

ye 9 WS ch ws nm:-km Dispersion: 
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Example Dispersion Calculations 

  

(Cont'd) 

Summary of the fiber parameters for 20 ps/(nm-km) wavequide Dispersion: 

h=1550-nm =n = 1.473 ny = 1.45 A=0.01551 

V =2.2 a =2.10052-um 

low ‘= .01 step := .05 

V := low, low + step..3 

  

1.5 
1.35 —- - 

L2 wee oT 
1.05 

0.9 

0.75 

0.6 i 

0.45 

0.3 

O15 
0 - 

0 

— b 
=" d(V by/dV 
—— g2(V by/dV2 

Figure A1. Normalized Propogation plots 

      

  

V=22 

by por |B Lpor (V4.0 2,%),4,n 1,0 9} =0.454 
‘ 

by por (B Lpo1(V-4,02,4),4,m 7,0 9}-V =0.999 

&(¥-b p01 (P rp01(VeA.n 2.4) sham sm )) =1.08 
2 

SS (V-b ppo1 (B por (V.4,09,4),4, 1,19)) =0.188 
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Appendix C 

Dispersion Shifted Fiber 

Previous calculations yielded a Dispersion Shifted Fiber with the following 
parameters: 

  

a =2.101-ym n, =1473 n 5 =1.45 A =0.016 

V =2.2 

2-1 a 2 2 

V 4Q) = ais -no 

“ng d 

  D wo(*) = ~~ (V-b poi (Brpoi (V 14).4.0 2.4),2.0 1,0 9)) 
dv 

  

ch 

i := 800, 850.. 2000 
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Figure A2. Waveguide Dispersion Vs Wavelength 
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Appendix D 

Wavelength Dependence of Silica Glasses 

This model for index of refraction is based on [S. Geckler 87, "Optical Fiber 
Transmission Systems, p. 67] 

Sellmeier parameters of Germanium-Doped Silica 

  

  

    
  

Fiber: 

7136824 003808952 

a := |.4254807 b:= .01614969 um := 10 °-m 

8964226 97.93401 
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OM be 1 = 200.. 4000 i=0 am 
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A 

Figure A3. Index of Refraction as a function 

of Wavelength 
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Appendix E 

Fiber Optic Link 

Group Delay Model 

These calculations are based on a typical Laser Diode source |inewidth of 1 nm for a 

1300 nm communications link, which is typical for Fabry-Perot (FP) or Distributed 
Feedback (DFB) Lasers in use in many fiber optic links. [Bowers, 1988, 

Semiconductor Lasers for Telecommunications , Optical Fiber Telecommunications 

ll p 539. These equations are from [Keiser, 1991, Optical Fiber Communications p 

100. 

  

  

nm=10 ?-m 

ps=10 12 sec 

AX = 1-nm Spectral Line Width (typical) 

4 := 1550-nm Center Wavelength 

n (2) = 1.45 - .005:(A - 1000-nm) Core Index of Refraction Modeled after 
[\ur 500-nm Figure 3-12 in [Keiser,91] pg 102. 

= 3-108 Speed of Light 

Sec 

L = 78-km Typical Link Length 

; _ 20 Delta beta for a 1-nm 
BCdIEE, 4) = nye) wavelenth difference 

i | 
tT (A) = { 480A, 2)-km Group delay 

S 217C dr ; 

= é 6 o T o(h) =4.916-10 sec A6



Fiber Optic Link 

Group Delay Model 

(Cont'd) 

st= (foe (1) ARE §t =20.077-P2 
dz 2 km km 

Assuming that 1/5 pulse overlap will cause excessive Bit Error Rate, then the 

implied bandwidith-distance product limitation would be: 

1 1 
—-— =9 961-GHz:km 
5 &t 

For the Link length, L, the upper limit on bandwidth would be: 

1/1 1\ L(t | = 0.128 -GHz 
L \5 Ot; 

Dispersion is designated: 

  p= (44 ay} D =20.077- = 
di ® } km nm-km 
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dW := 900-nm ,950-nm.. 1700-nm 
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Appendix F 

The Effect of Source Spectral-Width 

on Bandwidth-Distance Product 

dX := 1310-nm 

  SRC(Ad,2) = ms I l 
km 5 /d 1 ‘GHz 

| —t (A) |-AA-— 
| di & km 

WN := 1275,1276.. 1325 

  

            
  

3000 | l ] l ] 

2000 [- _ 

GHz:km 

1000 f- — 

\ 

1275 1280 1285 1290 1295 1300 1305 1310 1315 1320 1325 

— 2-nm 

~ 5-nm 

~~ 10-nm 

~~ 40-nm 

Figure A5. Effect of Source Width on 

Distance-Bandwidth Product 
(centered at 1300nm) 
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Appendix G 

Laser Diode Reliability 
from MIL-HDBK-217F 

Pump Laser Calculations 

The following calculations follow the procedure of MIL-HDBK-217F for optoelectronic components 

found on page 6-21, values selected are typical. 

Laser Diode Type: 

InGaAsP (1.0-1.7um) [Senior 92, p. 315] 

Ap (= 5.65 Failures per Million hours (base) 

Temperature Factor 

T= 1.0 @ 25 C Junction temperature 

Quality Factor 

T Q = 1.0 Hermetic Package 

Forward Current Factor 
[= 5 

_ 7.68 _ 
ty al T 7 = 0.624 

Application Factor 

1 A = 4.4 CW 

Power Degradation Factor 

Tp = 71 Required / Rated ratio of 0.3 

Environment Factor 

TR 1.0 GB, 35 C case temperature 
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Laser Diode Reliability 

from MIL-HDBK-217F 

Pump Laser Calculations 

(Con'd) 

r D =} bETTQ™TTATp™ E r p> 11.017 Failures per Million 

10°- hrs 

‘p 

  = 90769.71 -hrs 

For Laser Diodes with Optical Flux Densities < 3MW//cm42, and forward Current < 25 amps 

Note: For the pump laser, Optical fluxes exceed the limits of this model. 

  

= 2.5-um Radius of Single Mode Fiber core 

‘= . ‘= JT: 2 P out ‘= 1000-mw Area = ™1r 

P out Mw 
Flux := Flux = 5.093 -——— 

Area cm? 

Mw = 10° watt 

um=10°m 

cm=10°?-m 

mw = 10 3-watt 

hrs =3600-sec 
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Appendix H 

Laser Diode Reliability 

from MIL-HDBK-217F 

Source Calculations 

The following calculations follow the procedure of MIL-HDBK-217F for optoelectronic components 

found on page 6-21, values selected are typical. 

Laser Diode Type: 

InGaAsP (1.0-1.71um) [Senior 92, p. 315] 

r b= 5.65 Failures per Million hours (base) 

Temperature Factor 

a @ 65 C Junction temperature 

Quality Factor 

T Q = 1.0 Hermetic Package 

Forward Current Factor I: 

1°? 
Ty = T 7 = 0.624 

Application Factor 

Ta = 1.0 Pulsed Application, 100% duty cycle 

Power Degradation Factor 

Tp -= 1.0 Required / Rated ratio of 0.5 giving 3-dB margin 

Environment Factor 

TR 1.0 GB, 35 C case temperature 
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Laser Diode Reliability 

from MIL-HDBK-217F 

(Con't) 

x p™ nr bETTQ™ITAT PTE r p> 22.217 Failures per Million 

10°-hrs 

‘p 
= 45010.25 «hrs   

For Laser Diodes with Optical Flux Densities < 3MW/cm‘2, and forward Current < 25 amps 

  

r= 2.5-um Radius of Single Mode Fiber core 

‘= . ‘= * 2 P out = mw Area ‘= 1r 

P out Mw 
Flux := Flux = 0.025 -——— 

Area cm? 

Mw = 10°- watt 

um=10°m 

cm=10°2-m 

mw = 10 3- watt 

hrs = 3600- sec 
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Appendix | 

Signal To Noise Ratio (SNR) 

Calculations 
From [Henry, et al 1988, Introduction to Lightwave Systems, Optical 

Telecommunications I!, 1991 p.821] 

The theoretical noise limits of cascaded optical amplifiers can be given by using the 
following relation: 

  

  

A: 25. Typical aggregate attenuation at 1550nm 
m 

L := 78-km Spacing between amplifiers 

L tot “= 4000-km Total link distance 

h := 6.625-10 #4 joule sec Planck's Constant 

_ Cc 

y T550-nm Frequency of light signal 

P,:= 5-mw Power coupled into the fiber 

B ‘= 128-MHz-10 Bandwidth (1000 voice channels RZ coded) 

K:=2 Additive noise figure as given in source, 
K=2 yields 3 dB noise figure. 

AL 

P,io 
SNR = Toy 10-log(SNR) = 35.228 -dB 

Kh B 
L | 

  

SNR of 35 dB leads to bit error rates much better than desired 1 per 
billion bits. 
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SNR is not a critical factor for this link even at 10 times compared bandwidth , as 

bandwidths increase, SNR will be more of a limiting factor. 

dB=1 

mw= 10 >-watt 

nm= 10° ?-m 

6=3-10%.—— 
sec 
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Appendix J 

Repeater Maintenance Calculations 

These calculations are included for a sample fiber-optic communications link carrying 1000 2-way 

voice channels across a 4000km link. 

Given the Repeater MTBF, The number of repeaters (52 per link, one link each way), and the time to 

repair each failure as 3 hours (including travel time to remote locations): 

Repeater yyTpr °= 45500 TIR =3 

QU repeater = 104 

Availability ‘= 1 - TR Availability = 0.999934 
Repeater \7T RF 

    

System Availability is the Availability per repeater raised to the power of the quantity of 

repeaters. 

t 
System_Availability := Availability” ¥ repeater 

System_Availability = 0.993166 

The System availability is clearly not acceptable. AO desired is 0.9999 Therefore each repeater 

unit will incorporate redundancy. 

1 
= h =2.197802*10 ° 
Repeater MTBF 

dh: 

Given redundant repeaters with identical characteristics, the probability that both repeaters will fail 

simultaneously is: 

17 =4,830335+10 ©° 

Yielding a redundant system failure rate of 

1 =2.07025+10° 
17 
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Repeater Maintenance Calculations (Cont'd) 

1 
Repeater MTBF “2 TTR :=250 

Qty repeater ‘~ 104-2 

TTR 
—— Availability = 0.9999998792 per redundant 

Repeater ,y77 RE repeater cluster 

Availability := 1 - 

    

System Availability is the Availability per repeater raised to the power of the quantity of 

repeaters. 

Ql repeater 
System_Availability .= Availability 

System_Availability = 0.999975 

System Availability requirements are achieved with repeater redundancy, but the population doubles. 

Each individual failure will still need to be repaired, but since redundancy is incorporated, the Time to 

Repair can be drastically increased from 3 hours to 250 hours (this includes travel and waiting time). 

The number of failures can be calculated for the entire system using the repeater MTBF and the total 

system population. 

Repeater yppR := 45500 

Qty repeater ‘~ 104-2 

The Mean Time Between Failure over the entire population of repeaters is: 

Repeater MTBF =3718.75 hours 

QL repeater 
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Repeater Maintenance Calculations (Cont'd) 

Conclusions: The Desired Availability of 0.9999 is not achievable for the MTBF limits of the repeater 

units, therefore, redundancy must be incorporated. Using redundant repeaters brings the 

Availability up to acceptable levels, while allowing the Time To Repair to increase to compensate. 

An increased Time to Repair decreases the inventory requirements, if suppliers can deliver 

replacement units and repairs can be made within 250 hour, then availability is not compromised. 

An increased Time to Repair also decreases the number of technicians and the number of 

maintenance base stations required: 

Repair_Time ‘= 0.5-hr 

Average_Travel_Time := 2.5-hr 

TTR :=Average_Travel_Time + Repair_Time 

Length := 4000-km 

Assuming a technician responds by ground transportation averaging S5Okm/hr to the repair site, the 

response radius would be: 

Avg Speed := so 

Response_Radius := Average_Travel_Time Avg Speed-2 

Response_Radius = 250 *km 

Note: Response radius is not simply Average Travel Time multiplied by Average Speed, this figure 

would give one half the response radius, the correct figure concludes half of the reponses will be 

more and half will be less than the Travel Time-Speed product. 

The number of Maintenance bases is: 

Length 
—____"_____ =8 
2-Response_Radius 

Each base needs at least one technician on call continuously. 
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Repeater Maintenance Calculations (Cont'd) 

The effect of increasing TTR to 250 hours is shown below: 

Repair_Time :=0.5-hr 

Average_Travel_Time ‘= 249.5-hr 

TTR :=Average Travel_Time+ Repair_Time 

Response_Radius := Average _Travel_ Time Avg Speed-2 

Response_Radius = 24950 ¢km 

The number of Maintenance bases is: 

Length 
—______*—___._ = 0.08016 
2-Response_Radius 

Round up to 1 maintenance base. 

Repeater redundancy reduces the number of on-call maintenance technicians from 8 to 1 
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Repeater Maintenance Calculations (Cont'd) 

Comparing the two options from a Present Cost perspective: 

    

-\n 

P A(A,isn)= Atty -1 

i-(1 +i)" 

Cost Assumptions (amounts in dollars): 

Repeater_Cost := 5000 each 

Technician_Cost :=50000 per year 

Travel_Cost := 0.20 per kilometer 

Capital_ Cost := 0.10 per year 

Lifetime := 20 years 

Option 1 8 technicians, non-redundant repeaters, AO = 0.9932 

Population := 104 

  

MTBF := —22>00_ 
Population 

Avg_Travel_Cost := 2.5-50-Travel_Cost-2 Avg_Travel_Cost = 50 

Failures Per_ Year ‘= 24 305 Failures Per Year = 20.02 
MTBF 

Recurring Cost := Failures_Per_Year-(Repeater_Cost + Avg Travel_Cost) + Technician _Cost-8 

Fixed_Cost := Population-Repeater_Cost 

Present_Equivalent_] ‘= Fixed_Cost + P ,(Recurring_Cost, Capital_Cost, Lifetime) 

Present_Equivalent_1 =4786278.13  ($) 
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Repeater Maintenance Calculations (Cont'd) 

Option 2 assumes the maintenance base is located in the middle of the link and repair radius will 

be no more than 2000 km, and a return to base after each repair. Option 2 will include the same 

assumptions except for increased travel costs since lodging will have to be included: 

Travel_Cost :=0.40 per kilometer 

Option 2 1 Technician, redundant repeaters, AO = 0.9999 

Population ‘= 104-2 

  

MTBF := 22200 _ 
Population 

Avg_Travel_Cost := 1000-Travel_Cost-2 Avg_Travel_Cost = 800 

Failures Per_Year := 24 36° Failures Per Year = 40.05 
MTBF 

Recurring Cost ‘= Failures Per_Year-(Repeater_Cost + Avg Travel Cost) + Technician_Cost 

Fixed_Cost := Population-Repeater_Cost 

Present_Equivalent_2 := Fixed_Cost + P ,( Recurring Cost, Capital_Cost, Lifetime) 

Present_Equivalent_2 =3443082.28  ($) 

Cost Summary 

Present_Equivalent_1 =4786278.13  ($) Present_Equivalent_2 =3443082.28 ($) 

Option 2 is preferable because it offers the desired availability (0.9999) and it is less costly from a 

life-cycle perspective. 

Option 2 is favored by Present_Equivalent_1 — Present_Equivalent_2 = 1343195.85 ($) 
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Appendix K 

Cost of Updating the Network Every 5 years 

Population = 208 

Repeater_Cost = 5000 

Upgrade_Cost := Population-Repeater_Cost 

  

  

  

PL(F,i,n)= — 
n-(1+1) 

Lifetime 1=3 
Upgrade_Cost = 1040000 - 

Lifetime _ I 

5 

Upgrade_PE ‘= », P -(Upgrade_Cost, Capital_Cost, update-5 ) 

update = 1 

Upgrade_PE = 346666.67 

Total Present Cost of the System Due to Repeater Corrective Maintenance/upgrade costs: 

Total_ Cost := Upgrade_PE + Present_Equivalent_2 

Total. Cost = 3789748.95 
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Appendix L 

Cost of System with Fiber Amplifiers 

Given the Pump-Laser MTBF, The number of Amplifiers (52 per link, two-way), and the time to repair 

each failure as 3 hours (including travel time to remote locations): 

Pump_Laser ,yqpr ‘= 100000 TTR :=3 

QU repeater ~ 4 

TTR ___*** | Availability = 0.99997 
Pump_Laser MTBF 

Availability “= 1 - | 

  

System Availability is the Availability per amplifier raised to the power of the quantity of 

repeaters. 

t 
System_Availability ‘= Availability” Y repeater 

System_Availability = 0.998441 

The System availability is clearly not acceptable. AO desired is 0.9999 Therefore each amplifier 

pump-laser unit will incorporate redundancy. 

yee eet? 
Pump_ Laser MTBF 

Given redundant pump-lasers with identical characteristics, the probability that both lasers will fail 

simultaneously is: 

w=1+10 "° 

Yielding a redundant system failure rate of 
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Fiber Amplifier Maintenance Calculations (Cont'd) 

  

Pump_Laser \yT BF ‘= 2 TTR := 1000 

Qty repeater ~ 92:2 

Availability :-=1- {18 | availability = 0.999999 per redundant 
Pump_Laser TBF Pump Laser 

cluster 

System Availability is the Availability per pump-laser cluster raised to the power of the quantity 

of pump-lasers. 

t 
System Availability = Availability” Y repeater 

System_Availability = 0.99999 

With the Reliability Characteristics of the Optical Amplifier/Pump Laser in a redundant 

configuration, the Time To Repair effect on the availability is such that corrective maintenance can 

be eliminated, and any failures of Pump Lasers can be made during periodic maintenance checks. 

An assumption is made that preventive maintenance is the same with repeatered and optically 

amplified systems, there for the cost advantage of Optical Amplifier vs Repeatered operation is the 

total cost for Corrective Maintenance and upgrade costs or: 

Cost Advantage Using Fiber Amplifiers: 

Total_Cost = 3789748.95  ($) 
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Appendix P 

Bus Network Topology Cost 

Analysis 
Current Network, Blacksburg Cable Television, 50 Channels, 300MHz bandwidth non-interactive. 

  

Nodes := 10000 Number of customer hookups 

Length := 400-km Total Span of the network 

Amp_spacing :=600-m Required Amplifier Spacing for given Bandwidth 

Amplifiers ‘= Length Number of Amplifiers 
600:m 

Amp TBF ‘= 60000 hr Individual Amplifier MTBF 

Amplifiers . 666.667 Population of Amplifiers 

AMP Cogt ‘= 1000 ($) Cost per Amplifier Repair 

Fail ¢.. _ Om? MTBF Fail geq- 90°hr Failure frequency within entire population 
4 Amplifiers 4 

MTTR := 1-hr Time to repair amplifier failure 

Ao :=1- MUR AO . 0.989 Total System Availability 
Fail freq 

YearlyCost ‘= 365.24 br AMP Cost YearlyCost - 97333.33 ($) 
Fail fre 

q 

FailuresPer Yr = 365.24 hr FailuresPerYr - 97.333 
Fail freq 

Note availability figure is for the entire system. Individual Customers will have Availability figures 

higher than AO because an individual failure does not fail the entire system, only some portion of the 

system. 
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Appendix Q 

Star Network Topology Cost 

Analysis 

For Comparison purposes, a star network analysis is performed with the same number of 

customers: 

  

  

Nodes := 10000 Number of customer hookups 

Length := 3-km Total Span of each connection 

Amp_ spacing := 5-km Required Amplifier Spacing for given Bandwidth 

. _ Length , 
Amplifiers ‘= ———-—— Number of Amplifiers 

Amp_ spacing 

Switch yy7pR ‘= 40000-hr Switch per node MTBF (with redundancy) 

SwitchRepair Gog ‘= 25 ($) Cost per Switch Repair (Module Replacement) 

Switch MTBF 

Fail ¢.4g °= ————— Fail p44 =4 *hr Failure frequency within entire population 
4 Nodes ‘4 

Time to repair failure, Switch co-located 

MTTR :=.1-hr with repair facility - automated redundancy 

Switch yereR- 
SystemFail pag ‘= a MTBF SystemFail freq ~ 5.76° 10° shr 

4 Nodes sec 

AQ:=]- MUR AO =0.999999999826389 | Otal System: 
SystemFail freq Availability with redundancy 

-94-hr 

YearlyCost := 369 24 IT switchRepair Cost YearlyCost = 54750 ($) 
Fail freq 

FailuresPerYr ‘= 365:24-hr FailuresPer Yr = 2190 
Fail freq 

Note: Redundancy yields high availability, though a high number of failures occur. 

Aggregate Bandwidth: Nodes: 64000: Hz = 640 «MHz 
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Cost Category Current Generation|% of Total Next Generation |% of Total 

PV Cost PV Cost 

1. Research and Development (Cr) $ 195,000 0.38%] $ 195,000 0.43% 
(a) Program management (Cry) $ 50,000 0.10%] $ 50,000 0.11% 

(b) Engineering Design (Cre) $ 25,000 0.05%] $ 25,000 0.06% 

(c) Equipment Dev/Test (Crz) $ 100,000 0.19% $ 100,000 0.22% 

(d) Engineering Data (Crp) $ 20,000 0.04%] $ 20,000 0.04% 

2. Investment (C)) $ 44,340,000 85.51%] §$ 42,292,000 93.84% 

(a) Procurement (Cip) $ 2,440,000 4.71%] $ 1,852,000 4.11% 

(b) Construction (Cjc) $ 41,700,000 80.42% §$ 40,400,000 89.65% 

(c) Logistics Support (Cj,) $ 200,000 0.39%] $ 40,000 0.09% 

3. Operations/Maintenance (Co) $ 7,317,759 14.11%] $ 2,578,986 5.72% 

(a) Operations (Coo) $ 2,128,391 4.10%] $ 2,128,391 4.72% 

(b) Maintenance (Coy) $ 3,868,760 7AB%| = §$ 425,678 0.94% 

(c) System Mods/Updates (Coy) $ 1,320,608 2.55%] §$ 24,917 0.06% 

TOTAL COST: $ 51,852,759 $ 45,065,986           

Figure A1l4. CBS Summary Breakdown 
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Appendix R (Con't) 

Cost Breakdown Structure Analysis 

To Total Cost 

Cp _ Research and Development 

Crm Project Management 

Crp Engineering Design 

Cry Equipment Development/Test 

Crp Engineering Data 

C I Investment 

C IP Procurement 

Cic Construction 

Cy, Logistics Support 

Co Operations and Maintenance 

Coo Operations 

Com Maintenance 

Coy System Mods/Updates 

1 

(1 +i)" 

  PPE(F,i,n)=F- 

    

a ti" - 1 
P a(A,i,n)= | 

(1 +i)” | 
  

  

6 dollars := 1



Common Cost Assumptions (Dollars, $) 

Research and Development: 

C pm ‘= 50000: dollars 

Cre = 25000- dollars 

C pp = 100000: dollars 

C pp = 20000: dollars 

Research and Development Total Cost: 

Cr Crem+CrEeEt+OrTt+ORpD 

Operations and Maintenance: 

Operations 

C 99 = P a(250000, 10-%, 20) 
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C R= 195000 - dollars 

C 00 = 2128390.93 -dollars



Current Generation Cost Breakdown 

Investment: 

Procurement 

C IPE Cost of Terminal Equipment 

C rpr Cost of Fiber 

Crpp __ Cost of Repeaters 

C ppp = 100000-2 

C IPF = ]5- 
l 

dollars 1 500-km-2   

m 

C IPR = 5000-dollars:208 

C rp = Cypet C ipp+C ypr 

Construction 

  

Cicy Terminal Facilities 

CicR Repeater Facilities 

Cicg Excavation/Trenching 

C icy * 200000: dollars:2 

C 7cR = 25000- dollars: 52 

C icg = 10000. AS. 4000-4 

Cie = Cyer+Cyicr + Cicg 

78 

C IPE = 290000 ‘dollars 

C IPF = 1200000 ‘dollars 

C IPR = 1040000 ‘dollars 

C Ip = 2440000 - dollars 

C yc = 41700000 - dollars



Current Generation Cost Breakdown Structure (Cont'd) 

Investment (Cont'd): 

Logistics Support 

C IL 200000 | C IL = 200000 «dollars 

Investment Total Cost: 

C I = C Ip +C IC +C€ IL C I = 44340000 ‘dollars 

Operations and Maintenance: 

Operations 

(Under Common Cost Assumption) C Q9 =2128390.93 «dollars 

Maintenance 

C OMP Periodic Maintenance 

C OMC Corrective Maintenace 

C oy = P 4 (50000, 10-%, 20) 

C OMC 1S 3443082-dollars 

© om = © omp * © omc C Ong = 3868760. 19 -dollars 
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Current Generation Cost Breakdown Structure (Cont'd) 

Operations and Maintenance (Cont'd): 

System Modification/Update 

C out Terminal Equipment 

C ouR Repeater Equipment 

Population := 208 

Repeater_Cost := 5000 

Upgrade Cost := Population-Repeater_Cost 

Lifetime := 20 

Capital Cost := 10-% 

Upgrade Cost = 1040000 

Lifetime 

5 

C ouR = », P -(Upgrade_Cost , Capital_Cost, update: 5) 

update = 1 
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Current Generation Cost Breakdown Structure (Cont'd) 

Operations and Maintenance (Cont'd): 

System Modification/Update (Con't) 
  

Population ‘= 2 

Terminal_ Cost := 10000 

Upgrade Cost := Population: Terminal Cost 

Lifetime := 20 

Capital Cost := 10-% 

Upgrade Cost = 20000 

Upgrade/Modification every 5 years over the 20 year lifespan 

  
Lifetime _ 1 

5 

C out * y, P -(Upgrade_Cost, Capital_Cost , update: 5) 

update = | 

C OU =C OUT +C OUR C OU = 1320608.06 «dollars 

Operations and Maintenance Total Cost: 

Co =Co0*Cfom* fou C 9 =7317759.18 -dollars 

81



Total Cost by CBS Category (Current Generation) 

Cp = 195000 Research and Development 

C 7 = 44340000 Investment 

C 9 =7317759.18 Operations 

Toold =CRtC+CQ — T Colg =51852759.18 «dollars 

Research and Development 

C p =195000 -dollars 

C pm = 50000 -dollars 

C pp = 25000 dollars 

C rqt = 100000 - dollars 

C rp = 20000 - dollars 

Investment 

C ; = 44340000 - dollars 

C rp = 2440000 dollars 

C tc =41700000 «dollars 

C yz, = 200000 - dollars 

Operations and Maintenance 

C O= 7317759.18 «dollars 

C OO = 2128390.93 ‘dollars 

C OM = 3868760. 19 dollars 

C op = 1320608.06 «dollars 
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Next Generation Cost Breakdown Structure 

Investment: 

Procurement 

C ipr Cost of Terminal Equipment 

C ipr Cost of Fiber 

C pr Cost of Amplifiers 

C ppg = 100000-2 

i 
dollars 1 500-km-2   

m 

C IPR = 1000-dollars-52 

C IP =€ IPE +C€ IPF +C IPR C IP = 1852000 dollars 

Construction 

C ICT Terminal Facilities 

Cicer Repeater Facilities 

CicE Excavation/Trenching 

C ICT > 200000- dollars-2 

Cicr °° 
dollars 

C ‘= 10000-———--4000-km ICE km 

Cie =Cicp+Cicr*C ice 
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Next Generation Cost Breakdown Structure (Cont'd) 

Investment (Cont'd): 

Logistics Support 

C yy, = 40000 

Investment Total Cost: 

C I = C IP +C IC +C€ IL C I = 42292000 -dollars 

Operations and Maintenance: 

Operations 

(Under Common Cost Assumption) C QQ = 2128390.93 -dollars 

Maintenance 

C OMP Periodic Maintenance 

C OMC Corrective Maintenace 

C omp = P a(50000- dollars, 10-%, 20) 

C OMC * 0-dollars 

Com = © omp* © omc 
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Next Generation Cost Breakdown Structure (Cont'd) 

Operations and Maintenance (Cont'd): 

System Mods/Updates 

C ouT Terminal Equipment 

C ouR Repeater Equipment 

C our = 9 

Population := 2 

Terminal Cost := 10000 

Upgrade Cost := Population: Terminal Cost 

Lifetime := 20 

Capital Cost := 10-% 

Upgrade Cost = 20000 

  
Lifetime _ 

5 

C ouT * », P (Upgrade_Cost , Capital_Cost , update: 5) 

update = 1 

C OU =C OUT +C OUR C OU = 24917.13 «dollars 

Operations and Maintenance Total Cost: 

Co=CogtCom+Cou C ¢ =2578986.25 «dollars 
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- Total Cost by CBS Category (Next Generation) 

C p = 195000 Research and Development 

C 7 = 42292000 Investment 

C GQ = 2578986.25 Operations 

Tcnew=CRtCITt*CQ  T Chew =45065986.25 dollars 

Research and Development 

C p = 195000 «dollars 

C pm = 20000 -dollars 

C pg = 25000 - dollars 

C pr = 100000 «dollars 

C pp = 20000 «dollars 

Investment 

C 7 = 42292000 -dollars 

C yp = 1852000 -dollars 

C 1c = 40400000 - dollars 

C IL= 40000 -dollars 

Operations and Maintenance 

C O = 2578986.25 «dollars 

C OO = 2128390.93 -dollars 

C OM = 425678.19 ‘dollars 

C OU = 24917.13 -dollars 
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Cost Comparison of Current Generation Versus Next Generation 

T Colq =51852759.18 T Chew = 45065986.25 

The new generation, incorporating fiber amplifiers offers a cost savings of: 

T Cold > T Cnew = 6786772.93 «dollars 

This figure is for equivalent bandwidths, new generation fiber optic links can 
incorporate Wave Division Multiplexing (VWWDM) with an investment in Terminal 

Equipment only. Therefore, for 10 times current bandwidth, the link costs are 

Cost of 10 times current bandwidth (current generation) 

T Cgjg 10 =518527591.77 dollars 

Cost of 10 times current bandwidth (next generation) 

T Chew * 9:C ppp =46865986.25 «dollars 
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Cost Comparison of Current Generation Versus Next Generation 

Gen gig(N) = T Cog’ N 
Gen new(N) ‘= T chew t+ (N - 1) C ppg 

  

      
  

N:=1..10 

6-108 | 7 

4-108 + at a 
(Dollars) a 

210° 4 

0 | t mt l 
0 2 4 6 8 10 

~~ Next Gen ; Bandwidth Multiple 
“Cur. Gen P 

Figure A15. Cost Graph for Bandwidth Multiple 
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