'Massachusetts Institute of Technology 1995Connecting Homes to the Internet:An Engineering Cost Model of Cable vs. ISDNSharon Eisner GillettTelemedia, Networks and Systems Group,Laboratory for Computer Science; andResearch Program on Communications Policy,Center for Technology, Policy and Industrial DevelopmentMassachusetts Institute of TechnologyUsing the World Wide Web at 28.8 Kbps (or less) can be a frustratingexperience: a multimedia page that takes a fraction of a second to download atEthernet speeds takes many seconds at modem rates. Two enhancements toexisting infrastructure have the potential to deliver more satisfactoryresidential Internet access: ISDN telephone service, and upgraded cable TVnetworks.While ISDN dedicates bandwidth to each user, cable networks support ashared bandwidth approach similar to that used in computer Local AreaNetworks (LANs). This report describes the technologies and evaluatesqualitative differences between the two approaches. It presents quantitativeresults of capital cost models based on case studies of the PSICable deploymentin Cambridge, MA, and the Internet over ISDN service offered by Internex,Inc. in the San Francisco, CA area.The report finds that cable�s shared-bandwidth approach has superioreconomic characteristics. For example, 500 Kbps Internet access over cable canprovide the same average bandwidth and four times the peak bandwidth ofISDN access for less than half the capital cost per subscriber. The economy ofthe shared bandwidth approach is most evident when comparing the per-subscriber cost per bit of peak bandwidth: $0.60 for the 500 Kbps cable serviceversus close to $16 for ISDN. Cable-based access also has better servicecharacteristics: it can support both full-time Internet connections and higherpeak bandwidths, such as a 4 Mbps cable service that provides thirty-twotimes the peak bandwidth of ISDN.The report concludes with an analysis of the barriers to diffusion of cable andISDN Internet access, including business and policy factors. It finds that theclosed market structure for cable subscriber equipment has not been aseffective as the open market for ISDN equipment at fostering thedevelopment of needed technology. Furthermore, monopoly control ofresidential communications infrastructure�whether manifest as high ISDNtariffs or simple lack of interest from cable operators�limits businessopportunities for Internet service providers. 2 3AcknowledgmentsThis thesis would not have been possible without the support of my husband,Walter, and the cooperation of my son, Max.I thank my advisors, David Tennenhouse and Lee McKnight. Davidencouraged me from the beginning to pursue my interests, suggested thetopic, and challenged me to produce a work of this magnitude. Lee providedmuch-appreciated encouragement and kept me sane throughout the process.I would also like to thank Butler Lampson for showing me by example howto construct a logical argument and express it in writing.A number of industry experts contributed their knowledge to my datacollection efforts, and I thank them for their time and willingness to assist inthis research. Particularly helpful were Will Biedron of ContinentalCablevision; Robert Berger of Internex, Inc.; Jim Naro of BBN (NEARNet);Walter Mansell of MIT�s Telecommunications Services; Ron Hoffman ofMIT�s Distributed Computing and Network Services; and Dr. David Clark ofMIT�s Laboratory for Computer Science. Of course, I remain responsible forany errors of fact or interpretation.My fellow graduate research assistants made it fun. Special thanks for helpalong the way go to Joe Bailey, David Gingold, Tom Lee, Jae Roh, and RussellRothstein of the Research Program for Communications Policy; and ChrisLindblad, Bill Stasior, and David Wetherall of the Telemedia, Networks andSystems Group of MIT�s Laboratory for Computer Science.Finally, I am most grateful for the financial support of my sponsors: ARPA’s�Interface Technologies for Networked Computing� project, number N00174-93-C-0036; Siemens Corporation; and ARPA�s �Design and Development ofDistributed Video Systems� project, number #F30602-92-C-0019.

4to Walter and Max

5Table of ContentsTable of Contents5Chapter One: Introduction71.1....... Comparing ISDN vs. cable91.2....... Why focus on Internet access?111.3....... Perspective111.4....... This report13Chapter Two: The Internet152.1....... Overview152.2....... Functions required by Internet technology232.3....... Limitations of the access line model282.4....... Incremental improvements to existing infrastructure30Chapter Three: Cable technology353.1....... Cable networks353.2....... Internet access over the cable plant423.3....... Evaluation of cable LAN as Internet access network50Chapter Four: ISDN technology544.1....... Local telephone networks544.2....... Internet access over the local telephone network674.3....... Evaluation of ISDN as Internet access network71Chapter Five: Cost model of Internet over cable785.1....... Overview795.2....... Technology reference model815.3....... Subscriber demand model955.4....... Traffic model975.5....... Summary101Chapter Six: Cost model of Internet over ISDN1026.1....... Overview1026.2....... Technology reference model1036.3....... Subscriber demand model1086.4....... Summary109Chapter Seven: Results1117.1....... Result variables111

67.2....... Input parameters1137.3....... Average capital cost1157.4....... Penetration limitations1177.5....... Components of capital cost1197.6....... Sensitivity analysis1287.7....... Entry cost1507.8....... Summary154Chapter Eight: Conclusions1558.1....... Summary comparison of services1558.2....... Technology, business, and policy barriers1628.3....... Policy recommendations1698.4....... Suggestions for further research1738.5....... Summary and conclusion176Bibliography179

7Chapter OneIntroductionThe Internet is a network of networks that interconnects computers aroundthe world, supporting both business and residential users. In 1994, amultimedia Internet application known as the World Wide Web becamepopular. The higher bandwidth needs of this application have highlightedthe limited Internet access speeds available to residential users. Even at 28.8Kilobits per second (Kbps)�the fastest residential access commonly availableat the time of this writing�the transfer of graphical images can befrustratingly slow.This report examines two enhancements to existing residentialcommunications infrastructure: digital local telephone service (ISDN), andcable television networks upgraded to pass bi-directional digital traffic. Itanalyzes the potential of each enhancement to deliver Internet access toresidential users. It validates the hypothesis that upgraded cable networks candeliver residential Internet access more cost-effectively, while offering abroader range of services.The research for this report consisted of case studies of two commercialdeployments of residential Internet access, each introduced in the spring of1994:¥Continental Cablevision and Performance Systems International (PSI)jointly developed PSICable, an Internet access service deployed overupgraded cable plant in Cambridge, Massachusetts;¥Internex, Inc. began selling Internet access over ISDN telephone circuitsavailable from Pacific Bell. Internex�s customers are residences and smallbusinesses in the �Silicon Valley� area south of San Francisco, California.

8Chapter OneTo develop conclusions from these case studies, the data is analyzed using theengineering cost model methodology described by Reed.1 First, referencemodels are developed for the incremental technology needed to deliverresidential Internet access over each type of infrastructure. These models,developed using spreadsheet-style software, consist of a series of equationsexpressing the relationships between the different technologicalcomponents.2 The equations are parameterized by variables such asresidential housing density and the average bandwidth needs of customers.Next, component costs are collected and incorporated into the models�equations in order to provide estimates of the capital cost of each type ofaccess. (Operating costs are outside the scope of this report.) Finally, thesensitivity of each model�s results to variations in the input parameter valuesis tested.The results of this analysis support the hypothesis articulated above. As willbe shown, cable-based Internet access can provide the same averagebandwidth and higher peak bandwidth more economically than ISDN. Forexample, 500 Kbps Internet access over cable can provide the same averagebandwidth and four times the peak bandwidth of ISDN access for less thanhalf the cost per subscriber. In the technology reference model of the casestudy, the 4 Mbps cable service is targeted at organizations. With this model,the 4 Mbps cable service can provide the same average bandwidth and thirty-two times the peak bandwidth of ISDN for only 20% more cost per subscriber.When this reference model is altered to target 4 Mbps service to individualsinstead of organizations, 4 Mbps cable access costs 40% less per subscriber thanISDN. (In the rest of this report, the case study�s service is referred to as�Organizational 4 Mbps� and the re-targeted service as �Individual 4 Mbps.�)The economy of the cable-based approach is most evident when comparingthe per-subscriber cost per bit of peak bandwidth: $0.30 for Individual 4 Mbps,$0.60 for Organizational 4 Mbps, and $2 for the 500 Kbps cable services�versus close to $16 for ISDN. However, the potential penetration of cable-based access is constrained in many cases (especially for the 500 Kbps service)by limited upstream channel bandwidth. While the penetration limits arequite sensitive to several of the input parameter assumptions, the cost persubscriber is surprisingly less so.Because the models break down the costs of each approach into their separatecomponents, they also provide insight into the match between what followsnaturally from the technology and how existing business entities areorganized. For example, the models show that subscriber equipment is the1See (Reed, 1992), pp. 8-9, and (Reed, 1993), p. 1. See also (Johnson and Reed, 1990) and (Sirbu,Reed and Ferrante, 1989).2The models were developed using the program Demos (�DEcision MOdeling Software�) fromLumina Decision Systems, Inc. Demos provides an object-oriented graphical user interface tospreadsheet-style data manipulation, providing a straightforward way to express in equationsthe relationships among different model components.

Introduction9most significant component of average cost. When subscribers are willing topay for their own equipment, the access provider�s capital costs are low. Thisbusiness model has been successfully adopted by Internex, but it is foreign tothe cable industry. As the concluding chapter discusses, the resulting closedmarket structure for cable subscriber equipment has not been as effective asthe open market for ISDN equipment at fostering the development of neededtechnology. In addition, commercial development of both cable and ISDNInternet access has been hindered by monopoly control of the neededinfrastructure�whether manifest as high ISDN tariffs or simple lack ofinterest from cable operators.The rest of this chapter discusses the hypothesis stated above in more detail.After providing a framework for the rest of the document, it concludes with aperspective on the contributions of this work in relation to previous research.1.1. Comparing ISDN vs. cableISDN and upgraded cable networks will each provide different functionality(e.g. type and speed of access) and cost profiles for Internet connections. Itmight seem simple enough to figure out which option can provide theneeded level of service for the least cost, and declare that option �better.� Akey problem with this approach is that it is difficult to define exactly theneeded level of service for an Internet connection. The requirements dependon the applications being run over the connection, but these applications areconstantly changing. As a result, so are the costs of meeting the applications�requirements.Until about twenty years ago, human conversation was by far the dominantapplication running on the telephone network. The network wasconsequently optimized to provide the type and quality of service needed forconversation. Telephone traffic engineers measured aggregate statisticalconversational patterns and sized telephone networks accordingly.Telephony’s well-defined and stable service requirements are reflected in the�3-3-3� rule of thumb relied on by traffic engineers: the average voice call laststhree minutes, the user makes an average of three call attempts during thepeak busy hour, and the call travels over a bidirectional 3 KHz channel.3In contrast, data communications are far more difficult to characterize. Datatransmissions are generated by computer applications. Not only do existingapplications change frequently (e.g. because of software upgrades), but entirelynew categories�such as Web browsers�come into being quickly, addingdifferent levels and patterns of load to existing networks. Researchers canbarely measure these patterns as quickly as they are generated, let alone planfuture network capacity based on them.3See (White, 1993), p. 13. The channel is actually 4 KHz wide, but only about 3 KHz are used tocarry the signal, with the rest reserved as spacing between channels.

10Chapter OneThe one generalization that does emerge from studies of both local and wide-area data traffic over the years is that computer traffic is bursty.4 It does notflow in constant streams; rather, the level of traffic varies widely over almostany measurement time scale (Fowler and Leland, 1991). Dynamic bandwidthallocations are therefore preferred for data traffic, since static allocations wasteunused resources and limit the flexibility to absorb bursts of traffic.This requirement addresses traffic patterns, but it says nothing about theabsolute level of load. How can we evaluate a system when we never knowhow much capacity is enough? In the personal computing industry, thisproblem is solved by defining �enough� to be �however much I can affordtoday,� and relying on continuous price-performance improvements indigital technology to increase that level in the near future. Since both of theinfrastructure upgrade options rely heavily on digital technology, anothercriteria for evaluation is the extent to which rapidly advancing technologycan be immediately reflected in improved service offerings.I hypothesize that cable networks satisfy these evaluation criteria moreeffectively than telephone networks because:¥Coaxial cable is a higher quality transmission medium than twisted copperwire pairs of the same length. Therefore, fewer wires, and consequentlyfewer pieces of associated equipment, need to be installed and maintainedto provide the same level of aggregate bandwidth to a neighborhood. Theresult should be cost savings and easier upgrades.5¥Cable’s shared bandwidth approach is more flexible at allocating anyparticular level of bandwidth among a group of subscribers. Since it doesnot need to rely as much on forecasts of which subscribers will sign up forthe service, the cable architecture can adapt more readily to the actualdemand that materializes.¥Telephony’s dedication of bandwidth to individual customers limits thepeak (i.e. burst) data rate that can be provided cost-effectively. In contrast,the dynamic sharing enabled by cable�s bus architecture can, if thestatistical aggregation properties of neighborhood traffic cooperate, give acustomer access to a faster peak data rate than the expected average datarate.4For examples of this conclusion, see (Shoch and Hupp, 1980), (Fowler and Leland, 1991), and(Claffy, Polyzos and Braun, 1992).5Such savings should be particularly evident when comparing operational expenses, which areoutside the scope of this report.

Introduction111.2. Why focus on Internet access?Internet access has several desirable properties as an application to considerfor exercising residential infrastructure. Internet technology is based on apeer-to-peer model of communications. Internet usage encompasses a widemix of applications, including low- and high-bandwidth as well asasynchronous and real-time communications. Different Internet applicationsmay create varying degrees of symmetrical (both to and from the home) andasymmetrical traffic flows. Supporting all of these properties poses achallenge for existing residential communications infrastructures.Internet access differs from the future services modeled by other studiesdescribed below in that it is a real application today, with growing demand.6Aside from creating pragmatic interest in the topic, this factor also makes itpossible to perform case studies of real deployments.Finally, the Internet�s organization as an �Open Data Network� (in thelanguage of (Computer Science and Telecommunications Board of theNational Research Council, 1994)) makes it a service worthy of study from apolicy perspective.7 The Internet culture�s expectation of interconnection andcooperation among competing organizations may clash with the monopoly-oriented cultures of traditional infrastructure organizations, exposing policyissues. In addition, the Internet�s status as a public data network may makeInternet access a service worth encouraging for the public good. Therefore,analysis of costs to provide this service may provide useful input to futurepolicy debates.1.3. PerspectiveThis report explores the cost of connecting homes to the Internet throughcable and ISDN infrastructures and discusses the technology, policy andbusiness issues involved. It applies the engineering cost model methodologyused in (Reed, 1993), (Reed, 1992), (Johnson and Reed, 1990), and (Sirbu, Reedand Ferrante, 1989) to a new communications service: Internet access.The works referenced above focus on future infrastructure capital costs fortelephone and cable networks to deliver telephony, distributive video (e.g.broadcast television), and switched video services (e.g. video on demand).6See (Gillett, 1995) for a discussion of the Internet access market, including residential access.(Flynn, 1995) estimates this market at $135 million, while The Maloff Company, a Michiganconsultancy focusing on business and the Internet, estimates that the Internet access market grewfrom $119 to $521 million from March 1994 to January 1995. This data is derived fromsummaries of Maloff�s �Internet Service Provider Marketplace Analysis� (1993-4 and 1994-5)which are available on the Internet at http://www.trinet.com/maloff.7As a practical matter, the non-proprietary nature of Internet technology also makes Internetservice easier to research than commercial on-line services, for which the local accesstechnologies described in this report can also be used. In some cases, commercial and Internetservices may share use of the same infrastructure.

12Chapter OneThey focus on the question of integration: are there economies of scope orscale for either cable or telephone companies to provide multiple servicesover a single �Integrated Broadband Network?� This report answers adifferent question: do the architectural differences between existing cable andtelephone networks make either one a more cost-effective Internet accessmedium? In so doing, it continues the exploration of architecturaldifferences in (Gillett, Lampson and Tennenhouse, 1994) and (Tennenhouse,Lampson, Gillett et al., 1995), but with a narrower focus on cable and ISDN asthe infrastructures, and Internet access as the application. It also extends thequalitative discussion of architectural differences between bus and starnetworks found in (Calhoun, 1992).In exploring the question of architectural differences stated above, this reporttakes existing infrastructure costs as given, except for capital investmentsspecifically needed to support the Internet access application. It contributestechnology reference models for those investments, identifying theassumptions and parameters that can cause cost estimates to vary. In thesense that it isolates the incremental investments needed to support Internetaccess, it builds on the work described in (Mitchell, 1990) for telephony.In developing the technology reference models, this report brings togethertwo technical literatures that are often separate: infrastructure technology(cable and telephone networks) and Internet technology. (Berger, 1994) offersan exception to this separation, providing a brief user-level overview ofInternet connections delivered over a wide variety of access media. Buildingon that article, this report delves into more technical detail for two particularresidential access media, namely cable and ISDN. This report also builds on(Estrin, 1982), which integrates data communications with cable andtelephone network technology but was written before the rapid diffusion ofInternet-style networking. Much of Estrin�s description of data-over-cabletechnology is still remarkably accurate. New since 1982, however, are thediffusion of home computers and the development of real computernetworks, such as the Internet and commercial on-line services, to whichresidential subscribers can actually connect.The technology reference models developed in this report are exercised using1994 cost data gathered from two case studies of specific implementations ofresidential Internet access. The importance of this data, which is of necessitylimited in its generality and lifetime, lies in its ability to support quantitativecomparison of costs. Not absolute but relative costs are central to thehypothesis and its validation. Other researchers developing related modelshave stated caveats that apply equally well to this work:It should be stressed...that there is still a great deal of uncertaintyin the industry about costs. The technology is moving rapidlyand costs are falling. At the same time there is a great deal of

Introduction13hype, particularly in the media, about the capabilities of thetechnology and the speed at which new technology will beintroduced. While every effort has been made to establish�reality� nevertheless it should be recognised that estimatingcosts, particularly beyond the next few years is a difficult exercise.Caution should be exercised in using the estimates presented.(Communications Futures Project, 1994), p. 3.The value of this work lies less in its cost data than in the analyticalframework it develops through its models.This report�s focus on cable and ISDN infrastructures and the Internet accessapplication differentiates it from the modeling performed by theCommunications Futures Project of the Australian Bureau of Transport andCommunications Economics, described in (Communications Futures Project,1994), (Communications Futures Project, 1994), (Communications FuturesProject, 1994), and (Communications Futures Project, 1994). That project hasdeveloped cost models for a variety of different infrastructure technologies,including Hybrid Fiber Coax (HFC), Fiber to the Home (FTTH), AsymmetricalDigital Subscriber Line (ADSL), and a variety of wireless broadcasttechnologies.8 The models consider a wide variety of general applications,including telephony, video, and so-called interactive services. Incorporatinga service diffusion model of future subscriber demand, the models forecastNet Present Value results for a variety of evolutionary scenarios. Theincorporation of demand modeling distinguishes the CommunicationsFutures Project from other infrastructure modeling efforts, including thisone. Their series of reports presents a much more extensive range of resultsthan this report, which instead provides significantly more cost andtechnology detail for its fewer areas of focus.This report considers providers� capital costs only; neither operational costsnor pricing are discussed. As such, this report may provide input to, but isnot directly part of, the emerging �Internet economics� literature dealing withflat vs. usage-based Internet pricing policies. (Bailey and McKnight, 1995)reviews this literature and discusses future directions in this field.1.4. This reportThis report investigates the hypothesis that the shared-bandwidtharchitecture of cable networks enables them to provide more satisfactory andcost-effective Internet access than the dedicated-bandwidth architecture ofISDN. Before this hypothesis can be explored, it must be fully understood.Accordingly, Chapters 2 through 4 provides background on the multipletechnologies involved in providing access to the Internet over cable andISDN. Chapter 2 discusses the Internet. Chapter 3 describes cable8These acronyms are explained in more detail in Chapters 3 and 4.

14Chapter Oneinfrastructure and how Internet access can be provided over it, while Chapter4 serves the same function for ISDN.The methodology employed for this research begins with the construction ofengineering cost models for cable and ISDN Internet access. Thesespreadsheet-style models are based on capital cost data collected from casestudies of two commercial deployments. Chapters 5 and 6 describe the detailsof the cost models of cable and ISDN Internet access, respectively. WhereChapters 3 and 4 discuss technology issues at a general level, Chapters 5 and 6describe the specific implementations used in the two cases studied. Giventhis structure, the reader who is less interested in the technological �whys�behind these implementations can skip Chapters 3 and 4 and still understandthe cost models.The cost models produce two kinds of results: quantitative cost comparisonsand their implications for business strategy and public policy. Chapter 7reports the quantitative results. It compares the cost of Internet access overcable and ISDN under an original set of parameter values, then examines thesensitivity of these results to changes in these values. Chapter 8 considers theimplications of these results, including a discussion of the technological,business, and policy barriers to rapid diffusion of either type of Internet access.It concludes with a set of policy recommendations and suggestions for furtherresearch.

15Chapter TwoThe InternetWhen a home is connected to the Internet, residential communicationsinfrastructure serves as the �last mile� of the connection between the homecomputer and the rest of the computers on the Internet. This chapterdescribes the Internet technology involved in that connection, while Chapters3 and 4 discuss the technologies involved in the two different residentialcommunications infrastructures, cable and ISDN, considered in this report.This chapter does not discuss other aspects of Internet technology in detail;that is well done elsewhere.9 Rather, it focuses on the services that need to beprovided for home computer users to connect to the Internet. Asbackground, it begins with an overview of the Internet, including a definitionof Internet access (also referred to as a connection to the Internet).2.1. OverviewThe Internet is a collection of computer networks that interconnect by using acommon addressing scheme and suite of communication protocols. Theprotocol suite is known by the name of its transport and network layercomponents: the Transmission Control Protocol and Internet Protocol(TCP/IP).10An important�and often misunderstood�aspect of the definition of theInternet is that the physical connections between networks are unspecified.In fact, they are quite heterogeneous, ranging from 1200 bits per second (bps)dialup telephone links to dedicated leased 45 Mbps or faster circuits. It istherefore misleading to speak of �the speed of the Internet.� The Internet is aservice overlay on top of a heterogeneous, international physical9 See, for example, (Comer, 1991). Internet technology specifications are published as �Requestfor Comments� documents (RFCs) by the Internet Engineering Task Force. RFCs may be found ina number of locations on the Internet, including http://www.internic.net. These documentsupdate some of the protocol descriptions in Comer�s book.10This thesis uses the convention of italicizing terms when they are first defined. See (Comer,1991) for a thorough description of TCP/IP and related Internet protocols.

16Chapter Twocommunications infrastructure. The speed with which data can traverse thenetwork is largely determined by the speed of the underlying communicationlinks.It is also important to distinguish internets from �The Internet.�11 Aninternet is a generic term referring to any interconnected set of networks. TheInternet refers to a particular connected set of networks, running TCP/IP,with a single, globally administered address space. An enterprise, such as acorporation or university, may create an internal internet using any protocolsor addressing scheme it wishes. If this internet is to be physically connected tothe global Internet, however, at least some of its computers must be able tohandle data formatted according to the Internet Protocol (IP). Thesecomputers must also be assigned IP addresses that do not conflict with thoseof other computers on the Internet.There is no single, accepted criteria for deciding whether a particular networkor computer is part of the Internet. Instead, different types of access fall alonga continuum depending upon the level of service they provide. As Crockerobserves:The Internet is many things to many people. It began as atechnology and has grown into a global service. With thegrowth has come increased complexity in details of thetechnology and service, resulting in confusion when trying todetermine whether a given user is �on� the Internet. Who is onthe Internet? What capabilities do they have?12He then proposes four categories of end-user access, each offering a differentlevel of Internet service:1.Full access: the attached computer runs TCP/IP and other key Internetprotocols, and is always attached to the Internet.2.Client access: the user�s computer runs Internet applications, but need notalways be connected or able to support all Internet protocols.3.Mediated access: the user�s computer runs no Internet applications.Instead, it connects to a server that runs those applications on its behalfand relays the results.11Definitions of different kinds of internets (e.g. enterprise internets) vs. The Internet are foundon slides produced by Tony Rutkowski of The Internet Society, which are available on theInternet by using the File Transfer Protocol (FTP) to connect to ftp.isoc.org as user �anonymous,�and downloading the file isoc/charts/internet3.ppt.12From (Crocker, 1995), p. 1.

The Internet174.Messaging access: the user is restricted to mail-based access to Internetservices.For example, the major on-line services (such as Prodigy, CompuServe, andAmerica OnLine) originally offered their subscribers only messaging access tothe Internet, but are gradually moving toward the mediated access model. Aswill be discussed below, the analysis in this report considers only full andclient access.2.1.1.Internet servicesA variety of services are available to the user whose computer has full orclient access to the Internet, with new ones appearing frequently. MostInternet services can be classified into four categories:¥Messaging services enable people to communicate with other people viatheir computers. Examples include electronic mail (email), discussiongroups (also called newsgroups or bulletin boards), and videoconferencing.¥Remote computer access allows people to use physically remotecomputers. For example, a software engineer might log into a computer ata customer site to observe a reported malfunction.¥Information publication and retrieval services are provided by a variety ofprograms that let people transfer computer data from one computer to oneor many others. Given the generic nature of computer data, any type ofdigital information can be transferred: computer software, library catalogs,formatted research papers, graphics-laden product literature and priceinformation, purchase orders, photographs, audio programs, video clips,etc. The Internet thus serves as an enormous, instantaneous librarycontaining any information that someone somewhere has chosen to makeavailable electronically to other Internet users. Anonymous file transfer(FTP) and the hypertext-linked pages of the World Wide Web areexamples of such systems.¥ Navigation: services help users find what they need in this vast library;they are the �phonebooks� of the Internet. For example, client programsfor browsing the World Wide Web allow users to find and retrieveparticular types of information (such as �photos of the Rocky Mountains�)from server databases anywhere on the Internet.13 Searchable emailaddress directories provide another kind of navigation service.While Internet messaging has always been popular, the �point-and-click�interfaces of Web browsers have extended the Internet�s appeal to a larger13The server databases are called Web pages. Popular Web client programs, or browsers, at thetime of this writing include Mosaic and Netscape.

18Chapter Twonumber of computer users.14 They have also provided an obviousmechanism for making commercial information (such as restaurant listingsor a florist�s offerings) readily available to consumers, setting the stage forincreased demand for connections from residential users.2.1.2.Connecting to the InternetAlthough the technical definition of the Internet is based solely on logicalprotocols that computers agree to use in common, some form of physicalmedia, whether wire-based or wireless, must be used to connect eachconstituent user and network. This section defines a user connection to theInternet, starting with the media-independent aspects and moving on to adiscussion of physical attributes.Media-independent definitionAt the virtual level, an Internet connection consists of protocol processingcapability residing in two distinct computers. The first is the computer thatconnects to the network (the host computer); with full or client access to theInternet, this host is the Internet user�s computer. The second is theswitching computer (called an IP router) that connects the host to the rest ofthe Internet. A computer has full or client access to the Internet if:¥ It has an Internet Protocol address that is unique among all othercomputers connected to the Internet;¥ It can generate and parse data in the format, known as packets, expected bythe Internet Protocol (in other words, it can send and receive IP packets);¥ It is directly or indirectly connected to an IP router that knows how toforward IP packets to and from all other computers on the Internet. If it isalways connected, then the computer has full access. If it is connected onlysometimes, then the computer has client access.Together, these capabilities give any one Internet-connected computer theability to communicate with any other as a peer. For example, a host that isconnected to the Internet according to the above definition can participate inany application that depends on the exchange of IP packets, including actingas a World Wide Web information server, running a World Wide Web clientprogram such as Mosaic or Netscape, or using X-Windows to display theresults of a computation taking place on another computer. A computer thatdoes not have both an IP address and the ability to exchange IP packets cannot14See (Markoff, 1993). At the beginning of 1994, 2.2 million computers were measured on theInternet, with this number growing approximately 8-10% per month. At the end of 1994, close to4 million computers were connected and the growth rate had increased. See graph of �InternetHosts Reachable� in (Rutkowski, 1994), p. 11, and �The Internet - Current Dynamics� in(Rutkowski, 1993), p. 3, as well as Rutkowski slides available via anonymous ftp as notedabove.

The Internet19participate directly in any of these distributed Internet applications. This istrue even if physical wires�such as a dialup telephone connection to anInternet host�link the computer to the Internet.This distinction illustrates a major limitation of much current residentialaccess to the Internet. Most home users do not have IP addresses and thus donot connect their home computers directly to the Internet. Instead, theyconnect to a proxy Internet host, using their home computer as a remoteterminal.15 The proxy Internet host can display Mosaic screens; the homecomputer cannot. The proxy host receives file transfers, email and netnewsmessages; the home user must download and read such transfers in aseparate, relay step. In Crocker�s terminology, the access is mediated.The proxy computer may be an Internet host at the user’s office, or acommercially-provided proxy.16 Typically, the home user connects to theproxy Internet host by dialing in to it over a residential telephone line.Although proxy connections are better than none, and an enterprising serviceprovider can supply software to simplify the relay step or emulate the lookand feel of the most popular Internet programs such as Mosaic, the effortrequired to provide this extra layer means that the services available to proxycustomers will always lag behind and be more limited than those available tocustomers with full or client access. Consequently, this report considers onlyfull and client levels of residential Internet access; cost models of mediatedand messaging levels of access are beyond its scope.Although most proxy Internet connections are provided over dialuptelephone lines, it is important not to equate or confuse the connectionmodel with the physical connection type. Protocols, such as the Serial LineInternet Protocol (SLIP) and the Point-to-Point Protocol (PPP), exist that allowInternet Protocol packets to be sent over dialup telephone lines.17 Acomputer running IP and these protocols can gain client access to the Internetusing a dialup telephone line. Without these protocols, the same telephoneline can provide only mediated or messaging levels of access.15The term �proxy� was suggested by Professor David Tennenhouse of MIT�s Laboratory forComputer Science.16Many commercial providers of proxy Internet connections have appeared over the past fewyears. For example, one of the first and most widely used ones in the Boston area is �TheWorld� (world.std.com), operated by Software Tool and Die, Inc. Delphi�s Internet service alsofalls into this category at the time of this writing.17SLIP is described in (Romkey, 1988); PPP in (Simpson, 1993). As an example of how a dialupcircuit may still provide better than proxy access, consider that the Appletalk Remote Accessprogram for Macintosh computers incorporates SLIP and allows remote Macintosh users to runMosaic over a dialup link.

20Chapter TwoPhysical connectionsIt was noted above that for a computer to be connected to the Internet, it mustbe directly or indirectly connected to an IP router that knows how to forwardIP packets to and from all other computers on the Internet. Such a router islocated at an Internet Point of Presence (IPOP), a physical Internet access pointoperated by an organization commonly referred to as an Internet service (oraccess) provider.18 Generally hidden from the user, the physical connectionbetween a user�s computer and the IPOP may be quite complex and involvemultiple types of equipment and transmission media.Figure 2.1 illustrates the physical connection model for organizationalInternet users.19 In the organizational model, the user�s computer is assumedto be connected to an enterprise network, consisting of one or moreinterconnected Local Area Networks (LANs). With this architecture, theInternet provider only needs one physical connection to the enterprisenetwork, instead of a separate connection to each individual computer.18Most of the early Internet access providers were non-profits; some of these have transitionedto for-profit companies, and many new for-profit ventures have entered this industry. (Gillett,1995) provides a brief discussion of the Internet access provider industry.19The term �organizational� includes business users as well as users in non-profit organizationssuch as universities and government offices.

The Internet21Enterprise withmultipleinternal networksDedicatedaccess lineInternetserviceprovider’sPoint ofPresence(IPOP)Enterprise withsingleinternal networkDialupaccess lineFigure 2.1: Model of connections to users within organizationsThis physical connection, referred to as an access line, consists of atelecommunications circuit used for data transmission. It may be a dedicatedcircuit, always available for the exchange of Internet traffic.20 Alternatively, itmay be a dialup circuit, in which case it may only be available certain hours of20Dedicated telephone circuits may be leased from the Local Exchange Carrier (e.g. NYNEX)or from a Competitive Access Provider (e.g. MFS). Commonly available bandwidths include 56or 64 Kbps and multiples thereof (�fractional T1� service), and 1.5 Mbps (T1 service), withhigher bandwidth connections costing more. In some areas, 10 Mbps circuits can be purchased orleased from private microwave providers; fractional T3 services may also be available. Theexpense of dedicated circuits makes them cost-effective only for high-volume users, for whomthe usage charges on a metered dial-up connection would cost more.

22Chapter Twothe day, or on an as-needed basis.21 For example, a call may automatically bedialed when packets are waiting to be sent to the Internet. In either case, boththe bandwidth and the cost of the circuit are shared by all of the enterprise�susers.When the access line model is extended to individual users as shown inFigure 2.2, this sharing disappears. Each individual computer requires itsown access line. In most cases, this line consists of a dialup telephone circuit.Internetserviceprovider’sPoint ofPresence(IPOP)Figure 2.2: Access line model of connections to individual residential usersA comparison of Figures 2.1 and 2.2 also illustrates a business differencebetween the two connection models. An organization may have internaltechnical support resources, providing a support interface for the Internetprovider to deal with that is both geographically and organizationallycentralized. In contrast, when serving individuals, there is no enterprise toprovide a technical support buffer. Consequently, an Internet access providerthat serves individual subscribers needs a much stronger�and possibly more21The speed of an analog dialup circuit depends on the modems attached to each end of thecircuit. The fastest modems available at the time of this writing can transfer data at 28.8Kbps. If the modems at either end do not support the same data rates, the slower rate of thepair is used.

The Internet23geographically dispersed�capability for offering technical support tocustomers.222.2. Functions required by Internet technologyThe discussion above has already touched upon two of the functions thatmust be performed by a service provider offering Internet access to residentialcustomers: operating one or more IP routers as part of an Internet Point ofPresence, and providing technical support to individual customers.The routing function involves knowing how to forward Internet Protocol (IP)packets to and from all other computers on the Internet. This function,which is closely related to IP addressing, is discussed in more detail below. Inaddition to operating one or more IP routers, the provider must physicallyconnect each individual customer to an IP router using the residentialcommunications infrastructure. The details of this connection are describedfor cable in Chapter 3 and for ISDN in Chapter 4.2.2.1.Technical support and network managementThe technical support function includes answering individual customer�stechnical questions and assisting them with installation, configuration, andtroubleshooting of their networking hardware and software. It also involvesdiagnosis of connectivity and loading problems. To support this function,providers typically operate network management equipment and monitoringtools. Diagnosing infrastructure connectivity or load problems requires thecooperation of the residential infrastructure provider; similarly, trackingdown Internet problems requires cooperation between the Internet accessprovider and other constituent Internet network operators (i.e. other Internetproviders).2.2.2.Optional serversThe Internet access provider may also choose to provide servers to translateInternet names into addresses, and to support application services. Thesefunctions are now described in more detail.Logical addressingInternet computers use the Domain Name Service to translate between thenames humans use to refer to their computers and numeric Internet Protocol(IP) addresses. Domain names are hierarchical, reflecting the organizationalstructure of the identified computer. For example, the domain nameclove.lcs.mit.edu arises from a computer named �clove� that is part of theLaboratory for Computer Science (lcs), which is part of the MassachusettsInstitute of Technology (mit), which is an educational (edu) institution.22The support needs of telephone users behind a PBX vs. an equivalent number of residentialtelephone subscribers provides an analogy for understanding the increased and moregeographically dispersed support load.

24Chapter TwoDomain name service is implemented by a hierarchy of name servers. Whena computer is added to the Internet, it is configured with the IP address of adomain name server. Then when the computer needs to communicate witha destination it knows by name but not by IP address, it asks that server totranslate the name. The server performs the translation either based on itsown table entries or by transparently requesting further information fromother servers in the hierarchy.Domain name translation is provided by a number of distributed servers thatcan be anywhere on the Internet; they do not have to be located at an InternetPoint of Presence or organizationally affiliated with an Internet accessprovider. An Internet provider is therefore not required to supply its owndomain name server. However, if a provider adds a large number of users tothe Internet, increasing the number of registered domains and the load onexisting servers, it may also need to add a domain name server if it is to be agood Internet citizen.ApplicationsIn a bulletin board system or commercial on-line service (such as Prodigy,CompuServe or America OnLine), supplying content is a large part of theservice provider�s job. The system�s centralized authority structure ensuresthat users only have access to whatever content the service provider makesavailable on or through the system.In contrast, the Internet�s open organizational structure ensures that anyonewho creates or uses an application that runs with the TCP/IP suite ofprotocols can supply content on the Internet. Therefore, supplying content ismuch less a part of the Internet service provider�s job. The provider maychoose to make particular content available just as any other Internet sitemay, but this function is not required of an Internet Point of Presence.Two differences between the home and workplace environments, however,make it more likely that a residential Internet provider would assist at leastsome subscribers with access to content. First, home computers do nottypically have as much disk storage as workplace servers. Network newsfeeds, for example, can require large amounts of storage: a feed of allnewsgroups can generate on the order or a gigabyte of material per day.23Workplaces therefore configure servers to receive the news feed and assumethat users will select what they want to read off the server. In the residentialenvironment, the workplace server is available to telecommuters, but not allcustomers fall into that category. Some customers may choose to operate23Conversation with William Ang of Computing Resource Services, MIT Laboratory forComputer Science. Newsgroups offering executable code (�binaries�) require the most space.

The Internet25their own servers,24 while others either �borrow� or pay for the use of serversoperated anywhere on the network. The residential Internet provider islikely to try to serve the latter group of customers, since they represent anadditional source of revenue.Second, home computers are generally not powered on 24 hours a day. Thiscan pose problems for the receipt of electronic mail, which can arrive at anytime. Mail delivery will be more reliable if it is directed to a server that isalways running; users then retrieve their mail from the server at theirconvenience, using a protocol such as the Post Office Protocol. Like a networknews server, an email server can be operated by a workplace, an individualcustomer, or some form of service provider. As with network news service,the residential Internet provider is not required to provide email service, butit makes business sense to offer a complete package to the customers whorequire it, especially given the economy of scope of offering domain nameservice, network news, and email from the same server.252.2.3.AddressingEach computer on the Internet is assigned a unique Internet Protocol (IP)address. An Internet access provider typically manages a block of IP addressesfrom which it must assign individual addresses, or groups of addresses, to itscustomers. The details of how these assignments relate to customers� physicalnetwork configurations can be complex;26 they depend on the specific IPaddressing scheme in use on the Internet. At the time of this writing,Internet addressing follows the scheme described in (Comer, 1991). However,a new addressing scheme is under development and is expected to be phasedin shortly along with the transition to the next generation Internet Protocol.27Given the uncertainty surrounding the new scheme, address assignment isnot discussed further here.24A server can be selective about which newsgroups it chooses to receive. For example,telecommuters may choose to subscribe to personal-interest newsgroups that their workplacesdecline. Since a gigabyte of disk for a PC-class computer costs about under $500 at the time ofthis writing, it is not out of the realm of possibility that a user would choose to store his or herown complete newsfeed, and certainly feasible for a user to store selected newsgroups.Conversation with Mark Graham of Pandora Systems, San Francisco, CA, April 11, 1994.25For example, a residential Internet subscriber who is an employee of a large organizationcould choose to retrieve business-related mail from a workplace server, while relying on theresidential Internet provider for personal email.26These details are described in (Comer, 1991). Address assignment can pose some challengesfor the Internet provider when there are customers who operate multiple internal networks, orcustomers with part-time access requiring dynamic address assignment.27See (Metcalfe, 1995). At the time of this writing, many draft Requests for Comments (RFCs)describing various aspects of the IPng (IP Next Generation) protocol are available athttp://www.internic.net.

26Chapter Two2.2.4.RoutingThis section describes the Internet routing functions that need to beperformed by both the customer�s networking equipment and the Internetaccess provider.In its simplest form, internetworking of physically separate computernetworks is accomplished as shown in Figure 2.3. A special computer called arouter is physically connected to each of the separate networks. The router issupplied with intelligence that allows it to take traffic from Network 1 anddeliver it to its intended destination on Network 2, and vice-versa. Thisintelligence takes the form of protocol processing software and tables ofaddresses and/or paths through the networks.28Network 2Network 1RouterFigure 2.3: Conceptual view of internetworkingIn practice, the networks to be interconnected are not always located in thesame physical vicinity. In that case, the single router of Figure 2.3 is replacedby two routers: one connected to each network, and each connected to theother by some form of telecommunications line. Figure 2.4 illustrates thetwo-router model in the context of connecting simple networks of users to anInternet access provider�s more complex network. (The Internet accessprovider�s network is in turn connected, again by routers, to the rest of theInternet. These connections are assumed to take place within the Internet�cloud� shown in Figure 2.4.)28These tables are usually dynamically computed by the router using distributed algorithmssuch as Shortest Path First. See (Comer, 1991) for more details.

The Internet27CustomerrouterSimple networkSimple networkInternet accessprovider’s network and rest of Internetaccesslines¥¥¥ProviderrouterCustomerrouterFigure 2.4: Internet access configurationThe customer and provider routers shown in Figure 2.4 have asymmetricduties. For example, consider what each type of router has to do to sendtraffic from the user to the rest of the Internet. The customer�s router hasonly to follow a simple rule: send the traffic to the provider�s router.29 Theprovider�s router has the harder job. It must know how to direct traffic fromthe customer�s network to anywhere else on the Internet (including othercustomers� networks).30Because of the assumption of a simple customer network, the customer�srouter also has a simple job to deliver traffic to a customer computer. Theprovider�s router, on the other hand, must be intelligent enough to choosewhich of the different customer routers should receive that traffic.Hence when the customer is assumed to connect a simple network to theInternet, the customer�s router can be quite simple. This observation iscritical to making residential Internet access economical, since each residence29Were a subscriber to be connected to multiple competing Internet access providers, the problemgets harder. Some mechanism needs to be devised for the customer to specify to the routerwhich provider should be used for any given packet. Since no such mechanisms are currentlybuilt into the standard Internet protocols, out-of-band mechanisms would need to be used.(Conversation with Dr. David Clark, January 28, 1994.)30As (Comer, 1991) describes, Internet routing is hierarchical. One way to be able to reacheveryone else on the Internet is to participate in the top level of the hierarchical routingscheme. Alternatively, the access router can participate at a lower level, in which case it onlyknows how to direct traffic to another router that then knows how to reach everyone else on theInternet. The distinction affects the amount of table space needed in the access provider�srouter, and thus its cost. Also note that a single Internet access provider may operate more thanone access router, and the different routers may operate at different levels of the routinghierarchy.

28Chapter Twois a customer requiring a router. In fact, many residences have only a singlecomputer, which is a degenerate case of a single, simple network.31This section has described the Internet technologies involved in supportingthe access line model. The next section discusses the limitations of thatmodel, especially for residential Internet access.2.3. Limitations of the access line modelResidential users are customers potentially connecting to the Internet fromresidential areas. These include:¥ Small businesses, such as startup companies or professional offices(doctors, dentists, psychological counselors, attorneys, independentconsultants, etc.);32¥Telecommuters, whose costs are generally borne by their employers;¥Individuals in their non-workplace roles, such as citizen, consumer,parent, or hobbyist.Table 2.1 characterizes the types of organizational and individual connectionsmade possible by the access line model. As its two empty boxes illustrate,customers that need either the occasional ability to send traffic quickly, or afull-time, low-bandwidth connection, are not served by either type ofconnection model.31Connecting individual computers (as opposed to networks of computers) also raises thepossibility of using a customer bridge instead of a customer router. (Perlman, 1992) discusses indetail the distinctions and tradeoffs between bridging and routing. Briefly stated, a bridgewould make multiple residences appear to be on the same physical network, while a routerwould make each residence appear to be on a separate physical network. Sharing a singlephysical network may be less than ideal given that there is no particular reason for trust amongmultiple unaffiliated households. This contrasts with the workplace situation, in which thepeople sharing a network are assumed to at least work for the same organization. The extent towhich sharing a single network among households poses a security problem depends on theparticular infrastructure, as discussed in later chapters.32In marketing jargon, this segment is referred to as SOHO, for �Small Office/Home Office.�

The Internet29Table 2.1: Characteristics of physical connections enabled by access linesAvailabilityPeak BandwidthPart-timeFull-timelow to mediumorganizational orindividual model:dialup circuitmedium to highorganizational model:dedicated circuitUnfortunately, the missing entries correspond to many of the needs ofresidential users. For example, a telecommuter may need high-speed accessto emulate the office LAN environment, but only one day each week. Ahome-based consultant may hold a regular video conference with a client,requiring high-bandwidth access only one hour each day. Alternatively,consider a startup business that wishes to make its product informationavailable 24 hours a day to potential customers, by operating a World WideWeb information server that is always available. This customer would desirefull-time Internet access, but would be unlikely to be able to afford theexpense of a leased line. Additionally, such a dedicated resource would belargely wasted since such a customer is unlikely to generate large trafficvolumes.These needs are also unmet for non-residential users. For example, someorganizations lease a dedicated Internet access line even though theiraggregate traffic volume does not justify it, because they need either the full-time or the high-bandwidth aspect of the connection.33On average, residential users can be expected to generate less aggregate trafficvolume than larger organizations with more users. Therefore, dedicatingcircuits to them is even more inefficient than dedicating circuits to low-volume organizations needing full-time access. Inefficiency aside, theexpense of a dedicated circuit is simply beyond the budget of most residentialusers.The fundamental problem with today�s access models for residential datausers is that they were designed for the voice telephony application. Dialedcalls, with a relatively long connection establishment delay and all-or-nothing use of the access circuit, are a fine model for voice conversationsbetween people. But computer data is much less predictable than humanconversation. Computers typically generate data rapidly, in short bursts, then33For example, a company that expects its customer service representatives to respond quicklyto electronic mail requests has a strong need for a full-time connection. Alternatively, anorganization that needs to run only one high-bandwidth application can quickly exceed thecapacity provided by dialup.

30Chapter Twofall silent. They need to be able to receive bursts of data whenever theyarrive, whether or not a person is sitting at the computer. Thus the all-or-nothing connection model is highly inappropriate for data traffic. This isespecially true when only one computer, or a small number of computers,uses a communications line, and there is very little traffic aggregation tosmooth out the individual bursty flows.2.4. Incremental improvements to existing infrastructureGiven that the access line model is less than ideal for residential Internetaccess, what can augment or replace it? This section provides a briefoverview of the enhanced technologies that the rest of the report focuses onfor providing more satisfactory access. These technologies are discussed indetail in Chapters 3 and 4.Although extending fiber optic links to all residences would alleviate today’sbandwidth problems, two economic realities make this solution impracticalin the short-term. The first problem is the high absolute cost of the requiredequipment, lasers in particular.34 The second problem relates to the up-frontnature of the investment: it is not feasible to upgrade one house at a time tofiber, as demand for new services materializes.35 Instead, infrastructureproviders must either make a large up-front capital investment in advance ofproven customer demand, or wait for demand to materialize in the absenceof high-bandwidth connection capability. This chicken-and-egg situation is aproduct of the non-incremental nature of the required investment, and hascharacterized much of the thinking about telecommunications infrastructureupgrades in the past decade.There is an alternative, namely, to upgrade existing local access networks in amore incremental fashion. At least in the short term, incremental upgradeshave the potential to satisfy the demand for Internet connections morequickly and economically.What existing networks could be incrementally upgraded to provide thedesired service? The ubiquitous residential telephone network is an obviouscandidate, if it can be upgraded to provide higher-speed transmission of data.Another candidate is the coaxial cable network that passes more than ninetypercent of U.S. homes and currently delivers Community AntennaTelevision, or CATV, service. Wireless networks are also a possibility but arebeyond the scope of this report.34As Reed writes on page 1 of (Reed, 1993): �The high costs of optical systems have so far ruledout the widespread deployment of fiber-to-the-home and fiber-to-the-curb networks.� See also(Calhoun, 1992), pp. 547-8.35Professor David Tennenhouse suggested thinking about the problem in this way. Flexibilityof the cost structure of the needed investment is also discussed in (Calhoun, 1992), pp. 549-50;(Lu, Eiger and Lemberg, 1990), p. 1063; and (Faulkner, Payne, Stern and Ballance, 1989).

The Internet31Figures 2.5 and 2.6 illustrate the architectures of the enhanced telephone andcable networks considered by this report. Figure 2.5 shows Internet accessover local digital telephone circuits, as provided by the Integrated ServicesDigital Network, or ISDN, suite of technologies. ISDN consists of an upgradeto the local telephone plant in which bi-directional digital transmission isenabled over the existing pairs of copper wires that currently supply bi-directional analog telephone service. It relies on the installation of an ISDN-capable digital switch at the telephone company Central Office�an upgradethat has already happened in most of the U.S.3636Although more advanced technologies exist for providing digital transmission over existingcopper wire pairs, this thesis focuses on ISDN because of its near-term availability, itsappropriateness in residential areas and its symmetric transmission bandwidth. High Bit RateDigital Subscriber Line (HDSL) technology supports 1.5 Mbps over two copper wire pairs, but islimited to distances from the telephone company Central Office that are more typical ofbusiness than residential lines; telephone companies provision HDSL as a business service. See(Waring, Lechleider and Hsing, 1991), (Walkoe and Starr, 1991), (Lechleider, 1991),(Lindstrom, 1992), and (Werner, 1991). More experimental Asymmetrical Digital SubscriberLine (ADSL) technology has the potential to deliver much higher bandwidths (1.5—6 Mbps) tothe home at the expense of bandwidth from the home; it is envisioned for delivery of on-demand video applications. See (Waring, 1991) as well as (Sutherland and Litteral, 1992),(Chen and Waring, 1994), (Northern Telecom Inc. and Amati Communications Corp., 1993), and(Angelos, Bosco, Compton, Gu et al., 1993). The research for this thesis found real deploymentsof Internet access over ISDN, but no announcements or deployments of Internet access over eitherHDSL or ADSL. Thus ISDN was selected as more appropriate for a case study.

32Chapter TwoInternetserviceprovider’sPoint ofPresence(IPOP)Primary rateISDN circuitsBasic rateISDN circuitsPublicswitchedtelephonenetworkFigure 2.5: Architectural view of residential Internet access over ISDNISDN enables two types of digital circuits:¥Basic Rate Interface circuits provide one 9.6 Kbps signaling channel andtwo 64 Kbps channels that can be combined into a single 128 Kbps channelfor user data. This is the type of ISDN circuit typically available toresidential users.¥Primary Rate Interface circuits provide one 9.6 Kbps signaling channel andtwenty-three 64 Kbps channels. These are typically used by businesses tocombine traffic from multiple basic rate ISDN circuits.Although ISDN provides faster data transmission than modems, it stillfollows the dialup access line model shown in Figure 2.2, enabling clientaccess to the Internet but making full access difficult to achieve. Cablenetworks, however, follow a different model, as illustrated in Figure 2.6.

The Internet33Internetserviceprovider’sPoint ofPresence(IPOP)cable TVnetworkFigure 2.6: Architectural view of residential Internet access over cableInstead of providing each individual computer with a point-to-pointconnection to the IPOP, cable�s broadcast architecture provides a medium thatcan be shared by groups of individual computers. The star architecture of theaccess line model is replaced by a shared bus. The sharing is accomplished byprotocols similar to those used in office computer networks (referred to asLocal Area Networks, or LANs), but adapted to work over the differentphysical topology and longer distances that characterize the residential cableplant.37Just as the LAN-connected computers shown at the top of Figure 2.1 arealways connected to their dedicated Internet access line, the cable LAN-connected computers of Figure 2.6 are always connected to their Internetservice provider�s Point of Presence. Thus, cable has the potential to providefull access to the Internet.This architecture depends critically on the ability to transmit data in eachdirection�both from and to home computers�over the cable. Thiscapability is often not provided in residential cable networks, since the typicalapplication run over these networks is unidirectional broadcast of TV signalsto the home. Providing the capability to send data in both directions over thecable is part of the infrastructure upgrade required to enable Internet access.37See (Karshmer and Thomas, 1992) for an overview of this technology and discussion of designissues. Chapter 3 describes the details of the cable LAN technology.

34Chapter TwoThe speed of this access depends on the equipment used to modulate digitalcomputer information onto cable�s analog TV channels. At the time of thiswriting, such equipment provides bandwidths ranging from 500 Kbps to 10Mbps.The cable and ISDN approaches are described in greater detail in Chapters 3and 4, respectively.

35Chapter ThreeCable technologyThis chapter reviews the present state and technical evolution of residentialcable network infrastructure. It then discusses a topic not covered much inthe literature, namely, how this infrastructure can be used to provide Internetaccess.38 It concludes with a qualitative evaluation of the advantages anddisadvantages of cable-based Internet access.3.1. Cable networks3.1.1.Topology of existing systemsResidential cable TV networks follow the tree and branch architecture shownin Figure 3.1. In each community, a head end is installed to receive satelliteand traditional over-the-air broadcast television signals. These signals arethen carried to subscriber�s homes over coaxial cable that runs from the headend throughout the community.39 Each 6 MHz TV channel is transmitted inanalog form over (not necessarily the same) 6 MHz of enclosed spectrum onthe cable. Multiple channels are sent over the same cable using FrequencyDivision Multiplexing (FDM). Because different channels are sent at differentfrequency offsets (e.g. 54-60 MHz, 60-66 MHz, etc.), this form of transmission isreferred to as broadband. (In contrast, baseband transmissions all take place inthe �base� band starting at 0 Hz.)38(Berger, 1994), pp. 142-145, gives a brief overview of one form of cable-based Internet access.39The head end thus serves as an antenna for the community , giving rise to the nameCommunity Antenna Television, or CATV. The tree and branch architecture is described in(Baldwin and McVoy, 1988), (Estrin, 1982), and (Reed, 1992).

36Chapter ThreeHead end

TrunkamplifierTapSplitterFeederamplifierFigure 3.1: Coaxial cable tree-and-branch topology40To achieve geographical coverage of the community, the cables emanatingfrom the head end are split (or �branched�) into multiple cables. When thecable is physically split, a portion of the signal power is split off to send downthe branch. The signal content, however, is not split: the same set of TVchannels reach every subscriber in the community. The network thusfollows a logical bus architecture, as shown in Figure 3.2. With thisarchitecture, all channels reach every subscriber all the time, whether or notthe subscriber�s TV is on. Just as an ordinary television includes a tuner toselect the over-the-air channel the viewer wishes to watch, the subscriber�scable equipment includes a tuner to select among all the channels receivedover the cable.41Head end

Figure 3.2: Logical bus architecture of cable TV network40Adapted from (Reed, 1992), Figure 2.4.41This tuner is built into �cable-ready� television sets.

Cable technology37Because the signals attenuate as they travel several miles through the cable tosubscribers� homes, amplifiers have to be deployed throughout the plant torestore the signal power. The more times the cable is split and the longer thecable, the more amplifiers are needed in the plant.3.1.2.Technological evolutionThe development of fiber-optic transmission technology has led cablenetwork developers to shift from the purely coaxial tree-and-brancharchitecture to an approach referred to as Hybrid Fiber and Coax(HFC)networks. Transmission over fiber-optic cable has two main advantages overcoaxial cable:¥A wider range of frequencies can be sent over the fiber, increasing thebandwidth available for transmission;¥Signals can be transmitted greater distances without amplification.The main disadvantage of fiber is that the optical components required tosend and receive data over it are expensive. Because lasers are still tooexpensive to deploy to each subscriber, network developers have adopted anintermediate Fiber to the Neighborhood (FTTN)approach.Figure 3.3 shows the FTTN architecture. Various locations along the existingcable are selected as sites for neighborhood nodes. One or more fiber-opticcables are then run from the head end to each neighborhood node. At thehead end, the signal is converted from electrical to optical form andtransmitted via laser over the fiber. At the neighborhood node, the signal isreceived via laser, converted back from optical to electronic form, andtransmitted to the subscriber over the neighborhood�s coaxial tree and branchnetwork.

38Chapter ThreeHead end

FeederamplifierLasertransmitterand receiverOpticalfiberFigure 3.3: Fiber to the Neighborhood (FTTN) architectureIn essence, FTTN replaces long coaxial cable runs with a long fiber and shortercable runs. This replacement increases the bandwidth that the plant is capableof carrying.42 It also reduces both the total number of amplifiers needed andthe number of amplifiers in cascade between the head end and eachsubscriber. The total number of amplifiers is an important economiccomponent of the migration, because each amplifier must be upgraded or,more typically, replaced to pass the larger bandwidth that the fiber and shortercoaxial cable runs enable. The number of amplifiers in cascade is importantto the quality of the service as seen by subscribers: since each amplifier is anactive component that can fail, the fewer amplifiers in cascade, the lower thelikelihood of failure. Fewer amplifiers and shorter trees also introduce lessnoise into the cable signal. These improvements translate into higherbandwidth, better quality service, and reduced maintenance and operatingexpense for the cable network provider.43The migration towards FTTN also creates a �cellular� architecture, in that aseparate spectrum of cable channels may be delivered to each neighborhood.By effectively creating more channels, this architecture facilitates the additionof �personalcast�44 services, in which different content may be delivered to(and/or possibly from) different subscribers simultaneously. Many of theenvisioned services are based on digital content, such as compressed video tobe viewed on demand, or catalog pages for home shopping. Some42A typical upgrade increases the upper spectrum limit from 550 to 750 MHz.43See (Stix, 1993), p. 102.44See (Gillett, Lampson and Tennenhouse, 1994), p.42, for Professor David Tennenhouse�soriginal use of this term.

Cable technology39personalcast services, such as telephony and Internet access, also require two-way transmission capability in the FTTN network.FTTN has proved to be an appealing architecture for telephone companies aswell as cable operators. Not only Continental Cablevision and Time Warner,but also Pacific Bell and Southern New England Telephone have announcedplans to build FTTN networks.3.1.3.Two-way transmissionTelevision, as its critics have long noted, is a one-way street: programs arebroadcast to viewers, but no mechanism is built in for viewers to talk back toproducers, or to send their own video signals into the network. This fact isreflected in typical residential cable TV network implementations, whichtransmit signals only in the direction from the head end to the subscriber(referred to as the downstream direction).Many of the planned new services require transmission from the subscriberas well, with bandwidth requirements for such upstream transmissionvarying tremendously depending on the service. Pay-per-view movies couldbe ordered over the network with only a few low-bandwidth clicks of theremote control, while telephony would require a larger (but still relativelysmall) 4 KHz of bandwidth. Internet applications span a range of upstreamrequirements, from low-bandwidth email to high-bandwidth video sent froma home-based World Wide Web server.Enabling upstream transmission requires three types of technical changes tothe network:¥Spectrum must be allocated for the signals traveling in the upstreamdirection. Figure 3.4 shows a commonly-used spectrum map for thesignals traveling over residential cable plants; the range from 5 to 42 MHzis typically dedicated to upstream transmission.45 This range generallyprovides a maximum of 4 usable upstream channels.45As described in (Time Warner Cable Inc., 1993), Time Warner�s �Full Service Network� trialin Orlando, Florida proposed to use the 850-1000 MHz frequency range for upstreamtransmission. The usual 5-42 MHz range was considered to be insufficiently wide for theirpurposes and, especially at the lower end of the range, known to be subject to interference fromhousehold appliances. The 5-42 MHz allocation is referred to as a �subsplit� channelassignment. Institutional cable networks (�I-nets�) use mid-split or high-split (such asOrlando�s) spectrum maps which allocate many more upstream channels, but these are notgenerally available in residential areas. See (Karshmer and Thomas, 1992), p. 36.

40Chapter Three020406080100120140160180200220240260280300MHz300320340360380400420440460480500520540560580600MHzUp-streamCh.2-4Ch.5-6Ch.14-22 or A-ICh.7-13Ch.23-36 or J-WCh.37-52Ch.53-68Ch.69---FMradioGuardbandSystem controlFigure 3.4: Sample cable spectrum map46¥Amplifiers must include circuitry (diplex filters) to separate the upstreamand downstream signals and amplify each direction separately, in the rightfrequency range. Rather than upgrading existing amplifiers in their treeand branch networks, most network providers have elected to incorporateupstream capability into the new amplifiers they need to purchase to passthe higher-bandwidth signals of hybrid fiber and coax networks.47¥Downstream transmission from the head end is broadcast: the same signalis sent on all the wires. In contrast, upstream transmission is inherentlypersonalcast: each subscriber is trying to place a different signal onto thenetwork. As shown in Figure 3.5, when going up the tree these differentsignals must eventually share the same piece of transmission spectrum.Some form of access method is needed to arbitrate which signal is actuallycarried. Access methods come in different varieties, such as Time orFrequency Division Multiple Access (TDMA or FDMA), Carrier SenseMultiple Access (CSMA), etc. Which method is appropriate depends onthe expected application.4846After (Baldwin and McVoy, 1988), Figure 3-1. See also (Communications Futures Project,1994), Figure 2.2.47Telephone conversation on March 11, 1994 with Mike Morris, sales representative for C-COR,a vendor of cable system products, including amplifiers.48See (Bertsekas and Gallager, 1992) for discussion and analysis of access methods.

Cable technology41Head end

¥¥¥Figure 3.5: Sharing of upstream bandwidthUpstream transmission also presents a technical challenge because multiplenoise sources come along with the multiple signal sources. Careful plantengineering is often required for the upstream signal to arrive in recognizableform.49 The cellular aspect of the FTTN architecture helps it to address thenoise ingress problem, by reducing the number of noise sources funnelinginto a single upstream channel.3.1.4.Future evolutionFiber to the neighborhood is one stage in a longer-range evolution of thecable plant. These longer-term changes are not necessary to provide Internetservice today, but they might affect aspects of how Internet service is providedin the future.Two trends are evident: connecting the head ends in a large metropolitanarea together (typically via fiber), and adding digital switching to the system.Interconnected head ends enable remote operations; fewer resources need tobe devoted to each head end, reducing the operating expense of a cableindustry Multiple System Operator (MSO). They also create a regional marketfor advertising as well as enabling localized ad insertion. In addition, byplacing expensive new equipment (such as a video server) at a regional hub,new services can be introduced to more communities at a lower capital cost.50Digital switches (typically using Asynchronous Transfer Mode, or ATM,technology) at each head end are envisioned to direct different traffic streams49See (Karshmer and Thomas, 1992) for further discussion of the noise ingress issues.50See (Dukes, 1992) for a discussion of the migration to regional interconnection and hubs.

42Chapter Threeto different neighborhood fibers, enabling Video on Demand (VOD)services.51 The implications of these trends for Internet service will bediscussed below, after the mapping of Internet service to the cable architecturehas been made clear.3.2. Internet access over the cable plantRecall that the key question in providing residential Internet access is whatkind of network technology to use to connect the customer to the InternetPoint of Presence. For residential Internet delivered over the cable plant, theanswer is broadband LAN technology. This technology allows transmissionof digital data over one or more of the 6 MHz channels of a CATV cable.Since video and audio signals can also be transmitted over other channels ofthe same cable, broadband LAN technology can co-exist with currentlyexisting services. Broadband LANs were deployed in the 1980�s by customerswith large campuses, such as universities, manufacturing plants, and militarybases, for whom integrated transmission made more economic sense thanstringing multiple long wires.52The technology described here is the implementation used in the case thatwas studied for this report: Internet access offered over the Cambridge,Massachusetts cable plant by Continental Cablevision, a cable system operator,and Performance Systems International (PSI), an Internet service provider.The broadband LAN equipment used in this case is sold by ZenithCommunication Products. This service was introduced in March, 1994.53The broadband LAN is built on top of two 6 MHz channels: one transmittingdata from the head end to subscribers (downstream), and the othertransmitting data from subscribers to the head end (upstream).54 At the headend, a frequency translator connects the two channels into a channel pair, sothat data can be sent from one customer to another.The frequency translator at the head end can be either an analogor digital device. An analog device simply translates signals to a51Cable network evolution is discussed in (Cook and Stern, 1994), including a diagram of howswitching would be incorporated into the system.52See �Broadband LAN History� on p. 66 of the C-COR Commercial Systems Products PriceList, August 1993; (Black, 1989); and (Stallings, 1987), pp. 80-95. Stallings describes a numberof different broadband LAN implementations. In the 1990�s, broadband LANs are graduallybeing supplanted by fiber-optic transmission.53I attended the press conference at the Museum of Science in Cambridge, Mass. on March 8,1994. See also (Sandberg, 1994).54An alternative to this symmetric architecture has been proposed for use over cable plantsthat do not support upstream transmission: transmit data downstream over the cable plant, andupstream using standard modems over the telephone network. This �hybrid� architecture issupported by equipment available from Hybrid Networks Inc. Since the upstream bandwidth issignificantly smaller than the downstream, this architecture is only suitable for asymmetricdata flows. It is not considered further in this thesis.

Cable technology43new frequency and retransmits them. A digital device recoversthe digital data from the analog signal and then retransmits thecleaned-up data on the new frequency.55Figure 3.6 illustrates the mapping of Internet service to the local cable plantthat has been adopted by Continental and PSI. An IP router is installed at thecable head end and connected by a dedicated telecommunications line to therest of the Internet. Since the cable transmission plant uses the Fiber-to-the-Neighborhood (FTTN) architecture, one or more channel pairs can beallocated to LAN service on each of the neighborhood transmissionsegments. (Figure 3.6 shows only one neighborhood segment.) The LANs onthese transmission segments are connected to the IP router at the head end,thus connecting each subscriber to the Internet.HeadendIP routerTV channelsData (LAN) channelRest of InternetRF ModemTranslatorData (LAN) channelRF ModemTranslatorConverterConverterFigure 3.6: Internet access via cableThe remainder of this section explains in more detail how LAN service isprovided over the channel pairs, covering the following issues:¥What protocol is used to arbitrate access to the upstream channel?¥How is digital data transmitted over the distances found in the local cableplant?¥What kind of equipment is needed to connect to the LAN?¥How is the IPOP router connected to the neighborhood LANs?¥What are the implications of cable plant evolution for residential Internetservice?55(Stallings, 1987), p. 89. Analog frequency converters are used in the case studied.

44Chapter Three3.2.1.Media access methodIn LAN technology, the media access method refers to the protocol used toarbitrate access to the physical transmission channel among the differentstations attached to it. The appropriateness of any given access methoddepends on the physical characteristics of the transmission media as well asthe nature of the traffic that is to be sent.The physical cable network is sufficiently different from the physicaltransmission media of ordinary LANs that standard media access protocolscannot be used as is. Ethernet, for example, uses Carrier Sense MultipleAccess with Collision Detection (CSMA/CD). With this method, each station�listens� to the transmission media. A station is able to transmit when itsenses that the media is not in use (�carrier sense�). Because of the finitespeed of light, signals do not propagate instantaneously and it is possible fortwo stations to begin transmitting simultaneously, in which case thetransmissions will collide and be corrupted. Stations detect collisions bycomparing the transmission they sent against what they receive over thebroadcast bus. If a collision is detected, each sending station waits a randomtime interval and tries again.56 Although the performance of this scheme isless predictable than a fixed scheme such as Time Division Multiple Access(TDMA), the dynamic bandwidth allocation works well for the unpredictable,bursty traffic patterns typically associated with data communication. As longas the media is not so heavily utilized that most transmissions result incollisions, CSMA/CD is quite efficient.57The effectiveness of CSMA/CD depends on its ability to avoid most collisionswhile detecting rapidly and efficiently those that do occur. The topology ofthe cable network, however, limits CSMA/CD�s effectiveness in both areas.Collision avoidanceThe window during which a collision can take place is the time it takes forone station on the bus to find out that another station has startedtransmitting, i.e. the time it takes for an electrical signal to travel from onestation on the bus to another (called the propagation delay). In a short bussuch as an Ethernet, this time window is very small, and most collisions areavoided. Since the cable network forms a much longer bus, this window ismuch wider.58The problem is further compounded by the �folded bus� topology of the cableplant, in which all transmissions are sent from the network stations on theupstream channel to the head end and back out the downstream channel. As56(Comer, 1991), p. 23.57See (Metcalfe and Boggs, 1976) and (Shoch and Hupp, 1980).58While an Ethernet�s length is limited to under 1 mile, Zenith�s product literature states that5 to 30 miles is more typical of a cable network.

Cable technology45illustrated in Figure 3.7, the network stations send upstream and listendownstream; they do not listen on the upstream channel or send on thedownstream channel.59 Therefore, for example, the transmission fromstation 2 in Figure 3.7 must travel all the way to the head end and back beforeits neighboring station 1 notices that the bus is in use. Thus a physicalseparation of perhaps a few hundred yards translates into a signal propagationdistance measured in miles.Station 1Station 2

Downstream channel

Upstream channelFigure 3.7: Network stations listen downstream and send upstreamThe folded bus topology also creates unfairness in the CSMA/CD collisionavoidance scheme. Stations closer to the head end experience the unfairadvantage of a lower probability of collision, because their signals arephysically on the upstream channel for less time, and therefore more quicklydetected by the other stations� carrier sensing.In summary, CSMA/CD-style collision avoidance is less effective onresidential cable network topologies not only because the worst-casepropagation delay is longer than with an ordinary Ethernet, but also becausemore stations appear �far away� from each other on the bus, increasing thelikelihood of collisions.59Since the upstream and downstream channels operate in different frequency ranges, thestation equipment would need twice as many tuners (and therefore be more expensive) if it hadto listen upstream and send downstream as well as sending upstream and listening downstream.

46Chapter ThreeCollision detectionThe long signal propagation delays of the residential cable plant also makeCSMA/CD collision detection less efficient. Ethernet collision detection relieson a station listening to its own transmission long enough to guarantee thatit will not be corrupted by a collision. This time is twice the maximumpropagation delay.60 This guaranteed listening time is accomplished bysetting a minimum packet length that takes at least twice the maximumpropagation delay to clock out of the Ethernet interface. This limitation canbe significant when propagation delays are long, as they are in the residentialcable plant. If the minimum packet size is too long, many packets will haveto be padded, wasting bandwidth.61 Alternatively, the interface clock rate mayhave to be reduced.Because of these limitations, ordinary CSMA/CD is not used on residentialcable LANs. Unfortunately, there is no standard replacement media accessprotocol; even the closest possibility�the modified CSMA/CD specified forbroadband LANs (the IEEE 802.7 standard) is only designed for a maximumcable length of 3.8 Km (2.4 mi).62 Therefore, the choice of a media accessmethod is up to the vendor. Zenith uses the 802.7 Ethernet for its LAN, butextends the length over which broadband CSMA/CD techniques can be usedby having each station, when it is installed, measure its round trippropagation delay to the head end. The station then pads all packets asneeded to guarantee a sufficiently long minimum packet size. In addition,interfaces are limited to a transmission clock rate of 4 Mbps, rather than the 10Mbps of standard Ethernet.63 Finally, Zenith�s protocol forces stations closerto the head end to observe longer intervals of not sending after atransmission than stations further from the head end, to address the inherentunfairness introduced by the folded bus topology. The resulting protocol does60For the worst case, consider two stations, A and B, as far apart as possible on the bus. A startsto transmit, and just before its signal arrives at B (almost one propagation delay time later), Bstarts to transmit. The transmissions collide, and another propagation delay time is requiredfor the corrupted transmission to travel back to A. Therefore, at most twice the maximum inter-station propagation delay time is required for a collision to be detected by the originator of thetransmission.61Analysis and simulation (beyond the scope of this thesis) are required to understand the realimpact of this limitation on performance. If bandwidth efficiency only matters for highthroughput applications such as file transfers in which most packets are large anyway, thislimitation may not be very important.62These modified mechanisms are described in �8023HE Ethermodem Remodulator Theory ofOperation,� product literature from Chipcom for their broadband LAN equipment, July 1986.(The IEEE 802.3 standard specifies Ethernet CSMA/CD; see (Black, 1989), pp. 771-88.) Thisliterature was provided by Ron Hoffman of MIT�s Distributed Computing and NetworkServices.63Zenith also makes 500 Kbps LAN equipment. Each LAN runs in 1 MHz of a 6 MHz channel.With guard bands, 4 LANs can be frequency-division-multiplexed onto a single channel pair.

Cable technology47not appear to have been simulated or modeled theoretically; its efficiency andperformance are not well understood.64Since very few vendors currently make station equipment for residentialbroadband LANs, the design and testing of a media access method that workswell in this environment is an appropriate area for further research andstandardization. Karshmer and Thomas provide an overview and briefbibliography of research in this area, suggesting methods that could be moreefficient than Zenith�s.65 For example, the head end could do more than justtranslate frequencies; it could actually look at the packets and performcollision detection, thus avoiding part of the long signal propagation delay.Alternatively, given a Fiber to the Neighborhood architecture, LANequipment could be installed at the neighborhood nodes, shortening thelength of each cable LAN and allowing more standard CSMA/CD techniquesto be used.3.2.2.Transmission of digital dataTo the user, a cable LAN looks like a digital channel that simply transmits the1�s and 0�s of computer data. Because long wires attenuate, delay, and distortelectrical signals with noise, the actual signal transmission is far morecomplex than it appears. First, sequences of bits are coded, or transformedinto configurations of voltage levels that allow both efficient use of thechannel and recovery of bit transitions even when sending and receivingclocks are not synchronized. Depending on the coding algorithm used, errordetection and/or correction information may also be incorporated into the bitstream. Then the coded bits are modulated onto an analog waveform (acarrier signal), enabling frequency-shifted transmission.66 When the signalreaches its destination, the receiver demodulates the analog waveform anddecodes the bit stream, thus recovering the user�s original sequence of 1�s and0�s.De/coding and de/modulation are the functions performed by high-speedmodems such as the familiar 14.4 Kbps telephone modem; these topics havebeen extensively researched in the context of digital transmission over thelocal telephone plant.67 The choice of coding and modulation schemes affectshow successfully data can be transmitted over the cable plant in the presenceof noise. Although many schemes are possible, a constraint is imposed by therequirement that senders and receivers must use matching schemes. In the64Zenith�s access protocol is described in (Zenith Communication Products Inc., 1994). Thebrochure for Zenith�s 500 Kbps �Homeworks� broadband cable modem products claims that theprotocol can be used up to distances of 100 miles.65See (Karshmer and Thomas, 1992).66Coding and modulation are described in further detail in (Waring, Lechleider and Hsing,1991) and (McNamara, 1982).67See (Waring, Lechleider and Hsing, 1991). The name �modem� derives from �modulator-demodulator�.

48Chapter Threecable LAN environment, this constraint translates into a requirement for thehead end modem to share at least one coding and modulation scheme witheach subscriber.3.2.3.Subscriber equipmentEach customer�s connection to the Internet access network is a station on thecable LAN, as is the head end�s connection. Thus the total number of stationson each LAN is the number of subscribers plus one. Each station needs toperform the following functions:¥Implement the selected schemes for transmitting and receiving bits overthe cable (coding and modulation);¥Implement the selected protocols for media access and address resolution;¥Support the upper layer protocols needed for Internet access: the TCP/IPsuite. It is also helpful to the residential Internet service provider if thestation is remotely manageable via the standard Simple NetworkManagement Protocol (SNMP);68¥If the station interfaces one or more customer LANs to the cable LAN,serve as a bridge or router.There is a fundamental difference between the equipment needed to performthe first and last two of these functions. The first two functions are notstandardized for cable LANs, but the equipment that provides them must becompatible among all stations using the channel. This combination can thuslock a provider into using a single vendor�s equipment. In contrast, the lasttwo functions are the same for cable LANs as for any other type of LAN, andcan largely be implemented by off-the-shelf hardware or software availablefrom a variety of vendors. The business implications of the non-standardizedphysical and media access layers will be discussed further in Chapter 8.The first two functions are implemented by Zenith in two pieces ofelectronics: a broadband (or �RF�, for radio frequency) modem and a networkinterface card. The modem determines the peak channel access rate; Zenithcurrently offers two models, capable of transmitting bits at 0.5 Mbps and 4Mbps. A broadband modem is slightly more complex than an ordinarytelephone baseband modem, because it has to shift the signal up to (in thecase of a transmitting modem) or down from (in the case of a receivingmodem) the transmission frequency band. Some broadband modems workonly on particular channel pairs, but more flexible, �frequency-agile� modelsincorporate tuners that allow configuration of the modem for whatever68See (Comer, 1991), pp. 403-420 for a discussion and description of SNMP.

Cable technology49channel pair is chosen from the cable TV spectrum.69 This flexibility allowsthe provider to move a subscriber over to a different channel pair via asimple configuration change, instead of requiring a site visit to exchange thecustomer�s equipment. Such a move might be necessary to balance networkloads, or to allow service to continue during network testing or maintenance.One could also imagine a more advanced modem that would configure itself,finding, for example, the least noisy or least busy channel to use fortransmission.The network interface card is quite similar to any standard Ethernet cardexcept that it implements Zenith�s variant of broadband CSMA/CD. Abovethe data link protocol layer, the same communications software thatimplements TCP/IP for a PC connected to a conventional LAN can be used bythe residential Internet subscriber. This software needs to be configured withits own IP address (supplied by the residential Internet service provider) andthe IP address of a DNS server, just as it must be for use over any LAN.The residential Internet customer who has one or more LANs may needrouter functionality and may be able to fill this need with equipmentavailable from a variety of vendors. Routers do not ordinarily come withcable LAN network interfaces; whether this is a problem for the customerdepends on the customer�s LAN configuration. This issue, and the questionof what the network interface card plugs into, is discussed further in Chapter5.3.2.4.Connecting the IPOP router to the neighborhood LANsThe channel pairs carrying LAN service are frequency-division multiplexedtogether with TV channels over the same transmission media (fiber andcoax). The IPOP router, however, only knows how to switch LAN data. Thenecessary filtering is achieved by placing the IPOP router at the head end andconnecting it to each cable LAN through network stations located at the headend, as illustrated in Figure 3.8. Each station includes a broadband modemthat serves the IPOP router in the same way it serves the customer. Ifmultiple LANs are provided over a single neighborhood�s cable plant (bydevoting multiple channel pairs), the IPOP router needs a separate station foreach LAN.69A number of vendors sell modems for broadband LANs, but very few of these are able tohandle the distances found in the residential cable plant.

50Chapter ThreeUpstream LAN channelDownstream LAN channelTV channels¥¥Neighborhood cable spectrumNetworkstationIPOP routerFigure 3.8: Head end router connection to cable LAN3.2.5.Implications of cable plant evolutionIn the longer term, cable operators are introducing Asynchronous TransferMode (ATM) switching into their head ends, and connecting multiple headends together into fiber rings. ATM switches introduce an economy of scope.Instead of requiring a separate router for IP data, the small, fixed-length cellsof ATM allow integrated switching of data, video, and voice. Internet servicewould be provided by running IP over ATM.Fiber rings interconnecting head ends also introduce an economy of scope.Instead of requiring a top-level Internet router at every head end along withits own dedicated telecommunications line to the rest of the Internet, simplerrouters at each head end are connected into a metropolitan area network,with its routing purely internal to the head end router operators. Only one ofthese routers needs to participate in full Internet routing and have a physicalconnection to the rest of the Internet, simplifying operations and reducingcost at the rest of the head ends.3.3. Evaluation of cable LAN as Internet access networkIn the cable Local Area Network (LAN) architecture, groups of subscribersconnect to the Internet by sharing a single high bandwidth transmissionmedium. This architecture has a number of implications for the style ofInternet access that can be provided over a cable LAN.BandwidthThe speed of a cable LAN is described by the bit rate of the modems used tosend data over it. As this technology improves, cable LAN speeds maychange, but at the time of this writing, cable modems range in speed from 500Kbps to 10 Mbps, or roughly 17 to 340 times the bit rate of the familiar 28.8Kbps telephone modem. This speed represents the peak rate at which a

Cable technology51subscriber can send and receive data, during the periods of time when themedium is allocated to that subscriber. It does not imply that every subscribercan transfer data at that rate simultaneously. The effective averagebandwidth seen by each subscriber depends on how busy the LAN is.Therefore, a cable LAN will appear to provide a variable bandwidthconnection to the Internet.Still, the high peak data rates of cable LANs can make them a very effectiveInternet access network. For example, a 28.8 Kbps modem user who wants toview a simple graphical image (about 40 Kbytes) using the World Wide Webwould have to wait more than 10 seconds for the image to download. Incontrast, a cable LAN user could potentially view the image in under asecond. People notice ten second delays; in contrast, a transfer taking lessthan a second may appear virtually instantaneous.Full-time connectionsCable LAN bandwidth is allocated dynamically to a subscriber only when hehas traffic to send. When he is not transferring traffic, he does not consumetransmission resources. Consequently, he can always be connected to theInternet Point of Presence without requiring an expensive dedication oftransmission resources.At the Internet Point of Presence, the cable LAN is connected to an IP router.IP routing is connectionless: the router treats each IP packet as anindependent entity. Therefore, no router resources need to be allocated tosubscribers who are not transferring traffic.In summary, cable LANs can provide full-time Internet connections becauseneither transmission nor switching resources have to be dedicated to a cableLAN subscriber who is not actively transferring traffic.Security and network integrityThe shared medium of the cable LAN raises a security issue similar to onethat arises in cellular telephony with its shared spectrum: eavesdropping onyour neighbor becomes relatively easy. Encryption of data is required to solvethis problem in both cases. Hence, support for encryption is likely to becomean important requirement of cable modems.Network integrity must also be managed carefully with a shared medium.For example, Ethernet broadcast packets may need to be disabled to ensurerobust operations of residential cable LANs. If a subscriber�s equipment wereto break (or be maliciously altered) such that it was constantly sendingEthernet broadcast packets to all other network stations, it could effectivelydisable a cable LAN. While this same scenario can arise in a workplace LAN,finding and fixing the problem is much more difficult in the residentialenvironment, in which the distance between network stations can be

52Chapter Threemeasured in miles and the network manager may not be able to gain physicalaccess to the offending equipment.Multiple simultaneous servicesCable�s broadband approach enables multiple network devices to use thenetwork simultaneously: you can read your email while another member ofyour household watches the NBA Finals on TV. The ability to maintain acable-based Internet connection while talking on the phone is perhaps evenmore useful, for example to discuss an email message with a colleague orcustomer, or look up information needed during a conversation. Althoughthis capability comes �for free� now because telephone service is providedover a separate network, it would still be there if telephony were insteadprovided over broadband cable channels.Scope of Internet Point of PresenceAn Internet Point of Presence (IPOP) serves as a gateway to the rest of theInternet for any subscriber who can connect to it. If access to an IPOP isprovided only through a local cable network, then the potential universe ofsubscribers who can connect to the Internet through that IPOP is limited tothe homes passed by that cable system.This limitation can pose a barrier to introduction of cable-based Internetaccess. For example, suppose a certain minimum number of subscribers isneeded to recover the cost of the IPOP. The cable system may achieve thisnumber by either passing a large number of homes, or by achieving highpenetration levels for Internet service. The number of homes passed is a factof the cable system�s location, not a parameter that the cable operator caneasily change. If it is too small, then the operator must rely on highpenetration levels. These, however, are likely not to be achieved when theservice is first introduced. If cable-based Internet access is not profitable atinitial penetration levels, it may not be deployed even if it would be profitableat higher penetration levels that could be achieved later.

Cable technology53IPOPHead endHead endHead endHead endRest of InternetCablesubscribersCablesubscribersCablesubscribersCablesubscribersFigure 3.9: Greater subscriber population with interconnected head endsThis situation would change if cable networks ceased to have purely localscope. As Figure 3.9 shows, if multiple head ends were interconnected, anIPOP at one head end could serve a larger universe of cable subscribers. Thesame penetration percentage would represent a larger number of subscribers,making it more feasible to recover the investment needed to create theInternet Point of Presence.Even regionally-interconnected head ends do not solve a different scopeproblem: how does a subscriber access the Internet while far from home? Anout-of-region traveler has no way to connect to the IPOP that serves his homecommunity. As the next chapter notes, the worldwide scope of the telephonenetwork gives it an advantage in this regard.

54Chapter FourISDN technologyWhile ISDN is extensively described in the literature, its use as an Internetaccess medium is less well-documented.70 This chapter briefly reviews localtelephone network technology, including ISDN and future evolutionarytechnologies. It then describes the technologies needed to provide Internetaccess over ISDN. It concludes with a qualitative evaluation of theadvantages and disadvantages of ISDN-based Internet access.4.1. Local telephone networksUnlike cable TV networks, which were built to provide only localredistribution of television programming, telephone networks provideswitched, global connectivity: any telephone subscriber can call any othertelephone subscriber anywhere else in the world. A call placed from a hometravels first to the closest telephone company Central Office (CO) switch. Asshown in Figure 4.1, the CO switch routes the call to the destinationsubscriber, who may be served by the same CO switch, another CO switch inthe same local area, or a CO switch reached through a long-distance network.70(Berger, 1994), pp. 137-140, gives a user-level overview of ISDN-based Internet access.

ISDN technology55IXC = Inter-eXchangeCarrier (longdistancecompany)¥¥¥¥¥¥

LECswitchingofficeinter-office transmission"CITY"LECswitchingofficeLEC = LocalExchangeCarrier (localtelephonecompany)IXCswitchIXCswitchInter-exchange ("long distance") network¥¥¥¥¥¥

LECswitchingofficeinter-office transmission"CITY"LECswitchingofficeLocal Loop

Local LoopLocal LoopLocal LoopFigure 4.1: The telephone networkThe portion of the telephone network that connects the subscriber to theclosest CO switch is referred to as the local loop. The name derives from thepairs of copper wires, which form a �loop� between the CO and the customer

56Chapter Foursite, that have traditionally been used to connect subscribers to the CO.71Since all calls enter and exit the network via the local loop, the nature of thelocal connection directly affects the type of service a user gets from the globaltelephone network.4.1.1.Topology of existing networksMost residential telephone service in the U.S. is provided over pairs of copperwire that run directly from a CO switch to each individual subscriber�s home.Over each wire pair, referred to as a subscriber line, the baseband 4 KHzchannel (i.e. 0-4 KHz) is used to carry the bi-directional, analog telephonesignal. This traditional analog service is referred to as Plain Old TelephoneService, or POTS.CentralOfficesubscribersubscribersubscribersubscribersubscribersubscribersubscribersubscriberFigure 4.2: Logical star architecture of local telephone networkWith a separate pair of wires to serve each subscriber, the local telephonenetwork follows a logical star architecture, as shown in Figure 4.2. Since aCentral Office typically serves thousands of subscribers,72 it would beunwieldy to string wires individually to each home. Instead, the wire pairsare aggregated into groups as shown in Figure 4.3. The largest groups of wiresare feeder cables. At intervals along the feeder portion of the loop, junctionboxes are placed. In a junction box, wire pairs from feeder cables are spliced towire pairs in distribution cables that run into neighborhoods. At each71It is also sometimes referred to as the �last mile� of the telephone network, althoughtypically it covers several miles.72For example, Cambridge, MA has 40,000 households and 2 Central Offices.

ISDN technology57subscriber location, a drop wire pair (or pairs, if the subscriber has more thanone line) is spliced into the distribution cable.7373The local transmission plant is described in (Gillett, Lampson and Tennenhouse, 1994),(Calhoun, 1992), and Chapter 4 of (Noll, 1991). The latter also contains photographs of anumber of the items described in this section, including distribution cables, underground conduit,and a Main Distribution Frame.

58Chapter FourSplices represented by

Distribution cableDropDrop

Distribution cableDropDropJunctionBoxJunctionBoxFeeder cables

DropDropDistribution cable

DropDropDistribution cabletowardCentralOfficeFigure 4.3: The local loop

ISDN technology59The layout shown in Figure 4.3 is analogous to the tree-and-branch splits ofthe CATV network, except that instead of splitting off signal power at eachjunction, the telephone network splits off physical wire pairs. Theaggregation of wire pairs in the local transmission plant constitutes space-division multiplexing, which creates a physical bus layout implementing alogical star architecture.Since distribution cables are either buried or aerial (i.e. hanging fromtelephone poles), they are disruptive and expensive to change. Consequently,a distribution cable usually contains as many wire pairs as a neighborhoodmight ever need, in advance of actual demand. In contrast, feeder cables(each containing a large number of wire pairs) are generally run throughunderground conduits. Because it is relatively easy to string cable throughconduit, new feeder cables are typically added as demand for new wire pairswarrants them.For a new subscriber line to be activated, the subscriber�s drop wire pair mustbe spliced to a free pair in the distribution cable, which must in turn beconnected to a free pair in a feeder cable. Managing the configuration of allthese connections thus becomes a major operational activity for local loopservice providers.The challenges inherent in managing thousands of individual pairs of wireare not limited to the local transmission plant. At the CO, each subscriber�sline must somehow connect to the CO switch. Considerable space in the COis taken up by the Main Distribution Frame, an enormous wiring rack thatconnects wire pairs to line cards that interface subscriber lines to the peripheryof the CO switch. To understand the function of a line card, consider that thewire pair dedicated to each subscriber can be in one of three states:¥idle (when the subscriber is not using the phone, which is actually most ofthe time);¥establishing a connection (from the subscriber lifting the handset �offhook,� through dialing and ringing);¥connected (a call has been successfully placed and is in progress).With POTS, the transitions among these states are managed by electricalsignals sent over the wire pair between the CO switch and the subscriber�sequipment (which is usually a telephone, but could also be a fax machine ormodem). One line card manages these signals for one subscriber line,supplying power to the subscriber equipment, watching for on/off hook

60Chapter Fourchanges, etc.74 Since most CO switches now use digital switching, the linecard must also convert the analog signals received over the subscriber line tothe digital format expected by the rest of the CO switch.At the heart of the CO switch is a switch fabric that dynamically connectsinput ports to output ports leading to the appropriate destination for each call.Line cards are not directly connected to switch fabric input ports for tworeasons:¥Building a switch fabric to physically accommodate tens of thousands ofinput ports would be quite a feat of engineering;¥Since not all subscribers place calls at the same time, not all line cards needto connect to the switch fabric at the same time.For the first reason, the signals from subscriber lines are multiplexed togetheronto single, higher-capacity cables before being fed to the switch fabric(typically using Time Division Multiplexing, or TDM). For the second reason,subscriber lines are concentrated, that is, only a few connections to the switchfabric are provided for a group of subscriber lines. A logical diagram of theresulting switch architecture is shown in Figure 4.4.¥¥¥TDM600 subscriber lines8:1concen-tration600 subscribers(DS-3)600 trunks(5000 subscribers) port¥¥¥

port20-portswitchfabric¥¥¥¥¥¥Figure 4.4: Central Office switch architecture754.1.2.Technological evolutionTwo overlapping trends are evident in local loop technology:74The functions of a line card are described in more detail on pp. 132-133 of (Noll, 1991) and in(Gillett, Lampson and Tennenhouse, 1994), p. 15.75From (Gillett, Lampson and Tennenhouse, 1994), p. 94.

ISDN technology61¥Deployment of fiber-optic cable in part or all of the local plant;¥Migration toward digital transmission in part or all of the local plant.Fiber in the loopFiber is an attractive transmission medium because it can provide high-bandwidth, digital transmission more economically than large collections ofcopper pairs. Deployment of fiber throughout the loop has occurred mainlyin business areas, both because these areas have contributed the most to thegrowth in demand for new telephone lines, and because they tend to be denseand use more advanced communication services, resulting in higheraggregate bandwidth needs.76

¥¥¥¥¥¥RemoteelectronicsLasertransmitterand receiverFiber feeder¥¥¥RemoteelectronicsCentralOfficeCopper wirepairsFigure 4.5: Fiber in the feeder portion of the loopGiven the lack of equivalent demand to justify the up-front costs of layingfiber in residential areas, deployment in these areas has been limited to date.Most residential deployments use fiber as a substitute for the feeder portion ofthe loop, as shown in Figure 4.5. The result is similar to the Fiber to theNeighborhood networks of cable TV, with two important differences:¥The �last mile� of plant is one copper wire pair for each subscriber, not ashared coaxial cable;76(Cook and Stern, 1994), pp. 78-79. 62Chapter Four¥The logical architecture is still a star: although the fiber carries all thetraffic for a neighborhood, it is channelized into telephone call-sizedchunks, each of which is dedicated to an individual subscriber line. A linecard is still required for each subscriber line, and an idle line stillconsumes bandwidth on the fiber.77The net result is that while such a deployment saves operating expense forthe telephone company,78 the presence of fiber in the feeder is essentiallyinvisible to subscribers, whose service options are largely unchanged as aresult of the deployment.The migration toward digital transmission over the copper wire plant is moresignificant for residential subscribers.79 In the near term, Integrated ServicesDigital Network (ISDN) subscriber lines are being deployed. Further out,Asymmetrical Digital Subscriber Line (ADSL) technology has been proposed.ISDNAs digital technology began to penetrate into long-distance transmission andswitching systems in the 1960�s and 70�s, telephone companies conceived of anetwork that would offer end-to-end digital transmission. Digital bits wouldenter, traverse, and exit the network; in contrast to POTS service, the networkwould not have to convert calls from analog to digital internally. Such aservice offering is �integrated� because, by handling signals in digital form, itcould transparently handle different applications: for example, data bits,generated by computers, fax machines, etc. could be sent directly; voice bitswould be generated by special telephones able to digitize voice signals at theboundary of the network.Implementation of ISDN is hampered by the irregularity of the local loopplant. Referring back to Figure 4.3, it is apparent that loops are of differentlengths, depending on the subscriber�s distance from the Central Office.Different gauges of wire may be used within a single loop, and the number ofsplices may also vary. Chen and Waring describe one reason why the localloop plant ends up with unterminated wire pairs, referred to as bridged taps:77In contrast, Passive Optical Networks (PONs), which have been proposed for futuredeployments of fiber throughout the entire residential loop, use a shared bus architecturecompletely analogous to that of cable TV networks. See (Cook and Stern, 1994) or (Lu, Eiger andLemberg, 1990) for a description of PONs.78For example, to add a new subscriber it is much easier to activate an additional channel on afiber feeder than it is to run a new wire pair through conduit.79In theory, this migration is not restricted to all-copper loops; it can also take place over thecopper portion of a loop that has been migrated to a fiber feeder. The practical limitation isonly that the remote electronics (called a Digital Loop Carrier, or DLC) at the end of the fiberfeeder must be able to support digital transmission over the copper wires attached to it; manyexisting DLCs do not.

ISDN technology63Since loop plant construction usually occurs ahead of customerservice requests, distribution cables are usually made available toall potential customer sites. Hence, it is a common practice toconnect a twisted pair from a feeder cable with more than onedistribution cable to maximize the probability of reaching apotential customer. The unused distribution cables result inbridged taps.80Within such an environment, achieving reliable transmission of bits is achallenge. For the same digital transmission equipment to work across thevariety of loops found in the plant, either a plethora of configuration settingsmust be provided and manually adjusted, or the equipment must be able toadapt dynamically to the conditions found on the particular line. Since theformer approach is economically infeasible, the advent of ISDN had to waitfor the development of self-adaptive filtering techniques implementable withVLSI technology in the late 1980�s.81 The result, standardized by theAmerican National Standards Institute (ANSI) in 1988, is the Basic RateAccess Digital Subscriber Line.Basic Rate Access provides a total of 144 Kbps of bidirectional digitaltransmission over the baseband channel from 0-50 KHz.82 Because itoverlaps with POTS� baseband spectrum (0-4 KHz), ISDN cannot co-exist withPOTS on the same wire pair. Once a subscriber loop has been upgraded toISDN service, existing POTS equipment is no longer usable as is.ISDN cannot be provided over loops with loading coils or loops longer than18,000 feet (5.5 km), with bridged taps included in the loop length. Based onloop surveys conducted by Bellcore, Waring estimates that loading coils stillexist on 25% of subscriber loops, and that the loops with loading coils aremainly the same as the loops longer than 18,000 feet.83 By this estimate, BasicRate Access can be provided over no more than 75% of North Americansubscriber loops.The 144 Kbps provided by Basic Rate Access is subdivided into two bearer, orB channels, and one delta, or D channel. Each B channel transmits bits at 64Kbps and is expected to carry voice or data. The D channel, which transmits at80(Chen and Waring, 1994; Chen and Waring, 1994), p. 104. Service disconnections andrearrangements also result in bridged taps; see (Waring, Lechleider and Hsing, 1991), p. 97.81Consider that the adjustments must be made not only at installation time but also whenevermoisture gets into the cables, the temperature changes significantly, etc. These effects, and thedevelopment of Digital Subscriber Line (DSL) technology, are described in (Waring, Lechleiderand Hsing, 1991), pp. 98-100.82(Waring, Lechleider and Hsing, 1991), p. 103.83See (Waring, Lechleider and Hsing, 1991), p. 97. He states that loading coils were �used inthe early days of telephony to boost and flatten the frequency response at the upper edge of thevoice band.� No digital transmission techniques can be used in the presence of loading coils.

64Chapter Four16 Kbps, was envisaged for out-of-band signaling�for example, setting up acall by exchanging digital �packets� of instructions, instead of detecting on-and off-hook signal transitions. The result is referred to as 2B+D, or an ISDN�U� interface.84Switching is also different in ISDN. With POTS, setting up a call consists ofallocating resources to dedicate to that call for as long as it remains inprogress. These resources include a connection through the CO switch fabric,bandwidth on inter-office trunks, etc. which together form a guaranteed-delaycircuit through the telephone network. This technique of dedicatingresources to connections is referred to as circuit switching.Since data traffic is typically bursty (as discussed in Chapter 1), dedicatingnetwork resources to a single data source can be quite wasteful. Instead ofcircuit switching, computer networks use a technique called packet switchingin which computer data are divided into small chunks, called packets. Eachpacket is given a header containing control information such as the packet�sdestination, and is sent individually through the network when resources areavailable.85Since ISDN is designed for both voice and data, it incorporates both circuitand packet switching. A Central Office switch that offers ISDN service can beconfigured to switch either circuits or packets on either B channelindependently.86 The D channel can only be packet-switched. To providethis functionality as well as digital transmission to the subscriber, an ISDNline card must be used. A matching card, called an NT1, is also needed at thesubscriber end of the line.87 This card not only handles digital transmissionbut also formats and interprets the signaling packets sent over the �D�channel.Most Central Office switches in North America are now digital and many ofthose are capable of providing ISDN service. However, not all of theseswitches follow the recent National ISDN standards,88 hamperingcompatibility between ISDN equipment available from vendors and ISDNservice available from the local telephone company.84(Waring, Lechleider and Hsing, 1991), p. 99.85Packet switching is described in (Comer, 1991), p. 18.86 The two B channels are not switched as a unit. Inverse multiplexing subscriber equipment isavailable to aggregate the two channels, emulating a single 128 Kbps channel (Duncanson,1994). For reasons that will be discussed later in this chapter, packet switching is rarely usedfor the B channels.87The acronym NT1 derives from the positioning of the card as the first point of ISDN NetworkTermination on the subscriber�s premises.88See (Bellcore, 1991) and (Bellcore, 1993).

ISDN technology65Subsequent to the definition of Basic Rate Access (2B+D), Primary Rate ISDNwas standardized. A Primary Rate Interface (PRI) provides 23 B channels andone D channel to the customer, typically a business. It is provided over thesame types of loops suitable for digital T1 transmission: either fiber, or 4-wirecopper lines. Since neither of these are generally available in residentialareas, PRI is not considered further in this report.4.1.3.Future evolutionIn 1991, the FCC issued its �Video Dialtone� ruling allowing the localtelephone companies to distribute video signals over their networks.89 Thisopportunity has motivated plans for different forms of local networkupgrades. Several local telephone companies have announced plans tocompletely rebuild their networks according to a Hybrid Fiber and Coaxarchitecture.90For a more evolutionary approach, other telephone companies have turnedto the Digital Subscriber Line technology that was originally developed forISDN, allowing more re-use of the existing copper loop plant.91 Thistechnology was developed into the High Bit Rate Digital Subscriber Line(HDSL), used to provide �repeaterless T1� lines to businesses as described inthe previous chapter. For residential areas, this technology continues toevolve in the form of Asymmetric Digital Subscriber Line (ADSL).Asymmetric Digital Subscriber LineAsymmetric Digital Subscriber Line (ADSL) was originally conceived as ameans to distribute video from the CO to the customer over a twisted pair ofcopper wires. In contrast to ISDN, ADSL adopts a passband approach. Highand low pass filters divide the line into three frequency channels:bidirectional analog POTS, narrow digital upstream, and wide digitaldownstream, as shown in Figure 4.6. This technique, which is referred to asData Over Voice, enables compatibility with existing POTS equipment.89See (Federal Communications Commission, 1991), (Federal Communications Commission,1992), and (Chen & Waring, 1994b), p. 102.90See, for example, �Southern New England Telephone Buys AT&T Fiber/Coax Transport� inCable Regulation Digest, April 25, 1994, Vol. 1 No. 17. (Cable Regulation Digest is a summaryof regulatory news from Multichannel News.)91Bell Atlantic and Ameritech have both announced trials of Video on Demand over existingcopper loops. See (Markoff, 1994).

66Chapter FourPOTS10 KHz50 KHz1 MHzUpstream channelDownstream channelBidirectionalFigure 4.6: Spectrum allocation for ADSL transmission92The name ADSL arises from the asymmetry between the upstream anddownstream channel sizes. Bidirectional low-bandwidth control, using thesame format as the 16 Kbps ISDN �D� channel, is provided over the upstreamchannel and some portion of the downstream channel. The remainder of thedownstream channel is expected to carry �video on demand� to the subscriberat 1.5 Mbps. The bidirectional POTS channel continues to provide analogtelephone service to the subscriber in a transparent fashion.93Although ADSL transmission technology is fairly well established, otheraspects of ADSL usage are much less well defined. For example, the interfaceto the subscriber was an open question before the ANSI standards committeeresponsible for ADSL (Committee T1E1.4) in the spring of 1994.94 Some formof in-home demultiplexing will be necessary to split the three ADSL channelscoming into the home, with corresponding multiplexing needed in theopposite direction. Similar functions will need to be performed by the ADSLline card that interfaces each subscriber to the CO switch. Finally, whether thedigital channels will be geared toward television (�set-top box�) or computer-style connections is an open question.Switching of ADSL is also unspecified. Just as cable companies would deployAsynchronous Transfer Mode (ATM) switches to provide pay-per-viewservice, telephone companies are likely to deploy ATM switches to direct the�demanded� video to an ADSL video-on-demand subscriber. Presumably,the POTS and control channels will be concentrated�perhaps at first by theexisting ISDN Central Office switch�and handled by the ATM switch aswell.9592From (Northern Telecom Inc. and Amati Communications Corp., 1993), p. 2.93(Waring, 1991), p. 1980.94Conversation with Ron Hunt of Amati Communications Corp., Palo Alto, CA, on February 2,1994.95Conversation with Professor David L. Tennenhouse, March 16, 1994.

ISDN technology67Despite several years of advances in VLSI technology and modulation,coding, and error correction schemes,96 the heterogeneous, noisy loopenvironment still poses problems for high-bandwidth digital transmissionover long copper pairs. For example, an adjacent pair carrying a digital T1 canmake ADSL unusable over a long loop. Although not many T1�s exist inresidential areas, those that do further limit ADSL�s applicability, because theymean that ADSL technology cannot be guaranteed to succeed in allinstallations. The suggested solutions to this problem are �ADSL-2� and�ADSL-3,� which run ADSL over progressively shorter distances byemploying a fiber to the neighborhood architecture. ADSL line cards must beincluded in the neighborhood node�s electronics. With this architecture,higher digital transmission speeds (up to 6 Mbps downstream and 384 Kbps,or �H0�, upstream) can be supported over ADSL.974.2. Internet access over the local telephone networkOn the cable network, one wide channel is shared among a number ofcustomers to connect each of them to the IPOP router. The local telephonenetwork gives the residential Internet provider a different topology to workwith: narrow channels dedicated to each customer individually. With thistopology, it does not make sense to use a shared-bus LAN approach to connectthe IPOP router to customers. Instead, point-to-point connections are used.An architectural view of these connections is shown in Figure 4.7.ResidentialInternetProviderCustomer 1Customer 2Customer 3Connections carrying IP packetsFigure 4.7: Architectural view of point-to-point Internet access96See, for example, (Northern Telecom Inc. and Amati Communications Corp., 1993), (Chow, Tuand Cioffi, 1991); (Cioffi, 1991); (Bingham, 1990); (Sistanizadeh, 1991);(AngelosBoscoComptonGu et al., 1993); (Kerpez, 1991); (Jones, 1991); and (Hsing and Lechleider,1991).97See (Chen and Waring, 1994), especially Figure 1, p. 103. ADSL-2 and -3 make the telephoneindustry�s approach look more and more like cable�s Fiber to the Neighborhood approach,without the dynamic bandwidth allocation of cable�s bus architecture.

68Chapter FourIn contrast to the shared-bus architecture of a cable LAN, the telephonenetwork requires the residential Internet provider to maintain multipleconnection ports in order to serve multiple customers simultaneously. Thus,the residential Internet provider faces problems of multiplexing andconcentration of individual subscriber lines very similar to those faced intelephone Central Offices. Not surprisingly, similar types of solutions areadopted to deal with these issues.The next sections explain in more detail how Internet service is providedover point-to-point telephone network connections, covering the followingissues:¥How is digital data transmitted through the local telephone plant?¥How are IP packets exchanged over point-to-point connections?¥How are individual subscriber connections concentrated and multiplexedbefore being connected to the residential Internet provider�s IP router?¥How effectively can the point-to-point architecture provide full-timeInternet connections?The final section identifies the open issues involved in providing Internetconnections over ADSL lines.4.2.1.Transmission of digital dataISDN transmission is accomplished by the NT1 device described previously.This device incorporates modem functionality, encoding and modulatingdigital data onto an analog signal for transmission to the Central Office. TheNT1 also provides protocol support, such as the call signaling (Q.931) usedover the �D� channel.NT1 devices are available from a variety of vendors. The NT1�s encoding andmodulation protocols need to match those used by the ISDN line card in thelocal Central Office switch. In theory at least, these protocols are standardizedand compatibility should not be a big problem for customers.4.2.2.Exchange of IP packetsThe point-to-point approach is familiar to computer users accustomed todialing in to workplace or commercial servers. As discussed in Chapter 2,however, most such connections today provide only terminal emulation, notfull Internet connectivity. To provide peer Internet service, IP must be runall the way to the subscriber�s computer. This computer must have anInternet IP address, run the TCP/IP protocol suite, and exchange IP packetsover the point-to-point connection.

ISDN technology69Since bandwidth is not shared over these point-to-point links, no mediaaccess protocol is needed. However, a protocol is still needed to map betweenIP and the physical reality of a point-to-point telephone line. The physicalline delivers a stream of bits, while upper layer protocols expect to work withIP packets.98 In between, protocol functionality is needed to �frame� the bytesand IP packets, i.e. identify the start and end of each byte and each packet. Anintermediate protocol also needs to identify and resolve the address of theconnecting station, providing a mapping between a telephone number and anIP address. This function is not necessarily trivial, particularly on a dialupline, on which the connecting station�s IP address may be dynamically ortemporarily assigned.Serial Line IP (SLIP) was an early, limited point-to-point protocol that wasnever officially standardized but was widely implemented anyway (Romkey,1988). One of its limitations was that it assumed the use of IP; no otherprotocols could be multiplexed over the SLIP connection. To address this andother deficiencies, the Point-to-Point Protocol (PPP) has been developed and isbeing standardized by the Internet community (Simpson, 1993). PPP issupported by most vendors of Internet-compatible ISDN equipment at thetime of this writing.A version of PPP (called MP) that can treat the two �B� channels of ISDN as asingle link is under development (Sklower, Lloyd, McGregor and Carr, 1994).Some equipment vendors also offer proprietary protocol solutionsincorporating data compression functionality (Derfler, 1994). Ensuringcompatibility between customer and Internet provider equipment, however,is a key consideration favoring the selection of standard protocols.4.2.3.Concentration and multiplexing of connectionsFigure 4.8 illustrates the concentration and multiplexing that are used byresidential Internet providers. Concentration happens because the providerconnects to the local telephone network with fewer lines than the totalnumber of subscribers: not all subscribers are expected to connect to theInternet at the same time. The total number of active subscribers is thuslimited by the number of connections the residential Internet providermaintains to the local telephone network.98See (Tanenbaum, 1988) for explanation of the functions performed by differentcommunications protocol layers.

70Chapter FourIPOPRouterLAN¥¥¥LANTerminalServerTerminalServer¥¥¥¥¥¥CUSTOMEREQUIPMENTTelephone linesto customersTelephone linesto residential Internet providerCustomer premisesInternet provider’s premisesLocal telephone plantConnections carrying IP packetsLocaltelephonenetworkFigure 4.8: Detailed view of point-to-point Internet accessEven with this concentration, it does not make sense to plug each suchconnection directly into a router port; an impractically large number ofphysical ports would be needed, and they would be used inefficiently, sinceeach line is not expected to be transferring data all the time that it is in use. Inaddition, router ports are generally built to talk to networks, not individualusers. For these reasons, the individual lines are multiplexed (andsometimes concentrated as well) onto LANs by devices called terminalservers. These devices physically connect a large number of telephone linesto a smaller number of LAN (typically Ethernet) ports.99 They also convert,or translate, between the LAN protocol used to talk to the IP router (e.g.Ethernet) and the point-to-point protocol (such as SLIP or PPP) used to99Terminal servers are usually built in a modular fashion, with the ability to add 8 or 16 phoneports at a time.

ISDN technology71exchange IP packets with the subscriber over the phone line. Since the LANprotocol typically runs at much higher speed than the individual phone lines(e.g. 10 Mbps compared to 20 Kbps), terminal servers have the potential toconcentrate a large number of phone lines even if all lines are transferringdata simultaneously.Although most terminal servers are built to handle either individual POTSlines (with modems) or ISDN lines, some can also handle aggregated lines,such as an ISDN Primary Rate Interface (digital T1, or 23B+D) carrying 23individual circuits. Whether a provider chooses to connect to the localtelephone network via individual or aggregate lines will depend on anumber of factors, including:¥Availability of aggregate circuits or multiple individual circuits in theprovider�s location;100¥Pricing policy of the local telephone company;101¥The number of subscribers the provider expects to serve.When it can be used, the approach of using a few T1 concentrators tomultiplex individual subscriber circuits into an IP router is simpler than theuse of a larger number of smaller terminal servers, because it uses fewer wiresand boxes. This approach has been adopted by Internex, Inc., the residentialInternet provider studied to develop the Internet over ISDN model describedin Chapter 4.102 Notice that if the number of T1 lines into the Internetprovider grows large enough, an economic incentive is created for theInternet provider to co-locate its facilities with a telephone company CentralOffice, to minimize distance-sensitive T1 tariffs.4.3. Evaluation of ISDN as Internet access networkThe point-to-point telephone network gives the residential Internet provideran architecture to work with that is fundamentally different from the cableplant. Instead of multiplexing the use of LAN transmission bandwidth as it is100For example, a provider whose premises are located in a residential area may havedifficulty procuring multiple individual circuits. As noted in (Waring, 1991), p. 1979, thetelephone plant in residential areas may have as few as 1.3 lines per residence. Given anInternet provider�s large expected demand for circuits, T1 circuits are likely to be a moreeconomical option for both the telephone company and the Internet provider.101For example, is the price of a Primary Rate Interface (PRI) circuit equal to, more or less thanthe price of 23 individual Basic Rate Interface (BRI) ISDN circuits? As (Network Express Inc.,1994) shows, this relation varies across different parts of the U.S. The distance from theprovider�s premises to the closest telephone Central Office may affect this tradeoff, since PRIpricing may depend on distance while BRI pricing generally doesn�t.102Telephone conversation with Robert Berger of Internex, Inc., April 28, 1994. Notice that theT1 terminal server must perform the same protocol translation function as the POTS or ISDNterminal server, on 24 separate channels at a time.

72Chapter Fourneeded, subscribers multiplex the use of dedicated connections to the Internetprovider over much longer time intervals. As with ordinary phone calls,subscribers are allocated fixed amounts of bandwidth for the duration of theconnection. Each subscriber that succeeds in becoming active (i.e. gettingconnected to the residential Internet provider instead of getting a busy signal)is guaranteed a particular level of bandwidth until hanging up the call.BandwidthAlthough the predictability of this connection-oriented approach is appealing,its major disadvantage is the limited level of bandwidth that can beeconomically dedicated to each customer. At most, an ISDN line can deliver144 Kbps to a subscriber, roughly four times the bandwidth available withPOTS.103 This rate is both the average and the peak data rate. A subscriberneeding to burst data quickly, for example to transfer a large file or engage in avideo conference, may prefer a shared-bandwidth architecture, such as a cableLAN, that allows a higher peak data rate for each individual subscriber.104Part-time connectionsAnother implication of the telephone network�s connection-orientedapproach is that full-time Internet access via ISDN would consume manymore infrastructure resources than full-time Internet access via cable. Recallthat a cable LAN�s packet-based approach requires no shared resources to bededicated to a subscriber who is not sending or receiving data, making full-time Internet connections economical even for low-volume customers. Thesame cannot be said for telephone network-based connections betweensubscribers and residential Internet providers.First, recall from Figure 4.8 that each connected subscriber uses up both aterminal server input port and the telephone line connecting that port to thephone network.105 Thus, a subscriber who needs a full-time connectionrequires a dedicated port on a terminal server. This is an expensive waste ofresources when the subscriber is connected but not transferring data.Resources must also be dedicated within the telephone network. Inside the�Local Telephone Network� cloud shown in Figure 4.8, individual subscribercalls traverse telephone company transmission facilities and one or moreCentral Office (CO) switches. When those calls are circuit-switched, sharedswitch resources (e.g. connections through the switch fabric) are dedicated toindividual calls, whether or not data is flowing.103ISDN technology does not incorporate a migration path to a faster bit rate.104For example, today�s broadband LAN modem models offer a minimum burst rate of 500 Kbpsand a maximum of 10 Mbps. The average per-subscriber bandwidth is lower than the burst ratebecause the LAN bandwidth is shared among multiple subscribers.105If the terminal server handles a multiplexed format such as T1, each subscriber uses up one ofthe guaranteed slots on the multiplexed line and port.

ISDN technology73Full-time Internet connections over circuit-switched lines are impractical.Too many of them would overload the switching and transmission facilitiesof the local telephone network, which is sized on the assumption that the�average� telephone call lasts only a few minutes.106 They could also resultin huge charges for subscribers subject to metered service, such as businesses,or subscribers located outside the residential Internet provider�s local callingarea.ISDN lines would seem to solve this problem by giving the subscriber theoption of using packet instead of circuit switching on the 64 Kbps �B�channels, or using the packet-switched 16 Kbps �D� channel for data transferin addition to call signaling. In practice, however, these options are not used,for the following reasons:¥The required packet switching protocol is X.25, an early protocol that wasdesigned for use with error-prone lines.107 The implementationcomplexity of X.25 makes it difficult to engineer for high performance.This issue is especially significant on the already low-bandwidth �D�channel. While public data networks have moved on to lighter-weightprotocols such as Frame Relay, the telephone network is slower to adoptthese types of advances.¥The protocol is implemented in an end-to-end fashion: the same protocolmust be supported by both ends of the ISDN connection. Thus packetswitching can only be used when compatible ISDN implementations areavailable at both the source and destination CO. Given that ISDN is stillnot ubiquitously deployed in North American central offices, and thatvariations still exist between different switch vendors� X.25implementations, such availability cannot be guaranteed.In summary, most subscribers choose to use the �B� channels in circuit modefor data transfer.108 Therefore, full-time Internet connections are not practicalwith ISDN.One approach that is used to work around this restriction is dialing ondemand. For example, a subscriber connecting a LAN to the Internet over adialup telephone line can use a router that places a call over its serial (i.e.telephone) port only when data needs to be sent from the attached LAN. Butdialing on demand is still not a perfect solution. First, dialing introduces acall setup delay, which may be tolerable when the purpose of the call is a106For example, the concentration illustrated in Figure 4.4 rests on voice telephony�s �3-3-3�assumption: the average call lasts three minutes, customers make three call attempts duringthe busy hour, and the channel is 3 KHz wide (White, 1993).107See (Berger, 1994), pp. 137-140, for more details about ISDN protocols.108More favorable circuit-mode tariffs are also be a consideration in some cases. See(Lindstrom, 1994).

74Chapter Fourremote login session that lasts half an hour, but unacceptable when the call isinitiated on behalf of a user who has unknowingly accessed a remote WorldWide Web server by clicking on a hypertext link.109 Second, the customer canonly be expected to dial the Internet provider when data needs to be sent; thecustomer has no way to tell when data needs to be received. Therefore,dialing on demand is not a satisfactory solution if the customer needs morethan client access to the Internet (for example, the customer wishes to makeher World Wide Web server available 24 hours a day).Multiple simultaneous servicesRecall that cable�s broadband approach enables multiple devices, such as acomputer and a TV, to use the network simultaneously. By providing two 64Kbps channels, an ISDN line is supposed to enable the simultaneous use of asingle telephone line for both the telephone and the computer.In practice, to plug a telephone into a digital ISDN line, the phone musteither be a special ISDN phone (one that digitizes the voice signal before itleaves the phone), or plugged into a Terminal Adapter (a device that candigitize the signal from an analog POTS phone). To avoid the purchase ofnew telephone equipment, many subscribers simply keep their existing POTSline for their phone service, while adding an ISDN line for their computer.110This approach has the added benefit of allowing the subscriber who purchasesappropriate inverse multiplexing equipment to use the additional �B�channel�s bandwidth as needed for the computer.111In summary, two lines are required for most subscribers who wish to use thephone and the Internet at the same time. Because of the limited number ofresidential loops, this approach will not scale well to ubiquitous residentialInternet connectivity.112Scope of Internet Point of PresenceOnce an Internet Point of Presence (IPOP) is connected to the telephonenetwork, it can serve as a gateway to the Internet for anyone who can call it.109The extent of this problem depends on the length of the call setup delay. At the MITCommunications Forum on April 27, 1995, Robert Berger of Internex estimated that ISDN callsetups take 1-10 seconds, depending on the details of the physical configuration over which theISDN circuit is delivered. This compares favorably to the 4-10 seconds needed to establish aPOTS connection plus the 30-60 seconds needed for a POTS modem pair to negotiate the use of acommon speed and protocol (see also (Berger, 1994), p. 131 and 138).110See notes on ISDN from lecture by Mitchell Kapor in (Gillett, Lampson and Tennenhouse,1994), pp. 39-40.111See (Duncanson, 1994). The inverse multiplexing function is often built into ISDN computernetworking equipment.112As discussed above, ISDN�s ubiquity is subject to other limitations as well. For example,subscribers whose loops are longer than 18,000 feet may be limited to Switched 56 serviceinstead, in which data is transmitted at 56 Kbps and the additional 8 Kbps are used for in-bandsignaling. Loops with loading coils cannot run any form of digital service.

ISDN technology75Given the worldwide scope of the telephone network, that is quite a largenumber of potential subscribers. In practice, the IPOP�s subscriber populationis determined by telephone network pricing policies. If enough telephonesubscribers can call the Internet provider�s access number without incurringsteep ISDN usage charges, then it may be feasible to recover the IPOPinvestment even at very low Internet service penetration rates. This factorgives the ISDN approach a business advantage for getting started.The telephone network�s worldwide scope also addresses the traveler�sproblem identified in the previous chapter. The traveling subscriber canaccess the Internet by dialing his �home� IPOP, if he chooses to incur thelong-distance toll charges (or the Internet provider offers an 800 number).4.3.2.Asymmetric Digital Subscriber LineSince Asymmetric Digital Subscriber Line (ADSL) technology has not beendeployed beyond a few trials, many of the details of how it would be used andthe equipment needed to support it have not yet been decided. This sectiondiscusses some of the issues that arise in considering how to provide Internetconnections over ADSL; it does not describe a real implementation ofresidential Internet over ADSL, since none was found by the researchundertaken for this thesis.113Over a single pair of copper wires, ADSL provides a POTS channel, an ISDND channel, and a unidirectional high-speed digital channel. ADSL�s designersenvisioned control packets (such as commands entered by a customer to ordera video) flowing over the D channel, with movies flowing to the customerover the high-speed channel (the video channel). In currently availableimplementations, the D channel provides bidirectional 16 Kbps, while thevideo channel provides 1.5 Mbps toward the subscriber.The POTS channel can be used to support the customer�s existing telephone,but it is less obvious what to use for an Internet connection. We saw abovethat a 16 Kbps D channel is a low-performance solution for IP packets. Butwhat if the D channel were only used to carry data from the customer, withthe video channel used to carry data to the customer? This solution could beviable if most Internet traffic follows such an asymmetric pattern, but113Between January and May of 1994, I contacted individuals in several organizations active inADSL development, including Ameritech (ADSL standards committee chairperson), AmatiCommunications Corp. (development engineer), and Bell Atlantic (spokesperson). Thesediscussions did not turn up any Internet over ADSL trials. Walter Chen, an ADSL researcher atBellcore, and Robert Berger of Internex, Inc. discussed the possibility of Internet connections overADSL (see (Berger, 1994), pp. 141-142). Bell Atlantic�s ADSL press kit mentions numerousVideo on Demand trials but no computer networking trials. Similarly, (Markoff, 1994) listsmajor interactive network trials currently in progress, showing television/video trials takingplace over cable and telephone networks, but computer networking trials over cable networksonly.

76Chapter Fourwhether it does is the $64,000 question. It is conceivable that client programscan be engineered to make do with limited upstream bandwidth (an XWindows client, for example, can send only mouse clicks back to its server,while receiving full screen bitmaps in return). It is less believable that accessto residential servers, which could easily involve uploading of files (forexample, viewing of digitized photographs), would follow such a pattern.Recall that switching of the different services provided over ADSL is still anopen question. If ATM cell switches are deployed to switch ADSL videochannels, will the POTS and D channels also be cell-switched, or will theycontinue to be handled (in an evolutionary fashion) by existing ISDN-capableCentral Office switches? The answer has implications for the type ofcustomer equipment that would be needed to interface a computer to anADSL line, as well as the equipment used to concentrate ADSL lines forswitching, whether by IP router or ATM switch. For example, with the D andvideo channels both used to transfer IP packets, both would need to support aprotocol (such as PPP or X.25) to map IP onto the physical channel. If the Dchannel used X.25 over ISDN while the video channel used ATM, morecomplex equipment would be needed to support the two different methods ofIP data transfer.In either case, ADSL does have the potential to support full-time Internetconnections, since presumably neither the D nor the video channel would becircuit-switched. Also, since the POTS channel is separate, ADSL allows asubscriber to use the phone at the same time as the video channel. The X.25packet switching that is already standard for the D channel would easily allowthe computer and the television (more likely, the remote control) to share theuse of this channel dynamically. To what extent the downstream channel canbe shared by video and computer data, however, is an open question, withthree possible answers depending on the nature of the protocols adopted foruse on this channel:1.The protocols build in the assumption that only video traffic will be sent;they do not incorporate the flexibility to describe different types of data.Under this scenario, the computer cannot use the downstream channel fornon-video data traffic.2.The protocols are flexible enough to support transmission of differenttypes of data, but switching among the different types of data requiressome form of call setup. This scenario might be adopted if the fulldownstream channel bandwidth is required to handle video successfully.Under this scenario, a video session would have to end (or at least beinterrupted) before other types of data could be received; for example, thecomputer could not receive email while a video is being watched.

ISDN technology773.The protocols allow data and video traffic to share the channeldynamically, for example by placing both types of bits into AsynchronousTransfer Mode (ATM) cells. This method would provide the greatestflexibility to the subscriber by allowing multiple applications to appear torun simultaneously.Since ADSL has not yet been widely deployed, its capability has evolvedrapidly with advances in digital technology. Amati Communications Corp.,for example, is developing ADSL equipment that they expect will be able totransmit 6 Mbps downstream and either 2B+D (144 Kbps) or H0 (384 Kbps)upstream, within the next year or two.114 While a 16 Kbps maximumupstream rate obviously limits ADSL�s usefulness for computer networking,384 Kbps could open up many more possibilities. Still, the asymmetrictransmission capability will always limit ADSL�s applicability. Computerapplications show a remarkable ability to use as many resources as areavailable to them. With more resources always available to data flowingtoward the subscriber, applications that would naturally cause significant dataflow from the subscriber will always appear limited.This chapter and the preceding one have discussed in general terms thetechnologies involved in providing Internet connections over the residentialcable and ISDN infrastructures. The next two chapters move fromgeneralities to the specific technology details and capital costs of the two casestudies, first for cable and then for ISDN.114(Northern Telecom Inc. and Amati Communications Corp., 1993), p. 1; conversation with RonHunt of Amati, February 2, 1994.

78Chapter FiveCost model of Internet over cableHow much does it cost to connect a residential computer to the Internet overthe local cable plant? The answer to this question depends on a number offactors. Some parameter values are obvious, such as the maximum speed ofthe connection. Others are less clear: how many customers can share aneighborhood network?Through a case study of the �PSICable� Internet service introduced forCambridge, MA on March 8, 1994 by Continental Cablevision, Inc. andPerformance Systems International, Inc. (PSI), I have developed a model ofthe capital investment required to provide residential Internet service overthe cable plant. The model incorporates the effect of multiple factors on thecost to provide service. This chapter explains the cost items included in themodel and describes the parameters that affect the model�s results. Thefollowing chapter develops a similar model for Internet connectionsprovided over the local telephone network using ISDN technology.Both models look only at the marginal cost of providing Internetconnections; the costs of providing traditional cable TV and telephone serviceare not included. And neither model accounts for technology investmentsthat are used for Internet service but are being made for other purposes. Forexample, before offering Internet service, Continental Cablevision upgradedits Cambridge plant from coaxial tree and branch to a Fiber to theNeighborhood (FTTN) architecture. However, this upgrade was primarilycarried out to improve reliability and reduce maintenance costs.115 Only theportions of the upgrade that were specifically required to support Internetservice are included in the model.115See (Stix, 1993), p. 102 for a description of such upgrades. In that author�s view, �After theelection of Clinton and Gore, some of these capital upgrade programs were politically correctedto become information superhighways.�

Cost Model of Internet over Cable79The cost figures used in the model reflect what it would cost an Internetservice provider to purchase equipment that is currently available from bothcomputer networking and cable transmission equipment vendors.Equipment costs are based on price lists published by vendors, with volumediscounts factored in where appropriate. Since the market for computernetworking equipment is extremely competitive and digital technologycontinues to advance rapidly, cheaper and more capable products areconstantly appearing. Therefore, the costs reported here should be consideredas conservative estimates. Incidental costs (under $100), such as cables andconnectors needed at the head end, are not included in the model.5.1. OverviewFigure 5.1 shows a top-level view of the cable cost model. This model wasgenerated using the program Demos (�DEcision MOdeling Software�) fromLumina Decision Systems, Inc. Demos incorporates an object-orientedgraphical user interface to spreadsheet-style data manipulation, providing astraightforward way to express in equations the relationships among thedifferent components of the model. The diagrams of the models shown inthis report are extracted from Demos� graphical user interface.

80Chapter FivePeak bandwidthResidential densityCost of one subscriber’s equipment (SC)Number of neighborhoods (N)Number of channels per neighborhood (C)Number of LANs per neighborhood (L)IPOP setup cost (IC)Neighborhood cost (NC)Cost to add a channel (CC)Cost to add a LAN (LC)Community sizeSubscribers per LAN (SL)Total subscribers in one neighborhood (S) Results:Total CostFigure 5.1: Capital cost model of Internet over cableThe five nodes on the left side of the figure comprise the technology referencemodel. The three rhomboids across the top of the figure represent parameterswhose values can vary, influencing the resulting cost to provide service. Onthe right side of the figure are two sub-models: one incorporating a variety ofpossible traffic patterns (�Subscribers per LAN�) and the other modelingmarket demand (�Total subscribers in one neighborhood�). Results areshown by the node in the center of the figure.This chapter details the model�s inputs and variables, discussing first thetechnology reference model, then the models of market demand and trafficlevels. Results are described in Chapter 7.

Cost Model of Internet over Cable815.2. Technology reference modelAt a conceptual level, the technology needed to connect residential computersto the Internet can be thought of as having three components:¥An Internet Point of Presence, or IPOP, consisting of an Internet Protocol(IP) router physically connected to, and able to route traffic appropriately toand from, the rest of the Internet;¥Some form of community network that physically connects the InternetPoint of Presence to individual subscribers� computers;¥Hardware and software allowing those subscriber computers to connect tothe community network and use Internet services.InternetPoint ofPresenceInternetPoint ofPresencecable TV networktelephone circuitslocaltelephonenetworkFigure 5.2: Components of residential Internet connectionsFigure 5.2 illustrates how this conceptual breakdown maps to local telephoneand cable networks. The Internet Point of Presence (IPOP) component is thesame for the two approaches; what differs is the nature of the communitynetwork and the associated equipment required for subscribers and the IPOPto connect to it. The telephone network approach is described in more detailin Chapter 6, while this chapter details the cable approach.

82Chapter FiveHeadendIP routerTV channelsData (LAN) channelRest of InternetRF ModemTranslatorData (LAN) channelRF ModemTranslatorConverterConverterFigure 5.3: Residential Internet connections over cable TV plantFigure 5.3 shows how residential computers are connected to an InternetPoint of Presence, using a pair of cable TV channels to serve as a Local AreaNetwork (LAN). Setting up this system requires the following five steps:1.Each neighborhood�s transmission plant must be upgraded to pass trafficto the head end, enabling two-way transmission of data;2.For each neighborhood, one or more channel pairs must be dedicated tocarrying the traffic of one or more community Local Area Networks(LANs);3.A community-wide Internet Point of Presence (IPOP) must be set up toserve all the community LANs;4.Each subscriber must be connected to a community LAN;5.Each community LAN must be connected to the IPOP.The technology and cost of each of these steps is now discussed in detail.5.2.1.Upgrade neighborhood transmission plantThis component is represented by the node labeled �Neighborhood cost (NC)�in Figure 5.1. A neighborhood in this context is the group of residencesserved by a single fiber and its attached coaxial tree and branch network.116116The cable operator may choose to run multiple fibers to a single neighborhood node, andattach separate coaxial networks to each fiber. The model considers each fiber as serving aseparate neighborhood.

Cost Model of Internet over Cable83Given that the initial motivation for migration of the cable plant to a Fiber tothe Neighborhood architecture is reduced maintenance expense, the modelincorporates the assumption that Internet connectivity offered today is thefirst service to require the FTTN cable plant to transmit signals in the�upstream� direction, that is, from the customer to the head end. Althoughother two-way services are also envisioned for the upgraded plant, most (suchas video-on-demand) do not require as much upstream bandwidth as Internetservice. Therefore, allocating the full cost of the two-way transmissionupgrade to Internet service is a reasonable, if conservative, assumption.With the FTTN architecture, each neighborhood’s transmission plant can beupgraded separately. This upgrade has two components: one for the fiberportion of the plant, and one for the coaxial cable (�coax�). All costs listedhere are based on the assumption that upstream transmission isaccomplished over the channels typically allocated for this purpose byequipment vendors: 5-42 MHz.117Upstream transmission over the fiber requires the installation of an upstreamlaser transmitter (at the neighborhood node) and matching receiver (at thehead end). The model uses $9100 for the cost of this equipment, based onprices published by C-COR, a cable plant equipment vendor.118Upgrading the coax portion of the plant is more complex, since everyamplifier must be configured with the appropriate modules to amplifyupstream traffic. The incremental cost of two-way amplifiers is about $225.119The total amplifier upgrade cost then depends on how many amplifiers existin the coaxial cable portion of the plant. The number of amplifiers needed isa function of both the length of the cable (since signals attenuate withdistance) and the number of times the cable is physically split (since each splitresults in some signal loss). The model makes the simplifying assumptionthat the cable length is always one mile, while the number of cable splits risesas housing gets more dense.117 The channel at 5 MHz is considered hard to use because of interference from commonhousehold equipment. Vendor equipment (such as that available from Zenith CommunicationProducts and C-COR Corporation) typically provides for a maximum of 4-5 upstream channels,and only uses the channels between 12 and 42 MHz.118C-COR Corporation, August 1993 Commercial Systems Products price list, pp. 11-12, listsmatching mid-price lasers for $5400 (transmitter) and $3700 (receiver). According to JohnTucker, sales engineer for C-COR (1/27/95 telephone conversation), lower-priced models are notof sufficient quality to be used for data transmission.119According to the C-COR �Cable TV Products� price list of December 1993 and Mike Morris,C-COR sales representative, this additional cost is the same whether purchased as a modularupgrade to an existing amplifier or as an additional feature of a new amplifier. This costincludes $25 for installation, which requires about one-half hour of a technician�s time to re-balance the upstream channel.

84Chapter FiveThe reasoning behind this assumption is based on the observation that Fiberto the Neighborhood is essentially a cellular approach, in the sense that eachfiber re-uses the same channel frequencies.120 Thus each neighborhood canbe thought of as a cell of a particular size, measured both in terms ofgeography and number of homes served. The determination of actual cellboundariesreflects a complex trade-off of three factors:¥Real-world obstacles such as the location of rivers, railroad tracks, etc.;¥The desire to limit the length of coaxial cable runs to a mile or less, so thatmore expensive, high-powered amplifiers are not needed;121¥The desire to keep the number of homes in each cell within a range that,at the low end, keeps cell cost overhead to a reasonable percentage, whileat the high end, allows sufficient bandwidth for applications such as PayPer View that depend on re-use of bandwidth among cells. The modelassumes that this range is 500-1500 homes.122Based on these tradeoffs, the model assumes that cell sizes are set tomaximize the number of homes per cell (up to the limit of 1500 homes) whilesimultaneously limiting geographic cell sizes to under one mile in radius.123Under this assumption, the main consideration driving the number ofamplifiers is the extent of cable splitting, i.e. the residential density. The moresubscribers served per cell, the more times the cable must be split andtherefore the larger the number of amplifiers needed. The model assumesthat four amplifiers are needed per cell in suburban neighborhoods (i.e. 500homes per cell), and ten in urban neighborhoods (1500 homes per cell).124Table 5.1 summarizes the resulting total capital cost of a neighborhoodtransmission upgrade, including the up and downstream lasers for the fiber,at different ends of the range of residential densities.120For broadcast TV, we would expect the same information to be placed on each re-usedchannel. The cellular approach makes it possible for applications such as Pay Per View andLAN service to carry different information on each re-used channel in each cell.121In (Stix, 1993), p. 102, this rule is summarized as follows: �In the upgraded networks, opticalcables reach a point a mile or less from a group of homes. Then existing coaxial cable providesthe rest of the link.�122This assumption is based on estimates provided by Will Biedron of Continental Cablevisionin March of 1994. Other operators of Fiber to the Neighborhood networks may use a differentrange; for example, Scott Wilcox of Southern New England Telephone reported a target cell sizeof 200 homes, consisting of a fiber plus 4 coaxial cable trees serving 50 homes each, with 1-3amplifiers needed for each tree (telephone conversation, March 9, 1994). Chapter 7 reports theresults of sensitivity analysis for the cell size (and thus number of amplifiers) parameter.123Given the high residential density of Cambridge, MA (the town involved in the PSICablecase study), one would not expect any such cells to end up with fewer than 500 homes passed.This result might not hold in less densely populated areas.124This assumption is based on the need for an amplifier every quarter-to-third mile of cablelength in suburban areas ((Baldwin and McVoy, 1988) and discussions with Will Biedron ofContinental Cablevision in March, 1994).

Cost Model of Internet over Cable85Table 5.1: Cost of neighborhood transmission upgradeType of neighborhoodHomes passedTotal upgrade costsuburban500$10,000urban1500$11,3505.2.2.Convert channel pair to support a LANThis component is represented by the node labeled �Cost to add a channel(CC)� in Figure 5.1.A cable LAN is constructed out of a pair of separate channels, eachtransmitting data in a different direction. For one LAN subscriber to senddata to another, signals must be transmitted to the head end on the upstreamchannel, converted from the upstream to the downstream channel�sfrequency range, and sent to the receiving subscriber on the downstreamchannel. The conversion is accomplished by a device called a frequencytranslator or converter, which logically creates a �channel pair� out of twoindependent 6 MHz channels. The function performed by this device isindependent of the type or speed of LAN(s) for which the channel is used.125Current models of frequency translators cost about $3,000.126 This expensecan be viewed as a per-channel portion of the transmission upgrade cost.5.2.3.Set up an Internet Point of PresenceThis component is represented by the node labeled �IPOP setup cost (IC)� inFigure 5.1. It represents the fixed cost of equipment required to connect acommunity�s neighborhood LANs to the Internet, so that subscribers canaccess Internet users and services beyond the local community. Thisequipment consists of one or more Internet routers, one or more externalcommunication circuits physically connecting that router to the rest of theInternet, and network management equipment.The number and bandwidth of neighborhood LANs to be connected to theInternet Point of Presence (IPOP) determines the number and capacity ofrouters and circuits needed, resulting in the total IPOP cost. Figure 5.4illustrates this relationship.125Since the frequency translator effectively �binds� spectrum together, and the same spectrumis re-used among neighborhood cells, one frequency translator could actually be used for morethan one cell, if the different cell�s signals were combined together with some form of custommultiplexing equipment. This would allow a single LAN to be shared among subscribers in morethan one neighborhood, an approach that might be practical for bootstrapping usage on higherbandwidth LANs such as the 4 Mbps service. The model does not include this non-standardoption.126Appendix B to Commercial Price List, Network Products for Cable TV, Zenith, March 1,1994; LANCity Corporation product literature, October 1993.

86Chapter FiveNetwork managementFixed cost of Internet Point of Presence (IPOP)Number of head end Ethernets (E)Community’s aggregate trafficCommunity’s traffic to InternetInternet circuit costInternet router costEthernet efficiency factorFigure 5.4: Model of Internet Point of Presence costThe aggregate traffic generated by the community on all the neighborhoodLANs consists of two components: traffic destined within the community andtraffic destined to the rest of the Internet. The model incorporates theconservative assumption that 100% of the LAN traffic is destined to the restof the Internet.127 Under this assumption, the bandwidth of external circuitsconnecting the router to the rest of the Internet must be greater than or equalto the aggregate traffic generated by the community.While the aggregate community traffic level grows smoothly in the model asLANs are added, the speed of external circuits follows a step function,reflecting the price points available for purchasing telecommunications linesof different capacities. Because the underlying telephone network uses T1 (1.5Mbps) and T3 (45 Mbps) as basic units of capacity, �multiple T1� or �fractionalT3� services require extra multiplexers, which, depending on the numberrequired, may not be cost-effective relative to T3 services�especiallycompetitive T3 services such as microwave links.128 The model thereforeassumes that aggregate bandwidth levels below 1.5 Mbps can be served by127This assumption is likely to be true when the service is first deployed and has few users, soit is valuable for determining fixed entry cost. The true value of this parameter could depend onfactors such as the location of electronic mail servers for cable LAN customers, the location oftelecommuters� employers, etc. The chosen value represents a worst-case assumption.128This analysis is based on a conversation with Dan Long, NEARNet Network AnalysisManager, April 20, 1994. For example, multiplexing 4 T1 circuits together turns out not to makeeconomic sense, because the total circuit and multiplexer cost is close to the cost of a T3 circuit.Although 10 Mbps microwave circuits can be purchased, their cost is also sufficiently close tothe cost of a microwave T3 circuit that the model assumes a T3 would be purchased instead. TheT3 circuit estimates are based on local microwave service providers, which generally offermuch lower prices than the local telephone company.

Cost Model of Internet over Cable87purchasing a T1 circuit, while higher levels require purchasing one or moreT3 circuits.129 In addition to the circuit itself, a high-speed digital adapter isrequired�at each end of the Internet circuit�to send and receive digital data.This device is called a CSU/DSU, for Channel Service Unit/Data ServiceUnit. The resulting total circuit costs are summarized in Table 5.2.130Table 5.2: Capital cost of Internet circuit131Type of circuitEquipmentT1T3Purchase of circuit$24,000$55,000CSU/DSU (modem)$2,000$20,000TOTAL$26,000$75,000The aggregate community bandwidth level also affects the type and numberof routers required for the Internet Point of Presence. Routers switch packetsamong two types of ports: network ports, which LANs plug into, and serialports, used for the point-to-point communication circuits that connect routersto other routers. The necessary router configuration (and hence cost) isdetermined by the number and speed of each type of port required. Forexample, when the aggregate community traffic requires a T3 external circuit,a high-end router is needed to support a High Speed Serial Interface (HSSI)port. A requirement for large numbers of network ports can similarly drive aneed for one or more high-end routers.The number of network ports needed is not necessarily the same as thenumber of cable LANs. Router network ports accept standard LANs such asEthernet (10 Mbps) or FDDI (100 Mbps). Since the cable LANs in the model129The aggregate bandwidth level is based on adding together individual user�s averagebandwidth requirements. It is therefore possible for users on LANs that offer 4 Mbps of peakbandwidth to consume less than 1.5 Mbps of average aggregate bandwidth and require only a T1external circuit. A provider offering such a configuration would have to set user expectationsaccordingly, since the peak 4 Mbps bandwidth would only be available within the communityand not to the rest of the Internet. Such a configuration is likely to be sufficient only for verysmall numbers of subscribers.130Notice that the cost to link the head end to the rest of the Internet might be quite differentif the connection were provided over fiber linking multiple Internet-capable head ends.131Circuit and CSU/DSU prices are based on quotes from Peter Caparso, NYNEX salesrepresentative (circuit installation prices, 4/22/94); Bill Ally of Allcom (CSU/DSU prices,4/27/94); and Jim Naro and Dan Long of NEARNet (circuit and CSU/DSU costs). All costsassume local (as opposed to long-distance) circuits. T3 costs are based on the purchase price of amicrowave T3 circuit. T1 circuit costs are confirmed by (Berger, 1994), p. 141. To compare aleased T1 accurately against a purchased T3, the T1 cost in the table includes not only theinstallation fee (about $2000) but also the monthly fee (about $600 based on typical mileages inthe Cambridge area) capitalized over 3 years. Three years was chosen since it is thedepreciation cycle used for Internet service provider equipment (electronic mail from RobertBerger of Internex Inc.).

88Chapter Fiveoperate at lower bandwidths (500 Kbps or 4 Mbps), they can be multiplexedtogether before being plugged into router network ports, thus reducing thenumber of network ports required.132 The model assumes that the IPOProuter offers 10 Mbps Ethernet ports and that traffic can be multiplexed ontothose ports at 60% efficiency.133 Thus each 6 Mbps of aggregate LANbandwidth requires one 10 Mbps Ethernet port.In sum, the aggregate LAN bandwidth determines the speed and number ofexternal circuits to the Internet as well as the number of Ethernet portsrequired on the IPOP router(s). Based on these three variables, the actualrouter configuration can be derived from the options offered by routervendors. The model incorporates configuration information from threecommonly-deployed routers: the 3Com Netbuilder II low-end and mid-pricemodels, and the Cisco 7000 model at the high end.134 Sample configurationsand prices are summarized in Table 5.3.Table 5.3: Capital cost of one Internet Protocol router135Number of 10 Mbps Ethernet portsSpeed of Internet circuit(s)1-34-78-24T1 (1.5 Mbps)$15,000$30,000$60,000T3 (45 Mbps)$60,000$60,000$60,000132For example, two 4 Mbps cable LANs could be connected to a single 10 Mbps Ethernet segmentusing intelligent bridges that would ensure that each LAN�s traffic is not seen on the otherLAN.133This factor is based on the analysis of Ethernet�s multiplexing efficiency presented in(Metcalfe and Boggs, 1976).1343Com product literature for the Netbuilder II low- and mid-price routers shows that theycan support either 3 or 7 Ethernet ports (respectively) and 1 T1 serial port, for $15,000 or $30,000respectively. The Cisco Systems Products Catalogue (February 1994, Cisco 7000 ConfigurationWorksheet pp. 39-40) shows that the Cisco 7000 high-end router supports 5 slots, each of whichcan contain either an HSSI or 6 Ethernet ports. Other types of ports are also available, e.g. oneFDDI port per slot. These ports are more expensive than Ethernet ports. According to RonHoffman of MIT�s Distributed Computing and Network Services, Ethernet ports are inexpensiveenough that $60,000 is a reasonable approximation to the cost of the router with any number ofEthernet ports populated. (MacKie-Mason and Varian, 1993), p. 6, lists a cost of $100,000 forsuch a router, but this figure includes amortized operating and service costs.135The algorithm for determining the router model is as follows: If the aggregate traffic to theInternet requires a T3 circuit, then use a Cisco 7000. Otherwise, use a 4-port 3Com Netbuilder IIif the aggregate traffic can be handled by 1-3 Ethernet ports, else use an 8-port Netbuilder II.More than one IP router is necessary if the combined number of slots needed for Ethernet ports (6per slot) and (possibly multiple) serial lines exceeds 5.

Cost Model of Internet over Cable89The final component of IPOP cost is network management equipment,estimated at $10,000.136 The model assumes that all LAN and IPOPequipment is compatible with the Internet standard Simple NetworkManagement Protocol (SNMP). Given this compatibility, any small computer(such as a low-end workstation or PC) can run openly available SNMPmonitoring software. Since most of this software is targeted to Unixplatforms, the model�s estimate includes the cost of a Unix-capable computerin addition to the software cost. This computer can also serve as a console forhead end equipment.Since all the neighborhood cable LANs physically connect to the community�shead end, and the neighborhood LANs must physically connect to the IPOProuter, it is most convenient to locate the IPOP router at the head end.Therefore, even an established Internet service provider must create a newIPOP to serve cable LAN customers.137 However, servers to provide networknews and electronic mail do not have to be co-located with the head end; theycan be anywhere on the Internet and operated by any entity, not just the cableInternet service provider. In fact, some customers (especially telecommuters)will prefer to use servers they already have free access to (their corporate oruniversity netnews server, for example). Others may prefer to leave theirhome computer on all the time, so that they can receive email directly,instead of gathering mail in bunches from an email server. In any case,provision of these types of services is optional for at least some of thecustomer base, and could be purchased independently of the Internet serviceprovider by the rest of the customers. Therefore, server costs are not includedas part of the IPOP cost.138Costs to operate equipment and publicize the service (i.e. operational andmarketing costs) are beyond the scope of this report, and are not in the capitalcost model.Table 5.4 summarizes the minimum cost to set up an Internet Point ofPresence depending on the level of aggregate traffic generated by thecommunity. At high penetration levels and/or in large communities, thislevel may be high enough that multiple routers and connections are neededand the actual IPOP cost is higher than the totals shown in Table 5.4.136This estimate is based on discussions with Christopher Lindblad of MIT�s Telemedia,Network and Systems Group (Laboratory for Computer Science) and Mark Graham of PandoraSystems.137The IPOP�s router and Internet circuit may also serve traditional dialup or leased telephoneline Internet subscribers, creating an economy of scope.138Providing these types of services is likely to be profitable, especially given the economy ofscope of providing multiple services from the same server. Since these services are not essentialto providing connectivity, however, they are accounted for separately.

90Chapter FiveTable 5.4: Minimum capital cost of Internet Point of PresenceCommunity�s aggregate trafficEquipmentUnder 1.5 MbpsOver 1.5 MbpsRouter$15,000$60,000External connection$26,000$75,000Network management$10,000$10,000TOTAL$51,000$145,0005.2.4.Connect Subscriber to the LANThis component is represented by the node labeled �Cost of one subscriber�sequipment (SC)� in Figure 5.1. This cost must be incurred for each customerwho subscribes to the service.For a subscriber to connect to the cable LAN, equipment is needed to performthe following functions:¥Provide a physical interface to the subscriber�s computer.¥Provide a physical interface to the cable, including broadband modemfunctionality.¥Support the cable LAN�s media access protocol. If the subscriber has morecomplex equipment than a single computer, support for routing protocolsmay also be needed.¥Support features needed for the residential Internet provider to managethe network effectively. Such features might include traffic filteringcapabilities (e.g. to prevent the insertion of traffic that might somehowharm the network, such as an Ethernet broadcast packet), support for theSimple Network Management Protocol (SNMP), or other featuresdesigned to aid the provider in troubleshooting network or subscriberequipment problems.This collection of functions could be implemented in a variety of ways,ranging from complete integration into the subscriber�s equipment to aseparate, standalone box. An example of complete integration would be asingle plug-in card containing a cable modem chip set and networkingsoftware. The advantage of this approach would be its potential for a lowercost product. Getting to that point, however, would require expensive andtime-consuming development, since as of 1994, cable modem protocols arenot standardized and no such chip sets exist. This approach also runs intotwo practical problems: first, different subscribers have different types ofcomputers (e.g. IBM PC vs. Apple Macintosh vs. Unix workstation), so onetype of plug-in card will never be enough; and second, requiring a card to be

Cost Model of Internet over Cable91plugged into each subscriber�s computer demands much more skill and staffsupport than requiring a wire to be plugged into a box. In contrast, theseparate box approach gains economies of scale in production, inventorymanagement, and customer support by allowing the service provider to usethe same type of equipment for all customers. On the other hand, theseparate box also requires a separate interface on the subscriber�s computer,which may require additional expense.The PSICable service offering studied for this report adopted the separate boxapproach. The box design was constrained by the following practical matters:¥The box needed to be produced quickly, since the service was slated foravailability only 7 months after it was announced.139 Therefore, existingcomponents were preferable.¥The interface to the subscriber computer needed to be something standardand widely available; Ethernet was selected for this purpose.140¥The cable LAN interface components needed to be affordable to residentialsubscribers. At the time the PSICable service was being developed, themajor vendors of symmetric cable LAN equipment were ZenithCommunication Products and LANCity Corporation. The LANCityequipment provides a 10 Mbps LAN, incorporating an RF modem andEthernet bridge into one $7100 product, intended for connectinginstitutions (such as bank branches) together.141 This high price put theLANCity equipment out of reach for residential Internet service. Incontrast, Zenith offered two cable LAN products, the 0.5 Mbps�Homeworks� and the 4 Mbps �LAN4000,� for $500 and $900,respectively.142The Zenith products, which physically consist of a broadband modemattached by a wire to a plug-in �Z-LAN� card designed only for IBM PCarchitecture computers, dictated the IBM PC architecture used in PSICable�ssubscriber box. Figure 5.5 shows this box, consisting of a PC with a Z-LAN139Development of the service was announced in August of 1993 (1993; Carnevale and Keller,1993) while the service itself was announced in March of 1994 (Sandberg, 1994).140It is not clear how common LAN interfaces are among the installed base of home computers,but Ethernet is generally assumed to be the most common among those that do exist.141LANCity Corporation product literature, October 1993. Conversation with AnthonyDiSessa, LANCity sales representative, March 7, 1994. The LANCity product is re-sold byDigital Equipment Corporation as its �Channelworks� product.142Appendix B to Commercial Price List, Network Products for Cable TV, Zenith, March 1,1994.

92Chapter Fivecard to talk to the cable modem and an Ethernet card to talk to the subscriber�scomputer.143 The use of this box has several implications:¥Because the box provides an Ethernet port, the subscriber who already hasan Ethernet need only plug it in. The subscriber who has only a singlecomputer must also have an Ethernet card to talk to the box, even thoughthe single computer is not attached to a LAN within the residence.¥The subscriber equipment includes a minimal PC, providing a convenientplatform to support the network management needs of the residentialInternet provider.144customer’scomputer(with software)PCchassisandmother-boardEthernetcardEthernetcardZ-LANcardmodemcableProtocol Conversion Boxboundarysubscriber’sresponsibilityprovider’sresponsibilityFigure 5.5: Subscriber equipment in the PSICable case study143My thanks to Will Biedron of Continental Cablevision for discussing the architecture andapproximate cost of this equipment with me.144PSICable�s alternative would have been to insert the Z-LAN card directly into thesubscriber�s computer. Although this approach eliminates the need for the subscriber to have astandard Ethernet card, it would also limit the provider to serving only customers with IBM PCarchitecture computers. The network management capabilities of the separate PC box were alsoimportant in the case study, since the Z-LAN cards available at the time the service wasdeveloped were limited in this area (for example, they did not initially support SNMP).Notice that including a PC chassis in the subscriber equipment also leaves the door open toserving customers who do not already own computers. although this does not appear to havepart of the motivation for the approach.

Cost Model of Internet over Cable93The subscriber equipment costs used in the model reflect the boundary shownin Figure 5.5, representing the division of equipment responsibilities betweenthe provider and the subscriber in the case studied (i.e. the PSICable serviceoffering). This division is not the only possibility; one could also imagine afull-service provider supplying everything including the subscriber�s Ethernetcard and software, or alternatively, in a world with more standardized cableaccess protocols, a subscriber procuring her or his own cable LAN interfaceequipment from a variety of vendors.In the case study, the subscriber�s responsibility includes the home computer,a standard Ethernet card for that computer, and software including theTCP/IP protocols and network applications (e.g. Mosaic). This software can bepurchased commercially but is also available for free (Rickard, 1994). The costof an Ethernet card ranges from $60 to about $200, depending on the type andnumber of computers to be connected.145 The model does not include thecost of any equipment that is the subscriber�s responsibility in the case study.The costs that are included in the model are those of the LAN interfaceequipment (the Zenith Z-LAN card plus broadband cable modem) plus thoseof the PC chassis, motherboard, and Ethernet card (part of the standalone box,and collectively referred to in the model as the �Protocol Converter�). Asnoted above, the Zenith equipment is available for $500 (0.5 MbpsHomeworks) or $900 (4 Mbps LAN4000). In addition, volume discounts areavailable. The model assumes a 25% discount on purchases of 1000 or moreHomeworks interfaces, and 100 or more LAN4000 interfaces.146 The modelfurther assumes that with wholesale, volume purchases of PC equipment, theProtocol Converter can be built for $400.147The Protocol Converter box shown in Figure 5.5 performs the function of anextremely low-end, fixed configuration router: it routes packets between thecable LAN on one side and standard Ethernet on the other. If the subscriberhas either a single computer or a single Ethernet, then this protocol converteris all that is needed. Some subscriber configurations, however, require moresophisticated equipment. For example, if the subscriber�s LAN usestechnology other than Ethernet, or incorporates multiple LANs, then a more145This price range is based on Ethernet adapters listed in the DECdirect Hardware 1993summer catalog and the April 1994 Global Computer Supplies mail-order catalog. Ethernetplugs come in 3 flavors: AUI (Thicknet), BNC/10Base2 (Thinnet), and RJ45/10BaseT (twistedpair wiring). If the customer card�s Ethernet plug is different from the plug on the providerequipment, a transceiver, costing under $100, is needed to convert between the two. Generally,more expensive Ethernet cards won�t need the transceiver, and cheaper ones will, so the overallcost to the consumer is about the same in all cases.146Based on a telephone conversation with Tim Frahm of Zenith on April 13, 1994.147For example, the May 1994 issue of Byte Magazine contains an ad from Jameco in Belmont,CA, for a �486 bare bones system includ[ing 40 MHz] motherboard, computer case and powersupply� for $420 (quantity one); and an ad (p. 256) from Pacific Coast Micro, Inc., San Diego,CA, for a 40 MHz 486 motherboard for $240, also quantity one.

94Chapter Fivesophisticated router may be needed to provide and route among more and/ordifferent types of ports.The model assumes that this need can be filled by adding a cable LANinterface to a low end router typically used to perform these types of functionsand available for about $1600 (Rickard, 1994).148 It further assumes that allsubscribers to the 4 Mbps service need this more sophisticated equipment,while all 500 Kbps subscribers can use the $400 protocol converter. Theseassumptions reflects PSICable�s actual service offering. Differentiatingsubscribers by the speed of their service instead of by their internal LANconfiguration is not ideal, however. The model therefore includes analternative scenario (referred to as �Individual 4 Mbps�) in which theassumption that all 4 Mbps subscribers have complex LANs is relaxed, and 4Mbps subscribers are thus able to use the $400 protocol converter.Table 5.5 summarizes the cost of subscriber equipment supplied by theInternet service provider in the case study. For comparison, the model alsoincludes the price of the 10 Mbps equipment offered by LANCity but not partof the case study.Table 5.5: Estimated cost of subscriber equipmentMaximum LAN BandwidthEquipment0.5 Mbps4 Mbps10 MbpsLAN Interface$500$900Protocol Converter$400$1,600TOTAL (quantity one)$900$2,500$7,100TOTAL (vol. discount)$775$2,275$7,1005.2.5.Connect Community LAN to Internet routerThis component is represented by the node labeled �Cost to add a LAN (LC)�in Figure 5.1. Once a channel pair has been dedicated to LAN service, all thatis required to make the LAN functional is to attach the IPOP router to thechannel pair�in other words, to make the head end router a station on theLAN.Connecting the head end to the LAN is just like connecting any othersubscriber to the LAN, with one exception: simple protocol conversion isalways sufficient, because the connection is not to a subscriber computer, butto the IPOP router. Thus no additional routing is needed, even for the 4 Mbps148Since cable LAN interfaces are non-standard and not generally offered by router vendors, PSIhad Morning Star Technologies, Inc., one of their router suppliers, customize their Morning StarExpress router in just this way. (Telephone conversation with Kate Murphy of Morning StarTechnologies, Inc., April 18, 1994.)

Cost Model of Internet over Cable95service. Table 5.6 summarizes the cost to connect the head end�s Internetrouter to a cable LAN.149Table 5.6: Cost of equipment to connect IPOP router to cable LANEquipment0.5 Mbps4 Mbps10 MbpsLAN Interface$500$900Protocol Conversion$400$400TOTAL (quantity one)$900$1,300$7,100TOTAL (vol. discount)$775$1,075$7,1005.3. Subscriber demand modelWith the FTTN architecture, the market demand for Internet service can bethought of as the product of two parameters: the number of subscribers ineach neighborhood, and the number of neighborhoods in the community(the �Community Size� parameter at the top right of Figure 5.1). The numberof neighborhoods is modeled for three values: one (minimal entry into atown, serving only one neighborhood), six (a small community), and twenty(a large town).150 Deriving a value for the number of subscribers is morecomplex and is illustrated in Figure 5.6.Total subs in one neighborhood (S)Household computer penetrationHomes passed per neighborhoodPenetrationFigure 5.6: Model of subscriber demandMarket demand is represented by the variable �Total subscribers in oneneighborhood (S).� This variable is the product of three parameters, workingclockwise from the lower left of Figure 5.6:149As noted above, with special multiplexing equipment, each cable LAN could serve morethan one neighborhood. This approach would reduce the number of cable LAN connectionsrequired.150The range of 6-20 is based on information supplied by Will Biedron of ContinentalCablevision.

96Chapter Five1.The maximum number of subscribers in a neighborhood�in other words,the number of homes passed by the neighborhood cable. This number is afunction of the residential density: 500 is typical of suburban cableinstallations, while 1500 represents a dense urban scenario.2.The fraction of households that have computers, estimated at about 1/3.151The maximum number of subscribers is multiplied by this factor to derivethe potential subscriber base, according to the following assumptions:a.Households that do not already have a computer are unlikely tobecome Internet subscribers; the availability of Internet service is notenough to persuade them to spend the $1500 - $3000 necessary topurchase a home computer.152b.Households that have a computer but are not already cable subscriberswill be willing to pay the $25 - $50 installation fee to become cablesubscribers.1533.The market penetration, defined as the percentage of the potentialsubscriber base that actually purchases the service. The results aremodeled for a variety of penetration values between 0 and 100%, asdescribed in Chapter 7.The total number of subscribers in a neighborhood affects the number ofLANs that need to be provided in that neighborhood. It also indirectly affectsthe cost of subscriber equipment, because of volume discounts.151See (Pearl, 1994), in which the fraction is estimated at 0.33 based on data from LinkResources Corp. and the White House. In an April 20, 1994 electronic mail message, JackRickard, editor of Boardwatch Magazine, estimated the fraction at 0.27. Household surveyresults reported in (Ziegler, 1995) estimate the fraction at 0.31 in January of 1995, up from 0.27 inJuly of 1994.152Note that the subscriber equipment described in the previous section essentially puts a PC-compatible computer into the home, but in the case study, this computer is not configured ormarketed for customer use; the customer is assumed to have a computer already.153These are the installation fees quoted by a Continental Cablevision sales representative forCambridge, April 18, 1994. In the case study, Internet service cannot be purchasedindependently of CATV service; the minimum CATV subscription is $10/month. According toHenry James, Continental Cablevision�s Director of Communications, the Kagan media indexreported that in February 1993, about 62% of U.S. homes passed subscribed to cable.

Cost Model of Internet over Cable975.4. Traffic modelFigure 5.7 illustrates the traffic model used to estimate how many subscriberscan reasonably share a single cable LAN. The value of this variable affectshow many LANs need to be provided to each neighborhood and thus directlyaffects the cost to provide Internet service. The relation can also be viewed inreverse: if a provider enters the business by offering one LAN to aneighborhood, what is the maximum number of subscribers that canreasonably be served, and thus what is the cost per subscriber? Clearly, themore subscribers that can share a LAN, the lower each subscriber�s cost.Percent activeTraffic patternMaximum number of active subscribers on one LANMinimum acceptable bandwidth per subscriber at peakPercent of subscribers active at peakSubscribers per LAN (SL)Total LAN bandwidthTelco alternative-Figure 5.7: Traffic modelThe number of subscribers that can share a LAN and still experienceacceptable performance depends on the traffic pattern, comprising both themean level of traffic, or load, generated by each subscriber as well as thedistribution of that load in time. The traffic pattern to expect over a LANconnecting homes to the Internet is not well understood. A connection to theInternet enables not only a wide variety of applications, but also a mix thatchanges over time as new applications evolve. Each application offersdifferent distributions and levels of load to the network. Since few homes aredirectly connected to the Internet today, it is difficult to predict what the usagemix will look like for this new service. Analogies to current systems�office

98Chapter FiveLANs and residential dial-in systems such as bulletin boards or workplaceterminal servers�may not be appropriate, for the following reasons:¥Home usage may be more recreational than workplace usage, changing theapplication mix and associated pattern of load;¥Current dial-in systems are limited by the relatively low speed of modemconnections. If users could get more bandwidth, would their usagepatterns change? For example, would they use more graphical userinterfaces (such as X Windows and Mosaic) and thus increase the averagepacket size?The question of how many home subscribers can share a LAN requiresfurther study, especially as residential Internet service is made available andused. Given the current absence of data, however, the cost model does notattempt to answer this question or to select an appropriate statistical modelfor the traffic pattern. Instead, it assumes that demand can be characterized bya single parameter: the minimum average bandwidth each subscriber willconsider acceptable, based on the alternatives available to him or her. Forexample, if the network is so heavily shared that at times of peak usage, a filetransfer is slower than it would be over a standard telephone modem, a userwho does not need full-time connectivity might prefer a dial-up connection.The model incorporates several alternative values for the average bandwidth,represented by the �Telco alternative� variable in Figure 5.7. The values areselected to approximate a variety of real options that could be available tocustomers over the local telephone network depending on their location andbudget. These values are:1.30 Kbps. This value models the 28.8 Kbps V.34 dialup modems that havebegun to appear in early 1995.154 It also reflects the limit, to under 32 Kbps,on bit rates achievable through modems with the current telephonesystem architecture, as described in Chapter 4.2. 60 Kbps, or �1B ISDN�. This value models both the 56 Kbps availablethrough �Switched 56� service (a hybrid analog/digital service which isusually available to subscribers unable to get ISDN service), and the 64Kbps delivered by a single ISDN �B� channel.155154See (Mossberg, 1994).155An ISDN subscriber might limit usage to only one of the two �B� channels for severalreasons. First, the Internet provider might not offer �2B� service (1994). Second, the subscribermay not wish to pay for the extra inverse multiplexing equipment needed to treat the twochannels as a single pipe. Third, some ISDN tariffs are higher for �2B� service (Lindstrom,1994).

Cost Model of Internet over Cable993.120 Kbps, or �2B ISDN�. This value models the full 128 Kbps of ISDNservice, using the two B channels for circuit-switched data as described inChapter 4. The 120 Kbps approximation also captures the 112 Kbps ISDNservice (i.e. two 56 Kbps channels) which may be the only option availableto some subscribers far from their local telephone Central Office.156Each such value represents the minimum average bandwidth each activesubscriber ever expects to see�even during a period of peak utilization.Thus, it can also be thought of as the average active subscriber�s usage duringa period of peak utilization (the box labeled �Minimum acceptable bandwidthper subscriber at peak� in Figure 5.7). By parceling out the total LANbandwidth among active subscribers demanding this average level ofbandwidth, the �Maximum number of active subscribers on one LAN� isderived. Since not all subscribers are expected to be actively using the LAN atany given moment, however, the total number of subscribers able to shareeach LAN is actually larger; it is derived by dividing the maximum numberof active subscribers by the percent of all subscribers expected to be activeduring peak usage periods. The model tests values of 10, 20 and 30 percent ofsubscribers active at peak.157Average bandwidth during the peak period is not a perfect proxy for theactual traffic distribution, but it is a reasonable approximation given that thegoal is to determine the peak level of network resources needed.Furthermore, this parameter tells us something about the types of trafficflows for which bandwidth really matters. Computer traffic can be broadlydivided into two classes:¥Interactive traffic is generated by applications that transfer data atseemingly random intervals. Examples include a remote login, or a �chat�session with a user typing at a keyboard.156The model also includes alternatives of 15 Kbps (representing 14.4 Kbps dialup modems) and1.5 Mbps T1 service. These alternatives are not discussed further in this thesis: in early 1995,14.4 Kbps modems are being rapidly supplanted by 28.8 Kbps models, while T1 service is not arealistic alternative for most residential subscribers. Although a few ADSL deployments havebeen announced, these provide T1 speeds only in the direction to the home.157The range for this �percent active� parameter is derived from a figure of 5% measured forthe Laboratory for Computer Science (LCS) dial-in server (data supplied by William Ang ofLCS Computing Resource Services), and the 25% estimated by the planners of Time Warner�sOrlando Full Service Network (see (Time Warner Cable Inc., 1993), pp. 2-3). The LCS figure of5% is an average, and includes periods in which all dial-in lines are in use. Therefore, theactual demand is probably higher than what can be measured. Time Warner�s estimate isbased on expectations for video-on-demand, a service which is (presumably) only in use when acustomer is actively watching a movie. In contrast, a subscriber�s computer may use Internetservice (for example, to receive email) without the subscriber�s active involvement. Because ofthese factors, I use a range of 10-30% instead of 5-25%.

100Chapter Five¥Streaming traffic is generated by file transfers. These may be initiateddirectly by users�for example, a user downloads a binary file from asoftware archive. They may also be caused indirectly, for example by auser downloading email from a server, or clicking on a graphical image ina Web browser, causing that image to be downloaded.Unlike interactive traffic, streaming traffic will use as much bandwidth as isavailable until the data transfer is complete. If N users are sharing a cableLAN and all of them are doing file transfers, and if the LAN sharingalgorithm is working effectively and fairly, each user�s transfer should receiveapproximately (1/N)th of the total bandwidth. As N rises, the file transfersslow down, and each transfer takes more time. Assuming the pattern ofinteractive traffic and the intervals between file transfers remain unchanged,streaming traffic will begin to dominate the overall traffic pattern. Thus,using the average bandwidth allocation to determine how many users canshare the network is equivalent to considering a worst-case scenario in whichall users are simultaneously transferring files.Table 5.7: Subscribers per cable LANPer 500 Kbps LANPer 4 Mbps LANMinimumaveragebandwidthpersubscriber atpeakMaximumnumber ofactivesubscribersTotalsubscribers(assuming20% active)Maximumnumber ofactivesubscribersTotalsubscribers(assuming20% active)30 Kbps168013366560 Kbps84066330120 Kbps42033165Table 5.7 summarizes the traffic model at the mid-point of the percent activeparameter range (i.e. 20% active). The number of subscribers able to shareeach cable LAN rises with the total LAN bandwidth, but falls as the percentactive parameter value and the per-user average bandwidth requirementrises. Sharing a LAN among more users clearly has economic advantages.For example:¥The provider can spread fixed capital costs across a larger number ofsubscribers, lowering the average per-subscriber cost to introduce theservice and thus increasing the service�s appeal to potential subscribers(assuming this lower cost is reflected in the price of the service);¥The risk of entry is lower since the provider has a larger base of potentialcustomers from which to recoup fixed costs.

Cost Model of Internet over Cable101Chapter 7 explores these points in more detail, examining the effects ofvarying the average bandwidth and percent active parameters on thefeasibility of offering either the 500 Kbps or the 4 Mbps cable LAN services.5.5. SummaryThis chapter has described the details of an engineering economic model ofresidential Internet connections provided over a cable television network. Itpresented the costs of each element in a technology reference model,consisting of an Internet Point of Presence (IPOP), Local Area Networks(LANs) built out of pairs of up- and downstream cable channels, andsubscriber interface equipment. It then described the models of subscriberdemand and network load that were employed to complement thetechnology model.The following chapter describes a similar model for Internet connectionsoffered over ISDN telephone circuits. The results of both models arepresented in Chapter 7.

102Chapter SixCost model of Internet over ISDNThis chapter describes in detail an engineering economic model of residentialInternet connections provided over ISDN telephone circuits. This model isbased on a case study of Internex, Inc. a commercial provider of Internet accessover ISDN in the San Francisco Bay (�Silicon Valley�) area.Like the Internet over cable model developed in the previous chapter, theInternet over ISDN model considers the marginal capital cost of providingInternet service over ISDN lines. It assumes that the local telephonecompany has already invested in ISDN-ready Central Office switchingequipment, and therefore does not allocate this cost to Internet service. Itdoes, however, assume that the subscriber will purchase an ISDN line andequipment in order to connect to the Internet, so all such per-subscribercapital costs are included.The model described in this chapter is based on Internex�s offering but doesnot match it in every detail. In particular, in order to provide a validcomparison with the PSICable service, telephone line charges applicable inCambridge, MA are used instead of California rates.6.1. OverviewFigure 6.1 shows a top-level view of the Internet over ISDN model. The boxon the left models subscriber demand. The four boxes down the middle ofthe figure represent the technology reference model, including the Internexcustomer�s choice of a 1B or 2B ISDN service offering (�Telco service�). Thefollowing sections describe the demand and technology sub-models in moredetail. Results, represented by the box on the right, are discussed in Chapter 7.

Cost Model of Internet over ISDN103Per-subscriber costs (SC)Terminal server costs (TSC)IPOP setup cost (IC)Telco serviceTotal cost resultsSubscriber demandFigure 6.1: Capital cost model of Internet over ISDN6.2. Technology reference modelChapter 5 outlined the components of the technology needed to connectresidential computers to the Internet:¥An Internet Point of Presence, or IPOP, consisting of an Internet Protocol(IP) router physically connected to, and able to route traffic appropriately toand from, the rest of the Internet;¥Some form of community network that physically connects the InternetPoint of Presence to individual subscribers� computers;¥Hardware and software allowing those subscriber computers to connect tothe community network and use Internet services.Figure 6.2 shows these components in more detail, based on the technologydescribed in Chapter 4. The Internet Point of Presence component, consistingof an IP router and circuit to the rest of the Internet, is identical in the ISDNand cable models; see the detailed description of this component in Chapter 5.The community network and subscriber equipment components, however,are quite different for the ISDN approach. Instead of a cable Local AreaNetwork shared by a group of subscribers, ISDN connections consist of point-to-point circuits terminating in multiplexers located at the Internet Point ofPresence. These multiplexers, shared by groups of subscribers, are represented

104Chapter Sixby the �T1 Terminal Server� boxes shown in Figure 6.2. The point-to-pointconnections physically consist of ISDN circuits from each residentialsubscriber to his or her nearest telephone company Central Office, and T1(PRI) circuits from the Internet service provider to its closest telephonecompany Central Office.158 The ISDN and T1 circuits are interconnected intopoint-to-point connections by the public switched telephone network.IPRouterCircuit torest ofInternet¥¥¥Ethernet(s)¥¥¥LocalTelephoneNetworkPrimary RateISDN linesto Internet provider ¥¥¥Basic Rate ISDN linesto subscribersNT1TranslatorEthernetConcen-tratorConcen-tratorNT1TranslatorEthernetFigure 6.2: Internet over ISDN configuration6.2.1.Terminal serversFigure 6.3 shows the model of terminal server equipment cost. The total costof terminal server(s) consists of the per-port cost multiplied by the number ofinput ports needed.158The use of T1 circuits to connect the Internet Point of Presence to the public telephone networkreflects the implementation adopted in the case study. It is not, however, the only possibility.As (Network Express Inc., 1994) describes, in some regions, tariffs favor the use of multipleISDN (i.e. Basic Rate Interface, or BRI) lines and associated multiplexing equipment, insteadof PRIs.

Cost Model of Internet over ISDN105Cost per terminal server input portNumber of terminal server input ports neededTotal cost of terminal server(s)Figure 6.3: Model of terminal server equipment costThe estimated cost of this equipment is based on the terminal servers used byInternex, Inc.159 These devices multiplex up to four T1 (i.e. ISDN PrimaryRate Interface, or PRI) lines, or input ports, onto a single Ethernet output port,including the CSU/DSU functionality needed for each T1 line.The number of terminal servers needed is thus a function of the number ofT1 lines (input ports) needed to support the user population. Since each PRIsupports 23 �B� channels, it can support up to 23 users of a single ISDN Bchannel, or 11 users of dual B channel service. Thus a terminal server with 4input ports can support up to 92 �1B ISDN� or 44 �2B ISDN� users.The cost of a terminal server input port has two components: equipment costand line cost. The equipment cost is the fraction of the terminal server costallocated to each port. Although in practice, equipment pricing is not linearin the number of ports (models with larger numbers of ports have a lowerprice per port), it is close enough to linear to be able to approximate theequipment cost per port by a constant $4000.160The line cost is the 3-year capitalized cost to lease a T1 line from the Internetservice provider�s premises to the closest telephone company Central Office.The model estimates this cost at $19,400, based on approximate fees of $1,400for installation and $500 per month.161 These fees, and the resultingcapitalized cost, are slightly lower than those used to estimate the cost ofleasing a T1 circuit to connect the IPOP to the rest of the Internet. Thedifference arises because T1 circuit fees increase with distance, and the159Telephone conversation with Robert Berger, president of Internex, Inc., April 29, 1994.;Ascend Communications Inc. Pipeline access router product literature.160 This figure is based on Robert Berger�s estimate of $15-25,000 for a 4-port �access router�from Ascend Communications, Inc., and October 14, 1994 price quotes from David Sugarman ofDSC International, a reseller of Ascend�s Pipeline access router products, of $4-5000 for a modelsupporting one PRI line, and $9-10,000 for a model supporting four PRI lines.161These fees are based on quotes from Peter Caparso, NYNEX sales representative, April 22,1994. (Network Express Inc., 1994) also lists representative fees for all seven Regional BellOperating Companies, showing how widely they can vary (e.g. by a factor of 2).

106Chapter Sixconnection to the rest of the Internet is assumed to be longer than theconnection to the closest Central Office. In addition, the Internet circuit isassumed to go between telephone company Central Offices, which may resultin an additional charge.6.2.2.Subscriber equipmentLike the cable model, the Internet over ISDN model assumes that thesubscriber�s responsibility includes a home computer with an Ethernetinterface and Internet software; therefore, these costs are not included. Asshown in Figure 6.4, the model does include the cost of equipment needed toconvert transmissions between Ethernet and ISDN protocols, as well astelephone Central Office equipment needed to activate a new ISDNsubscriber. This boundary was selected to be comparable to the cable model; itdoes not reflect the Internex case study, in which all subscriber equipmentpurchases are paid for by the subscriber.Subscriber Bridge/Router CostSubscriber Equipment CostSubscriber’s ISDN circuit costFigure 6.4: Model of subscriber equipment costSubscriber interface equipmentA wide array of equipment is available to connect computers to ISDN circuits.The choices include both standalone boxes and plug-in cards, offering a widevariety of prices and feature sets.162 Prices range from roughly $500 to $3000,with variation accounted for by feature differences such as:¥The type of computer interface supported. For example, serial portinterfaces are cheapest but may limit the connection speed to less than theISDN circuit�s speed, depending on the subscriber�s computer model.Ethernet interfaces are faster (and therefore preferred); 10BaseT Ethernetinterfaces cost less than 10Base2, for example.162For a description of vendor offerings at the end of 1994, see (Derfler, 1994) and(Robertson,1994). See also Newsbytes story, November 16, 1994, �Motorola ISDN Terminal Adapter�Modem� Under $500.�

Cost Model of Internet over ISDN107¥The number of ISDN channels supported; for example, the $500 plug-incards only support the use of 1 ISDN �B� channel for data. Moresophisticated devices use the second �B� channel only when it is needed,including associated autodial and hangup features. In addition, devicesthat include the NT-1 card needed to terminate the ISDN circuit generallyreflect its cost ($175-200) in their price.¥The complexity of the LAN configuration. For example, the mostexpensive devices support ten IP addresses, while lower-end equipmentsupports only one.¥Support for multiple higher-level protocols; in particular, support for thenon-proprietary Point-to-Point Protocol (PPP) and/or Multichannel Point-to-Point Protocol (MP), allowing equipment from multiple vendors tointeroperate.163For the same reasons discussed in Chapter 5 for the cable model, the ISDNmodel assumes that a standalone box connecting to the Ethernet port on thesubscriber�s computer is the preferred solution. Such a box essentially servesas a two-port bridge or router, converting between the computer�s Ethernetprotocol and the telephone line�s ISDN protocol. With appropriate PPP orMP software supported by this box, TCP/IP can run transparently over theISDN line, allowing the line to serve as an interoperable �LAN extensioncord�with the LAN supplied by the Internet service provider, andconnected to the rest of the Internet through the IPOP router.In late 1994, the lowest-priced device with this minimum feature set listed for$1190 (this price includes an NT-1 and Terminal Adapter).164 Given therapidly falling prices and discounts off list price commonly available for suchcomputer equipment, the model uses a cost of $1100 for this component ofsubscriber interface equipment. Since these devices are sold directly toconsumers, any economies that may be derived from manufacturing largevolumes of these devices should already be reflected in their market prices;accordingly, the model does not incorporate any additional volume discountson the $1100 price.Subscriber�s ISDN circuitSince a subscriber is assumed to purchase ISDN service in order to connect tothe Internet, the model includes the capital cost to equip a subscriber�s ISDNline at the telephone company Central Office (which is assumed to already163Electronic mail from Robert Berger of Internex, Inc. See (1994) and (Simpson, 1993).164This price is based on the Combinet 160 model. The Combinet 150 lists for $990 but does notinclude an NT-1.

108Chapter Sixhave an ISDN-capable switch).165 The model estimates this cost at $400, basedon the following components:¥An ISDN line card, matching the modulation and coding functionsperformed by the subscriber�s NT-1, and costing approximately $140;¥A slot on the switch for the ISDN line card to slide into, costingapproximately $180, plus labor to configure the software (approximately$30);166¥Any labor needed to prepare and install the physical circuit. The modelassumes that on average, this cost is covered by the ISDN installation fee,which in Massachusetts is the same for ISDN as POTS, about $60.The model does not include monthly or usage fees charged by the telephonecompany for ISDN service, which would have to be paid by the subscriber.This exclusion ensures that the ISDN model remains comparable with thecable model, which covers the capital cost to provide Internet service,independent of how the providers involved choose to bill for it, andindependent of operational costs that might be covered by monthly fees.6.3. Subscriber demand modelIn the cable model described in Chapter 5, subscriber demand is discussed interms of the number of subscribers that can share each neighborhood cableLocal Area Network (LAN). Demand is modeled as a percentage of themaximum number of potential subscribers in each neighborhood.The telephone model does not include a concept equivalent to theneighborhood in the cable model. Instead, the individual subscriber providesthe smallest unit of analysis. A residential Internet provider connected vialeased T1 to its nearest Central Office switch can serve customers fromanywhere else on the telephone network, not just those in its neighborhood.While a penetration level of 10% represents 10% of each neighborhood in thecable model, the ISDN model admits any geographic distribution of the samenumber of subscribers.So that the two models would produce results that could be comparedmeaningfully, the amount of equipment needed to provide residentialInternet service over ISDN at each penetration level is determined by theactual number of subscribers represented by the subscriber demand165The cable model does not have an item comparable to the ISDN line card; no capitalequipment is required at the cable head end to add a cable subscriber.166The line card, slot, and configuration cost estimates were supplied by Walter Mansell of MITTelecommunications Services, November 21, 1994. The slot cost is derived by dividing the$90,000 cost of the complete shelf (called an �Integrated Services Line Unit�) by the 512 slots itcan support.

Cost Model of Internet over ISDN109assumptions in the cable model. The maximum possible number ofsubscribers across all neighborhoods is assumed to be the same in each model.This is represented by the �Number of potential homes passed (cableequivalent)� shown in Figure 6.5.Number of potential homes served (cable equivalent)Total number of subscribersNumber of active subscribersFigure 6.5: Subscriber demand modelFor example, in a large community (20 neighborhoods) with an urbanpopulation density (1500 potential subscribers per neighborhood), the numberof potential homes served is 30,000. The �Total number of subscribers� isthen derived from this number by taking only the fraction of householdswith personal computers (assumed to be one-third, as explained in Chapter 5)and multiplying the result by the penetration parameter. The number ofactive subscribers is computed based on assumptions of 10, 20, and 30% ofsubscribers actively connecting to the Internet at any given time, as justifiedin Chapter 5.In summary, a penetration level of 10% may represent a different geographicdistribution in the two models, but it always represents the same number oftotal and active subscribers. To provide a feel for the potential size of thecustomer base, Table 6.1 shows the total number of subscribers (100%penetration) for different types of communities.Table 6.1: Number of subscribersCommunity sizeResidentialdensityOneneighborhoodSixneighborhoodsTwentyneighborhoodssuburban1679993330urban500299799906.4. SummaryThis chapter has described the details of an engineering economic model ofresidential Internet connections provided over ISDN circuits. It haspresented the costs of the elements of the technology reference model that aredifferent from the Internet over cable model. These elements include ISDNsubscriber interface equipment as well as multiplexers used to concentrate

110Chapter Sixmultiple ISDN circuits onto router Ethernet ports. Once concentrated, theISDN traffic can be handled by the same Internet Point of Presenceconfiguration as in the cable model.The following chapter describes the results of both the Internet over cable andInternet over ISDN models.

111Chapter SevenResultsThis chapter presents the analysis of the cable and ISDN Internet access costmodels described in Chapters 5 and 6. First, it defines the model�s cost resultvariables and briefly reviews the model�s input parameters. Then a series ofgraphs are presented and discussed, showing the average capital cost, numberof cable LANs needed per neighborhood, and components of average capitalcost. The first set of average cost graphs is based on an original set of inputparameter values, while subsequent graphs present the results of sensitivityanalyses that explore the effect of changes in each of the different inputparameter values. The chapter concludes with a discussion of absolute entrycosts under two different entry strategies.7.1. Result variablesFigure 7.1 shows the result variables for both models. As shown on the leftside of the figure, cost results are separated into three components�fixed,sharing and subscriber cost�that are added together to get total cost. Thisresult represents the complete cost to deploy an Internet over cable or ISDNsystem to a given number of subscribers, including the cost of eachsubscriber�s equipment as delimited by the model.Dividing total costs by the number of subscribers at any given penetrationlevel produces the per-subscriber cost values shown on the right side ofFigure 7.1.

112Chapter SevenTotal fixed costTotal subscriber costTotal sharing costTotal costTotal cost per subscriberFixed cost per subscriberSharing cost per subscriberFigure 7.1: Model of cable and ISDN resultsTotal fixed cost is the fixed cost of preparing the system for the first subscriber.This cost is spread across all subscribers using the system. In the cable model,it consists of the cost to put in an Internet Point of Presence (IPOP), plus anupstream transmission upgrade for each neighborhood. In the ISDN model,it consists of only the IPOP cost.Total subscriber cost is the variable cost of supplying each customer with hisor her own equipment, or short-run marginal cost. In both models, it iscalculated by multiplying the cost of each individual subscriber�s equipmentby the number of subscribers. For cable, each individual�s subscriberequipment consists of a protocol conversion device (bridge or router)translating between the subscriber computer�s Ethernet and the cable LocalArea Network (LAN) protocols, plus a cable modem for physical transmissionover the cable. For ISDN, it consists of a protocol conversion devicetranslating between Ethernet and ISDN protocols, including a built-in NT-1 tohandle the physical transmission over the telephone line. Additionally,ISDN subscriber equipment includes the capital cost to equip the subscriber�sISDN circuit at the telephone company Central Office.Total sharing cost is a longer-run marginal cost. It represents the cost ofequipment shared by subsets (i.e. more than one but fewer than all) of thetotal number of subscribers. For cable, it is computed as the cost of equippingchannels to run LANs and connecting those LANs to the head end router, forall neighborhoods.167 For ISDN, it is the cost of the terminal servers and T1lines that connect the Internet provider to the local telephone network.167All cable cost results are based on the assumption that at least one LAN is required for eachneighborhood. Cable�s sharing cost might be reduced if multiple neighborhood�s spectrum were�glued together� into a single LAN, as noted in Chapter 5. As we shall see below, cable�ssharing cost is small enough that such a change is unlikely to have a significant effect onaverage cost.

Results1137.2. Input parametersTable 7.1 summarizes the input parameter values used in the initial analysisbelow, and the alternative values explored in subsequent sensitivity analyses.Table 7.1: Summary of input parametersParameterOriginal Value(s)Sensitivity AnalysisPeak bandwidth500 Kbps (cable)4 Mbps (cable)128 Kbps (ISDN)Not applicableResidential density1500 homes per cell500 homes per cellCommunity size6 cells1 cell, 20 cellsPercent active20%10%, 30%Average bandwidth120 Kbps30 Kbps, 60 KbpsCable LAN efficiency100%60%, 80%The capital cost of Internet access over cable or ISDN depends on thefollowing factors:¥The peak bandwidth of the service offered: 500 Kbps or 4 Mbps for cable,vs. 128 Kbps for ISDN. Quantitative results are shown below for all 3cases.¥The residential density of the community, ranging from 500 to 1500 homesper neighborhood cell as defined in Chapter 5. The analysis begins withthe higher density value, since that is more typical of the town in the casestudy (Cambridge, Massachusetts). Sensitivity analysis then explores theeffect of reducing this parameter�s value to 500 homes per cell.¥The total size of the community, represented by the number ofneighborhood cells supported. The model tests values of one, six, andtwenty cells for this parameter. Initial quantitative results are presentedfor the intermediate value (six cells), with sensitivity analysis performedon the higher and lower values.¥The percentage of Internet service subscribers expected to be activesimultaneously during peak usage periods. The model tests values of 10,20 and 30% for this parameter. Initial quantitative results use theintermediate value (20%); results for lower and higher values arepresented in the sensitivity analysis.¥The average bandwidth expected by each active subscriber. Since theobjective of the thesis is to compare cable and ISDN networks, and ISDNbandwidth is fixed, results are presented for the conservative comparison

114Chapter Sevencase in which the average bandwidth is the same as the maximum ISDNbandwidth. The initial value used is 120 Kbps, representing an average ofthe 112 or 128 Kbps that may be available to ISDN subscribers dependingon their exact location. Sensitivity analysis tests smaller averagebandwidths of 60 and 30 Kbps.¥How efficiently cable Local Area Networks (LANs) allow subscribers toshare their bandwidth. Since little is known about the sharing protocolused in the case study, the model begins with the assumption of perfectefficiency. Sensitivity analysis explores what happens if this assumption issubstantially violated.¥The number of subscribers, represented by the penetration level: Thisparameter forms the horizontal axis of all the result graphs presentedbelow. Its value can range from 0 to 100%, by increments of 5%. Asexplained in Chapter 5, it represents the percentage of computer-owninghouseholds in a service area that choose to subscribe to Internet service.For example, given the model�s assumption that one-third of homes havecomputers, a service area consisting of one 1500-home neighborhoodwould have 500 subscribers at 100% penetration. Alternatively, a servicearea consisting of six 500-home neighborhoods would have 1000subscribers at 100% penetration.The analysis begins with an examination of the cost per subscriber resultingfrom the original parameter settings.

Results1157.3. Average capital costFigure 7.2 compares the cost per subscriber to provide the 500 Kbps and 4Mbps cable services and the 128 Kbps ISDN service, as a function of thepenetration level.168 The model parameters are fixed at the original valuesshown in Table 7.1. Given the assumption of 1500 homes per cell, six cells(i.e. 9000 homes), and one-third of homes with PCs (i.e. 100% penetration =3000 subscribers), each 5% increment in penetration represents an additional150 subscribers.

Fraction of Computer-Owning Households That SubscribeTotal Cost per Subscriber$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,0000.000.100.200.300.400.500.600.700.800.901.00Organizational4 Mbps cable128 Kbps ISDNIndividual 4Mbps cable500 Kbps cableFigure 7.2: Average cost with original parameter settingsThe greater economy of the 500 Kbps cable service relative to ISDN isimmediately evident in Figure 7.2. Beyond initial penetration levels, the 500168 Each penetration level represents the same number of subscribers across all 3 services. Notethat the vertical axis represents average cost for any given penetration level; the curves do notrepresent trajectories, i.e. the marginal cost to move from one penetration level to another.

116Chapter SevenKbps cable service can provide the same average bandwidth and four timesthe peak bandwidth of the ISDN service for less than half the cost persubscriber. This result holds true up to the maximum penetration levelachievable with the 500 Kbps cable service�60% under the initial parameterassumptions. (This penetration limit is discussed further in the next section.)Under these same assumptions, the 4 Mbps cable service is not subject topenetration limits. The average cost of the organizational 4 Mbps service ofthe case study is more expensive than the ISDN service by about $400, or 20%more per subscriber to provide the same average bandwidth. However, thealternative, individual 4 Mbps service considered in this report (discussedbelow as part of the sensitivity analysis) is $800, or 40%, less expensive thanISDN. For thirty-two times the peak bandwidth, however, even 20% highercost is a terrific bargain. This result is shown in Figure 7.3, which plots theper-subscriber cost of each service normalized by the number of peak Kbps ofbandwidth that the service provides. (In Figure 7.3 and all following graphs,�4 Mbps cable� refers to the Organizational 4 Mbps cable service.)

Fraction of Computer-Owning Households That SubscribeAverage cost per peak Kbps$0.00$5.00$10.00$15.00$20.00$25.000.000.100.200.300.400.500.600.700.800.901.00128 Kbps ISDN500 Kbps cable4 Mbps cableFigure 7.3: Average cost per Kbps of peak bandwidth

Results117Figures 7.2 and 7.3 dramatically demonstrate the central hypothesis of thisthesis: the shared cable architecture can provide the same average bandwidthand higher peak bandwidths much more economically than the dedicatedISDN architecture. With the number of subscribers sharing each cable LANchosen to provide each active subscriber with an average bandwidth of no lessthan ISDN�s dedicated bandwidth, 500 Kbps Internet access over cable canprovide four times the peak bandwidth of ISDN access for less than half thecost per subscriber. In addition, 4 Mbps cable access can provide thirty-twotimes the peak bandwidth of ISDN for 20% more cost per subscriber whentargeted at organizations, and 40% less cost when targeted at individuals. Theeconomy of the shared bandwidth approach is most evident in Figure 7.3,which compares the per-subscriber cost per bit of peak bandwidth. These costslevel out as penetration increases, to about $0.60 for the 4 Mbps and $2 for the500 Kbps cable services, versus close to $16 for ISDN. (The comparable figurefor the Individual 4 Mbps service is $0.30.)7.4. Penetration limitationsThis section discusses in more detail the penetration limit mentioned in theprevious section. Throughout this chapter, cost results are presented only forthe penetration ranges that can actually be achieved.With the point-to-point ISDN approach described in Chapter 6, increasing thenumber of subscribers served means providing ISDN telephone lines to morecustomers. As (Waring, 1991, p. 1979) observes, the telephone plant inresidential areas may have as few as 1.3 lines per residence. Therefore, ifenough households subscribe to ISDN in addition to their existing analogtelephone service, strong growth in demand for ISDN could exhaust theexisting installed plant. There is no technical reason, however, why newlines could not be installed; in fact, this would be a likely outcome of stronggrowth in demand.169 Therefore, no limits to ISDN penetration appear in thegraphs below.In contrast, the spectrum map of existing cable systems creates a technologicallimit. As discussed in Chapter 3, the most common residential cablespectrum map provides only four upstream channels; remapping to gainmore upstream bandwidth would require replacement of all amplifiers.Since each cable LAN requires symmetric up- and downstream bandwidth,the limited upstream bandwidth constrains the number of LANs that can beprovided. As a consequence, in some scenarios 100% penetration may not beachievable.169If the telephone company were to have to string new wires, a large capital cost would haveto be added to the ISDN service. This cost is not reflected in the ISDN model, which assumesexisting circuits can be utilized. With only one-third of households (i.e. computer owners)considered as potential subscribers, this assumption is reasonable. It might come into question,however, if the fraction of households with computers were to grow substantially.

118Chapter SevenRecall from Chapter 5 that the cable model assumes that each neighborhoodcell has its own separate spectrum. Figure 7.4 illustrates the number of cableLANs needed in each cell assuming the original configuration of inputparameter values (as summarized in Table 7.1). It shows that for the 500 Kbpsservice, once penetration in each cell reaches 60% of households withcomputers, further subscribers cannot be supported without degradation inservice quality.170 In other words, if penetration were extended beyond 60%,the number of subscribers sharing each LAN would become too large toprovide each active subscriber with an average bandwidth of 120 Kbps.Because of this result, cost results in following sections are not plotted beyond60% penetration, for the 500 Kbps service under the original parameterassumptions.

Fraction of Computer-Owning Households That SubscribeNumber of LANs per neighborhood02468101214160.000.100.200.300.400.500.600.700.800.901.00500 Kbps cable4 Mbps cableFigure 7.4: Number of cable LANs required per neighborhoodFigure 7.4 also shows that the 4 Mbps service is not subject to penetrationlimits under the original parameter assumptions.171 This result reflects thegreater spectral efficiency of the 4 Mbps service. Each 6 MHz channel canprovide either one 4 Mbps LAN, or four 500 Kbps LANs (for a total of 2170Recall from Chapter 5 that each cable channel-pair can support either four 500 Kbps LANsor one 4 Mbps LAN. Since there are four upstream channels, there is a maximum of four cableLAN channel pairs. Therefore, penetration limits kick in when the number of 500 Kbps LANsneeded exceeds sixteen, or the number of 4 Mbps LANs needed exceeds four.171It is also evident from Figure 7.2 that the first 4 Mbps LAN enables a higher potentialpenetration level (30%) than the first 500 Kbps LAN (approximately 2%). Thus the providerattempting a minimal entry strategy of �one of everything� can reach a larger subscriber basewith the 4 Mbps service, providing a larger base over which to recover fixed costs.

Results119Mbps).172 As a result, the 4 Mbps equipment can serve more aggregatebandwidth, and therefore higher penetration, with a single channel.173Sensitivity analyses below explore the effect of changes in the inputparameter assumptions on cable penetration limits, for both the 500 Kbps and4 Mbps services.7.5. Components of capital costThis section explores the drivers behind the shapes of the different costcurves shown in Figure 7.2. It examines in greater detail the components thatmake up total cost, continuing with the original parameter assumptionsshown in Table 7.1. Figures 7.5, 7.6, and 7.7 show the contribution of each cost component to theaverage cost of the 500 Kbps and 4 Mbps cable and 128 Kbps ISDN services,respectively. Two key observations apply to all three graphs:¥Subscriber cost, as defined at the beginning of this chapter, is the mostsignificant component of average cost.¥Average cost quickly approaches its minimum value as penetrationincreases. For all three services, average cost at 15% penetration (450subscribers) is less than 150% of average cost at the full penetration levelthat can be supported.172Each 500 Kbps LAN uses 1 MHz, with the remaining 2 MHz used for guard bands.173Technological advances in digital transmission may allow more bits per second to be encodedonto a single 6 MHz channel. Such an advance would ameliorate the penetration limitationsdescribed here, assuming the average bandwidth demanded stays constant. Alternatively, ifhousehold computer penetration were to rise, the number of potential subscriber householdswould increase. In that scenario, a technological advance would be necessary to avoidworsening the penetration limits shown here.

120Chapter SevenFraction of Computer-Owning Households

That SubscribeCost per Subscriber$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,0000.050.150.250.350.450.55Subscriber costSharing costFixed costFigure 7.5: Components of average cost, 500 Kbps cableThe logarithmically-decaying shape evident in these graphs is caused by thegeometrically slowing rate of increase in the denominator of average cost.From the first (not shown) to the 150th subscriber (5% penetration), thedenominator increases by a factor of 150; from 5 to 10% penetration (150 to 300subscribers), it doubles; from 10 to 15% penetration, it goes up by a factor of0.5; etc.

Results121

Fraction of Computer-Owning Households That SubscribeCost per Subscriber$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,0000.050.150.250.350.450.550.650.750.850.95Subscriber costSharing costFixed costFigure 7.6: Components of average cost, Organizational 4 Mbps cable

122Chapter Seven

Fraction of Computer-Owning Households That SubscribeCost per Subscriber$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,0000.050.150.250.350.450.550.650.750.850.95Subscriber costSharing costFixed costFigure 7.7: Components of average cost, 128 Kbps ISDN7.5.1.Subscriber costFigures 7.5, 7.6 and 7.7 show that subscriber cost quickly becomes thedominant cost for all three services. Subscriber cost is already more than 50%of total cost per subscriber at 10% penetration (300 subscribers) for the 500 Kbpscable service, and at 5% penetration for the other two services. Furthermore,subscriber equipment�s fraction of the average cost continues to rise aspenetration increases.The effect of the volume discount for the 500 Kbps cable service is visible inFigure 7.5 as a reduction in slope of subscriber cost between 30 and 35%penetration (900—1050 subscribers). Since the volume discount for the 4 Mbpscable service has already kicked in at 5% penetration (150 subscribers), its effectis present but not visible in Figure 7.6. Even with this discount, subscriber

Results123cost is still impressively significant for the 4 Mbps cable service. This resultreflects the case study�s assumption that each 4 Mbps subscriber needs theequivalent of a branch-office router. Sensitivity analysis later in this chapterexplores the effect of relaxing this assumption.Given how important these results show subscriber cost to be, one wouldexpect changes (presumably, reductions) in subscriber equipment costs overtime to have a significant effect on the total cost to provide Internet accessover local residential infrastructure. This result has several businessimplications, which are discussed in more detail in Chapter 8:¥Improvements in subscriber equipment are a key area on which toconcentrate R&D energy;¥The telephone industry�s current approach of letting subscribers buy theirown equipment reduces capital risk significantly for the Internet and/orinfrastructure provider. This point is reinforced by Figure 7.8, whichillustrates how low average cost falls without subscriber equipment.

124Chapter Seven

Fraction of Computer-Owning Households That SubscribeTotal Cost per Subscriber$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,0000.000.100.200.300.400.500.600.700.800.901.00128 Kbps ISDN500 Kbps cable4 Mbps cableFigure 7.8: Average cost without subscriber equipment7.5.2.Sharing costFor all three services, the sharing cost remains a small fraction of the averagecost for all penetration levels. Table 7.2 shows, however, that it is a muchmore significant fraction for the ISDN service than for the two cable services.Table 7.2: Sharing cost�s contribution to average costServiceTypical percentage500 Kbps cable84 Mbps cable1128 Kbps ISDN21

Results125ISDN�s comparatively high sharing cost reflects the high cost of adding aterminal server port and the necessity of doing so frequently. The incrementis a T1 line plus another port on a T1 terminal server, which are modeled ascosting $19,400 and $4000, respectively.174 Each T1 line is assumed to berunning the Primary Rate Interface service of ISDN, which provides 23 �B�channels and can therefore handle no more than 11 active �2B� ISDNsubscribers, regardless of the actual bandwidth used over each �B� channel.Thus sharing cost averages to about $2130 (i.e. $23,400/11) per activesubscriber.In contrast, cable�s sharing cost consists of the cost to add a channel and aLAN, which are modeled respectively as $3000 and $900 (500 Kbps cable) or$1300 (4 Mbps cable). Recall from Chapter 5 that each channel can provideone 4 Mbps LAN or four 500 Kbps LANs. The number of active subscriberseach LAN can serve depends on the assumed bandwidth requirements. Withthe original assumption of 120 Kbps per subscriber, each 500 Kbps LAN canserve 4 active subscribers; thus each channel can serve 16 active subscribers.With a 4 Mbps LAN, each channel can serve 33 active subscribers. The 4Mbps LAN shares more efficiently: sharing cost averages to about $130 (i.e.$4300/33) per active 4 Mbps subscriber, and $415 (i.e. $6600/16) for each active500 Kbps subscriber.175The significant cost of the leased T1 lines needed to connect the Internetservice provider to the local telephone network highlights another businessand policy implication: ISDN Internet service would cost less to provide ifthese lines were not needed. Figure 7.9 illustrates the effect of removing thiscost element from the model. The basic result of the model remainsunchanged; the shared cable services are still more economical than thededicated ISDN service. However, Figure 7.9 shows that an ISDN Internetprovider who can eliminate T1 line charges has a cost advantage ofapproximately $350 per subscriber.174Recall from Chapter 6 that T1 lease costs are amortized over 3 years to derive capital costs.175This difference, combined with the greater expense of 4 Mbps subscriber equipment, explainswhy the percentage of sharing cost is lower for the 4 Mbps service than for the 500 Kbps service.

126Chapter Seven

Fraction of Computer-Owning Households That SubscribeTotal Cost per Subscriber$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,0000.000.100.200.300.400.500.600.700.800.901.004 Mbps cableOriginal ISDNCo-locatedISDN500 Kbps cableFigure 7.9: Average cost with co-located ISDN Internet Point of PresenceOne way to eliminate (or reduce) these T1 line charges is to co-locate theInternet service provider with the local telephone company Central Office(just as the cable Internet service provider expects to co-locate with the cablehead end). In that scenario, an external T1 circuit is replaced with an intra-office wire. Alternatively, the Internet service provider might be the localtelephone company itself. These possibilities are discussed further in Chapter8.7.5.3.Fixed costFigures 7.5, 7.6, and 7.7 demonstrate that fixed cost quickly becomes a smallproportion of per-subscriber cost as penetration increases. Recall that fixedcost comprises the cost of an IP router, Internet circuit, and network

Results127management for all three services, as well as the cost of each neighborhood�supstream transmission upgrade for the cable services.The fixed cost thus depends on the size of the IP router and Internet circuitneeded. This is a function of how much traffic is aggregated at the InternetPoint of Presence (located at the cable head end or ISDN Internet provider�spremises). Given the assumption of 120 Kbps average bandwidth persubscriber, the aggregate traffic level for any given penetration level is thesame for each service, independent of the peak bandwidth.176With six neighborhoods, enough traffic has already been aggregated that ahigh-speed circuit and correspondingly high-end router are required even toserve 5% penetration. This configuration remains sufficient until 65%penetration, at which point fixed cost steps up by $75,000 because anotherhigh-speed circuit (but not another IP router) must be added to handle theaggregate traffic volume.177Since the fixed cost stays constant at low penetrations while the subscriberbase increases quickly, fixed cost per subscriber declines quickly (for example,it is halved by the doubling of the subscriber base between 5 and 10%penetration). By the time the step up is experienced at 65% penetration, thesubscriber base is large enough to make its effect on average cost insignificant.In summary, fixed cost becomes a small fraction of the total once penetrationlevels reach approximately 20%, and it stays a small fraction for allpenetration levels above that.7.5.4.DiscussionThe amortization of a low fixed cost over a large subscriber base and the moreor less constant proportion of sharing cost together cause the average costcurves shown in Figures 7.6 and 7.7 to flatten out around 50% penetration.178Thus there appears to be a minimum level of overhead (i.e. fixed plussharing cost) for each service, such that average cost is limited in how close itcan come to subscriber cost.Table 7.3 explores this minimum level of overhead by comparing theminimum average cost�i.e. the average cost at full penetration�against the176Differences in the fixed cost per subscriber between the cable and ISDN services are thuscaused solely by the allocation of the cost of the upstream cable upgrade to Internet service. Ifthis assumption were relaxed (for example because the cable operator simultaneously chooses tooffer interactive TV services that also require upstream capability), the fixed costs would beidentical for the two approaches.177This step up is not seen in Figure 7.5, since the 500 Kbps cable service cannot serve more than60% penetration under the original set of parameter assumptions.178Presumably the same effect would be clear in Figure 7.5, if the 500 Kbps service could beextended beyond 60% penetration.

128Chapter Sevencost of subscriber equipment (also at full penetration, reflecting volumediscounts).179Table 7.3: Minimum overhead levelsServiceMinimumaverage costSubscriberequipmentcostAverage costis abovesubscribercost by:500 Kbps cable$985$77527%4 Mbps cable$2,404$2,2756%128 Kbps ISDN$2,003$1,50034%The lower overhead of the 4 Mbps cable service ($129) compared to the 500Kbps cable service ($210) reflects the greater channel efficiency of the 4 Mbpsservice as well as the slight reduction in overhead (i.e. further amortizationof fixed cost) caused by extension of the service to 100%, rather than 60%,penetration. Of course, the 4 Mbps service�s smaller overhead percentage alsoreflects its higher subscriber cost.The high overhead ($503 per subscriber) of the ISDN service reflects the largesharing cost of this approach, as discussed above. This overhead seriouslylimits the extent to which average cost can approach subscriber cost for thisservice.7.6. Sensitivity analysisUp to this point, all results have been examined for the original parametervalues listed in Table 7.1. This section explores how these results are affectedby variations in the input parameters, noting not only the direction but alsothe magnitude of the effects.In each of the following subsections, the results of a sensitivity analysis arepresented in which one parameter value is varied while the rest are heldconstant at their original values. In order, the parameters changed are:subscriber density, the number of neighborhoods served, the percent ofsubscribers assumed to be active simultaneously, the average bandwidthrequired by each subscriber, and the efficiency of the cable LAN bandwidthsharing algorithm. In addition, the results of a �what if� analysis arepresented for reductions in subscriber equipment costs.7.6.1.Residential densityThe analysis above has assumed that subscribers live in a dense urban arealike Cambridge, Massachusetts, in which it is possible to create neighborhood179Note that full penetration is 60% for the 500 Kbps cable service and 100% for the other twoservices.

Results129cells such that up to 1500 subscribers can be served in each cell. As discussedin Chapter 5, this assumption may not hold in a more suburban or ruralcommunity. The area required to reach 1500 subscribers may be toogeographically large to be practically served by a single cell; 500 homes per cellmay be a more reasonable target.180It is not immediately obvious whether average cost will rise or fall when theresidential density parameter�s value is reduced from 1500 to 500 homes percell. For example, with fewer subscribers per unit area, the cable is split lessoften, and the plant needs fewer amplifiers. As a result, the upstreamtransmission upgrade to these amplifiers costs less, and fixed cost declines,contributing to a decline in the average cost. On the other hand, sharing thefixed cost among a smaller number of subscribers increases the average cost.Figure 7.10 plots the average cost of the three services with the residentialdensity parameter value changed to 500 homes per cell. Comparing Figure7.10 against Figure 7.2 shows that the overall effect of reducing the residentialdensity is to increase the cost per subscriber, by about 5% at 100%penetration.181180Since most communities have a mix of different densities in different neighborhoods, theall-500 and all-1500 cell size assumptions should be considered boundary values.181Average cost of the 500 Kbps service displays a greater differential, mainly because volumediscounts apply to subscriber equipment at the full penetration level (60%) in the case of 1500homes per cell, but do not apply at full penetration (100%) with 500 homes per cell.

130Chapter Seven

Fraction of Computer-Owning Households That SubscribeTotal Cost per Subscriber$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,000$4,500$5,000$5,5000.000.100.200.300.400.500.600.700.800.901.004 Mbps cable128 Kbps ISDN500 Kbps cableFigure 7.10: Average cost with 500 homes per cellOther differences between Figures 7.10 and 7.2 result from the observationthat a lower subscriber density makes any given penetration level representfewer subscribers. In Figure 7.10, each 5% increment in penetrationrepresents 50 subscribers, instead of the 150 of Figure 7.2.

Results131Since the level of traffic aggregated at the IPOP is lower for any givenpenetration level, the fixed cost function steps up differently. With 1500homes per cell, a second Internet circuit is required at 65% penetration. Incontrast, with 500 homes per cell, one Internet circuit is sufficient for allpenetration levels. In fact, at very low levels (under 10% i.e. under 100subscribers), a T1 circuit is sufficient to handle the load. This results inreduced fixed cost at those penetration levels and a step up to a T3 circuit andcorrespondingly more expensive router at 10% penetration.182Fewer subscribers for any given penetration level also means that fewer cableLANs or terminal server ports are needed. This effect not only reducessharing cost, but also raises the penetration level that can be served by alimited number of cable LANs. Recall from Figure 7.4 that in the urban case,the 500 Kbps cable service is unable to serve beyond 60% penetration becausethe limit of 16 cable LANs per neighborhood is reached at that point. Withone-third as many subscribers, nine cable LANs can serve 100% penetration,so the 500 Kbps cable graph extends all the way out in Figure 7.10.Since the number of subscribers grows more slowly with increasingpenetration, volume discounts take effect at higher penetration levels (10%for the 4 Mbps cable service, and 100% for the 500 Kbps). This effect raises thesubscriber cost at lower penetration levels.In summary, reducing the residential density from 1500 to 500 homes per cellincreases the average cost by a small amount (5%). It does not change thebasic results of Figures 7.2 and 7.3: the cable services still provide higher peakbandwidth per dollar than the ISDN service.7.6.2.Community sizeThe analysis thus far has been restricted to an intermediate community sizeof six cells. Returning to the assumption of 1500 homes per cell, this sectionexplores variation in the number of cells from one to twenty (1,500 - 30,000homes).183182This step up is particularly evident in Figure 7.10 for the ISDN service. For ISDN, theInternet Point of Presence (IPOP) is the only fixed cost; therefore, an increase in IPOP cost has agreater percentage effect on average fixed cost. The effect on the cable services appears inFigure 7.10 as a slightly slower rate of cost decrease between 5 and 10% penetration thanbetween 10 and 15%.183Notice that the six- and twenty-cell analyses are based on the idealized assumption thatthe same penetration level applies in all cells. A different distribution of subscribers would notnecessarily have much effect on the results, however. As long as the real community-wideaverage matches the model�s, fixed and subscriber costs will be accurate, because the number ofsubscribers and the total bandwidth into the IPOP remain unchanged, regardless of thedistribution of subscribers among cells. As we have seen, these costs comprise the bulk of overallcable cost. For the ISDN service, sharing cost is more important, but it too would be unaffected

132Chapter SevenFigure 7.11 presents average cost for the one-cell case. Note that with onlyone cell of 1500 homes, each 5% increment in penetration represents 25subscribers.by this assumption. The ISDN architecture does not depend on cells; sharing cost applies to allsubscribers in the community, not per-cell.

Results133

Fraction of Computer-Owning Households That SubscribeTotal Cost per Subscriber$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,000$4,500$5,000$5,5000.000.100.200.300.400.500.600.700.800.901.004 Mbps cable128 Kbps ISDN500 Kbps cableFigure 7.11: Average cost with one neighborhoodThe average cost to serve a single cell�s worth of subscribers is higher than toserve six cells� worth. At 60% (i.e. full) penetration, the average cost of the 500Kbps cable service is more than 50% ($500) higher than with six cells. At 100%penetration, the average costs of the other two services are about 10% ($200)

134Chapter Sevenhigher than their six-cell counterparts. The main factor contributing to thisincrease is the spreading of fixed costs over one-sixth as many subscribers.As with the change to suburban subscriber density, the decrease in thenumber of cells reduces the aggregate IPOP traffic and correspondingly altersthe fixed cost function. This alteration is the source of the jumps in averagecost at low penetration levels; with one cell, a single T1 circuit and low-costrouter are sufficient until 15% penetration (75 subscribers). From 15% to100%, a single T3 circuit and high-end router are sufficient. Thus at 100%penetration, total fixed cost is lower than in the six-neighborhood case, whichrequires a second T3 circuit. It is not six times lower, however, so average costincreases.A lack of volume discounts also contributes to this increase. For the 500 Kbpscable service, the volume discount at 1000 units never takes effect since thenumber of subscribers is six times lower for any given penetration level. The4 Mbps discount at 100 units takes effect at 25% penetration (in contrast to 5%for the six-cell case), which contributes to higher average costs at penetrationsbelow 25%.The opposite effect is seen in Figure 7.12, which shows that the average cost toserve twenty cells is very similar to the average cost to serve six cells at fullpenetration.

Results135

Fraction of Computer-Owning Households That SubscribeTotal Cost per Subscriber$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,0000.000.100.200.300.400.500.600.700.800.901.004 Mbps cable128 Kbps ISDN500 Kbps cableFigure 7.12: Average cost with twenty neighborhoodsWith 500 subscribers represented by each 5% increment in penetration,volume discounts already apply to the 4 Mbps service at 5% penetration. Forthe 500 Kbps service, they take effect between 10 and 15% penetration,resulting in a steeper drop in average cost at that point.With such a large number of subscribers, the fixed cost function experiencesmore steps up as further Internet circuits and routers are added.184 Becausethese increases are amortized over many subscribers, however, the effect onaverage cost is scarcely noticeable.184T3 circuits must be added at 20, 40, 75 and 95% penetration. Additional routers are requiredat 40 and 75% penetration to handle the extra ports.

136Chapter SevenThese combined effects result in an asymptotic average cost that is verysimilar to ($10 less than) the six-cell case, although it is reached at lowerpenetration levels (30% in Figure 7.12, vs. 50% in Figure 7.2). Thus, althougha comparison of Figures 7.11 and 7.2 reveals clear economies of scale as thenumber of neighborhoods is increased from one to six, the increase from sixto twenty cells does not buy as much scale economy. In other words, there arediminishing returns to scale.This result is not surprising when we consider that average subscriber andsharing costs are only slightly affected by the number of subscribers (i.e.volume discounts) and therefore show very little economies of scale. Whileaverage fixed cost is greatly reduced as the first two thousand or so subscribersare added, beyond that point IPOP capacity must be increased to handleadditional load, and average fixed cost stays fairly constant.185 In other words,there are limits to how far fixed cost can be spread.In conclusion, this analysis shows that the minimum efficient scale forproviding residential Internet service is two thousand subscribers, under theoriginal set of traffic assumptions (i.e. 20% of subscribers active and 120 Kbpsaverage bandwidth). This result implies that reasonable entry strategies mustserve multiple neighborhoods.7.6.3.Percent activeThis section presents the results of varying the assumption that during thepeak busy period, 20% of subscribers are simultaneously active. �Active� isdefined as sending traffic (cable model) or connected to the Internet Point ofPresence (ISDN model). The rest of the models� parameters are set at theiroriginal values. Values of 10 and 30% active are tested.Changing the number of subscribers assumed active simultaneously changesaggregate traffic requirements, but it does not change the total number ofsubscribers. Thus subscriber cost is unaffected by variations in this parameter,and volume discounts take effect at the same penetration levels as in theoriginal case (between 0 and 5% for the 4 Mbps cable service, and between 30and 35% for the 500 Kbps cable service).Sharing cost, however, is affected. For the cable services, changing theaggregate level of traffic changes the number of subscribers able to share eachLAN, and thus changes the number of LANs required to serve any givenpenetration level. This effect is illustrated in Figures 7.13 and 7.14 for the 500Kbps and 4 Mbps cable services, respectively. The faster rise of the higher185Two thousand is derived from the jump up in fixed cost at 65% penetration for the 6-cell case,and 20% penetration for the 20-cell case. This number could change if the architecture wereshifted to one of multiple head ends tied together, e.g. with a fiber ring, and sharing a singleInternet Point of Presence among them. Such a shift represents a likely trend but is beyond thescope of this model.

Results137percent active curves translates directly into greater sharing cost persubscriber, since sharing cost comprises per-LAN and per-channel equipment.

Fraction of Computer-Owning Households That SubscribeNumber of LANs per neighborhood02468101214160.000.100.200.300.400.500.600.700.800.901.0030% active20% active10% activeFigure 7.13: Number of LANs needed, 500 Kbps cable service neighborhood02468101214160.000.100.200.300.400.500.600.700.800.901.0030% active20% active10% activeFigure 7.14: Number of LANs needed, 4 Mbps cable serviceFigures 7.13 and 7.14 show that, in contrast to Figure 7.4, with 10% ofsubscribers assumed active, the limit on the number of cable LANs is nolonger reached for the 500 Kbps cable service; while with 30% assumed active,not only is the limit of 16 500 Kbps cable LANs reached at a lower penetration

138Chapter Sevenlevel (40%), but the 4 Mbps service is also limited in this case, to 85%penetration.Sharing cost is also affected for the ISDN service, because changing thepercent active assumption changes the number of subscribers expected toconnect to the IPOP simultaneously. With a larger percentage of subscribersassumed active, each increment in penetration represents a larger number ofsimultaneously-connected subscribers. Therefore, more terminal server portsare needed for any given penetration level, and sharing cost per subscriber iscorrespondingly higher.186Finally, fixed cost is affected by the percent active assumption, because of itsdependence on the aggregate level of traffic going out to the Internet. Recallthat with 20% of subscribers assumed active, an additional circuit to theInternet is required at 65% penetration, causing a step up in fixed cost as seenin Figures 7.6 and 7.7. Varying the percent active assumption shifts thepenetration level at which this step up is experienced. When only 10% ofsubscribers are assumed active, 100% penetration can be served with a singlecircuit. In contrast, with 30% of subscribers assumed active, the second circuitis needed at 45% penetration.The combined effect of changes to fixed and sharing cost are shown in Figures7.15 and 7.16, which plot the average total cost for 10 and 30% active,respectively.186More active subscribers might also increase the load on the telephone switch and inter-office trunking. Such an effect is beyond the scope of this thesis, which assumes that existinginfrastructure is adequate to handle the longer hold times typical of data subscribers.

Results139

Fraction of Computer-Owning Households That SubscribeTotal Cost (in thousands)$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,0000.000.100.200.300.400.500.600.700.800.901.004 Mbps cable128 Kbps ISDN500 Kbps cableFigure 7.15: Average cost with 10% of subscribers simultaneously active

140Chapter Seven

Fraction of Computer-Owning Households That SubscribeTotal Cost (in thousands)$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,0000.000.100.200.300.400.500.600.700.800.901.004 Mbps cable128 Kbps ISDN500 Kbps cableFigure 7.16: Average cost with 30% of subscribers simultaneously activeFigures 7.15 and 7.16 illustrate that the most significant effect of changing thepercent active assumption is on the maximum penetration level that can beserved with the cable LAN technology. For any given penetration level thatcan be supported, the average cost in Figures 7.15 and 7.16 is not significantlydifferent from its counterpart in Figure 7.2.187 This result is not surprising,since traffic loading has no effect at all on subscriber equipment cost, and aswe have seen, the latter is a significant portion of total cost.In summary, the fact that the expected traffic levels for residential Internet arelargely unknown is slightly less important than it seemed in Chapter 1, since187The cable results are within 5% of the results in Figure 7.3, while the ISDN results arewithin 15%. The greater effect of this change on the ISDN service reflects the greaterimportance of ISDN sharing cost.

Results141these levels scarcely affect average cost. They are, however, directly correlatedto the maximum penetration level that can be served with the cable LANtechnology. Given the assumption that each subscriber needs an averagebandwidth equivalent to full ISDN service, the 4 Mbps cable service is muchless limited than the 500 Kbps cable service in this regard. The followingsection explores the effect of varying the average bandwidth assumption.7.6.4.Average bandwidthThis section explores the effect on average cost and penetration limits if theaverage bandwidth required by active users is less than the full bandwidthavailable over an ISDN connection (120 Kbps). Average bandwidthrequirements greater than 120 Kbps are not investigated; while either cableservice could support such a need, ISDN could not. Such a service would beunique to cable, and cannot be compared equivalently to ISDN.The original 120 Kbps value is based on the assumption that at a minimum,the active cable user wants to receive an average bandwidth equal to themaximum dedicated bandwidth of the 2B ISDN circuit she could get as analternative. If the user�s alternative were instead a POTS modem or an ISDNcircuit limited to a single data channel (1B ISDN), average bandwidth valuesof 30 and 60 Kbps (respectively) would be more appropriate. These values aretested in the sensitivity analysis.These reduced values can also be thought of as representing a cable userwhose alternative is 2B ISDN, but who is willing to accept a minimumaverage bandwidth less than the full dedicated bandwidth of ISDN. Forexample, users probably do not spend 100% of their time online transferringfiles. A value of 60 Kbps might be more appropriate for a user who transfersfiles half the time and spends the rest of the time on very low-bandwidthactivities.Figures 7.17 and 7.18 plot the average cost for assumptions of 30 and 60 Kbpsof average bandwidth, respectively. The results are similar to those of theprevious section: the main differences from Figure 7.2 are reductions in thenumber of cable LANs needed and shifts in the fixed cost step function. Likethe percent active parameter, assumptions about average bandwidth have noeffect on subscriber cost.

142Chapter Seven

Fraction of Computer-Owning Households That SubscribeTotal Cost per Subscriber$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,0000.000.100.200.300.400.500.600.700.800.901.004 Mbps cable128 Kbps ISDN500 Kbps cableFigure 7.17: Average cost with 30 Kbps average subscriber bandwidth

Results143

Fraction of Computer-Owning Households That SubscribeTotal Cost per Subscriber$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,0000.000.100.200.300.400.500.600.700.800.901.004 Mbps cable128 Kbps ISDN500 Kbps cableFigure 7.18: Average cost with 60 Kbps average subscriber bandwidthWith each subscriber demanding one-fourth or one-half as much bandwidth,the number of subscribers that can share each cable LAN is increased by afactor of four or two, respectively. Thus, not only is sharing cost persubscriber reduced, but the number of cable LANs needed is smaller and thelimits seen in Figure 7.4 are no longer reached. Full penetration can besupported for both the 500 Kbps and 4 Mbps cable services with either the 30or 60 Kbps average bandwidth assumption.Second, with each active subscriber demanding less bandwidth on average,the aggregate bandwidth into the Internet Point of Presence iscorrespondingly reduced. With average bandwidth reduced to 30 Kbps(Figure 7.17), a T1 circuit to the rest of the Internet is sufficient up to 10%penetration, thus explaining the reduced cost of this case at low penetrations.

144Chapter SevenAt 10% penetration, a T3 circuit is required, but it remains sufficient even at100% penetration, so no further steps up in fixed cost are seen. With averagebandwidth of 60 Kbps (Figure 7.18), a T3 circuit is required immediately, butlike the 30 Kbps case, this single circuit is sufficient throughout thepenetration range and no steps up in fixed cost are seen.ISDN sharing costs are unaffected by variations in the average bandwidthparameter. These costs depend only on the number of subscribers needing toconnect to terminal server ports; they are independent of how much of theconnection�s bandwidth the subscriber is actually using.Because of the dominance of subscriber equipment cost, changes to theaverage bandwidth assumption have very little effect on average total costbeyond initial penetration levels, especially for the ISDN service. Forexample, the shift in the fixed cost function reduces the average cost of theISDN service by less than 1% at full penetration.In summary, traffic loadings, as represented by the combination of percentactive and average bandwidth assumptions, have little effect on total cost,especially for the ISDN service. For the cable services, their main effect is onthe number of cable LANs needed to support the expected load. When theexpected load is high, more cable LANs are needed than can be supported bythe small number (4) of upstream channels. This effect is much morepronounced for the 500 Kbps service than for the 4 Mbps service.188 Giventhe greater riskiness of the 500 Kbps service, a good entry strategy is to begin bydeploying the 4 Mbps service, use this deployment to observe the trafficloadings that result, and use the observed data to determine whether loadingsare sufficiently low that deployment of the 500 Kbps service makes sense.7.6.5.Ethernet efficiency factorAnother uncertainty identified earlier in this report is the efficiency of themedia access protocol that allows multiple subscribers to share a cable LAN.Since this protocol does not appear to have been analyzed or simulated, itsactual efficiency is unknown. This section explores the effects of reducingsharing efficiency from its originally-assumed value of 100% down to 80%and 60%.189 The resulting average costs are shown in Figures 7.19 and 7.20,respectively.188This result is not surprising, given the 4 Mbps service�s greater spectral efficiency. The 4Mbps modem converts each 6 MHz channel into one 4 Mbps LAN. In contrast, with the 500 Kbpsmodems, each 6 MHz channel supports a total of only 2 Mbps, because some of the bandwidth isused to separate the four LANs. Thus the 4 Mbps service can support twice as many subscriberson any given number of channels.189(Metcalfe and Boggs, 1976), p. 402 shows that the standard Ethernet sharing algorithm(CSMA/CD) is highly efficient (at least 98%) for reasonably-sized packets (at least 512bytes). Therefore, the packet padding used to make standard CSMA/CD work over the long

Results145

Fraction of Computer-Owning Households That SubscribeTotal Cost per Subscriber$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,0000.000.100.200.300.400.500.600.700.800.901.004 Mbps cable500 Kbps cableFigure 7.19: Average cost with 80% cable LAN efficiencycable distances (see Chapter 3) can impose overhead and still leave efficiency reasonablyhigh.

146Chapter Seven

Fraction of Computer-Owning Households That SubscribeTotal Cost per Subscriber$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,0000.000.100.200.300.400.500.600.700.800.901.004 Mbps cable500 Kbps cableFigure 7.20: Average cost with 60% cable LAN efficiencyReducing the efficiency of the LAN effectively reduces the total bandwidtheach LAN can provide, while the bandwidth demanded by each subscriberremains unchanged. As efficiency is reduced, the number of subscribers ableto share each LAN is reduced and the number of LANs needed to serve anygiven level of penetration is increased. Thus sharing cost per subscriberincreases. As before, the effect of this increase on total cost is very smallbecause of the dominance of subscriber cost.Reducing cable efficiency has exactly the opposite effect of reducing theaverage bandwidth demanded by each subscriber. Instead of the fullpenetration achieved in the plots of the previous section, Figures 7.19 and7.20 show that cable LANs hit limits at ever lower penetration levels as their

Results147efficiency is reduced. As expected, the limits are more severe for 500 KbpsLANs.This result reinforces the strategy outlined in the previous section: start withthe 4 Mbps cable service and use it to determine actual loadings and LANefficiency. The next section discusses a critical issue that arises with thisstrategy: the high cost of the 4 Mbps subscriber equipment.7.6.6.Subscriber equipment costThe analysis in previous sections has shown the importance of subscriberequipment costs. This section examines the effect of alternative assumptionsabout the choice of subscriber equipment. Figure 5.21 demonstrates thepotential impact of less expensive ISDN and 4 Mbps cable subscriberequipment.ISDN cost reductionA large component of the ISDN subscriber equipment cost is the cost of theISDN-compatible bridge or router needed to mesh the subscriber into theTCP/IP network run by the Internet service provider. Such equipment isavailable in a variety of configurations from an ever-widening array ofvendors.190 Since this market is relatively new and highly competitive,appropriate feature sets are still in flux and prices are quite variable. Theoriginal model uses an intermediate value ($1100, selected from a range of$400-$2500) for the ISDN bridge or router�s cost, representing several differentcommonly-used vendors� equipment with an intermediate feature set.However, lower-cost alternatives do exist. The plot of 128 Kbps ISDN servicein Figure 7.21 uses the lowest price currently available, $600, for thesubscriber�s ISDN bridge or router.1914 Mbps cable cost reductionIn contrast to the growing variety of ISDN equipment, few choices exist forcable-compatible data networking equipment, and competitive pressure onprice appears less intense. While Zenith has recently announced standalonebox versions of their previously card-based Homeworks products, they havedeclined to announce prices.192 Therefore, Figure 7.21 uses the same cable190See (Derfler, 1994) and (Robertson, 1994).191This price is based on $500 products available from Combinet and Intel, each of whichrequires a separate NT1; information based on product literature from Combinet and Intel, andpersonal communication from Professor David Farber, University of Pennsylvania. Since $500 isa list price, and an NT-1 costs between $100 and $200, I am assuming a discount of between 0 and$100 to arrive at a total price of $600. Even cheaper products are available; see, for example,�Motorola Introduces Bitsurfer(TM) Digital Modem for ISDN�, January 6, 1995, PRNewswire),which announces a $500 list price (discounts implied) device including an NT1. However, suchdevices can only use one B channel (56 or 64 Kbps). Since such equipment cannot carry an averagebandwidth of 120 Kbps, it cannot provide a service comparable to the other 3 shown in Figure7.21.192See �Zenith Develops New Cable Modem,� November 30, 1994, PRNewswire.

148Chapter Sevenmodem prices as Figure 7.2. It does, however, alter one importantassumption about the router or bridge required to interface each subscriber�scomputing equipment to the Internet service provider�s network.Recall that the PSICable service assumes that a 4 Mbps subscriber is anorganization (e.g. a bank branch), not an individual, and therefore bundleswith the 4 Mbps service the equivalent of a branch-office router to interfacethe customer�s LANs to the cable network. This bundling is a businessdecision; technically, the choice of modem speed and degree of routersophistication are independent.193 Figure 7.21 tests an assumption differentfrom PSICable�s marketing decision: it assumes that the 4 Mbps customer isan individual and can use the same specially-engineered router as the 500Kbps customer interfacing a single computer instead of a LAN. Therefore, thesubscriber router cost is reduced from $1600 to $400, reducing the totalsubscriber equipment cost substantially.193Internex�s pricing makes this independence clear; pricing is based on the matrix formed bythe choice of connecting either an individual computer or a LAN, via either 1B or 2B ISDNservice. See http://www.internex.net on the Internet for more details.)

Results149

Fraction of Computer-Owning Households That SubscribeTotal Cost per Subscriber$0$500$1,000$1,500$2,000$2,500$3,000$3,500$4,0000.000.100.200.300.400.500.600.700.800.901.00Low-end 128Kbps ISDNIndividual 4Mbps cable500 Kbps cableFigure 7.21: Average cost with reduced subscriber equipment costsThe dramatic effect of this different strategy is evident in Figures 7.21 and 7.22.Even assuming the cheapest possible ISDN equipment, the 4 Mbps service isstill more economical. It is 20% less expensive in absolute terms than the 128Kbps ISDN service, and nearly forty times less expensive per bit of peakbandwidth.

150Chapter Seven

Fraction of Computer-Owning Households That SubscribeAverage cost per peak Kbps$0.00$5.00$10.00$15.00$20.00$25.000.000.100.200.300.400.500.600.700.800.901.00Low-end 128Kbps ISDN500 Kbps cableIndividual 4Mbps cableFigure 7.22: Average cost per Kbps of peak bandwidth,with reduced subscriber equipment costsIn conclusion, this result reinforces the strategy outlined earlier of deployingthe 4 Mbps service instead of the 500 Kbps service. Not only is the 4 Mbpsservice less prone to penetration limitations if traffic loadings turn out to lietowards the high end of the range, but it can be deployed to individuals fornot much more capital cost than the 500 Mbps service�and provide muchmore bang for the buck.7.7. Entry costWhile the discussion in this chapter has so far focused on the cost persubscriber, it is also interesting to consider the absolute levels of capitalrequired to serve the high-bandwidth residential Internet market. Thissection presents total entry costs for two different entry strategies: �barebones�and �minimum efficient scale.�With the barebones entry strategy, the provider installs the absoluteminimum configuration of each piece of shared equipment. If subscriberdemand grows beyond what that configuration can serve, additional

Results151equipment has to be added. The alternative is to enter at the minimumefficient scale identified above (2,000 subscribers). While total entry cost ishigher with this strategy, per-subscriber cost is more reasonable and thereforetotal costs may be more recoverable.The numbers in this section should be interpreted with some caution. Theyare estimates of the cost of particular technical reference models; otherdetailed design decisions may produce different results. They representcapital costs only; operational costs, such as technical support for naiveresidential users or ISDN circuit usage fees, may be significant but are notincluded. Despite these caveats, the order of magnitude of these resultsshould match reality reasonably well.7.7.1.Cost of barebones entry strategyTable 7.4 presents the costs of the barebones entry strategy. In this case, asingle cell of 1500 homes is served by a single IP router and Internet circuit,with either a single cable channel pair and LAN or a single T1 terminal serverand T1 line, and traffic parameters set to their original values. The rationalebehind this strategy is to minimize risky up-front capital investment, ratherthan to provide a configuration that can accommodate further growth thatmay not happen. Alternatively, this strategy allows the provider to deferinvestment in equipment that is rapidly evolving, enabling the laterpurchase of potentially better and cheaper equipment.

152Chapter SevenTable 7.4: Barebones entry strategy: capital costs in thousand $500 KbpscableOrganiza-tional 4MbpscableIndivid-ual 4MbpscableISDNFixed costIP router15606015Internet circuit26757526Networkmanagement10101010Upstreamupgrade111111—subtotal6215615651Sharingcostcable:channel+LANISDN: Terminalserver+T144423subtotal44423SubscribercostSubscriberssupported2016516555Cost of eachsubscriber0.92.2751.0751.5subtotal1837517783Total cost84535337157The barebones 4 Mbps cable configuration is able to handle many moresubscribers (165) than the 500 Kbps cable or ISDN services (20 and 55,respectively). This result implies that volume discounts can apply even to aminimal entry configuration for the 4 Mbps service, while they do not applyto the 500 Kbps entry configuration. It also means that a T3 circuit to the restof the Internet and correspondingly more expensive router are needed rightoff the bat, raising the fixed cost of the 4 Mbps service.1947.7.2.Cost of minimum efficient scale entry strategyTable 7.5 presents the results of the minimum efficient scale entry strategy, inwhich the configuration is determined by the smallest number of subscribers194Earlier in this chapter we saw that the T1 to T3 break happens at approximately 75subscribers given the original traffic assumptions. Although it would theoretically be possiblefor a provider to serve 150 4 Mbps customers with a T1 circuit, customers would experiencedegraded service. They would not be able to communicate with the Internet any faster than 1.5Mbps, despite their faster equipment. This might be a business decision the provider chooses tomake, but it would need to set customer expectations and price the service accordingly. Giventhe low penetration levels at which the T3 configuration becomes necessary for all 3 services,starting with a T3 makes sense if the provider expects the number of subscribers to grow much ata l l .

Results153(about 2,000) that produces the lowest possible cost per subscriber. Since therationale behind this strategy is to reach a large number of potentialsubscribers, a 20-neighborhood configuration is assumed, raising theupstream upgrade cost.195 With two thousand subscribers, volume discountsapply to both the 500 Kbps and 4 Mbps cable services.Table 7.5: Minimum efficient scale entry strategy: capital costs in thousand $500 KbpscableOrganiza-tional 4MbpscableIndivid-ual 4Mbpscable2B ISDNFixed costIP router60606060Internet circuit75757575Networkmanagement10101010Upstreamupgrade220220220—subtotal365365365145Sharingcostcable:channel+LANsISDN: Terminalserver+T1s1608080850subtotal1608080850SubscribercostSubscriberssupported2,0002,0002,0002,000Cost of eachsubscriber0.7752.2751.0751.5subtotal1,5504,5502,1503,000Total cost2,0754,9952,5953,995Notice in both Tables 7.4 and 7.5 that the absolute capital cost of entry isactually quite low with either strategy, especially when subscriber costs areexcluded. For example, even with the minimum efficient scale strategy, the 4Mbps cable service requires only $445,000 in fixed and sharing costs, of whichhalf is needed for upgrading the cable plant to pass traffic upstream.196 To putthis cost in perspective, it is comparable to the fully loaded salaries of 2-3professionals planning the service for a year. The ISDN service is moreexpensive, but can still be started for under $1 million in fixed and sharingcosts.195With 20 neighborhoods, the minimum efficient scale is already reached at 20% penetration.196The entry cost would be $220,000 less (i.e. $225,000) if that upgrade had already beenperformed on behalf of some other application.

154Chapter SevenWhile the subscriber equipment cost subtotal in Tables 7.4 and 7.5 is certainlypart of total cost, it does not necessarily have to be included when calculatingcapital requirements for an Internet and/or infrastructure provider to enterthe residential Internet market, for two reasons. First, Internex has shownthat having subscribers pay for their own equipment is a viable businessmodel. Second, even if the provider does purchase the subscriber equipment,it can choose to buy �just-in-time�, so that expenditures do not have to occurfar in advance of market demand.197The resulting low entry costs are partly a consequence of assuming away thecost of the underlying infrastructure, i.e. the existing telephone network andcable TV plant. While Reed has addressed that topic in detail (Reed, 1992;Reed, 1993), this report has treated infrastructure cost as sunk. Given thatassumption, it has shown that the economic barriers to entry are quite low forincrementally adding Internet service to existing infrastructure.7.8. SummaryThis chapter has presented the results of an engineering cost model ofresidential Internet access over cable and ISDN. It explored in detail thefollowing key findings:¥For the same average bandwidth, cable-based access is more economicalthan ISDN and can provide higher peak bandwidth.¥The potential penetration of 500 Kbps cable-based access is constrained inmany cases by limited upstream channel bandwidth. Constraints on 4Mbps access appear only under worst-case parameter assumptions and areless severe (i.e. higher penetration values can be reached) than for the 500Kbps service under those assumptions.¥Subscriber equipment is the most significant component of average cost.¥Sensitivity analysis on the model�s parameters did not change these basicresults. In particular, changing traffic assumptions had very little affect onaverage cost, although it did affect penetration limitations.The following chapter concludes the report with a discussion of the technical,business and policy barriers to residential Internet access over cable and ISDN.It also outlines further research in this area.197A just-in-time approach would force the provider to forego volume discounts, but wouldclearly have the financial advantage of not tying up capital, especially in the face of demandthat may never materialize.

155Chapter EightConclusionsThis chapter summarizes the results of the report, comparing cable and ISDNInternet services. It discusses technology, business and policy barriers to thediffusion of cable and ISDN Internet access, and recommends changes tocorporate strategy and public policy to overcome these barriers. Aftersuggesting further research, the chapter concludes with a summary of thereport�s key points.8.1. Summary comparison of servicesTable 8.1 summarizes the comparisons between the cable and ISDN servicesdiscussed in this report. A brief discussion of each point follows the table.

156Chapter EightTable 8.1: Comparison of cable vs. ISDN Internet servicesBasis for comparisonCableISDNEconomics Average cost peraverage KbpsIndividual 500 Kbps:$8.20Individual 4 Mbps:$10.03Organizational 4 Mbps:$20.00Individual 128 Kbps:$16.70 Average cost per peak KbpsIndividual 500 Kbps:$2.00Individual 4 Mbps:$0.30Organizational 4 Mbps:$0.60Individual 128 Kbps:$15.65BandwidthPeak of 500 Kbps or4 MbpsPeak of 128 KbpsConnectivityFull-timePart-timePenetration scalabilityPenetration limits,especially for 500 KbpsserviceLimited free wire pairsand switch capacity foradditional ISDN servicePotential subscriberpopulationLocal cable systemMainly local callingarea, but access fromworldwide telephonenetworkCommercial availabilityCambridge, MASeveral regions in U.S.,Europe8.1.1.EconomicsThe central result of the modeling exercise reported in this document is thatthe equipment needed to provide Internet access over cable is moreeconomical than that for ISDN. As Figure 7.3 showed, for the same level ofaverage bandwidth, cable�s shared-bandwidth approach can provide muchhigher peak bandwidth for a much lower price per bit. For example, underthe original set of assumptions discussed in Chapter 7�in which the degreeof sharing is set to provide the same level of average bandwidth (120 Kbps) forboth cable and ISDN access�500 Kbps Internet access over cable can providefour times the peak bandwidth of ISDN access for less than half the cost persubscriber. In addition, 4 Mbps cable access can provide thirty-two times thepeak bandwidth of ISDN for only 20% more cost per subscriber. When 4Mbps subscribers are assumed to be individuals instead of organizations, thisresult changes to 40% less cost than ISDN. The economy of the sharedbandwidth approach is most evident when comparing the per-subscriber costper bit of peak bandwidth: $0.30 for Individual 4 Mbps, $0.60 for

Conclusions157Organizational 4 Mbps, and $2 for the 500 Kbps cable services�versus close to$16 for ISDN.Both the ISDN and cable approaches incur low fixed costs. Other than theallocation of cable�s upstream upgrade to Internet service, these fixed costs areidentical.198Other overhead costs (called �sharing� costs in Chapter 7) are higher for ISDNthan for cable. A major driver of this difference is that, unlike the cablemodel, the ISDN model does not assume co-location of the Internet Point ofPresence with infrastructure facilities, and the Internet provider�s connectionsto the telephone network are expensive. Even with co-location, however, theISDN approach still requires equipment to multiplex and concentrateindividual subscriber lines, while the shared cable approach does not, creatinga cost advantage.With low infrastructure (i.e. fixed plus sharing) costs, the cost of subscriberequipment is a very important component of average cost. This result isencouraging for several reasons. First, it means that cost reduction effortsfocused on subscriber equipment will have a significant impact on overallcosts. Second, subscriber equipment does not have to be an upfrontinvestment; it can be purchased as demand�and the revenue to go with it�materializes. (The deferred purchase approach also has the advantage ofautomatically incorporating cost reductions created by technological progressin subscriber equipment.) Subscriber equipment may even be paid for directlyby the customer, as in the ISDN case. In either case, the level of upfrontinfrastructure investment needed is low. Therefore, the risk of making thatupfront investment in the presence of uncertain demand is correspondinglylow. As Cook and Stern note:In the residential area...low initial penetrations are likely formany services and this will call for the networks that minimizeupfront infrastructure costs and permit �Just-in-Time� (JIT)provisioning at the customer end.199Table 8.2 compares the relative magnitude of upfront infrastructure and per-subscriber costs if all computer-owning households in the U.S. were to beprovided with Internet access over cable or ISDN today. Cable�s infrastructurecost is about $8 billion, half that of ISDN. In both cases, the subscriberequipment cost is much more significant. In other words, residential Internetaccess delivered over either existing infrastructure meets the criteria198Professor David Tennenhouse points out that the telephone network�s supposed advantagein already being switched does not change this result, since voice switching is not useful for IP.This result might be different if ATM switching, which could be used for both voice and data,were already in place.199(Cook and Stern, 1994), p. 85.

158Chapter Eightidentified by Cook and Stern�given that the investment that was required tocreate that existing infrastructure (e.g. ISDN Central Office switching) istreated as a sunk cost.Table 8.2: Capital cost to serve all computer-owning households in U.S.(in billion dollars)200CableISDNType of costIndividual500 KbpsIndividual4 MbpsOrganiza-tional 4MbpsIndividual128 KbpsInfrastructurecost98817Subscriber cost26367650Total cost35448467Cable�s economic advantage is not the only difference between the twoapproaches. The following sections explore functional differences betweenInternet over cable vs. ISDN.8.1.2.BandwidthThe peak bandwidth of the cable services, 500 Kbps or 4 Mbps, is obviouslymuch higher than ISDN�s 128 Kbps. This allows cable Internet customers torun applications, such as videoconferencing or viewing and presentingmultimedia World Wide Web pages, with higher quality and withoutwasteful and tiresome delays waiting for graphics to appear. Higher peakbandwidth may also enable some future application that cannot run at allwithin ISDN�s limit of 128 Kbps.Higher peak bandwidth, however, does not guarantee average bandwidth.Since cable LANs are a shared media, the number of subscribers sharing eachLAN and their usage patterns will determine how often the peak bandwidthis available to any individual subscriber, and what fraction of the peak isavailable on average. The model�s results are based on setting the number ofsubscribers per LAN such that during periods of peak usage, the bandwidth200This table extrapolates average costs based on the original parameter settings of Chapter 7(including 1500 households per cable �cell�) and assuming all areas to be served are of at leastthe minimum efficient scale. Since these assumptions may not hold in rural areas, theestimates in Table 8.2 should be considered as lower bounds. The relative magnitudes shouldremain similar, however. As Chapter 5 describes, one-third of U.S. households (i.e. about 33million households) are assumed to have computers. Neither cable nor ISDN presently reachesall U.S. households. This effect is ignored in computing Table 8.2, since the percentage ofunreached households with computers is presumed to be small (under 5-10%). Unfortunately, itis probably the same households unreached by both networks: homes in remote rural areas thatwould require uneconomically long wire lengths. For these homes, wireless Internet access mayprove to be a better alternative as it develops in the future.

Conclusions159available on average to each active subscriber amounts to the samebandwidth as ISDN. Reality, however, can diverge from this model in twoways.First, the service provider may overload the LANs. The analysis in Chapter 7has shown little economic incentive to do this (sharing costs are very loweven with the model�s assumption), but it has also shown that the number ofavailable cable LANs may in some cases be too small to serve higherpenetration levels, potentially leading to overload. If cable modems are ableto provide higher bandwidth before these higher levels of penetration arereached, this problem becomes less likely.The second divergence is that the actual performance observed at any givenmoment may be quite different from the average, because of the statisticalnature of traffic loadings. With small numbers of subscribers, one LAN maybe overloaded while the next one is empty.201 The risk of the cable approachis that the perceived bandwidth�i.e. the subscriber�s perception of applicationperformance in the presence of a variable data rate infrastructure�will beeither too low or too variable. It might be too low if too many users shareeach LAN. Alternatively, if only a few users share each LAN, perceivedbandwidth will be highly variable.202 Clearly, it is important to set customerexpectations reasonably, so that a customer�s inability to capture the peakbandwidth 100% of the time does not come as an unpleasant surprise.8.1.3.ConnectivityAs discussed in Chapter 3, because the cable approach is connectionless, it candeliver full-time Internet access. Calls do not have to be established for trafficto flow, and only when traffic is flowing is bandwidth actually used. Thustraffic can be sent or received at any time, and the Internet is always accessible.Full-time access is less realizable for the ISDN approach. Although ISDN canset up circuits much more quickly than POTS, it still requires connectionestablishment before any data can flow. While in theory, full-time accesscould be achieved by leaving ISDN calls connected 24 hours a day, thisapproach runs into several practical problems. First, the Internet providerwould have to dedicate a terminal server port and transmission facilities toeach individual user. Second, ISDN circuit mode tariffs generally incorporatea per-minute usage fee which makes such an approach prohibitivelyexpensive.203 Such tariffs may be set deliberately to discourage long call holdtimes, since these are not incorporated into the teletraffic models used by201Sophisticated cable LAN equipment that could dynamically redistribute subscribers toLANs based on load would help with this problem.202This risk is greater for the 500 Kbps than the 4 Mbps service, since fewer users can shareeach lower-bandwidth LAN (see Table 5.7).203Internex�s Web page (http://www.internex.net) suggests the use of Frame Relay instead ofISDN for those needing full-time access.

160Chapter Eighttelephony planners to decide how much switching and trunking capacity isneeded. Whether or not permanent circuits are tariffed unattractively, theywaste resources when no traffic is flowing, leading to greater expense in thesystem as a whole (e.g. by requiring more telephone switching and trunkingresources).Practically speaking, then, ISDN is a dial-up approach. Thus ISDN access isnot only part time, but also less practical for incoming traffic. The subscriber�sequipment may be intelligent enough to dial when traffic needs to be sent, butit cannot know when traffic is waiting to be received. Internet provider�sequipment would have to incorporate a dial-out capability to provide thattype of service. In either case, dialing incurs delays that may be visible tousers.8.1.4.Penetration and service scalabilityChapter 7 showed that the constraint of four upstream cable channels canlimit penetration levels in some cases, and is more significant for the 500Kbps cable service than the 4 Mbps.If improvements in digital technology increase LAN bandwidth so that the 6MHz channel spectrum is used more efficiently for digital data, maximumpenetration levels can increase. Of course, so will peak bandwidths. 10 Mbpscable modems currently exist, and higher speeds are planned for the future.Cable�s broadband architecture allows a service provider to migrate to fasterLANs on one channel at a time, preserving backward compatibility forsatisfied customers while providing enhanced service for early adopters.ISDN also faces penetration limits but they are more hidden. While ISDNwas originally conceived as a replacement for POTS, in reality mostsubscribers purchase it as an additional service. If enough residences do this,new pairs will have to be installed in the local telephone distribution plant,raising the cost of ISDN service so high that alternatives such as fiber mightbe considered instead.204ISDN does not provide as graceful a migration path as cable does to higherbandwidths. The envisioned follow-on to ISDN, ADSL, requires largeinvestments such as new switching equipment, that cannot easily be made fora small number of early adopters.204The distribution plant may be buried cable (not in conduit) and therefore very expensive tomodify. In some cases, even subscribers replacing their POTS service with ISDN may force theuse of new pairs. For example, some wire pairs may be in too poor condition to support ISDNeffectively.

Conclusions1618.1.5.AvailabilityInternet over ISDN is currently more widely available than Internet overcable. However, we are a long way from the day when you can put an ISDNor cable interface in your laptop computer and use it anywhere in the U.S.�let alone the world.At the time of this writing, Internet over cable is not available as acommercial service anywhere outside PSICable�s offering in Cambridge,MA.205 Even in Cambridge, only the organizational 4 Mbps service is beingsold; the 500 Kbps service for individuals still cannot be purchased, despite itsannouncement on March 8, 1994.206While ISDN is in theory available throughout the U.S., in practice it may beharder or easier to get depending on the Regional Bell Operating Company(RBOC). Pricing is also an important aspect of availability. In RBOC regionswith tariffs that encourage data usage (i.e. low or no per-minute usagecharges), several Internet service providers have begun offering ISDNconnections.207 In other regions, tariffs effectively prevent suchdevelopments.8.1.6.Network scopeAn Internet service provider who has established an Internet Point ofPresence (IPOP) attached to the telephone network can serve any customerwho can call the IPOP�s phone number. In contrast, an IPOP attached to anisolated cable system can provide access to the Internet from only that cablesystem�s subscribers. A cable Internet subscriber who plans to access theInternet while traveling will additionally have to subscribe to a telephone-network based Internet service provider.The smaller potential subscriber population of Internet over cable serves as abarrier to entry. Since the same penetration level represents fewersubscribers, it is more difficult to reach minimum efficient scale with the205Two other trials were identified during the course of this research. Jones InterCable workedwith Advanced Networks and Services, Inc. (ANS) to deliver an Internet connection to a schoollibrary in Alexandria, VA. Interestingly, this service was delivered over a completely coaxnetwork, not a hybrid fiber and coax architecture. Residential service was being trialed to asmall number of Jones employees. Through the National Science Foundation�s GlobalSchoolhouse Project, Media General Cable worked with SprintLink, also to bring an Internetconnection to a school library. Several cable companies have announced plans to offer access tothe Internet and commercial on-line services, including TCI (the largest U.S. cable company),suggesting that Continental may not stay the lone cable company offering Internet access. See(Robichaux, 1994) and (Robichaux, 1995).206Conversation with PSI telephone sales representative, December 12, 1994; comments ofDavid Fellows of Continental Cablevision at MIT Communications Forum, April 27, 1995.207A scan in December, 1994 of provider listings on the Internet turned up Internet over ISDNofferings in BellSouth, Pacific Bell, and Ameritech territories, as well as in Europe. Thesethree RBOCs are reputed to have the most encouraging ISDN tariffs.

162Chapter Eightcable approach. The cable industry trend toward interconnection of cablesystems should help with this problem.8.2. Technology, business, and policy barriersSince the summer of 1994, Internex, Inc. has grown steadily selling Internetconnections over ISDN.208 Other Internet over ISDN providers haveappeared in other regions, including PSI.209 During the same period, thePSICable service has attracted few if any subscribers, and other commercialofferings of Internet over cable have not materialized. This section exploresthe technical, business, and policy barriers that have made the diffusion ofISDN Internet access lag that of standard dialup access, while completelyblocking the deployment of Internet access over cable to date.8.2.1.Equipment immaturityThe diffusion of Internet over residential cable today is severely hindered bythe inadequacy of currently available cable modems. While a reasonably largenumber of vendors sell equipment for broadband office LANs, the researchfor this report identified only three vendors who currently have a product forsale that can provide symmetrical LAN service over the distances found inresidential cable plants.210 While each vendor�s product has its own strengthsand weaknesses, no one product combines all the features that are needed tomake large-scale deployment feasible: a price aimed at residential customers,adequate security and traffic filtering (i.e. not only bridging but also routing),frequency agility, and reliable operation with automatic monitoring andmaintenance capabilities. In addition, each vendor uses its own proprietary�Ethernet-like� access method. Since any one vendor�s equipment is notguaranteed to interoperate with any other�s, an Internet over cable providertoday would be locked in to a single vendor, with all the potential negativeconsequences of such an arrangement. Thus there are both technological andbusiness reasons why a provider would not rush to offer this service today.211208In November of 1994, Internex had 175 customers and was adding 30 to 40 per month (emailfrom Robert Berger of Internex, Inc., November 17, 1994). Many of Internex�s customers are smallbusinesses.209See (Lindstrom, 1994). (Wagner, 1995), p. 1 describes �a 38 percent increase in the number ofU.S. Internet service providers offering ISDN connections in the past four months�66 of them[in January 1995], compared with 48 in September [1994], according to listings maintained byInterNIC Information Services, a branch of General Atomics in San Diego. About a dozen moresaid they planned to bring out ISDN services in early 1995...�.210Zenith Communication Products, Glenview IL, sells the cable modems used in the case study.LANCity Corp., Andover, MA, sells a 10 Mbps cable modem plus bridge. Cactus Computer,Austin TX, also sells cable modems. As new products continue to be introduced in this industry,subscriber equipment costs can be expected to fall. Note also that several prominent vendors,most notably General Instruments and Intel, have announced asymmetric cable modems that donot provide LAN-style networking. Instead, they support fast downstream transmission (e.g. 10Mbps) but very low upstream bandwidths (e.g. 9.6 Kbps).211An effort to standardize the cable access method has recently gotten underway in the IEEE802.14 standards committee. If it succeeds in producing a useful standard, interoperability

Conclusions163The technological challenges involved in designing a reliable cable modemshould not be underestimated. Cable plants have generally been built andengineered to carry TV signals in one direction. Carrying data in twodirections is harder for two reasons:¥If a noisy channel causes errors, accurate data transmission requirescorrection of those errors through technological mechanisms such ascoding. With TV signals, human viewers do the error correction.¥Upstream transmission exercises parts of the plant that may never havebeen tested or maintained.Given that engineering the plant to be more reliable is expensive, the burdenhas typically fallen on modems to cope with a wide variety of transmissionproblems that are only now being characterized. Some of these problems arequite different from those found in the office environments that ordinaryLAN equipment vendors are accustomed to; for example, outdoortemperature changes affect cable amplifier gain and thus transmissioncharacteristics.Although similar environmental factors apply to ISDN transmission, theireffects on data-over-ISDN equipment are somewhat less significant. Sincetelephony is a bi-directional service, upstream transmission capability is bettermaintained and understood, placing less burden on the customer�s ISDNtransmission equipment. In addition, the effects of these environmentalfactors on data transmission are better understood, based on 20 years ofindustry experience with POTS modems.These environmental effects do still matter, however. ISDN only becamefeasible when adaptive techniques were developed to cope with dynamicallyvariable impairments. ISDN transmission equipment has thus started therace with a head start relative to cable modem technology. However, thesame advances in adaptive techniques that are being developed for ADSL canbe applied to cable modems as well.212 Therefore, we can expect cable modemtechnology to narrow ISDN�s lead.8.2.2.Market immaturityIn addition, the market for data-over-ISDN equipment is more mature thandata-over-cable, as evidenced by a larger number of vendors, a wider varietyproblems could be mitigated in the future. See �IEEE Computer Society Works On Two-WayCable-TV Protocol Standard, 802.14,� IEEE Project 802.14 press release, November 11, 1994.Progress may also follow from a Request for Proposal (RFP) for �High-Speed Cable DataService (HSCDS)� issued by CableLabs, April 26, 1995.212For example, the Discrete Multi Tone approach described in (Northern Telecom Inc. andAmati Communications Corp., 1993) for ADSL can also be used for cable modems.

164Chapter Eightof price points and feature sets (see (Derfler, 1994)), and at least someinteroperability among different vendors� equipment. Two factors contributeto this difference: business usage of ISDN for data networking, and the abilityof individual buyers to purchase data-over-ISDN equipment.Not all data-over-ISDN equipment is aimed only at the home market;businesses can (and do) use ISDN to connect, for example, LANs in remotesales offices to the corporate LAN. As with the diffusion of personalcomputers, businesses with a real economic need have of course proven to bemore reliable customers than home users purchasing equipment fordiscretionary purposes, providing the necessary volume to jump-startproduct development and sales.This ability to bootstrap a residential product off of a business base (oralternatively, a public networking product off of a private networking base)arises from the greater scope of the telephone network. A business can useISDN to connect remote offices to its enterprise network. In contrast, abusiness cannot use the cable system in this fashion today (except wheremultiple offices within the same community need to be interconnected).Thus there is little private network product base from which to bootstrappublic cable network products.A second factor contributing to the lesser maturity of the data-over-cableequipment market is that the buyer is a cable operator, not an individual orbusiness user. This structure creates a chicken-and-egg problem: beforecommitting to buying a large batch of cable modems, the operator wantsevidence of a reliable, affordable product; but before investing the necessaryR&D to produce that, the equipment vendor wants to see a reasonableprobability of orders. If the unit of purchase were smaller (as it is in the ISDNmarket, where each user purchases his own equipment), each purchasewould entail less risk and therefore be more likely to happen. Thus the ISDNstructure allows multiple entrepreneurial vendors to bet on different types ofcustomers, while the cable structure enforces more uniformity as it constructsa barrier to innovation.The ISDN market structure also has room for improvement, however. Aslong as different regions of the U.S. and world adopt radically different ISDNpricing schemes, demand remains fragmented. More consistent pricingwould broaden equipment and services markets, allowing producers to takeadvantage of economies of scale that could further lower prices and boostdemand.SummaryIn summary, for Internet over cable to flourish, more R&D andstandardization efforts need to be focused on cable modems. In addition, ifindividual customers are allowed to purchase their own cable modems and

Conclusions165connect them to the network, market forces would help to improve both theprice-performance and the inter-vendor compatibility of this equipment.8.2.3.Marketing strategyThe models described in this report are based on a barebones Internet accessproduct that simply connects the customer to the Internet. In reality, a varietyof other features�such as electronic mail and network news storage, trainingservices, etc.�could be bundled with the product or offered as higher-pricedoptions.213 Before product and pricing strategies can succeed, however,providers need a clearer idea of customer needs than they currently display.Both PSICable and Internex�s ISDN service are higher-priced than POTSdialup services. Therefore, to succeed, they must provide the additional levelof service that is needed by the customer who is willing to pay more.Internex�s pricing reflects such an understanding: prices and features (such asnumber of Internet Protocol (IP) addresses) differ depending on whether thecustomer is connecting an individual computer, a small LAN (2-5computers), or a larger LAN.In contrast, several mismatches are apparent in the PSICable service. Forexample, PSICable�s �Organizational� service offers 4 Mbps bandwidth over thecable LAN, but only 1.5 Mbps of bandwidth into the Internet for any onecustomer. Thus, since there are no high-bandwidth services available directlyon the cable LAN, the 4 Mbps service essentially provides the same level ofservice as a leased T1 line. Since the 4 Mbps service is priced only slightly lessthan T1 Internet connections available from other Internet service providers,business customers do not have much incentive to adopt the new service.Part of the high price of the 4 Mbps service reflects its targeting of businesscustomers, assuming that they require full branch-office routers. Sensitivityanalysis in Chapter 7 showed that if this assumption were relaxed, averagecosts would fall so much that prices could not only compete with but evenundercut those of 128 Kbps ISDN service. When positioned as a service forindividuals, competing against 128 Kbps ISDN, the 4 Mbps service providesgreat value for customers and has much more potential for success.Another area of potential mismatch is the number of IP addresses provided toPSICable subscribers. The special box PSICable developed to substitute for afull router provides no more than 3 IP addresses. While this is more thanenough to connect an individual computer, it seems likely that the earlyadopters of full-featured, more expensive Internet access will includetechnophile households already containing more than one computer and213Discussions of pricing strategies�as well as their implications for potential return oninvestment, taking into account the rapid depreciation of the equipment involved�areimportant but beyond the scope of this thesis.

166Chapter Eightpossibly even a LAN. A little bit of market research would go a long way inhelping to match the service to the likely customer needs.Finally, moving this service beyond technophiles will involve othermarketing issues such as ease of use, price, and brand awareness. Anunderstanding of the different market segments is essential to deciding whereto focus first. For example, telecommuters may be the largest group of earlyadopters. With costs mainly borne by their employers, they would be muchless price sensitive than community networkers (e.g. parents using theservice to send email to teachers). Alternatively, ease of use may be moreimportant. For example, the Small Office/Home Office (SOHO) user may notwant to have to understand multitudinous service options enough to chooseintelligently among them; simplified, bundled feature sets targeted at typicalSOHO needs will be more appealing.214 Brand awareness, on the other hand,is likely to be important to all customer segments.8.2.4.Corporate strategyDelivery of residential Internet access has an obvious dependence onresidential communications infrastructure. Thus monopoly infrastructureproviders�cable and telephone companies�are in a position of power withrespect to the offering of residential Internet service. Depending on how theyuse this power, three different business arrangements may emerge. Theinfrastructure provider may choose to:1.Acquire the skills needed to offer the service, thus becoming an Internetservice provider themselves;2.Partner with one or more Internet service providers to offer the servicejointly;3.Not offer the service at all.Current high-speed residential Internet offerings include examples of allthree arrangements. The Regional Bell Operating Company Ameritech haspursued the first strategy, having won a contract from the National ScienceFoundation to operate one of the Network Access Points critical to the newInternet architecture and thus acquired Internet expertise.215 PSICable andInternex are examples of the second strategy; PSICable is a contractualarrangement between Continental Cablevision and Performance SystemsInternational (an Internet service provider), while Internex is a Pacific BellISDN reseller.216 The third strategy, however, is by far the most common; ithas been adopted, consciously or not, by all other cable operators and manytelephone companies.214Research for this thesis uncovered confusion even among PSICable service representativesabout IP addressing. Telephone company ISDN representatives revealed similar confusionsover data pricing.215See (Messmer, 1994).216The Jones InterCable and Media General Cable trials also fall into this category.

Conclusions167Dependence on infrastructure assetsTwo critical differences explain why the widespread choice of infrastructureproviders not to offer Internet service (to date) has completely blocked thedevelopment of Internet over cable services but not stood much in the way oftelephone network-based Internet services. The first is a policy difference.Telephone companies are common carriers; they must�furnish...communication service upon reasonable request� in a non-discriminatory fashion.217 If the customer is an entrepreneur who wants touse telephone lines to offer residential Internet access, so be it; theentrepreneur does not have to convince the telephone company of thewisdom of his business plan, and the telephone company is assured of rentswhether or not the business ultimately succeeds. Thus dialup Internetservice has been able to flourish without anyone in the telephone companyeven having to know what it is, let alone deciding to offer it themselves.218The cable situation is different. Cable operators are not common carriers.Federal cable law contains provisions for the lease of a small number ofchannels �for commercial use by persons unaffiliated with the operator,�219but weak interpretation of the law by the Federal CommunicationsCommission (FCC) and the lack of common carrier status have renderedthese provisions largely ineffective.220 Offering Internet over cable requiresthe dedication of a pair of channels to data service. If all channels arecurrently utilized, offering Internet thus requires taking something elseaway�a definite entry hurdle when existing channels generate knownrevenue.221 If a monopoly cable operator does not believe that sellingInternet access is the most profitable use of a channel, there is littleopportunity for an entrepreneur to prove him wrong. The flavor of the hold-up is captured well by this quote from a recent newswire story:�It takes a lot of cable bandwidth...to run a great deal of dataquickly down the pipeline,� said...a product manager at...one of217(Johnson, 1994), pp. 59-60 discusses this and other language from 47 USC. ⁄201(a), ⁄202(a),and ⁄203 (The Communications Act of 1934).218Of course, this analysis depends on the assumption that the telephone company is able toprovide telephone circuits to the entrepreneur. While this is true for POTS lines, we saw abovethat high ISDN pricing in several RBOC territories effectively makes ISDN service unusablefor would-be entrepreneurs in those regions.21947 USC ⁄532 (b) (1). In (b) (5) (B), �commercial use� is then defined as �the provision ofvideo programming, whether or not for profit.� Whether Internet access would qualify as�commercial use� under this definition is obviously subject to interpretation. Would a Star Trekpreview available at Paramount�s World Wide Web site be considered video programming?220See (Johnson, 1994), pp. 60-63, for further explanation of this point. Essentially, the law asinterpreted by the FCC allows the cable operator complete discretion in setting the price forthese channels.221This problem should lessen over time as cable operators add more channel capacity to theirsystems. However, note that the new channels are generally downstream-only; upstreamchannels remain scarce.

168Chapter Eightthe nation�s largest cable system operators. �You could use thatmore profitably for a video channel.�222In contrast, the Internet provider getting started with the telephone companystarts with a much more modest and familiar request: supply me with a fewtelephone circuits, just like any other small business. By the time theentrepreneur needs special help from the telephone company, her business isa going concern and in a better negotiating position.223It should not be surprising that a cable industry manager would think asindicated in the quote above. Video is his traditional business; Internet is anunfamiliar innovation.224 Compared to the $20 billion cable industry (andthe $80 billion telephone industry), Internet access, at most a $0.5 billionindustry, appears puny.225 However, as the Internet gets ever more press andcontinues to grow at 10% per month�tripling in size each year�it becomesharder to ignore.SummaryWith growing awareness of the value of the Internet access business, moreinfrastructure providers are likely to consider offering Internet connections.Given the economic value demonstrated in Chapter 7 of co-locating theInternet Point of Presence with a telephone switch, telephone companieshave a strong incentive to offer Internet service themselves, as Ameritech isdoing. Between that incentive, the lack of common carriage in cable, and thetechnical problems with the cable plant and modems, Internet over ISDNappears poised to grow more quickly than Internet over cable, despite the222From November 30, 1994 Bloomberg newswire, reporting on the Western Cable Show inAnaheim, CA.223For example, the growing needs of Software Tool and Die, Inc., a provider of dialup Internetservice in Brookline, MA that currently has 10,000 subscribers, induced NYNEX to install fiberoptic cable along its service route. This expensive installation, however, was not required whenthe company commenced operations. Conversation with Chetty Ramanathan of Software Tooland Die, Inc., December 9, 1994.224This problem is exacerbated by the fact that the complete suite of technologies needed tooffer Internet over cable is drawn from a number of different technical communities. Cable TVengineers have different technical specialties than computer networking folks, and the twocommunities don�t overlap much. Thus when system-level problems arise with broadband datanetworking, they cannot be resolved by any individual engineer, and there is a lot of potentialfor finger-pointing. A cable operator or equipment vendor that has been involved in privatebroadband LANs in addition to residential TV infrastructure would have a big advantage.225(Flynn, 1995) estimates the Internet access business at $135 million based on data fromGoldman Sachs. The Maloff Company, a Michigan consultancy focusing on business and theInternet, estimates that the Internet access market grew from $119 to $521 million from March1994 to January 1995, not including access provided by the major commercial on-line services.This data is derived from summaries of Maloff�s �Internet Service Provider MarketplaceAnalysis� (1993-4 and 1994-5) which are available on the Internet athttp://www.trinet.com/maloff.

Conclusions169many potential advantages to the cable-based approach identified in thisreport.8.3. Policy recommendationsThe analysis above has highlighted immature cable modem technology, lackof access to cable channels for data services, and ISDN pricing as barriers todiffusion of higher-speed residential Internet access. This sectionrecommends policies to help reduce these barriers.8.3.1.Allow open subscriber access to cable networksSince the early 1980�s, telephony customers have been able to purchase theirown subscriber equipment and attach it to the telephone network. This�open subscriber access� policy has resulted in a wide variety of benefits,including broader customer choice and lower equipment prices.226 Oneparticular benefit has been the rapid pace of innovation and price reductionfor POTS modems. This development has in turn been a critical driver of thesuccess of ordinary dialup access to the Internet as well as commercial on-lineservice businesses.Cable subscriber equipment markets still follow the earlier telephony modelof closed subscriber access, in which cable operators buy large batches ofequipment from a small number of vendors, then lease this equipment tosubscribers over the long term. As discussed above, large purchase blockscreate frictions in the marketplace. It is not a coincidence that today there is amuch broader array of computer networking equipment sold for ISDN thanfor cable.The cable industry�s arguments against open subscriber access includeconcerns about unauthorized use of services and protection of the network inthe face of malicious, malfunctioning, or noisy user equipment.227 Althoughthe technological details are different, these arguments are similar in spirit tothose that were made by the telephone industry when it fought against opensubscriber access. In the case of telephony, the predicted problems did notcome to pass. Clearly, mechanisms other than provider ownership ofsubscriber equipment�such as standardization and FCC equipmentcertification�can successfully address network safety concerns.228 Given thishistory, it is difficult to believe that innovative solutions could not be found226See (National Telecommunications and Information Administration, 1991).227(Large, 1995), pp. 62-3, provides a summary of such arguments. In several of the cases hedescribes, problems arise because a technology is assumed to be �locked in.� One feasibleapproach to solving these problems is to perform the necessary functions in software instead ofhardware.228Professor David Tennenhouse points out that the electricity network provides opensubscriber access even though network safety is a much bigger issue for it than for either thecable or telephone networks. Also, the equipment ultimately ends up in the custody of thesubscriber regardless of who owns it.

170Chapter Eightto the technical problems the cable industry identifies with open subscriberaccess.Another cable industry argument revolves around the operator�s need tocontrol subscriber equipment so that it can be upgraded frequently enough.This argument makes particularly little sense when applied to data services,whose subscribers would be owners of computer equipment. Suchconsumers are accustomed to a wide choice of equipment and a much morerapid pace of upgrades than they perceive as typical of cable set-topequipment. In addition, some fraction of data-over-cable subscribers would beusing the service for business purposes. Instead of an individual consumer, asmall business or a telecommuter�s employer would be paying for theequipment and choosing to upgrade it. In this context, there is no reason toexpect the customer to lag behind the cable operator in frequency of upgrades.In summary, open subscriber access would benefit the cable industry in thesame ways it turned out to benefit telephony. As Business Week observed:In the end, cable�s proprietary stance is not even in its owninterest: Pursuing an open system would unleash a flood ofinnovative products and boost the traffic on the InformationHighway. As one of its primary toll-takers, cable can onlybenefit. (Landler and Coy, 1994)Data-over-cable services could be one of those innovative products. Opensubscriber access would accelerate the technological development of cablemodems. It would also lower the business risk for the provider of an Internetover cable service, by distributing a large portion of the necessary capital costto the service�s subscribers.8.3.2.Improve access to cable channels for non-video servicesCable operators are not common carriers; through discriminatory pricing,they exert tight control over what content is transmitted through theirchannels. The analysis above has shown how this situation hinders thedevelopment of cable networks as Internet access media. Both Pool andJohnson have argued that application of common carrier status to thealready-developed cable industry is an impractical goal.229 Federal cable lawdoes, however, provide two alternative forms of independent access tochannels: �commercial use� and �public, educational, or governmental use,�or so-called PEG access.230 Both of these forms are limited to small numbersof channels and may not be available in all areas, since they are subject to stateand local pre-emption.229See (Pool, 1983), pp. 155-88, and (Johnson, 1994), pp. 60-63. Opposition comes both from thecourts and the cable industry.230PEG and commercial access are described in 47 USC ⁄531 and ⁄532, respectively.

Conclusions171Where these alternative forms of access are available, their use for residentialInternet service should be allowed. In some cases, achieving this policy canbe a simple matter of interpretation.231Commercial useWhile PEG access would require an Internet service provider to workthrough cable franchising authorities, �commercial use� access would seem togive the provider the opportunity to lease channels directly from the cableoperator. In practice, however, commercial leased cable channels are stillmuch less open to an Internet service provider than telephone lines. First,commercial leased cable channels can be scarce; the number varies from 0 to15 percent of a system�s total cable channels.232 Second, cable operatorsmaintain considerable latitude for price discrimination on these channels.233In other words, the use of leased channels still depends on the cable operator�sjudgment of the desirability and revenue potential of the service. This posesa barrier to entry, particularly for small new Internet service providers.The FCC should fix this problem by strengthening its interpretation of thecommercial leased access provisions of the 1992 Cable Television ConsumerProtection and Competition Act. For example, the FCC should require publicdisclosure of price schedules and non-discriminatory pricing of commercialleased channel access. This re-interpretation is especially important for dataservices, since they are unfamiliar to most cable operators and thereforeunlikely to be implemented if left entirely to the cable operator�s judgment.PEG accessUnder current law, the cable franchising authority (typically a municipality)has the right to negotiate with the cable operator for the use of channels forpublic, educational, or governmental (PEG) purposes. The law, however,does not define these terms precisely. Certainly use of the Internet wouldseem to meet these purposes: it provides public internetworking as well asaccess to government information repositories and educational institutions(universities as well as K-12 schools), including those in the local community.Thus a franchising authority is within its rights to request use of PEGchannels for Internet access.In practice, PEG channel access takes one of two forms. The municipality mayuse its negotiating rights to get the cable operator to provide it with a separate231The current rules governing these forms of access are relatively new, since The CableTelevision Consumer Protection and Competition Act of 1992 changed the relevant law.232See 47 USC ⁄532 (b).233See (Johnson, 1994), p. 63. The cable operator sets the prices, subject to the �maximumreasonable rates� the FCC allows them to charge for these channels (47 USC ⁄532 (c)(4)(A)).The commission�s interpretation lets the maximum rate for commercial use channels be the sameas the maximum rate charged a programming affiliate.

172Chapter Eightnetwork (a so-called Institutional Network, or �I-net�) linking local publicinstitutions such as schools, libraries, and government offices. Many townsalready use data networking over I-nets; the connection of these networks tothe Internet is a logical next step.234Alternatively, the town may use PEG access for community televisionbroadcasting to residential subscribers.235 Both franchising authorities andcable operators should be aware that a bi-directional residential cablecomputer network would provide an alternative form of communitybroadcasting, possibly at lower cost and with a more diverse array of localcontent. Once such a network is in place, connecting it to the Internetbecomes an additional, possibly commercially-provided option, one thatwould provide access to an even more diverse array of information.SummaryIn summary, the goal of this recommendation is not to prevent cableoperators from vertically integrating into Internet service provision. Thegoal is to make the leased access mechanism a realistic option for both sides.As the National Cable Television Association has commented:Congress intended to preserve the traditional editorial andpackaging functions of cable operators, while crafting a leasedaccess mechanism that could co-exist with those functions.236As the opening section of the law describing this mechanism states:The purpose of this section is to assure that the widest possiblediversity of information sources are made available to the publicfrom cable systems in a manner consistent with growth anddevelopment of cable systems. (47 USC ⁄532 (a))Strengthening the leased access mechanism is critical to furthering this goalfor information sources outside the traditional video domain.8.3.3.Price ISDN to encourage its adoptionFor all of the deregulation that has taken place in the telecommunicationsindustry, the Federal Communications Commission (FCC) and state PublicUtility Commissions (PUCs) maintain some measure of control over thepricing of local telephone services. Where possible, these regulatory agencies234Presentation by Mark Wheeler of Apple Computer, Inc. to MIT Cambridge Roundtable,March 15, 1995.235Some towns operate their own local TV studio. This model has proved more difficult toimplement, given the expense of studio equipment and the labor involved in programgeneration.236National Cable Television Association, Comments, MM Docket No. 92-266, at 89 (January27, 1993), as quoted in (Johnson, 1994), p. 63.

Conclusions173should insist that ISDN service is priced so as not to discriminate against itsuse among residential customers. This means reducing or eliminating usagecharges that are much higher than those for residential POTS. It also meansthat the FCC�s recent ruling increasing the Subscriber Line Charge (SLC) forISDN service charts a policy course 180 degrees in the wrong direction�assuming the FCC supports the goal of encouraging higher-bandwidthresidential access to data services such as the Internet.2378.4. Suggestions for further researchThis report has highlighted several areas in which further research iswarranted. Among them are traffic patterns, protocols, architectures, andstandards for data networking over residential cable plant, as well as the costof achieving reliable data transmission over that plant.8.4.1.Model extensionsThe models described in this report can be extended to investigate additionalresearch issues. For example, operational costs could be incorporated intoeach model. As discussed earlier in this report, providing technology-intensive Internet service to individual customers will demand significantcustomer support resources. Does either the cable or ISDN approach offer anadvantage in this regard, whether because of greater reliability, or because ofeasier installation, upgrade, and everyday use?A parallel demand and pricing model could be developed, based on aninvestigation of specific user needs and willingness to pay for the differenttypes of Internet access described in this report.The number of U.S. households with computers can be expected to grow. Thecable model can easily be extended to investigate the impact of such growthon Internet-over-cable penetration limits. The dynamism of the computertechnology marketplace could be incorporated into the model throughrevised equipment cost and capability assumptions, and/or numerical orfunctional estimates of future price declines.237From �Bell Atlantic Files Waiver to Prevent ISDN Costs From Skyrocketing�, press release,February 17, 1995: �On Jan. 11 [1995], the FCC refused to allow NYNEX to restructure ISDNsubscriber line charges (SLCs) to be more competitive with other carriers. The SLC is federallymandated and is set annually...The Commission ruled that separate SLCs should be billed foreach ISDN channel; ISDN lines have up to 24 channels...Several other carriers are billingSLCs per ISDN line, not channel...All common carriers must now comply with the FCC’s ruleinterpretation in the NYNEX case unless they obtain a waiver.� In other words, the FCC ismandating an increase in the monthly charge for all carrier�s ISDN lines, based on therationale that ISDN service can support more than one simultaneous connection (e.g. one Bchannel can be used for data transmission while the other is used for a voice or fax call). Ofcourse, if the two connections are �bonded� together into a single 128 Kbps data circuit�a usagemodel that is not only technically possible but quite likely�then this rationale makes littlesense.

174Chapter EightAt a conceptual level, each model consists of two components: an InternetPoint of Presence plus a data network connecting subscribers to it. This reportcompares two different types of data networks�cable and ISDN�eachconnected to an Internet Point of Presence component. By changing eithermodel component, numerous other services can be explored. For example:¥Replacing the Internet Point of Presence with an intra-communityinterconnection scheme would provide a model of an intra-communitynetwork. Such a network might allow neighbors to exchange email, orparents to exchange email with teachers, but not allow users to exchangeemail beyond their local community or find resources on the Internet.The model would allow exploration of the cost vs. functionality tradeoffsof such an approach, in which Internet access would be a separateundertaking.¥The economics of local access to commercial on-line services (such asAmerica OnLine, Prodigy and CompuServe) could be explored by eitherreplacing or augmenting the Internet Point of Presence component with asimilar function for one or more commercial on-line services.¥The economics of bundled services could be explored by relaxing theassumption that the Internet provider does not provide content or otherservices beyond raw access.¥Different data network technologies could be explored, such as: 10 Mbps(or higher) cable; wireless services; dedicated T1 circuits such as thoseprovided by HDSL or ADSL technologies; or switched technologies such asFrame Relay and Asynchronous Transfer Mode.8.4.2.Protocols and traffic patternsIn Chapter 7 we found that changing assumptions about the traffic patternhad little effect on the system cost, but significant effects on the maximumnumber of subscribers that could be supported. In order to understand thescalability of Internet-over-cable systems, it is important to gain moreknowledge of what actual traffic patterns look like, both in terms of averageload and its distribution. In addition, it is clear that technical progress isneeded to achieve higher peak bit rates over the 6 MHz channel. Suchprogress would also have the desirable consequence of raising the penetrationlimits experienced for any particular level of traffic.Measurement of actual traffic patterns would also provide input to animportant issue that has arisen in cable modem development: shouldbandwidth be symmetric (i.e. the same in both directions) or asymmetric (i.e.more bandwidth to the user than from him)? What happens to the aggregatebandwidth needs in each direction as different users, running differentapplications, share the same network? This report has investigated only a

Conclusions175symmetric approach, but asymmetric approaches are also possible and arebeing pursued by the cable industry.238Chapter 7 demonstrated that assumptions about the efficiency of the mediaaccess protocol also affect penetration limits. Gaining a better understandingof cable media access protocol performance�whether through analysis orsimulation�is essential to an understanding of how far the data over cablesolution can take us. Such analysis could also result in improvements toexisting cable LAN media access algorithms.Other improvements might come from further research into architecturalchanges, such as placement of routers at the neighborhood node sites so thatthe cable LAN is physically shorter and standard broadband Ethernetequipment can be used.2398.4.3.Cable system reliability for dataEarlier in this chapter we saw that lack of cable plant reliability for datatransmission currently places a large burden on cable modems. This problemsuggests several fruitful areas of inquiry. Building a reliable cable modemrequires either a more reliable plant or compensation for the problems of aless reliable plant. To make this tradeoff intelligently, we need to know:¥What is involved in making the plant more reliable and how muchwould it cost? How much improvement is provided by the upgrade ofcoax-only systems to hybrid fiber and coax? What are the operationalexpenses?¥What are the impairments of a less reliable plant? Can subscriberequipment compensate for them, and if so, how? How much does thatfunctionality add to equipment cost? How does the net result changecable�s positioning vis-a-vis ISDN?¥What kinds of monitoring and test equipment are needed? To whatextent can these functions be integrated into the cable plant itself, e.g. self-monitoring and diagnosing amplifiers? How much do these functionscost?It is also worth exploring what would be required to develop understandingof these issues at an industry level, given the fragmented ownership andvarying technologies in the nation�s 11,000 cable systems. For example, cableplant surveys, in the spirit of the �loop surveys� undertaken by the pre-238See, for example, (McCoy, 1995).239See (Karshmer and Thomas, 1992) for further discussion of this and other ideas. Notice thateven with a shorter wire, the folded bus topology can still cause fairness problems withstandard Ethernet contention algorithms.

176Chapter Eightdivestiture Bell System,240 could be extremely helpful to the industry. Thesecould provide aggregate data, but protect the confidentiality of individualsystems as necessary.8.5. Summary and conclusionThis section summarizes the key findings of this report and concludes withthoughts on the future of Internet access over cable and ISDN.¥The shared cable architecture can provide the same average bandwidthand higher peak bandwidths much more economically than the dedicatedISDN architecture.See Figure 7.2. 500 Kbps Internet access over cable can provide the sameaverage bandwidth and four times the peak bandwidth of ISDN access forless than half the cost per subscriber. In addition, 4 Mbps cable access canprovide the same average bandwidth and thirty-two times the peakbandwidth of ISDN for 40% less cost when targeted at individuals, and20% more cost per subscriber when targeted at organizations. Theeconomy of the shared bandwidth approach is most evident in Figure 7.3,which compares the per-subscriber cost per bit of peak bandwidth. Thesecosts level out as penetration increases, to about $0.60 for the 4 Mbps and$2 for the 500 Kbps cable services, versus close to $16 for ISDN. (Thecomparable figure for the 4 Mbps service targeted at individuals is $0.30.)¥Cable can provide full-time Internet connections, while ISDN is limited topart-time access.Applications built for the Internet�s peer-to-peer architecture work morenaturally over a full-time Internet connection. For example, a subscriberwith only part-time access would have difficulty hosting his own homepage on the World Wide Web, or navigating the Web withoutencountering dialing delays. ISDN�s client-only Internet access provides asecond-class service compared to cable�s full access.¥Assumptions about traffic loading have very little effect on cost.They do, however, affect the maximum penetration levels that can beserved with the cable approach.¥Cable-based Internet access is less risky to deploy at 4 Mbps than at 500Kbps.The 4 Mbps service can deliver higher maximum penetration levels withthe same limited upstream channel bandwidth. Because it can share240See, for example, (Batorsky and Burke, 1984); also see (Chiu, Wu, Hwang and Wei, 1991).

Conclusions177bandwidth among a larger aggregate number of users, service qualityshould appear less variable. Technological developments in cablemodems are expected to raise the bit rates achievable over cable channelshigher than today�s maximum of 10 Mbps, providing even better service.¥Most of the cost of either approach is contributed by subscriber equipment.See Figure 7.8. This favorable result means that much of the cost ofproviding residential Internet access can be deferred until demandmaterializes. This minimizes the chicken-and-egg problem that is socharacteristic of local access infrastructure deployments. It is alsoencouraging because subscriber equipment costs are based on digitaltechnology and can be expected to decline.¥The business model of �open subscriber access,� in which subscriberspurchase their own cable interface equipment, would reduce a cableoperator�s financial risk in offering Internet access.This model is especially apropos for the telecommuter and small businessmarkets, in which the cost of equipment is generally borne by employers,not consumers. Open subscriber access would also foster technologicaldevelopment of data-over-cable equipment, including cable modems.¥The larger scope of the telephone network gives ISDN an advantage overcable at serving small penetration levels economically.Potential subscribers can be drawn from a larger geographic area than thatserved by an isolated municipal cable system. The potential inability of acable Internet provider to recoup its investment in Internet access facilitiesat low penetration levels serves as a barrier to entry. The size of thisbarrier can be reduced if multiple cable systems within a metropolitan areaare interconnected, as shown in Figure 3.9.¥Residential Internet access would be encouraged by laws providing greateraccess to cable channels by non-video information providers unaffiliatedwith cable operators.Within the confines of existing law under which cable companies are notcommon carriers, �commercial use� and �public, educational andgovernmental� access are the next best option for Internet serviceproviders who are unable to interest a cable operator in carrying theirservice.Thoughts on the futureDespite the many potential advantages to the cable-based approach identifiedin this report, Internet over ISDN appears at the time of this writing to be

178Chapter Eightpoised to grow more quickly than Internet over cable. This situation couldeasily change, however. Contingencies that would affect it include:¥Legislative changes either imposing common carrier obligations on cableoperators, or diminishing or enhancing PEG and commercial access tocable channels.241¥Strong exercise of municipal authority in cable franchise renewals,specifically directed toward provision of Internet access by the cableoperator.¥Acceleration of the pace at which isolated cable systems are interconnected.This outcome could potentially result from the wave of recent cableindustry consolidations.¥Highly vocal demand from cable subscribers desiring faster Internet access.¥ Successful implementation of the plans announced in the past sixmonths by several of the leading cable companies to offer access tocommercial on-line services�including the planned MicrosoftNetwork�and the Internet.242In summary, Continental Cablevision�s offering of commercial Internet accessover the cable plant in Cambridge, Massachusetts is unlikely to remainunique much longer.241Federal legislation proposed May 3, 1995 (HR1555) by Reps. Bliley, Dingell and Fieldswould continue PEG access to �common carrier video platform� operators.242See (Robichaux, 1994) and (Robichaux, 1995).

179BibliographyReferences(1993). �Continental Plans to Connect Its Cable TV System With Internet.�The Wall Street Journal August 24, 1993: A1.(1994). �PPP smooths path to ISDN.� Computerworld 28(31)August 1, 1994: 50.(1994). �Some Baby Bells to Offer Internet Access Services: Netcom to LaunchISDN Pilot Program.� The Internet Letter September 1, 1994: 1,6-7.Angelos, A., P. Bosco, K. Compton, Y. Gu and R. P. Johnson (1993). Critique ofADSL/HDSL for the Local Loop. Putting Telecommunications on theTechnology Curve: Architecture and Economics Ed. S. E. Gillett, B.Lampson and D. Tennenhouse. Cambridge, MA, MIT/LCS/RSS-23.167-173.Bailey, J. P. and L. W. McKnight (1995). Internet Economics: What HappensWhen Constituencies Collide. INET�95, Honolulu, HI, InternetSociety.Baldwin, T. F. and D. S. McVoy (1988). Cable Communication: Second Edition.Englewood Cliffs, NJ, Prentice Hall.Batorsky, D. V. and M. E. Burke (1984). �1980 Bell System Noise Survey of theLoop Plant.� AT&T Bell Laboratories Technical Journal 63(5): 775-818.Bellcore (1991). National ISDN. Bell Communications Research. SpecialReport SR-NWT-002006.Bellcore (1993). National ISDN-2. Bell Communications Research. SpecialReport SR-NWT-002120.

180BibliographyBerger, R. J. (1994). High-Speed Internet Connections. in The InternetUnleashed: Everything you need to master the Internet Ed. S. Bang.Indianapolis, IN, SAMS Publishing (Prentice Hall). 129-154.Bertsekas, D. and R. Gallager (1992). Data Networks: Second Edition.Englewood Cliffs, NJ, Prentice Hall.Bingham, J. A. C. (1990). �Multicarrier Modulation for Data Transmission: AnIdea Whose Time Has Come.� IEEE Communications Magazine 28(5):5-14.Black, U. (1989). Data Networks: Concepts, Theory, and Practice. EnglewoodCliffs, New Jersey, Prentice Hall.Calhoun, G. (1992). Wireless Access and the Local Telephone Network.Norwood, MA, Artech House.Carnevale, M. L. and J. J. Keller (1993). �Cable Company is Set to Plug IntoInternet.� The Wall Street Journal August 24, 1993: B1.Chen, W. Y. and D. L. Waring (1994). ADSL Noise Environment and PotentialSystem Performance. Supercomm/ICC, New Orleans, LA.Chen, W. Y. and D. L. Waring (1994). �Applicability of ADSL to Support VideoDial Tone in the Copper Loop.� IEEE Communications Magazine32(5): 102-109.Chiu, W.-J., M.-J. Wu, W.-K. Hwang and S.-W. Wei (1991). �Loop Survey inthe Taiwan Area and Feasibility Study for HDSL.� IEEE Journal onSelected Areas in Communications 9(6): 801-9.Chow, P. S., J. C. Tu and J. M. Cioffi (1991). A Multichannel TransceiverSystem for Asymmetric Digital Subscriber Line Service. IEEEGlobecom, Phoenix, AZ, IEEE.Cioffi, J. (1991). A Multicarrier Primer. ANSI T1E1.4: HDSL and/or ADSL.Submission 91-157 to standards committee.Claffy, K. C., G. C. Polyzos and H.-W. Braun (1992). Traffic Characteristics ofthe T1 NSFNET Backbone. University of California at San Diego.Technical Report UCSD Technical Report CS92-252/SDSC TechnicalReport GA-A21019.Comer, D. E. (1991). Internetworking with TCP/IP, Volume I: Principles,Protocols, and Architecture. Englewood Cliffs, NJ, Prentice Hall.

Bibliography181Communications Futures Project (1994). Costing New ResidentialCommunications Networks. Australian Bureau of Transport andCommunications Economics. Work in Progress Paper No. 5.Communications Futures Project (1994). Diffusion of Communications,Entertainment and Information Services. Australian Bureau ofTransport and Communications Economics. Attachment 1 to Workin Progress Paper No. 4.Communications Futures Project (1994). Networked CommunicationsServices to the Home: Future Demand Scenarios. Australian Bureauof Transport and Communications Economics. Work in ProgressPaper No. 4.Communications Futures Project (1994). Towards the networked home: thefuture evolution of residential communications networks inAustralia. Australian Bureau of Transport and CommunicationsEconomics. Work in Progress Paper No. 6.Computer Science and Telecommunications Board of the National ResearchCouncil (1994). Realizing the Information Future: The Internet andBeyond. Washington, DC, National Academy Press.Cook, A. and J. Stern (1994). �Optical Fiber Access - Perspectives Toward the21st Century.� IEEE Communications Magazine 32(2): 78-86.Crocker, D. (1995). To Be �On� the Internet. Internet Engineering Task Force(IETF) Network Working Group. Informational Request forComments RFC 1775.Derfler, F. J., Jr. (1994). �Betting on the Dream.� PC Magazine October 25, 1994:267-287.Dukes, S. D. (1992). �Photonics for Cable Television System Design: Migratingto Regional Hubs and Passive Networks.� CommunicationsEngineering and Design May 1992: 34-48.Duncanson, J. (1994). �Inverse Multiplexing.� IEEE CommunicationsMagazine 32(4): 34-41.Estrin, D. L. (1982). Data Communications Via Cable Televisions Networks:Technical and Policy Considerations. Massachusetts Institute ofTechnology thesis.

182BibliographyFaulkner, D. W., D. B. Payne, J. R. Stern and J. W. Ballance (1989). �OpticalNetworks for Local Loop Applications.� Journal of LightwaveTechnology 7(11): 1741-51.Federal Communications Commission (1991). Telephone Company-CableTelevision Cross-Ownership Rules, Sections 63.54-63.58. FederalCommunications Commission. Further Notice of ProposedRulemaking First Report and Order and Second Further Notice ofInquiry CC Docket No. 87-266.Federal Communications Commission (1992). Telephone Company-CableTelevision Cross-Ownership Rules, Sections 63.54-63.58. FederalCommunications Commission. Second Report and Order,Recommendation to Congress, and Second Further Notice ofProposed Rulemaking CC Docket No. 87-266.Flynn, L. (1995). �Internet Server Takes a Big Step.� The New York TimesFebruary 5, 1995: 10F.Fowler, H. J. and W. E. Leland (1991). �Local Area Network TrafficCharacteristics, with Implications for Broadband Network CongestionManagement.� IEEE Journal on Selected Areas in Communications9(7): 1139 - 1149.Gillett, S. E. (1995). Public Policies to Encourage Cable and ISDN ResidentialInternet Access. INET�95, Honolulu, HI, Internet Society.Gillett, S. E., B. Lampson and D. Tennenhouse (1994). PuttingTelecommunications on the Technology Curve: Architecture andEconomics. MIT Laboratory for Computer Science. Research SeminarSeries MIT/LCS/RSS-23.Hsing, T. R. and J. W. Lechleider (1991). Digital Signal Processing for High-Speed Digital Transport Technology in the Copper Loop Plant. IEEEGlobecom, Phoenix, AZ, IEEE.Johnson, L. L. (1994). Toward Competition in Cable Television. Cambridge,MA, The MIT Press.Johnson, L. L. and D. P. Reed (1990). Residential Broadband Services byTelephone Companies? Technology, Economics, and Public Policy.Rand. R-3906-MF/RL.Jones, D. C. (1991). A New Parallel Adaptive Digital Filter Architecture forHigh Speed Digital Subscriber Line Application. IEEE Globecom,Phoenix, AZ, IEEE.

Bibliography183Karshmer, A. I. and J. N. Thomas (1992). �Computer Networking on Cable TVPlants.� IEEE Network Magazine 6(6): 32-40.Kerpez, K. J. (1991). Forward Error Correction for Asymmetric DigitalSubscriber Lines (ADSL). IEEE Globecom, Phoenix, AZ, IEEE.Landler, M. and P. Coy (1994). �Why Cable Companies Can�t Keep Tying UpThe Box.� Business Week March 28, 1994: 32.Large, D. (1995). �Creating a Network for Interactivity.� IEEE Spectrum32(4)April 1995: 58-63.Lechleider, J. W. (1991). �High Bit Rate Digital Subscriber Lines: A Review ofHDSL Progress.� IEEE Journal on Selected Areas in Communications9(6): 769-784.Lindstrom, A. (1994). �Bells Frustrate Users With ISDN Data Fees.�Communications Week April 25, 1994: 1,92.Lindstrom, A. (1994). �PSI Offering Internet-Access Services.�Communications Week May 23, 1994: 4, 45.Lindstrom, A. H. (1992). �HDSL: A simple solution that offers complexchoices.� Supplement to Telephony: Transmission Special (October 5,1992): 34-38.Lu, K. W., M. I. Eiger and H. L. Lemberg (1990). �System and Cost Analyses ofBroad-Band Fiber Loop Architectures.� IEEE Journal on SelectedAreas in Communications 8(6): 1058-1067.MacKie-Mason, J. K. and H. R. Varian (1993). Some Economics of the Internet.Tenth Michigan Public Utility Conference, Western MichiganUniversity, University of Michigan.Markoff, J. (1993). �A Free and Simple Computer Link.� The New York TimesDecember 8, 1993: D1.Markoff, J. (1994). �Potent PC Surprises Those Betting on Interactive TV.� TheNew York Times May 8, 1994: F1, F8.McCoy, C. (1995). �Intel, AT&T Unit, Start-Up Set Pact To Link PCs toNetworks via TV Cable.� The Wall Street Journal May 5, 1995.McNamara, J. E. (1982). Technical Aspects of Data Communication: SecondEdition. Bedford, MA, Digital Press.

184BibliographyMessmer, E. (1994). �Ameritech to launch IP services in 5-state region.�Network World 11(12)March 21, 1994: 62.Metcalfe, B. (1995). �Get ready for the IPng, the next Internet Protocol: Thinkof it as Internet 95.� Infoworld May 8, 1995: 53.Metcalfe, R. M. and D. R. Boggs (1976). �Ethernet: Distributed Packet Switchingfor Local Computer Networks.� Communications of the ACM 19(7):395-403.Mitchell, B. M. (1990). Incremental Cost of Telephone Access and Local Use.Rand. R3909-ICTF.Mossberg, W. S. (1994). �Personal Technology: When Shopping For a Modem,Faster Isn�t Always Better.� The Wall Street Journal September 29,1994: B1.National Telecommunications and Information Administration (1991). TheNTIA Infrastructure Report: Telecommunications in the Age ofInformation. National Telecommunications and InformationAdministration, U.S. Department of Commerce. NTIA SpecialPublication 91-26.Network Express Inc. (1994). NE ISDN InterHub: THE Central Site Solutionfor Remote ISDN LAN Access. Network Express, Inc. ProductLiterature.Noll, A. M. (1991). Introduction to Telephones & Telephone Systems: SecondEdition. Boston, MA, Artech House.Northern Telecom Inc. and Amati Communications Corp. (1993). ADSL andDiscrete Multitone (DMT). Amati Communications Corp.Pearl, D. (1994). �Debate Over Universal Access Rights Will Shape RulesGoverning the Future of Communications.� The Wall Street JournalJanuary 14, 1994: A12.Perlman, R. (1992). Interconnections: Bridges and Routers. Reading, MA,Addison-Wesley.Pool, I. d. S. (1983). Technologies of Freedom. Cambridge, MA, HarvardUniversity Press.Reed, D. P. (1992). Residential Fiber Optic Networks: An Engineering andEconomic Analysis. Norwood, MA, Artech House.

Bibliography185Reed, D. P. (1993). The Prospects for Competition in the Subscriber Loop: TheFiber-to-the-Neighborhood Approach. Twenty-First AnnualTelecommunications Policy Research Conference, Solomons,Maryland, Telecommunications Policy Research Conference.Rickard, J. (1994). �From Windows to the World Via Internet - Not for theFaint of Heart.� Boardwatch Magazine: Guide to Online InformationServices and Electronic Bulletin Boards March 1994: 57-63.Robertson, B. (1994). �Choose an ISDN Flavor: NIC or Digital Modem.�Network Computing September 1, 1994: 174-176.Robichaux, M. (1994). �Comcast Plans to Send On-Line Services To PCs OverIts Vast Cable-TV Network.� The Wall Street Journal December 7,1994: B4.Robichaux, M. (1995). �TCI, W.R. Hearst Set Venture to Provide On-LineComputer Services via TV Cable.� The Wall Street Journal May 4,1995: B7.Romkey, J. (1988). A Nonstandard for Transmission of IP Datagrams OverSerial Lines: SLIP. Internet Engineering Task Force (IETF) NetworkWorking Group. Request for Comments RFC 1055.Rutkowski, A. M. (1994). �A Year in the Life of the Internet.� Internet SocietyNews 2(4)Winter 1994: 6-11.Rutkowski, T. (1993). �The Internet Is Its Own Revolution.� Internet SocietyNews 2(3)Autumn 1993: 2-4.Sandberg, J. (1994). �Cable Service Tying PCs to Internet to be Unveiled.� TheWall Street Journal March 8, 1994: B10.Shoch, J. F. and J. A. Hupp (1980). �Measured Performance of an EthernetLocal Network.� Communications of the ACM 23(12): 711-721.Simpson, W. (1993). The Point-to-Point Protocol (PPP). Internet EngineeringTask Force (IETF) Network Working Group. Request for CommentsRFC 1661.Sirbu, M., D. Reed and F. Ferrante (1989). �An Engineering, Economic andPolicy Analysis of Residential Broadband Networks.� Journal ofLIghtwave Technology (November 1989): 1876-1884.

186BibliographySistanizadeh, K. (1991). Spectral Compatibility of Asymmetrical DigitalSubscriber Lines (ADSL) with Basic Rate DSLs, HDSLs, and T1 Lines.IEEE Globecom, Phoenix, AZ, IEEE.Sklower, K., B. Lloyd, G. McGregor and D. Carr (1994). The PPP MultilinkProtocol (MP). Internet Engineering Task Force (IETF) NetworkWorking Group. Request for Comments RFC 1717.Stallings, W. (1987). Local Networks (Second Edition). New York, Macmillan.Stix, G. (1993). �Domesticating Cyberspace.� Scientific American August 1993:100-110.Sutherland, J. and L. Litteral (1992). �Residential Video Services.� IEEECommunications Magazine 30(7): 36-41.Tanenbaum, A. S. (1988). Computer Networks. Englewood Cliffs, NJ, PrenticeHall.Tennenhouse, D., B. Lampson, S. E. Gillett and J. S. Klein (1995). VirtualInfrastructure: Putting Information Infrastructure on the TechnologyCurve. MIT Laboratory for Computer Science. TechnicalMemorandum MIT/LCS/TM-523.Time Warner Cable Inc. (1993). Development of a Full Service Network.Time Warner Cable, Denver.Wagner, M. (1995). �Internet Providers Flock to ISDN.� Open Systems TodayJanuary 23, 1995: 1, 50.Walkoe, W. and T. J. J. Starr (1991). �High Bit Rate Digital Subscriber Line: ACopper Bridge to the Network of the Future.� IEEE Journal onSelected Areas in Communications 9(6): 765-768.Waring, D. L. (1991). The Asymmetrical Digital Subscriber Line (ADSL): ANew Transport Technology for Delivering Wideband Capabilities tothe Residence. IEEE GLOBECOM �91, Phoenix, AZ, IEEE.Waring, D. L., J. W. Lechleider and T. R. Hsing (1991). �Digital Subsciber LineTechnology Facilitates a Graceful Transition from Copper to Fiber.�IEEE Communications Magazine 29(3): 96-108.Werner, J. J. (1991). �The HDSL Environment.� IEEE Journal on SelectedAreas in Communications 9(6): 785-800.

Bibliography187White, P. E. (1993). �The Changing Role of Switching Systems in theTelecommunications Network.� IEEE Communications Magazine31(1): 12-13.Zenith Communication Products Inc. (1994). Z-LAN Protocol.Ziegler, B. (1995). �Share of Homes with PCs Rises to 31% in Poll.� The WallStreet Journal February 6, 1995: B5.Background reading(1991). �A Short Course in Cable.� In The Broadcasting Yearbook 1991.Washington, D.C.: D-3.(1991). The World�s Telephones: A Statistical Compilation as of January 1990.International Marketing, Morristown, NJ.(1992). �The Top 20 Market Cable Universe Comparison.� Cablevision (April5, 1992) 42-46.(1993). �Cable Company Plans a Data Superhighway.� The New York TimesApril 12, 1993: D1.(1994). �Ascend Pipeline 50 breaks $1500 barrier for remote office routers.�Infoworld 16(14)April 4, 1994: 43.(1994). �Boardwatch 100 Readers� Choice Contest - Preliminary Results.�Boardwatch Magazine: Guide to Online Information Services andElectronic Bulletin Boards March 1994: 39-41.(1994). �Switching Hubs Deserve Consideration.� Communications WeekMay 9, 1994: 52.(1995). �ISDN: Back to the future.� The Economist January 7, 1995: 54-55.Akgun, M. B. (1980). �Comparison of Technology and Capital Costs for NewHome Services.� IEEE Transactions on Cable Television CATV-5(3):124-138.Andrews, F. T. (1991). �The Evolution of Digital Loop Carrier.� IEEECommunications Magazine 29(3): 31-35.

188BibliographyAxner, D. H. (1992). �Why 10BaseT Has Been So Successful.� BusinessCommunications Review 22(3): 43-45.Bailey, J., P. Harllee, S. Matthews and A. Tear (1992). Incorporating New IdeasInto the Residential Loop. Carnegie Mellon University.Baker, B., M. Horan, R. Solomon, R. Neuman and E. H. Prodromou (1992).Competition in the Local Loop. M.I.T. Communications Forum,Cambridge, MA,Baran, P. (1993). The Universal Communications System of the Future:Telephone or TV Cable? NCTA Cable �93, San Francisco, CA,Bell, C. G. (1991). High-Tech Ventures: The Guide for EntrepreneurialSuccess. Reading, Massachusetts, Addison-Wesley.Bellcore (1991). Generic Requirements for High-Bit-Rate Digital SubscriberLines. Bell Communications Research. Technical Advisory TA-NWT-001210.Carnevale, M. L. (1993). �Begun as a Government Experiment, What is NowCalled the Internet Has Taken on a Life of Its Own.� The Wall StreetJournal November 15, 1993: R7.Carnevale, M. L. (1994). �U.S. Court Decision Could Slow Pace of Competitionin Local Phone Service.� The Wall Street Journal June 13, 1994: B3.Cerf, V. G. (1991). �Networks.� Scientific American 265(3): 72-81.Cho, Y.-S. and E. F. Carr (1982). �Application of Digital Pair-Gain SystemSLC(TM)-96, in Developing Countries.� IEEE Transactions onCommunications COM-30(9): 2016-2021.Claffy, E., Braun, H. and Polyznous, G. (1993). �Measurement Considerationsfor Assessing Unidirectional Latencies.� Internetworking Researchand Experience.Coathup, L. and M. McNabb (1991). Fiber-to-the-Curb Narrowband andBroadband Assessment. Telecommunication Access Networks:Technology and Service Trends (Proceedings of the IX InternationalSymposium on Subscriber Loops and Services: ISSLS �91), ElsevierScience Publishers B.V. (North-Holland), Amsterdam, Netherlands.Comer, D. E. and D. L. Stevens (1993). Internetworking with TCP/IP, VolumeIII: Client-Server Programming and Applications (BSD SocketVersion). Englewood Cliffs, New Jersey, Prentice Hall.

Bibliography189Copeland, J. A. (1989). �Data Compression Techniques for PCCommunications.� IEEE Journal on Selected Areas inCommunications 7(2): 246-8.Cruz, G. C., R. S. Hisiger and R. S. Wolff (1989). �StrategicTelecommunications Network Planning in the Context of EmergingTechnologies, Architectures and Services.� IEEE Journal on SelectedAreas in Communications 7(8): 1198-1206.Dertouzos, M. L. (1991). �Communications, Computers and Networks.�Scientific American 265(3): 62-69.DeSimone, A. (1991). �Generating Burstiness in Networks: A SimulationStudy of Correlation Effects in Networks of Queues.� ComputerCommunication Review 21(1): 24-31.Dunn, D. A. and M. G. Johnson (1992). �Cable-Telco Competition.� Telematicsand Informatics 9(2): 73-86.Dutcher, W. (1994). Connecting a LAN to the Internet. The InternetUnleashed: Everything you need to master the Internet Ed. S. Bang.Indianapolis, IN, SAMS Publishing (Prentice Hall). 112-128.Ebert, I. and P. Richards (1993). �Technology�s Role in Switching SystemsEvolution.� IEEE Communications Magazine 31(1): 26-32.Egan, B. (1991). Information Superhighways: The Economics of AdvancedPublic Communication Networks. Norwood, MA, Artech House.Eigen, D. J. (1990). �Narrowband and Broadband ISDN CPE Directions.� IEEECommunications Magazine 28(4): 39-46.Eiger, M. and C. Harrington (1991). Present Value of Expenditures for PhasedFiber in the Loop Deployment. IEEE GLOBECOM �91, Phoenix, AZ,IEEE.Electronic Frontier Foundation (1992). The Open Platform: A Proposal by theElectronic Frontier Foundation for a National TelecommunicationsInfrastructure. The Electronic Frontier Foundation, Washington D.C.Estrada, S. (1993). Connecting to the Internet. Sebastopol, CA, O�Reilly &Associates, Inc.Ethem, M. (1992). �Migrating from Ethernet to FDDI: A Case Study.� BusinessCommunications Review 22(3): 38-42.

190BibliographyFaulkner, D. W., D. B. Payne and J. R. Stern (1988). Passive Optical TelephonyNetworks and Broadband Evolution. IEEE GLOBECOM �88,Hollywood, FL, IEEE.Feder, B. (1992). �Optical Fiber (Almost) at Home.� New York Times March 4,1992.Ferguson, C. H. and C. R. Morris (1994). Computer Wars: The Fall of IBM andthe Future of Global Technology. New York, Times Books.Fischer, W., O. Fundneider, E.-H. Goeidner and D. A. Lutz (1991). �A ScalableATM Switching System Architecture.� IEEE Journal on SelectedAreas in Communications 9(8): 1299-1307.Fox, J. R. and S. T. Jewell (1990). �A Broad-Band Distributed-Star NetworkUsing Subcarrier Fiber Transmission.� IEEE Journal on Selected Areasin Communications 8(7): 1223-8.Fraser, A. G. (1983). �Towards a Universal Data Transport System.� IEEEJournal on Selected Areas in Communications SAC-1(5): 803-16.Fraser, A. G. and P. S. Henry (1992). �Transmission Facilities for ComputerCommunication.� Computer Communication Review 22(5): 53-61.Fraser, A. G. and W. T. Marshall (1989). �Data Transport in a Byte StreamNetwork.� IEEE Journal on Selected Areas in Communications 7(7):1020-33.Fuller, L. K. (1994). Community Television in the United States: ASourcebook on Public, Educational, and Governmental Access.Westport, CT, Greenwood Press.Gabel, D. (1991). �An Application of Stand-alone Costs to theTelecommunications Industry.� Telecommunications Policy 15(1): 75-84.Gall, D. L. (1991). �MPEG: A Video Compression Standard for MultimediaApplications.� Communications of the ACM 34(4): 47-58.Gasbarrone, G., J. Swenson, J. Fanti and C. Gianfranco (1990). MetropolitanArea Networks: A Suitable Step Towards Broadband-ISDN.International Conference on Computer Communication, New Delhi,India, Springer-Verlag.

Bibliography191Grover, W. D., W. A. Krzymien and A. Shen (1991). �Simulation andExperimental Studies on the Concept of a Rate-Adaptive DigitalSubscriber Loop.� IEEE Journal on Selected Areas in Communications9(6): 941-950.Habib, I. W. and T. N. Saadawi (1992). �Multimedia Traffic Characteristics inBroadband Networks.� IEEE Communications Magazine 30(7): 48-54.Hafez, H. M., A. K. Elhakeem and S. A. Mahmoud (1985). �Spread SpectrumAccess in Two-Hop CATV Data Networks.� IEEE Journal on SelectedAreas in Communications SAC-3(2): 312-321.Hamilton, C. M. and L. M. McGlynn (1988). Preliminary ReliabilityConsiderations for Fiber Optic Telecommunications Systems to theHome. IEEE GLOBECOM �88, Hollywood, FL, IEEE.Hampson, P. H. and J. M. Anderson (1990). Telecommunications NetworkPlanning and Modernization for a Rural Environment. SecondInternational Conference on Rural Telecommunications.Hart, J. A., R. R. Reed and F. Bar (1992). �The building of the Internet:Implications for the future of broadband networks.�Telecommunications Policy November 1992: 666-689.Hatamian, M. and E. G. Bowen (1985). �Homenet: A BroadbandVoice/data/video Network on CATV Systems.� AT&T TechnicalJournal 64(2): 347-367.Hawley, G. T. (1991). �Historical Perspectives on the U.S. Telephone Loop.�IEEE Communications Magazine 29(3)24-28.Heldman, R. K. (1988). ISDN in the information marketplace. Blue RidgeSummit, PA, Tab Professional and Reference Books.Hill, A. M., D. B. Payne, K. J. Blythe, D. S. Forrester, A. Silvertown, J. W.Arkwright, D. W. Faulkner and J. W. Ballance (1990). AnExperimental Broadband and Telephony Passive Optical Network.IEEE GLOBECOM �90, San Diego, CA, IEEE.Hsing, T. R., C.-T. Chen and J. A. Bellisio (1993). �Video Communications andServices in the Copper Loop.� IEEE Communications Magazine 31(1):62-68.Hura (1992). �Computer Networks (LAN, MAN and WAN): An Overview.�In Computer Engineering Handbook, Chapter 20.

192BibliographyIrvin, D. R. (1993). �Making Broadband-ISDN Successful.� IEEE NetworkMagazine 7(1): 40-45.Ishikawa, H. (1992). �Evolving from Narrowband.� IEEE CommunicationsMagazine 30(8): 32-36.Itoh, A., W. Takahashi, H. Nagano, M. Kurisaka and S. Iwasaki (1991).�Practical Implementation and Packaging Technologies for LargeATM Switching Systems.� IEEE Journal on Selected Areas inCommunications 9(8): 1280-88.Jayant, N. (1992). �Signal Compression: Technology Targets and ResearchDirections.� IEEE Journal on Selected Areas in Communications10(5): 796-818.Johnson, C. (1990). �Managing an Ethernet Installation: Case Studies from theFront Lines.� Computer Communication Review 20(5): 8-11.Johnson, L. L. (1992). Telephone Company Entry into Cable Television:Competition, Regulation, and Public Policy. Rand.Kapor, M. and J. Berman (1992). Building the open road: the NREN as a test-bed for the National Public Network. Cambridge, MA, ElectronicFrontier Foundation.Karpinski, R. (1992). �FITL market comes into focus.� Telephony(Transmission Supplement) October 5, 1992: 42-48.Karpinski, R. (1992). �The Top 10 Reasons CATV Won�t Overrun LECFranchises Overnight.� Telephony May 25, 1992: 7,16.Karpinski, R. (1992). �US West to consider combining fiber and coax in theloop.� Telephony September 1992:Karshmer, A., J. Phelan and J. Thomas (1988). TVNet: An Image and DataDelivery System using Cable TV Facilities. Elsevier SciencePublishers. 135-151.Kerpez, K. J. (1992). The Range of Baseband ADSLs as a Function of Bit Rate.IEEE Globecom, Orlando, FL, IEEE Service Center.Klein, W. (1992). �Operations and Management of a Campus PacketNetwork.� IEEE Network Magazine 5(2): 16-22.Kleinrock, L. (1992). Technology Issues in the Design of NREN. BuildingInformation Infrastructure Ed. B. Kahin. 116-140.

Bibliography193Kovarik, K. D. and P. Maveddat (1994). �Multi-Rate ISDN.� IEEECommunications Magazine 32(4): 48-54.Lampson, B. (1983). Hints for Computer System Design. 9th ACM Symposiumon Operating Systems Principles, Bretton Woods, NH, OperatingSystems Review vol. 17 no. 5, 33-48.Lattner, P. D., R. L. Fike and G. A. Nelson (1991). �Business and ResidentialServices for the Evolving Subscriber Loop.� IEEE CommunicationsMagazine 29(3): 109-14.Leslie, I. M., D. R. McAuley and D. L. Tennenhouse (1993). ATM Everywhere?University of Cambridge Computer Laboratory and MIT Laboratoryfor Computer Science.Lidinsky, W.P. (1991). �Network Requirements for Data Traffic.� InPerspectives on Packetized Voice and Data Communications Eds.W.P. Lidinsky and D. Vlack. New York, IEEE Press.Limb, J. O. and L. E. Flamm (1983). �A Distributed Local Area Network PacketProtocol for Combined Voice and Data Transmission.� IEEE Journalon Selected Areas in Communications SAC-1(5): 926-934.Lindstrom, A. H. (1992). �AT&T Paradyne Expands Copper Pipeline.�Telephony 222(22): 17(2).Lottor, M. (1992). Internet Growth (1981-1991). SRI International, NetworkInformation Systems Center. Request for Comments 1296.Lutz, C. (1992). �DCSs lead the way to SONET.� Telephony (TransmissionSupplement) October 5, 1992: 48-50.MacKie-Mason, J. K. (1994). Pricing Congestible Network Resources.University of Michigan.MacKie-Mason, J. K. and H. Varian (1994). �Economic FAQs About theInternet.� Journal of Economic Perspectives 8(3): 75-96.MacKie-Mason, J. K. and H. R. Varian (1993). Pricing the Internet. PublicAccess to the Internet, JFK School of Government, HarvardUniversity, University of Michigan.Malley, D. P. and O. K. Tonguz (1992). �Fiber in the Loop: Where and Whenis it Feasible?� IEEE Journal on Selected Areas in Communications10(9): 1523-1544.

194BibliographyMaxemchuck, N. F. and A. Netravali (1985). �Voice and Data on a CATVNetwork.� IEEE Journal on Selected Areas in Communications SAC-3(2): 300-311.Mazzei, U., C. Mazzetti and G. Roso (1988). Economics of Digital Carriers andFiber Optic Systems in Subscriber Loop. ISSLS �88 (InternationalSymposium on Subscriber Loops and Services), Boston, MA, IEEE.McGarty, T. (1983). �Cable Based Metropolitan Area Networks.� IEEE Journalon Selected Areas in Communications SAC-1(5): 816-831.McQuillan, J. (1991). �Understanding Network Innovation.� BusinessCommunications Review 21(4)April 1991: 14.McQuillan, J. (1992). �The Killer Application for ATM.� BusinessCommunications Review 22(9): 12.Miller, M. D. (1994). �A scenario for the deployment of interactivemultimedia cable television systems in the United States in the1990�s.� Proceedings of the IEEE 82(4):Moondra, S. L. (1989). �Impact of Emerging Switching-Transmission CostTradeoffs on Future Telecommunication Networks.� IEEE Journal onSelected Areas in Communications 7(8): 1207-1218.Mudd, D. R. and M. Z. Starkey (1992). �Economic implications of collocationfor the exchange access market.� Telecommunications Policy 16(6):511-526.Musser, J. M., T. T. Liu, L. Li and G. J. Boggs (1983). �A Local Area Network asa Telephone Local Subscriber Loop.� IEEE Journal on Selected Areasin Communications SAC-1(6): 1046-1054.Niedzwiecki, A., R. T. Matsunaga and P. V. Coverdale (1989). �All-DigitalNetwork Transmission Planning and Terminal Requirements.� IEEEJournal on Selected Areas in Communications 7(8): 1166-71.Nutt, G. J. and D. L. Bayer (1982). �Performance of CSMA/CD NetworksUnder Combined Voice and Data Loads.� IEEE Transactions onCommunications COM-30(1, pt. 1): 6-11.Okada, K. and H. Shinohara (1992). �Fiber Optic Subscriber Systems.� IEEE LTS3(4):6-11.

Bibliography195Pappalardo, D. (1995). �ISDN Still Costly, Hard to Get.� CommunicationsWeek March 13, 1995: 28.Personick, S. D. (1993). �The Evolving Role of TelecommunicationsSwitching.� IEEE Communications Magazine 31(1): 20-24.Rendleman, J. and E. Roberts (1995). �BellSouth Teams Up To Promote ISDNUse.� Communications Week April 24, 1995: 1, 118.Rockwell, M. (1995). �Prodigy to Offer ISDN-Access Service Package.�Communications Week April 24, 1995: 118-119.Rowbotham, T. R. (1991). �Local Loop Developments in the U.K.� IEEECommunications Magazine 29(3): 50-59.Rutkowski, A. M. (1994). �A Year in the Life of the Internet.� Internet SocietyNews 2(4)Winter 1994: 6-11.Sazegari, S. A. (1992). �The Shape of Competition in the Local Loop.� BusinessCommunications Review 22(3): 47-51.Schmidt, A. and R. Campbell (1992). Internet Protocol Traffic Analysis withApplications for ATM Switch Design. University of Illinois Urbana-Champaign. Department of Computer Science. Technical ReportUIUCDCS-R-92-1735.Schroeder, M. D., A. D. Birrell, M. Burrows, H. Murray, R. M. Needham, T. L.Rodeheffer, E. H. Satterthwaite and C. P. Thacker (1991). �Autonet: AHigh Speed, Self Configuring Local Area Network Using Point-to-Point Links.� IEEE Journal on Selected Areas in Communications9(8): 1318-1335.Shumate, P. W. and R. Snelling (1991). �Evolution of Fiber in the ResidentialLoop Plant.� IEEE Communications Magazine 29(3): 68-74.Smith, R. (1992). �Cautious—Not Complacent.� Telephone Engineer &Management (January 1992).Sosnosky, J. and T.-H. Wu (1991). �SONET Ring Applications for SurvivableFiber Loop Networks.� IEEE Communications Magazine 29(6): 51-58.Srinagesh, P. (1994). Internet Cost Structures and InterconnectionAgreements. Telecommunications Policy Research Conference,Solomons, MD, October 1-3, 1994.

196BibliographyStarr, T. J. J. (1991). �Bridge copper�s future to fiber.� Telephone Engineer andManagement October 1, 1991: 49-51.Stewart, A. (1992). �CAP-italize on copper.� Telephone Engineer &Management 96(19): 53-57.Sumida, M. and H. Tsuji (1986). �Optical Transmission Modules forIntraoffice Transmission Networks.� IEEE Journal on Selected Areasin Communications SAC-4(9): 1468-1473.Swinehart, D. C., L. C. Stewart and S. M. Ornstein (1984). Adding Voice to anOffice Computer Network. Xerox PARC. CSL-83-8.Taylor, T. M. (1991). �Power and Energy in the Local Loop.� IEEECommunications Magazine 29(3): 76-83.Tenzer, G. (1991). �The Introduction of Optical Fiber in the Subscriber Loop inthe Telecommunication Networks of DBP TELEKOM.� IEEECommunications Magazine 29(3): 36-38.Terry, J. (1992). �Alternative Technologies and Delivery Systems forBroadband ISDN Access.� IEEE Communications Magazine 30(8): 58.Teske, P. and J. Gebosky (1991). �Local Telecommunications Competitors:Strategy and Policy.� Telecommunications Policy 15(5): 429-436.Testi, N. and J. Naegle (1992). �Tuning Performance on TCP/IP FDDI LANs.�Business Communications Review 22(3): 16-26.Toba, H. and N. Shibata (1992). �Advanced Technology for Fiber OpticSubscriber Systems.� IEEE LTS 3(4): 12-18.Trondoli, A. and G. A. Vago (1988). A Techno-Economical Assessment of aFiber Optic Local Loop Architecture in Relation to NetworkImplementation Technology. ISSL �88: International Symposium onSubscriber Loops and Services, Boston, MA, IEEE.Tumolillo, A. (1991). Alternative Loop Technologies-Cost Structures andCompetitve Analysis. Telecommunication Access Networks:Technology and Service Trends (Proceedings of the IX InternationalSymposium on Subscriber Loops and Services: ISSLS �91), ElsevierScience Publishers B.V. (North-Holland), Amsterdam, Netherlands.Tumolillo, A. (1992). �What Do Telcos Know About the Subscriber Loop?�Telephony January 20, 1992: 26-29.

Bibliography197Verma, D. C. (1991). Guaranteed Performance Communication in High SpeedNetworks. University of California, Berkeley; Computer ScienceDivision thesis.White, P. E. (1991). �The Role of the Broadband Integrated Services DigitalNetwork.� IEEE Communications Magazine 29(3): 116-119.Whorwood, B. (1986). Traffic Theory. Local Telecommunications 2 : Into theDigital Era Ed. J. M. Griffiths. London, Peter Peregrinus Ltd. on behalfof the Institution of Electrical Engineers (IEE).Wilder, C. (1995). �Testing Internet Access: MCI teams with utility for 2-Mbpsservice.� Information Week March 6, 1995: 64.Wilson, C. (1992). �ADSL: A High-Bandwidth Hope for Copper.� Telephony(Transmission Supplement) October 5, 1992: 40-41.Wilson, C. (1992). �Copper or Fiber? Place Your Bets Now.� Telephony223(20): S12(4).Wu, T.-H. and M. E. Burrowes (1990). �Feasibility Study of a High-SpeedSONET Self-Healing Ring Architecture in Future InterofficeNetworks.� IEEE Communications Magazine 28(11): 33-51.Wu, T.-H., D. J. Kolar and R. H. Cardwell (1989). High-Speed Self-HealingRing Architectures for Future Interoffice Networks. IEEE GLOBECOM�89, Dallas, TX, IEEE.Wu, T.-H. and R. C. Lau (1992). �A Class of Self-Healing Ring Architecturesfor SONET Network Applications.� IEEE Transactions onCommunications 40(11): 1746.Yamada, H. and S. Sumita (1991). �A Traffic Measurement Method and itsApplications for Cell Loss Probability Estimation in ATM Networks.�IEEE Journal on Selected Areas in Communications 9(3): 315-324.Zachary, G. P. and S. K. Yoder (1993). �Order from Chaos: Computer IndustryDivides into Camps of Winners and Losers (Balance of Power isTilted by Steady Price Declines and Linking of Machines).� WallStreet Journal January 27, 1993: A1 and A4.Zervos, N. A. (1991). High-Speed Carrierless Passband Transmission Over theLocal Cable Network. IEEE GLOBECOM �91, San Diego, CA, IEEE.