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Abstract

Hybrid fiber-coax (HFC) networks can support broadband applications over in-place transmission lines. This paper presents an architecture for a broadband communications network based on HFC technology and scaled to cover the United States. This network would provide U.S. subscribers with data rates sufficient to support all the functions of the current telephone, Internet, and cable TV networks, with enough excess capacity to support future applications. The HFC network presented in this paper is similar to the all-fiber network described in the Annual Review of Communications 1999. However, this HFC network can take advantage of the existing cable TV infrastructure, and consequently, can be implemented in considerably less time and at a much lower cost than an all-fiber network. No additional technology breakthroughs are required to make this HFC network practical to implement.

Introduction


Currently, a subscriber must access multiple networks to receive a complete range of communication services. These networks include: the telephone networks, which are primarily used for voice communications; the cable television (TV) networks, which primarily provide broadcast video; and the Internet, which primarily supports data communications. These networks, or more precisely, groups of networks, interface with each other but are not fully integrated.

It is desirable to have a common, integrated network that can provide each subscriber with a full range of communication services over a single broadband access line. The data rate provided to each subscriber should be sufficient to accommodate broadband Internet access and full motion video-on-demand, among other functions. Advances in communications technology, particularly fiber optic technology, make these goals practical.

Many signals at different wavelengths can be multiplexed on the same fiber. By taking advantage of wavelength division multiplexing (WDM) it is possible to achieve data rates of 1 Tbps (1000 Gbps) or greater over a single fiber.[1] For example, Lucent Technologies has demonstrated a data rate of 1 Tbps over a single fiber using 100 WDM signals at 10 Gbps each.[2] Fiber optic systems that can support terabit per second data rates and 100 WDM channels are expected to become commercially available in the near future. With these capabilities, it will be possible to construct networks that can accommodate extremely high data rates.

A previous paper presented an architecture for a national broadband network that covered the contiguous United States and provided a 155 Mbps full duplex data rate for each U.S. subscriber.[3] A data rate of this magnitude is more than enough to support current voice, video and data communications requirements while retaining excess capacity for future growth. The main problem with this network is that it would require fiber all the way to the subscribers’ premises, which would be very expensive and would take along time to implement.

This paper proposes an architecture for a broadband network that provides the essential features of the network described above while avoiding its implementation problems. The proposed network is based on hybrid fiber-coax (HFC) technology and uses the existing cable TV infrastructure for subscriber access. Although the data rate per subscriber would be lower than the data rate provided by an all-fiber network, the capacity of the proposed network would be more than adequate to support current applications and applications under development.

As described in a later section, the proposed network consists of three tiers, a tier of local access networks, a tier of local switching nodes, and a backbone network for interconnecting these nodes. The high capacity of optical fibers is exploited in a local access network to carry many subscriber signals within a single fiber to and from a local switching node. This approach allows the number of switching nodes to be relatively small compared to the number required by current networks.

The high capacity of fibers and the correspondingly large number of channels that can be provided on a fiber can be exploited in a backbone network that fully connects the local switching nodes. In the proposed network, physical layer connections are established between each pair of switching nodes and high capacity channels are assigned to each of these connections. Throughout the backbone, many virtual connections are carried within each physical layer connection and large aggregates of data are switched intact. These methods of operation improve the efficiency of channel utilization and facilitate optical processing, respectively.

Hybrid Fiber-Coax Networks

This section describes the origin, structure, and capabilities of hybrid fiber-coax (HFC) networks.

CATV Networks

Community antenna television (CATV) networks, popularly referred to as “cable TV” networks, receive TV signals on a common antenna and distribute them over coaxial cables to many subscribers. CATV networks were originally intended to extend TV coverage to areas not covered by over-the-air broadcast TV, i.e., areas outside the range of the TV transmitter. The coverage of CATV systems now overlaps the coverage provided by over-the-air broadcast systems. There are over 10 thousand CATV networks in the U.S., and CATV cables pass by over 90 % of the households in the U.S.[4] This CATV infrastructure forms the basis for HFC systems.

As illustrated by Figure 1, a typical CATV network consists of the following elements [5]:

· a headend, which receives TV signals from satellites and/or terrestrial sources and re-transmits these signals through a coaxial cable system;

· feeder (or trunk) cables, which take TV signals from the headend and carry them to the subscribers’ neighborhood;

· distribution cables, which receive TV signals from the feeder cables and pass by the subscribers’ premises;

· drop cables, which bring the signals from the distribution cables into the subscribers’ premises;

· In-house cabling, which carry signals from the drop cables to the TV sets;

· amplifiers at various points along the feeder and distribution cables.

In most current CATV systems, the signal flow is unidirectional from the headend through the coaxial cables to the subscriber. To maintain signals at the proper level, amplifiers are required at about 2000 ft intervals along the feeder cables and at closer interval along the distribution cables.[6] In most cases, these amplifiers are unidirectional.
Each TV channel contains an analog signal that fits within a 6 MHz bandwidth. In a typical CATV system, there are 78 analog channels spread over a frequency band from 50 MHz to 550 MHz.[7]
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Converting from CATV to HFC

The CATV architecture described in the previous subsection is unsuitable for providing services such as voice, Internet access, and video-on-demand. The most significant limitation is the fact that the amplifiers in the feeder and distribution legs allow data to flow in only the downstream direction from the headend to the subscribers. However, even if the unidirectional amplifiers are replaced by bi-directional amplifiers, there would be a problem with transmitting data upstream, i.e., from the subscribers to the headend. Noise on all the subscriber lines connected to the branches of a feeder cable would accumulate in the headend receiver, which is the so-called “ingress noise” problem. Also, there can be thousands of subscribers sharing a common transmission medium, which limits the data rate that can be provided to a particular subscriber, in both the upstream and downstream directions.

On the other hand, an HFC network can alleviate or eliminate the problems described above and can support a wide range of both narrowband and wideband services. Converting a CATV network to an HFC network involves the following changes:

· converting  coax feeder cables to fiber,

· adding  fiber/coax conversion nodes,

· replacing unidirectional amplifiers with bi-directional amplifiers in the distribution legs,

· setting aside frequency bands/channels for directed downstream and upstream data flows,

· providing cable modems or replacing receivers (cable boxes) with receiver/transmitters with built-in-modems.

With these changes, the number of subscribers sharing a common transmission medium is reduced from thousands to hundreds, which reduces the impact of ingress noise and the degree of bandwidth sharing required. Even more importantly, these changes provide the capability for data flow in the upstream direction.

HFC Architecture
Figure 2 shows the architecture for a typical HFC network. The headend interfaces with external networks via satellite and /or terrestrial links. The headend is connected by fiber optic cables, which typically contain multiple fibers, to HFC conversion nodes in the subscribers’ neighborhoods. Usually, the distances between the headend and HFC nodes are short enough so that optical amplifiers are not required. The HFC nodes convert the signals from optical to electronic and vice versa. Distribution cables with bi-directional amplifiers run throughout the neighborhoods. A drop cable connects a cable modem in a subscriber’s premises to a distribution cable. Typically, a distribution leg may support several hundred subscribers.
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On the distribution cables, different frequency bands are assigned to the downstream and upstream data flows. This allows the downstream and upstream data to be easily separated from each other, which facilitates the implementation of bi-directional amplifiers. Typically, the frequency band from 5 MHz to 42 MHz is set aside for upstream data, while the band from 50 MHz to 750 MHz is assigned to the downstream data flow, which includes broadcast video and data directed to a particular subscriber.[7] In a typical HFC system, broadcast video consists of 78 analog channels of 6 MHz each occupying the band from 50 MHz to 550 MHz. One or more 6 MHz channels in the band from 550 MHz to 750 MHz are then used for directing data to specific subscribers.

Since all downstream data flows from a single point, the headend, there are no conflicts in accessing the media (fibers and coax cables) containing the downstream channels. Directed data would either be assigned a dedicated channel or would contain a header identifying the address of the intended recipient.

For upstream data there are potential conflicts associated with multiple subscribers transmitting at the same time over a common medium. To resolve these potential conflicts, there must be a protocol for determining when a subscriber’s station is allowed to transmit. Typically, when a station comes on line, it undergoes an initialization procedure that synchronizes its clock with that of the headend and determines the time delay between the station and the headend. When the station wants to transmit data, it sends a request to the headend in a time slot set aside for that purpose. The headend receives requests and assigns upstream time slots to various stations. Using a particular downstream channel, the headend would then transmit these upstream assignments to the subscriber stations. Short bursts of upstream data may be transmitted without a specific assignment in time slots set aside for contention.

Capabilities of HFC Networks

The downstream bandwidth of 200 MHz (550-750 MHz) can support 33 channels each with a bandwidth of 6 MHz. Typically, each of these channels can support a data rate of 30 Mbps, which corresponds to 6 bits per symbol and a 5 Mbaud symbol rate.[8] Under these conditions the total downstream data rate (excluding broadcast video) could approach 1 Gbps. Initially, an HFC system may provide only a single channel and support a data rate of 30 Mbps.

Assuming 500 subscribers on a distribution leg and that a maximum of 20 % of the users are on-line at any one time, then the network could provide an average data rate of 10 Mbps per subscriber. This rate would be sufficient to support high speed Internet access and video-on-demand. However, it would not be adequate for some future applications, such as high definition TV (HDTV).

There would be a higher noise level in an upstream channel than in a downstream channel of the same bandwidth. This is because there are more noise contributors to the upstream signal and because external noise sources, such as electrical appliances, generate more noise in the bands below 50 MHz than in the higher bands. The upstream band, which ranges from 5 to 42 MHz, provides a total bandwidth of 37 MHz. The bandwidth of upstream channels may vary between 200 KHz and 3.2 MHz, with corresponding data rates varying between 320 KHz and 10.2 MHz [8]. The total upstream data rate that can be supported is between 60 Mbps and 120 Mbps. 

For a typical client application, such as downloading files, most of the data flow is in the downstream direction and the large disparity between the downstream and upstream capacities is appropriate. For the case of 100 subscribers operating at the same time (500 subscribers on the leg with 20 % active), the upstream channels could support an average data rate per subscriber of between 600 Kbps and 1.2 Mbps. Average data rates in the range would be adequate if all the subscribers were acting as clients. However, the upstream capacity may not be adequate to support 100 servers, especially if some of the servers were transmitting video.

A National Broadband HFC Network

This section describes the structure, operation, and capabilities of a national broadband network based on HFC technology. This network would exploit the existing cable TV infrastructure to reduce costs and speed up the deployment.

Overall Network Architecture

The proposed national broadband HFC network would cover the 48 contiguous states of the United States and would provide high capacity two-way interfaces for each U.S. subscriber. The overall network is scaled to provide 150 million subscriber connections, which could accommodate the current number of U.S. households (100 million [9]), business connections, and future growth. As shown by Figure 3, this network contains three tiers:
· the local access tier, which consists of approximately 500 access networks connecting subscribers in a local area to a local switch;

· the local switching tier, which consists of approximately 500 switches, each of which switches signals within a local area and switches signals entering and leaving the access network for this local area;

· the interconnection backbone tier, which fully connects all the local switches to each other.
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Within a local access network, a coaxial connection would be provided for each subscriber.  Electronic signals from subscribers are carried over coax cables to an HFC node, where they are converted to optical signals and multiplexed onto a fiber. Similarly, optical signals are converted to electrical signals and sent over coax cables to subscribers. Processing elements within the access network perform multiplexing and demultiplexing functions, but do not switch signals among subscribers. Signals to/from thousands of subscribers can be carried on a single fiber connecting a multiplexer/demultiplexer within the access network to the local switch.

A typical access network might cover an area within a radius of 25 miles and provide connections for approximately 300 thousand subscribers. Within this local area, fiber lengths would be short enough so that optical amplifiers would not be required, and two-way propagation times would be less than a millisecond.

Associated with each local access network there is a single node for switching signals within the local network and signals entering and leaving the local network. All the signals to and from the local access network are funneled through this local switching node. This node is connected to the interconnection backbone and to existing telephone and wireless networks. A signal arriving at the local switching node from the backbone would be switched onto a fiber connected to one of the multiplexing/demultiplexing elements within the local access network. Similarly, a signal arriving from an element within the access network would be switched onto a fiber connected to an element within the access network (possibly the same element) or onto a fiber connected to the backbone or to an external network.

The local switching node would perform both circuit switching and packet switching functions in support of physical and virtual connections, respectively. Physical or virtual connections between subscribers connected to the same local access network can be established with switching functions confined to the local switching node. Physical or virtual connections between subscribers connected to different local access networks would involve two local switching nodes and one or more switches within the interconnection backbone.

The cable connecting the local switching node to the interconnection backbone would typically contain 16 fibers (or 8 fiber pairs). Unlike the fibers connecting elements within the local access network to the local switch, a fiber connected to the backbone would carry signals in only one direction. This facilitates the use of optical amplifiers and associated compensation techniques, which may be required on relatively long cable runs. The length of the cable run between a local switch and the backbone could exceed 100 miles.

As described in a later section, the interconnection backbone fully connects all the network switches, i.e., each local switch is connected through the backbone to all the other local switches. A physical layer connection is established through the backbone between each pair of local switching nodes. As discussed later, 8 fiber pairs would provide more than enough capacity to support high data rates over all of these connections. Many subscriber connections, both physical and virtual can be carried within each connection between a pair of local switching nodes. Within the backbone, channels are switched as the number of channels assigned to a physical layer connection is varied. The backbone does not distinguish data associated with individual physical or virtual subscriber connections, but instead it switches channels containing aggregated data from many individual connections.

Signal Structure and Associated Channels


The physical layer standards for broadband integrated services digital networks (B-ISDN) specify the synchronous digital hierarchy (SDH) of data rates and the synchronous transport module (STM) frame structures.[10] SDH data rates are integral multiples of the fundamental SDH data rate of approximately 155 Mbps, which is three times the synchronous optical network (SONET) fundamental rate. Corresponding to the fundamental SDH rate is the STM-1 frame structure. An STM-1 frame has a payload of 2340 bytes and supports a usable data rate of approximately 150 Mbps. Each byte within the payload can be viewed as a time slot associated with a digital signal level 0 (DS0) channel, which can support a data rate of 64 Kbps. Higher order STM frames are formed by byte interleaving lower order frames. For example, the STM-64 frame, which supports a total data rate of approximately 10 Gbps, can be formed by interleaving 64 STM-1 frames. The repetition interval and repetition rate for all STM frames are 125 microseconds and 8000 frames per second, respectively.


As stated in the introduction, Lucent Technology has demonstrated a data rate of 1 Tbps over a single fiber using 100 WDM signals at 10 Gbps each.[2] This technology can provide the basis for transmission of signals through the interconnection backbone. A fiber that contains 100 WDM signals each modulated at 10 Gbps can carry 6400 STM-1 signals. At each wavelength, 64 STM-1 signals (155 Mbps) are time multiplexed to form an STM-64 signal (10 Gbps). Then, 100 STM-64 signals are wavelength multiplexed to form a 1 Tbps composite signal.


Figure 4 illustrates the signal structure and channels associated with each one-way connection between a local switching node and the backbone. A typical local switch is connected to the backbone by 16 fibers, with 8 carrying signals in each direction. This corresponds to 8 space channels in each direction. Each of these channels has a capacity of approximately 1 Tbps and contains 100 wavelength channels. Each wavelength channel can carry an STM-64 signal and support a capacity of approximately 10 Gbps, which is equivalent to 64 channels, each containing a 155 Mbps STM-1 signal. Thus for a typical interface between a local switch and the backbone, there are a total of 800 space-wavelength channels in each direction, or equivalently, approximately 51 thousand STM-1 channels. This is more than enough channels to support physical layer connections at STM-1 rates or greater between a local switch and all the other local switches.
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As described in a later section, the interconnection backbone is divided into eight segments, with each of these segments covering a large region of the contiguous U.S. An integral number of space-wavelength channels can be assigned to each connection between a pair of local switches attached to the same backbone segment. Thus, each of these connections would be able to support multiple STM-64 signals. Within a backbone segment, signals within a space-wavelength channel would be able to be switched intact, without decomposing an STM-64 signal into lower order components. This facilitates the implementation of optical processing within a backbone segment.

Operation of the National Broadband Network

The national broadband network must provide a wide variety of communication services to its subscribers. These services include broadcast video, telephony (voice), electronic mail, file transfers, and video/audio-on-demand. The latter three functions can be associated with Internet access.

CATV systems were designed to handle broadcast video, and HFC systems retain this capability. The proposed national broadband network could provide analog broadcast video in the same frequency band used by current CATV systems. However, broadcast video can be converted from analog to digital and video data can be compressed. This would allow multiple video programs (or an HDTV program) to be carried within a 6 MHz video channel. Each headend would receive its video signals from the national network rather than from a satellite or other external system. A technique for broadcasting signals through is presented in a later section.

For voice operation, a dedicated full duplex DS0 (64 Kbps) connection would be established through the network between a pair of subscribers. An alternative would be to use packet switching rather than dedicated DS0 channels for voice. However, since the amount of network capacity required for voice is small percentage of the overall capacity, there is no need to share voice channels. With a dedicated DS0 channel assigned to each conversation, a guaranteed data rate can be provided and delays can be minimized. Also, this approach ensures compatibility with legacy telephone networks.

The proposed national broadband network would implement Moving Pictures Experts Group (MPEG) compression techniques and would be able to handle streaming audio/ video (or video-on-demand) much better than existing networks. MPEG techniques provide an efficient method for significantly reducing the data rates required for video and audio.  MPEG-1 provides video cassette recorder (VCR) quality video and associated audio at data rates up to 1.5 Mbps.[11] MPEG-2 can provide broadcast quality full motion video (and audio) at data rates ranging from 3 to 6 Mbps for National Television Standards Committee (NTSC) video, the standard for broadcast video in the U.S.[12] With MPEG-2 compression, High Definition Television (HDTV) requires data rates in the range of 20 to 30 Mbps.[13] MPEG Layer 3 (MP3) provides streaming audio at data rates up to 128 Kbps.[14]

Streaming audio and video involves a continuous data flow from the server to the client. Compared to file transfers and other bursty data communications, streaming audio/video involves a relatively smooth data flow. This implies that streaming audio/video can be handled efficiently by circuit switched connections. A 1.5 Mbps constant data rate connection between a server and a client can support MPEG-1 video (and audio) streaming. A connection at 128 Mbps or less can support MP3 audio streaming. There can be significant variations in the MPEG-2 data rate, with rapid variations from frame-to-frame and slow variations from scene-to-scene.[15] Frame-to-frame variations in the data rate can be considerably reduced by buffering the data before transmission. Variable capacity connections are required to efficiently accommodate scene-dependent variations in the data rate. As discussed later, this can be accomplished by dynamically varying the numbers of DS0 channels assigned to a particular connection.

For file transfers and other types of bursty data, packet switching based on the Internet Protocol (IP) can be employed. With this approach, a block of data would be broken up into IP packets at its source and would be sent through the local access network to the local switching node. At this node, the packets would be switched onto a line connected to the destination via the local access network or a line connected to the backbone or an external network. Each IP packet would encounter at most two packet switches in traversing the network, which limits queuing delays through the network. 

Figure 5 shows how IP packets would be transferred through the network. In this case, a client is connected to a server (e.g., a World Wide Web server) on the other side of the backbone. A Transmission Control Protocol (TCP) connection is established between the client and the server to support some application (e.g., a browser). IP packets are sent from the client to the local switch, which routes the packets onto a physical layer connection through the backbone to a local switch on the server side. In the example shown, the Point-to-Point Protocol (PPP) [16] provides framing bits that indicate the beginning and end of an IP packet. There is no packet switching within the backbone, only switching of channels associated with physical layer connections between local switches. The local switch on the server side of the backbone routes packets onto the line connected via the local access network to the server. Elements within the local access network perform multiplexing/demultiplexing and translation of physical layer protocol, such as conversion of signals in STM frames to frequency division multiplexed (FDM) signals, and vice versa.
To maintain compatibility with existing client and server equipment, streaming audio/video data can be transmitted in IP packets, which would be processed by routers within the local switching nodes. The flow label field can be used to identify IP packets belonging to a particular audio/video stream. An alternate way to handle audio/video streaming would be to embed data in IP packets, but to employ circuit switching and bypass the routers at the local switching nodes. Using the signaling channel, an audio /video server would request the network to assign a variable number of DS0 channels to the audio/video stream. IP packets and their PPP framing bits would pass through the local switches unaltered. Servers would need to implement a new signaling protocol with the network to dynamically control the number of assigned channels. However, clients would not need to know whether the streaming video was circuit switched or packet switched and would not need to implement a new protocol. The advantages of the latter approach for transferring streaming audio/video are that it would simplify processing within the network, would minimize delays and delay variations, and would maintain compatibility with legacy clients.
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Capabilities of the National Broadband Network

As stated previously, the proposed national broadband network can provide a downstream capacity of 1 Gbps, which must be shared among all the subscribers on a common coaxial cable leg. (This is in addition to the data rate associated with broadcast video.) Table 1 shows how this capacity can be distributed among the subscribers on a cable leg. If there are 500 subscribers sharing a common cable, then the network can support an average data rate of 2 Mbps per subscriber. If only 20 % of the subscribers are active at the same time, then the network can provide an average data rate of 10 Mbps per subscriber. Peak data rates can be higher than these average data rates.  If the number of subscribers on a cable leg is reduced to 100 than an average data rate of 50 Mbps per active subscriber can be provided.

Table 1 – Downstream Data Rate per Subscriber

	Number of Subscribers

on a Cable Leg 
	Average Data Rate

Per Subscriber
	Average Data Rate Per

Active Subscriber

(20 % Active)

	500
	2 Mbps
	10 Mbps

	200
	5 Mbps
	25 Mbps

	100
	10 Mbps
	50 Mbps


The downstream data rates per active subscriber shown in Table 1 are adequate to support all the types of applications described in the previous subsection. For example, even with 500 subscribers per cable leg, the data rate per active subscriber is adequate to provide a subscriber with NTSC full motion streaming video (MPEG-2) with sufficient spare capacity for voice, and other data communications. However, the average data rate would not be able to support HDTV for a large percentage of the active subscribers. If the number of subscribers per cable leg were reduced to 200, then the network would be able to provide each active subscriber with multiple simultaneous NTSC video streams or would be able to support HDTV.

Previously it was stated that the capacity in the upstream direction for a cable leg would be between 60 and 120 Mbps. For 500 subscribers per cable leg, the average upstream data rate per active subscriber (assuming 20 % active) would be limited to between 600 and 1200 Kbps. This should be more than adequate for clients, but would not be adequate for some servers, especially servers providing streaming audio/video. For legs containing a significant number of servers it would be desirable to take bandwidth from either the broadcast band or from the band used for directed downstream data and use it for upstream data communications. Also, cables can be rearranged to reduce the number of subscribers per cable leg. In a later section it will be argued that with the above modifications, adequate upstream capacity can be provided for servers.

Local Access Networks and Local Switches

The first and second tiers of the proposed national broadband network contain approximately 500 local access networks and an equal number of local switches, respectively. This section describes the structure, operation, and capabilities of the local access networks and their associated local switches.

Local Architecture

Figure 6 presents the architecture for providing subscribers in a local area with access to the national broadband network and for switching signals within the local area. In moderately populated areas, a typical local access network would provide approximately 300 thousand subscriber connections within a radius of 25 approximately miles. In sparsely populated areas, fewer subscribers would be connected and the coverage would be extended out 50 miles (or more in some cases). In most cases, the distances within a local access network are short enough so that optical amplifiers would not be required, and the two-way propagation delays would be less than a millisecond.

Each local access network would consist of the following:

· coaxial cables and associated equipment for connecting subscribers to the network;

· fiber optic cables connecting the elements within the access network and connecting the access network to the local switch;

· HFC nodes for electronic to optical and optical to electronic conversions;

· headends for multiplexing and demultiplexing signals.

Each subscriber would be connected by a drop cable to a distribution cable, which in turn is connected to an HFC node. A typical HFC node would be connected to approximately 300 subscribers in the neighborhood. Exiting from each HFC node would be one or more coaxial cables connected to subscribers and a single fiber connected to a headend.

Each headend multiplexes and demultiplexes signals to and from multiple HFC nodes. These signals are sent to and from the local switch on a single fiber, with signals to/from different HFC nodes carried within different wavelength channels. A separate wavelength channel is assigned for broadcast audio/video. The local switch is connected to multiple headends (typically 20), to the interconnection backbone, and to the existing telephone and wireless networks.

Typically, a headend would be connected to approximately 50 HFC nodes and approximately 15 thousand subscribers. If all of theses subscribers were operating at a data rate of 10 Mbps, which is very unlikely, the total data rate would be 150 Gbps, which can be carried by a single fiber. Consequently, there is no need for switching to be performed at the headend (or at an HFC node), and headend functions can be limited to multiplexing and demultiplexing, which are easier to implement than switching. Since propagation delays through the local access network are short, all the signals can be transported to a higher tier to be switched.

 Backup connections, which are shown as dotted lines in Figure 6, would provide alternate routes for the data flow in the case of equipment or transmission line failure. The capacity provided along alternate routes would be less than the capacity along primary routes. Thus, there would be some graceful degradation of network capability when failures occur.

As shown in Figure 6, a telephone connection between a pair of subscribers can be established through the local access network and local switch. In this case, a full duplex DS0 channel would be assigned to this connection and signals within this channel would be switched by the local switch. Similarly, a TCP virtual connection between a client and a server can be established through the local access network and local switch. In this case, the local switch would act as a router and switch IP packets, but a physical channel would not be dedicated to this connection. Instead, the channels would generally be shared by multiple virtual connections.
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Physical and virtual connections do not have to be confined to the local access network and local switch. For example, a subscriber within the local access network could establish a physical or virtual connection through the backbone with a subscriber connected to another local access network. Similarly, subscriber within the local access network could establish a physical or virtual connection with a subscriber connected to a telephone network or wireless network.
Signal Flow through a Local Access Network

Within a typical local access network, the larger part of the signal flow would be in the downstream direction, i.e., from the local switch to the subscribers. This signal flow, which is illustrated by Figure 7, includes video signals broadcast to all subscribers and signals directed to particular subscribers. Within the fiber connecting the local switch to the headend, there could be 51 wavelength channels, one for broadcast video and 50 containing signals directed to particular subscribers, with each of these 50 channels containing signals directed to a different HFC node. In this case, the total downstream data from the switch to the headend would be approximately 152 Gbps, which includes approximately 3 Gbps for data directed to each HFC node and approximately 2.3 Gbps for digital broadcast video. This assumes an average of 3 cable legs per HFC node with 1 Gbps of directed data per leg and 78 digital broadcast channels at 30 Mbps per channel.
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At the headend, signals within one of the wavelength channels are replicated and broadcast to all the attached HFC nodes, while signals within each of the other wavelength channels are directed to a particular node. On the fiber between the headend and an HFC node, there would be two wavelength channels for downstream data, one for broadcast signals and one for directed signals. These sets of signals would be contained within STM-16 and STM-32 frames, respectively. At an HFC node, downstream signals are converted from optical to electronic form. Signals within one of the wavelength channels are replicated and broadcast in 78 frequency division multiplexed (FDM) channels to all the subscribers attached to the node. Signals within the other wavelength channel are placed in 33 FDM channels and directed onto a particular cable leg. Each FDM channel has a bandwidth of 6 MHz and supports a data rate of 30 Mbps. Directed data would be contained within 125 microsecond frames similar to STM frames, but at lower data rate (30 Mbps). Time slots within these frames would contain data designated by the local switch for particular subscribers. The frame headers would contain information associating time slots with particular subscribers on the cable leg.

In the upstream direction, all signals travel to the local switch via the HFC nodes and the headends. As shown by Figure 8, a subscriber could transmit data in an FDM channel at a data rate up to 10 Mbps. this data can be inserted into time slots assigned by the local switch or in slots set aside for contention. At an HFC node, data from the attached subscribes would be multiplexed onto a single fiber and transmitted within STM-4 frames to the headend. At the headend, data from each of the attached HFC nodes would be wavelength multiplexed and sent to the local switch. The upstream data rates indicated in Figure 8 should be more than adequate to support clients, but may not be adequate for cable legs with servers delivering streaming audio/video.
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For cable legs that must support many servers, the upstream data rate can be increased at the expense of the directed downstream data rate or broadcast data rate. The density of servers would be greater in commercial areas than in residential areas. Correspondingly, the need to receive broadcast video and streaming audio/video, which are geared toward entertainment, would be less. Thus, for cable legs passing through a commercial area, more bandwidth could be allocated to upstream traffic and less to broadcast video and/or directed downstream traffic.

Downstream capacity can be swapped for upstream capacity, but not necessarily on a one for one basis. Because of the ingress noise problem, the downstream capacity may have to be reduced by 3 bps for every 2 bps increase in upstream capacity. The most straightforward way to accomplish this swapping is to rearrange the frequency bands on the legs where greater upstream capacity is needed. This would entail changing the filters in the amplifiers in the cable leg and changing the frequencies in the HFC converters and cable modems. For example, on a certain cable leg the upstream capacity could be increased to approximately 400 Mbps to 500 Mbps with a reduction in downstream capacity of approximately 600 Mbps. This would involve a reduction in the number of broadcast video channels, a reduction in the amount of directed downstream traffic, or both. With this increase in the upstream capacity, over 100 video streams from servers connected to the cable leg could be supported.
Operation of a Local Switch

The local switching tier, which is the central tier in the national broadband network, consists of approximately 500 local switches. At each local switch, signals are switched between elements within a local access network and between the access network and the interconnection backbone. The local switch also acts as a gateway between the local access network and external networks and between the backbone and external networks. With the exception of signals in backup connections, all signals leaving and entering a local access network and signals flowing between subscribers within the local access network pass through the local switch associated with this access network. Signals flowing between the backbone and external networks also pass through a local switch. 

As illustrated by Figure 9, the local switch performs functions associated with transferring data from the input channels onto the output channels. This involves both switching of data on dedicated channels (circuit switching) and dynamic routing of IP packets (packet switching).
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For simplicity, the following discussion of the operation of the local switch focuses on switching associated with physical and virtual connections between subscribers within the local access network. Assuming that there are 20 headends within the local access network and that there are an average of 50 HFC nodes per headend, there would be 20 fibers entering the switch from the attached headends and a total of 1000 space-wavelength channels (20 times 50) at the input to the switch. (This ignores broadcast video and other signals from outside the local access network.) Data on these channels would be switched onto the output channels of the switch either directly or via the router.

For voice operation, a single time slot within a space-wavelength channel would be assigned to the data flow in each direction for the duration of the conversation. These time slots, which are equivalent to DS0 channels, would be assigned by the network in response to a request from the subscriber initiating the call. During each 125-microsecond interval, data would be transferred from a time slot at the input of the local switch to a time slot at the output. Since a conversation requires only a single time slot (in each direction), the amount of network capacity required for voice is minimal, even if physical channels are dedicated to voice connections.

The local switch would receive a digital broadcast signal, either from a video source within the local access network or from the backbone, on a designated set of time slots within a space-wavelength channel. Video data within this space-wavelength channel at the switch input would be replicated and switched onto 20 space wavelength channels at the output, one channel for each of the attached headends. As with CATV operation, channels would be permanently dedicated to broadcast video.

It would be possible to accommodate streaming audio/video with fixed capacity channels. MP3 streaming audio can fit within a 128 Kbps channel (two DS0 channels). MPEG-1 video (and audio) is designed to fit within a T-1 (1.5 Mbps) channel. MPEG-2 NTSC video (and audio) can be accommodated by a fixed 6 Mbps channel, however, some of this capacity will be wasted, depending on the scene. For MPEG-2 streaming video, it would be desirable to be able to vary the number of time slots (or DS0 channels) assigned to the stream. This could be accomplished by having the video server request a certain number of time slots based on the current scene or upcoming scene. With MPEG-2 it is possible to divide the video stream into a base layer and an enhancement layer, such that a video receiver can operate satisfactorily (with some loss of image quality) using only base layer data. The number of time slots assigned must be sufficient to accommodate the maximum data rate of the base layer. However, time slots to accommodate the enhancement layer can be requested only when needed, and a delay in assigning time slots will cause only moderate degradation. A streaming audio/video signal can be replicated at the local switch and simultaneously transmitted to multiple subscribers, which is referred to as multicasting.
An IP packet entering the local switch would be sent to the router queue. From this queue the packet would be routed onto an output channel based on the destination address in the IP header. A subscriber who is ready to send multiple IP packets to the same destination could request that the network assign time slots for this data transfer, which would allow the router within the local switch to be bypassed. These time slots could be released when the data transfer is completed.

Implementation of a Local Switch

The switching functions described in the previous subsection can be implemented by the switching elements shown in Figure 10, which can support both circuit switching and packet switching operation. In this particular implementation, there are 30 input fibers, 20 from the headends, 8 from the backbone and one each from the telephone and wireless networks. Similarly, there are 30 output fibers. Input and output signals from and to a headend are transmitted on the same fiber, but are separated at the switch boundary and carried on separate fibers within the switch. Signals on the 30 input fibers are separated into approximately 2000 space-wavelength channels. This corresponds to an average of approximately 50 wavelength channels per fibers for fibers connected to headends and 100 wavelength channels for the other fibers. Each of the space-wavelength channels contains an STM-64, an STM-16, or an STM-8 signal, each of which contains many time slots.

At the switch input, signals within the 30 input fibers are demultiplexed onto approximately 2000 input lines. For each input line, data within an STM frame is stored in an input buffer. Data can be read out of the buffer in an order different than the order in which it was read in, which allows time slots to be interchanged. At the switch output, signals on approximately 2000 output lines are multiplexed onto 30 output fibers. For each output line, there is also a buffer, which allows a second interchange of time slots to be performed. The input and output lines are interconnected by the space switch, which allows data on any of the 2000 input lines to be switched onto any of the 2000 output lines. For circuit switching operation, data would be directly switched from an input line to one (or more in case of multicasting/broadcasting) of the output lines. For packet switching operation, data would be switched via the router. Thus the local switch employs three stages of switching, time switching, space switching, and time switching. Data in any time slot on any input line can be placed in any time slot on any output line. 
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The time-space-time switching pattern may vary from time slot to time slot (or byte to byte). However, for circuit switching operation, the overall switching pattern is predetermined. To support circuit switching, a relatively small number of time slots within each STM frame would be dedicated to carrying signaling information for controlling the switching pattern. The controller would read this signaling information and would determine the switching pattern required to map all the input channels onto output channels. This pattern must specify time slot interchange parameters for all input and output lines and space switching parameters for all time slots. The controller would send information to the buffers and the space switch that would be used to control the switching of each byte through these elements. Note that for circuit switching, the router does not come into play. The switching pattern would be modified whenever a connection is opened or closed or when the number of DS0 channels assigned to a connection is changed. With proper design, the time-space-time switching arrangement of the local switch allows connections to be established sequentially without modifying previously established connections and without blocking occurring within the switch.

The minimum delay through the switch corresponds to the amount of time that a time slot needs to be shifted, which varies between zero and 125 microseconds. In practice, the delay will be longer then this shifting time, but for circuit switching operation should be much less than a millisecond.

Packet switching operation of the local switch would be similar except that IP packets would flow from the input buffers through the space switch to the router and then from the router through the space switch to the output buffers. On a particular input line, certain time slots within an STM frame would be assigned to carry IP packets and data in these time slot would be directed by the controller to the router. The router would direct IP packets to the appropriate output lines where they would be placed in time slots set aside for IP packets.

For the current version of IP (version 4), the routing of packets would be determined based on the 32-bit destination address in the IP header. For the new version of IP (version 6) [17], which is currently being implemented, routing could be based on the 24-bit flow label field, which provides a mechanism for network layer virtual connections.  Using this mechanism, the network can provide a specified quality of service for the data flow between a particular source and a particular destination, and the switching of packets can be speeded up.

Delays associated with packet switching operation depend on the number of packets in the router queue. These delays are random variables and can be considerably larger than the delays associated with circuit switching operation.

It would be difficult to build a switch that operates at the STM-64 data rate of 10 Gbps. A way around this problem would be to slow down the data rate in the input buffers so that the data is read out at a lower rate than the rate at which data is read in. For the lines containing STM-64 signals, it would be desirable to be able to reduce the data rate by a factor of four to the STM-16 rate of 2.4 Gbps. If all the lines contained STM-64 signals, this would require a four-fold increase in the number of lines exiting the input buffers. However, most of lines already contain lower rate signals. Consequently, the number of lines exiting the buffers would be increased from approximately 2000 to somewhat over 4000. At the output buffers, the situation would be reversed and data would be read in at the STM-16 rate and read out at the STM-64 rate for the output lines containing STM-64 signals.

The implementation described above involves complex processing. Although there are a large number of channels in the local switch, processing and memory requirements are not excessive. Processing and memory requirements for a similar, but more complex switch were analyzed in a previous paper [3] and were determined to be within the capabilities of current technology.

Evolution to an All-Fiber Network


Converting from an HFC network to an all-fiber network would involve replacing the coax distribution and drop cables with fiber optic cables, which could be accomplished by one-for-one cable replacement. Due to the large number of subscriber connections involved, converting to an all-fiber network would be a very expensive and time-consuming undertaking. A cable containing a few fibers could support all the subscribers on a distribution leg [3]. Passive wavelength-selective couplers could be used to transfer signals between a fiber distribution cable and a fiber drop cable. There would be no need for amplifiers. Each HFC node would be replaced by an optical multiplexer/demultiplexer.  Nodes could be replaced one at a time, independently of other nodes.

With the transition to an all-fiber network, subscriber data rates could be increased. A full duplex STM-1 (155 Mbps) interface could be provided for each subscriber, which would be more than enough to accommodate both current applications and applications under development, such as HDTV. The transition to an all-fiber network would require a large up front expenditure. However, operation and maintenance costs would be lower for an all-optical access network, with its reduced dependence on active components in the transmission paths, than for a hybrid network, with two different transmission technologies.

Interconnection Backbone

This section describes the structure and operation of the backbone network that interconnects all the local switches. This backbone represents the third tier of the proposed national broadband network.

Connections through the Backbone Network

As illustrated by Figure 11, the 512 local switches at the second tier of the national broadband are fully connected by a backbone network. Each local switch has 511 connections through the backbone, one connection to each of the other local switches. This results in a total of approximately 262 thousand simplex (one-way) connections through the backbone between pairs of local switches. There also would be a relatively small number of connections to other external networks and backup connections, which are not shown in Figure 11. In the proposed implementation, connections through the backbone would be at the physical layer, with a variable number of physical channels assigned to each connection.
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Each local switch is connected to backbone by 8 fiber pairs, which contain a total of 800 space-wavelength channels, or equivalently, approximately 51 thousand STM-1 channels (in each direction). As discussed in a later subsection, the capacity throughout the backbone would be scaled to accommodate this number of channels for all the local switches. With 511 connections per local switch, there is an average of approximately 100 STM-1 channels per connection. This makes it practical to assign an integral number of STM-1 channels to each connection through the backbone. Backbone operation is confined to the switching of physical channels, specifically STM-1 and higher order channels.

Although the backbone itself performs only circuit switching (or more precisely channel switching) functions, the local switches attached to the backbone would perform both circuit switching and packet switching functions. The lower part of Figure 11 shows the protocols associated with transferring IP packets between a pair of local switches. An IP packet wrapped in a PPP frame would be sent within an STM-64 frame to the backbone. As discussed later, the backbone contains optical switches operating according to the Optical Carrier (OC)-192 standard and optical/electronic switches that send and receive signals according to OC-192 and electronically process STM-64 frames. For circuit switching operation of the local switches, the IP and PPP layers would be deleted.

 A connection between a pair of local switches can contain a large number of subscriber connections, both physical and virtual. A typical local switch might serve approximately 300 thousand subscribers, and a subscriber could have multiple connections through the backbone. If there were an average of one connection per subscriber and if the connections are uniformly distributed among the other local switches, then there would be an average of over 600 subscriber connections between a pair of local switches. The data flow in these connections can be assumed to be uncorrelated from one connection to the next. (This is not entirely true for multiple connections for the same subscriber.)

When N independent data sources are combined, the average data rate is increased by a factor of N and the standard deviation of the data rate is increased by a factor of the square root of N. Consequently, the ratio of the standard deviation to the average data rate, which is a measure of the burstiness of the data, is reduced by a factor of the square root of N [18]. Note that to guarantee a reduction in the burstiness of the data the sources that are combined must be uncorrelated. Aggregating data from correlated sources or from a single source over time does not necessarily smooth the data stream.[19]

Many subscriber virtual connections can be bundled within a physical layer connection through the backbone. As discussed above, this can result in a reduction in the burstiness of the data. Even if the data rate on an individual virtual connection varies greatly, the variation in the composite data rate for the bundle can be low. This improves the utilization efficiency of the physical channels through the backbone and makes packet switching within the backbone unnecessary. Note that the utilization efficiency increases the most for physical connections containing the largest number of subscriber connections and having the largest number of assigned channels, which is a desirable result.

 The number of STM-1 channels assigned to a connection through the backbone can be varied to accommodate the required data without tying up backbone capacity unnecessarily. Additional STM-1 channels can be assigned to a connection where the data rate is approaching the capacity of the assigned channels. Channels can be released when the data rate falls sufficiently below the capacity of the assigned channels. Note that backbone channel assignments do not have to be changed every time a new subscriber connection is established or terminated. Rather, the assignment of backbone channels can be varied slowly as the composite data rate of the bundle of subscriber connections within a backbone connection varies.

Structure of the Interconnection Backbone

The interconnection backbone can have a variety of different architectures and can be implemented in many different ways, one of which is shown in Figure 12. Within this particular implementation, the backbone is comprised of eight network segments, with each of these segments covering a large region in the contiguous U.S. and supporting up to 20 million subscribers. Each of these segments is connected to 64 local switches and through these switches to 64 local access networks.

There is a hierarchical structure that extends down through each backbone segment to the local access networks and down to the subscribers. This structure provides an efficient means for connecting elements within and attached to a segment and simplifies routing through these elements.
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Although each individual backbone segment is hierarchical, the overall national network formed by interconnecting network segments has a mesh topology. Propagation distances and times are shorter for a mesh as opposed to a hierarchy, which is important for a network that covers a large area. With a mesh, alternate routes can be taken to avoid congested or faulty nodes and links. Also, the mesh topology allows more independence between network segments, which facilitates implementation of the network in stages and extension of the network beyond national boarders.

Each backbone segment is connected to two or three other segments. With this arrangement, signals between a pair of subscribers connected to different segments would flow through a maximum of 5 segments and an average of 3 segments, counting the source and destination segments. Also, each segment has one or more connections to the global network.

Structure and Operation of a Backbone Network Segment

Figure 13 shows the structure of one of the eight network segments that constitute the interconnection backbone. Each network segment is comprised of eight optical switches and a central switch along with fiber optic transmission lines for connecting these elements to each other and to elements outside the segment. Each optical switch is connected to eight local switches and to the central switch. The central switch (CS#1) in Figure 13 is connected to eight optical switches (OS#1 – OS#8), to two central switches (CS#2 and CS#5) in other network segments, and to two external networks. Connections for central switches in other segments would be similar, however, the number of connections may vary.
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Each local switch is connected to an optical switch by 8 fiber pairs, which can support a data rate of approximately 8 Tbps in each direction. This corresponds to over 25 Mbps per subscriber, which is considerably higher than the expected data rate averaged over many subscribers. Assuming the maximum data rate and that 1/4 of the data stays within the area covered by the optical switch, 48 fiber pairs are adequate to accommodate the data flow between the optical switch and the central switch.

Each of the 64 local switches attached to the network segment of Figure 13 is connected by the segment to the other 63 local switches. Thus through the backbone segment, there are 4032 (64 times 63) connections between local switches attached to the same segment. An integral number of space-wavelength channels can be assigned to each of these connections.

Again, backup connections, which are designated by dashed lines in Figure 13, would provide alternate routes in case of switch or transmission line failures. Since the capacity provided along alternate routes would be less than the capacity along primary routes, there would be graceful degradation of network capability if failures occur.

As discussed previously, the interconnection backbone operates at the physical layer with an integral number of STM-1 channels assigned to each connection through the backbone between a pair of local switching nodes. It is desirable to be able to assign an even larger aggregation of channels to certain connections through the backbone. Within segments of the backbone an integral number of space-wavelength (STM-64) channels can be assigned to particular connections. These space-wavelength channels can be switched intact by the network segment, which simplifies processing within the segment and allows the segment to accommodate extremely high data rates.


An efficient technique for switching optical signals was presented in previous papers [3,20]. With this technique, signals that follow the same path through a network segment can be bundled together and processed as an aggregate, which facilitates optical processing. For example, all the signals between a pair of local switches attached to the same backbone segment can be bundled together in a single physical layer connection and processed by the switches within the segment. OS#1 through OS#8 would perform completely optical processing along the signal path, although control information would be processed electronically. The central switch (CS#1) would optically process signals between a pair of optical switches within its network segment. However, signals entering CS#1 from other central switches or from external networks would be processed electronically by CS#1.

The processing technique alluded to above requires that an integral number of space-wavelength channels (or equivalently, an integral number of STM-64 channels) be assigned to each connection that is optically processed. Thus, an integral number of STM-64 channels would be assigned to each connection between a pair of local switches attached to the same network segment.

The 8 fibers connecting a local switch to an optical switch can support 800 space-wavelength channels in each direction. There are a total of 6400 space-wavelength channels (in each direction) through each optical switch and a total of approximately 51 thousand space-wavelength channels (in each direction) through the network segment. Including connections between each pair of local switches attached to the network segment and between each attached local switch and other network segments, there are approximately 4 thousand possible connections through the network segment. Thus, an average of over 12 space-wavelength channels per connection can be assigned.
The restriction of an integral number of space-wavelength channels per connection results in a certain inefficiency. A connection that needs a capacity of 9.7 channels would be assigned 10 channels, which results in 0.3 times the capacity of a channel going unused. For each connection, the unused capacity would vary between 0 and 1 times the capacity of a channel, with an average value of 0.5. Thus, for the case of 10 assigned channels, the wasted capacity would be approximately 5 % of the total assigned capacity. This inefficiency represents a small price to pay to obtain the benefits (e.g., speed and simplicity) associated with optical processing.

In addition to point-to-point connections, the network segment in Figure 13 will support broadcasting. Broadcast signals would be combined in the central switch and the combined set of signals would be transmitted to all the local switches attached to the network segment. Broadcast operation could be implemented as follows. Broadcast signals originating from local switches LS#1 through LS#8 would be sent through OS#1 to LS#4 where they would be combined electronically. The combined signal would then be sent on a dedicated space-wavelength channel to the central switch via OS#1. At the central switch, broadcast signals from OS#1 and the other optical switches would be optically replicated and sent back down through the network segment to the attached local switches. Each local switch would receive broadcast signals on 8 space-wavelength channels, one channel for each of the optical switches within the network segment. Each local switch would replicate the broadcast signals by switching each signal onto multiple lines and distribute these replicated signals to the attached subscribers. A selected subset of the broadcast signals could be sent by the local switch to a particular subscriber.

Overall Backbone Operation and Associated Communication Protocols

The interconnection backbone network operates at the physical layer. For the transfer of data between two local switches attached to the same network segment, backbone operation is confined to the optical sublayer of the physical layer. In this case, the backbone would operate in accordance with the OC-192 protocol, which is the optical protocol corresponding to STM-64. In this mode of operation, one or more space-wavelength channels would be assigned to the connection between a pair of local switches attached to the same backbone segment, and purely optical switching would be performed by one or more switches within the backbone. For the transfer of data between two local switches that are not attached to the same backbone segment, the backbone would perform a combination of optical and electronic switching and would operate at both the optical and electronic sublayers of the physical layer.


Figure 14 shows the communication protocols associated with data transfer between local switches attached to different backbone segments. In this case, two local switches are connected through two backbone segments. These switches would implement the same protocols as the local switches in Figure 11. Data from local switch at the left of the diagram flows through the optical switch and central switch in backbone segment A. At the central switch of segment B, the received data is processed electronically. At this point the data may be shifted to channel having a different wavelength. This approach allows wavelength channels to be assigned independently from one backbone segment to the next, but limits the advantages of purely optical switching to a segment of the backbone. The STM-64 protocol between the local switch attached to segment A and the central switch of segment B can support connections between this local switch and multiple local switches attached to segment B and other segments. Many subscriber virtual connections (e.g., TCP connections) can be carried within each physical layer connection between local switches. For data flow in the opposite direction, i.e., from the local switch at the right of the diagram to the local switch at the left, the protocols would be similar except that the STM-64 protocol layer would shift to the central switch of segment A.
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Extension to a Global Network


In addition to providing a means for interconnecting switching nodes within the U.S., the backbone network would interface with external networks. Additional network segments could be constructed beyond the borders of the contiguous U.S. and linked to the U.S. national network. The mesh architecture allows network segments to operate autonomously before being linked together. This facilitates a smooth transition to an integrated network.


Eventually, the national broadband network could be extended to become a global network, as illustrated by Figure15. The interconnection backbone in Figure 15 would be similar to the backbone described in the preceding subsections. The local access networks could be similar to the access networks described previously or could be based on different access architectures. For example, an HFC access architecture would not be suitable in those parts of the world where the coverage of CATV networks is very limited. In these locations, an access approach using existing telephone lines and digital subscriber line (DSL) technology would be more appropriate.[3]
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Assuming an average of 200 thousand subscriber connections per local access network, it would take about 5 thousand access networks and 5 thousand local switching nodes to provide the 1 billion connections to fixed subscriber locations that will be required to support global connectivity in the relatively near future. A single fiber pair between a local switching node and the interconnection backbone could support 6400 full duplex STM-1 channels. Thus, with each local switching node connected to the backbone by one or more fiber pairs, it would be possible to establish one or more full duplex STM-1 channels between each local switching node and all the other nodes throughout the global network. Of course, it would be desirable to assign multiple STM-1 channels (or equivalently a higher order STM channel) between certain nodes. As the global network becomes populated, the numbers of fiber pairs for various backbone links would need to be increased beyond the numbers shown in Figure 12, with a corresponding increase in the capacity of the backbone switches.

Summary

 
Fiber optic capabilities have dramatically expanded. Data rates of 1 Tbps and greater over a single fiber have been demonstrated. In one case, a data rate of this magnitude was achieved by using 100 WDM signals each modulated at 10 Gbps. These fiber optic capabilities can be exploited to greatly simplify communication networks while at the same time expanding their capabilities.


CATV cables are inherently broadband and pass over 90% of the households in the U.S. Thus, the existing CATV infrastructure can be used to provide access to broadband services for most U.S. subscribers.


This paper presented an architecture for a national broadband network that exploits current fiber optic capabilities and the existing CATV infrastructure. This network would provide a broadband capability for most U.S. subscribers that would be more than adequate to support current voice, video, and data communications applications with sufficient spare capacity to handle applications under development.


The proposed national broadband network consists of three tiers:

· the local access tier,

· the local switching tier,

· an interconnection backbone.


There would be approximately 500 local access network based on HFC technology. A typical local access network would provide broadband access for 300 thousand subscribers within a radius of 25 miles. Typically, a few hundred subscribers would be attached by a common cable to an HFC node. The extremely high capacity of optical fibers would allow many subscriber signals to be multiplexed on a single fiber and carried to and from a switching node. With this approach, there would need to be only one switching node per access network, and other nodes within the local access tier could be simplified.


A node at the local switching tier would perform both circuit switching and packet switching functions in support of physical and virtual subscriber connections. Each local switching node would also switch data onto physical layer connections through the backbone and interface with external networks.


The local switching nodes would be fully connected by an interconnection backbone. A physical layer connection would be established through the backbone between each pair of local switches. Each of these physical layer connections would support many end-to-end subscriber connections. The backbone would be divided into 8 segments with each segment covering a large region within the contiguous U.S. An integral number of space-wavelength channels would be assigned to certain connections through the backbone. This would allow large aggregates of data to be switched intact, which would simplify signal processing within a backbone segment and facilitate operation at extremely high data rates.


The proposed broadband network could readily be extended beyond the borders of the contiguous U.S. Eventually, the network could be expanded to become a global network.
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