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Current integrated services digital networks (ISDN) can provide subscribers with access to the Internet and can support variable data rate connections between Internet switching nodes.  This paper describes how ISDN and the Internet can be further integrated and communication capabilities improved by expanding the role of ISDN switching centers to include certain packet switching functions.  Enhancements are identified that allow narrowband ISDN (N-ISDN) to support full motion video in addition to voice and data communications.  These enhancements, along with the further integration of ISDN and the Internet, would facilitate a smooth transition from N-ISDN to broadband (B-ISDN).
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1.  Introduction


Currently, there are three types of communication networks that extend throughout the United States:  the telephone networks, the collection of data networks that make up the Internet, and the cable television networks.  These groups of networks are not integrated with each other, but are not entirely separate.  Although the telephone networks were designed for voice, they can handle data communications and limited video (e.g., video phone and video teleconferencing). Similarly, the Internet and the cable networks, which were designed for data and video, respectively, can accommodate to some extent voice, data, and video.  Over the long term, it does not make sense to maintain three groups of non-integrated networks.  Instead, there should be an integrated network that can handle all communications functions.  Advances in communications technology, particularly fiber optic technology, make this goal feasible.


The rationale for an integrated services digital network (ISDN) is to support various communication functions, including voice, data, and video on a single integrated network.  Narrowband ISDN (N-ISDN) supports subscriber data rates up to T-1 rates (1.5 Mb/s) using existing twisted pair access lines.  N-ISDN provides a typical subscriber with two DS0 (64Kb/s) data channels and a separate signaling channel.  The basic operation of N-ISDN involves circuit switching, or more accurately, channel switching of these DS0 channels under the control of the signaling channel.  Subscribers can access the Internet using switchable ISDN connections to Internet service providers (ISPs).  ISDN channels can be used to provide variable data rate physical layer connections between Internet switches.  If ISDN switching centers perform certain additional functions, they can assume the role of ISPs.

Although N-ISDN can accommodate voice and data communications, its video capabilities are very limited.  However, N-ISDN capabilities can be enhanced to support full motion video-on-demand.  In particular, asymmetric digital subscriber line (ADSL) techniques can be implemented over existing subscriber access lines to greatly increase the number of data channels and data rates available to subscribers.

Eventually, with the implementation of broadband ISDN (B-ISDN), subscribers will be provided with very high data rates (e.g., 155 Mb/s) and a large number of DS0 channels.  B-ISDN will be able to support broadcast video as well as video-on-demand.  To achieve the full B-ISDN capability, fiber optic access lines must be extended to the subscribers’ premises, which will take a long time and cost a lot of money.  However, if the data rate goals are relaxed, a useful broadband capability can be achieved with partial deployment of fiber into the subscriber loop.  This would require significantly less time and money.

2.  N-ISDN and the Internet


N-ISDN provides two types of subscriber interfaces, the basic rate interface (BRI) and the primary rate interface (PRI).  The ISDN BRI consists of two 64 Kb/s (DS0) channels, which are referred to as B (for bearer) channels, and a 16 Kb/s signaling channel, which is referred to as the D (for data link) channel.  The B channels are used primarily for voice and/or data, while the D channel is used to control the switching of B channels.  The ISDN PRI, which corresponds to the T-1 data rate (1.5 Mb/s), provides 23 B channels and one D channel all operating at the DS0 rate of 64 Kb/s.  As with the case of the BRI, the D channel is used to control the switching of the B channels.  Multiple B channels can be bundled together to increase the data rate for a connection.


ISDN BRI interfaces are currently available to most subscribers in the United States [2].  These interfaces provide adequate support for voice and data communications.  However, N-ISDN video capabilities are very limited.  PRI interfaces, which can support video are not yet widely available.


This section describes how N-ISDN and the Internet can complement each other in supporting voice and data communications.  In particular, subscribers can access the Internet using N-ISDN interfaces. N-ISDN can also be used to provide physical layer connections between N-ISDN switches.  The capacity of these connections can be varied by increasing or decreasing the number of B channels assigned to a connection.

2.1 Internet Access Via N-ISDN


N-ISDN can provide a subscriber with a switchable physical layer connection to an Internet service provider (ISP), which represents the access point to the Internet.  A subscriber with BRI can establish a full duplex interface having a data rate up to 128 Kb/s with an ISP.  As illustrated by Figure 1, subscribers can be connected by ISDN switches to ISPs, which are in turn connected to each other by Internet packet switches.  The figure shows a subscriber acting as a client connected to an ISP through ISDN switches in the local central office (CO) and a higher level switching center (e.g., a toll office).  Direct connections between a CO and an ISP are also possible, as illustrated by the server connection in Figure 1.
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Figure 1 - Internet Access Via ISDN

With the arrangement in Figure 1, a Transmission Control Protocol (TCP) virtual connection is established between the client and the server.  A dedicated B channel is assigned to the physical layer connection between the subscriber and the ISP.  Typically, multiple B channels, which can simultaneously support TCP virtual connections between the server and multiple clients, connect the server to an ISP.  In this case, the ISP is directly connected to an ISDN switch in a CO.  The ISP can be connected by ISDN B channels to Internet packet switches, which can also be interconnected by ISDN B channels.


The primary advantage of the approach illustrated by Figure 1 is that transmission resources can be shared over much of the path between the client and server.  Only the path between the client and the ISP requires dedicated channels.  Also, if ISDN channels are used for the physical layer connections, than the number of DS0 channels assigned to each link can be readily varied.  For example, the number of B channels connecting a pair of packet switches can be increased when traffic between the switches increases, and channels can be released when the traffic decreases.


The operation of the network shown in Figure 1 involves a combination of channel switching and packet switching.  With channel switching as exemplified by N-ISDN, physical layer connections are established and one or more channels are assigned to each connection for the duration of the connection.  Data associated with a particular connection is transferred at a fixed rate in preassigned time slots.  For bursty data, the utilization of dedicated channels is low, and channel switching is inefficient.  On the other hand, the switching pattern of the B channels is predetermined and held constant for an interval of time.  Consequently, D channel control signals can be separated from the data and processed more slowly.  Also, with channel switching a large block of data can be switched intact.


With packet switching, transmission resources are not dedicated to a particular connection, but instead are dynamically assigned based on demand.  Consequently, for bursty data, packet switching provides more efficient utilization of transmission resources than channel switching. However, processing and switching are more difficult for packet switching.  With packet switching, control information must be processed along with the data and switching decisions must be made on the fly.


For a subscriber with an ISDN BRI interface, which provides only two B channels, packet switching has a clear advantage over channel switching.  Packet switching would allow a BRI subscriber to establish multiple logical connections and to efficiently utilizes the capacity of the B channels.  For a subscriber with an ISDN PRI capability, packet switching provides less of an advantage.  With 23 B channels, up to 23 connections can be established with a variable number of B channels assigned to each connection.  A large number of B channels would be assigned to connections requiring higher data fates. Some B channels may be underutilized, but the unused capacity of a B channel represents a small percentage of the overall PRI data rate.

2.2 Architecture for Combined ISDN/Internet Operation


The telephone central office (CO) is the network node where subscriber lines come together to access the telephone network, and indirectly to access the Internet.  There are over 14,000 COs in the United States, with an average of 10,000 subscriber lines per CO [8].  Currently, most COs in the U.S. perform ISDN switching functions.  The COs are interconnected by toll offices (TOs) and higher level switching centers.


Figure 2 shows a network that combines ISDN and Internet functions.  Subscribers are connected through a CO to a higher order ISDN switch, which is directly connected to a co-located packet switch.  With this arrangement, the ISDN switching center becomes an ISP.  A number of COs (10-20) within a local area (e.g., 15 mile radius) could be connected to a packet switch at a particular ISDN switching center.  Approximately 900 packet switches at ISDN switching centers would be sufficient to cover the United States.  The packet switches and associated ISDN switches would be connected by higher level ISDN switches comprising the ISDN interconnection network of Figure 2.
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Figure 2 - Combined ISDN/Internet Architecture


With the architecture of Figure 2, both channel switching and packet switching can be accommodated.  Voice and other channel switched data would bypass the packet switches and would be carried on dedicated ISDN B channels. For packet switched operation, one or more B channels would be assigned to the connection between a subscriber and the nearest packet switch.  At the packet switch, packets from the subscriber would be sent back to the co-located ISDN switch, where they would be forwarded to COs connected to the switch or through the interconnection network to another packet switch.  Eventually, packets make their way through the network to subscribers at the destination end.  With channel switched operation, physical layer connections are established between subscribers at opposite ends of the network. With packet switching, end-to-end TCP virtual connections are established between subscribers.


The combined ISDN and Internet architecture provides the advantages of both channel switching and packet switching while minimizing their disadvantages.  For delay sensitive applications, such as voice, channel switching can be employed to eliminate delays associated with filling and queuing of packets.  For applications involving bursty data sources, packet switching can be employed to provide efficient utilization of transmission resources.  Both types of switching can be readily accommodated using the architecture of Figure 2 and current switches.

The packet switches, their associated ISDN switches, and the ISDN interconnection network in Figure 2 perform Internet functions, as well as other functions, and can be viewed as a national backbone provider (NBP).  This NBP is connected to other NBPs at network access points (NAPs), which serve as gateways to the other sections of the Internet and to their associated ISPs and subscribers.

2.3 Transmission through the ISDN Interconnection Network


Each packet switch (PS) in Figure 3 must be capable of connecting to all the other packet switches.  To directly interconnect all pairs of packet switches would require approximately 800K (900 x 899) connections through the ISDN interconnection network.  The number of connections through the interconnection network can be greatly reduced if two passes through this network are allowed.  In this case, the interconnection network must support approximately 53K (900 x 59) simplex (one-way) connections.  Each packet switch is connected to 30 packet switches in the surrounding area and to 29 switches in other areas.  Transferring packets to the surrounding area requires only one pass through the interconnection network.  If the destination is outside the surrounding area, then two passes through the interconnection network are required.
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Figure 3 - Connections through the ISDN Interconnection Network


With the 900 packet switches shown in Figure 2, a typical packet switch would be connected to 10-20 COs and would directly support up to 150K subscribers attached to these COs.  A subscriber may have more than one virtual connection, however, not all subscribers will be connected to a packet switch at the same time.  If a large percentage of the subscribers are connected at any one time, a packet switch may support over 100K virtual connections associated with the subscribers directly beneath it.  It would also support many more virtual connections for packets making their second pass through the interconnection network.  Each physical connection between a pair of packet switches may support over a thousand virtual connections.  The number of B channels assigned to a physical connection through the interconnection network would be varied to accommodate the number of virtual connections within the physical connection and the average data rates of these virtual connections.

Although each of the virtual connections within a physical connect may contain bursty data, the aggregate data stream will be smoothed.  When N independent data sources are combined, the average data rate is increased by a factor of N and standard deviation of the data rate is increased by a factor of
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.  However, 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 
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 [6].  The peaking factor, which is defined as the ratio of the peak data rate to the average data rate, is another measure of burstiness.  If N data sources are combined on a channel and the peak data rate of the channel is held constant, then the average data rate is increased by a factor of N and the peaking factor is reduced by a factor of N.


The average delay (T) through each node of packet switching network is determined by the average service () for a packet and the utilization factor (U), i.e., the ratio of the average data rate to the maximum capacity [11].
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The delay becomes very large as the utilization approaches 100%.


Suppose that there are 1000 virtual connections, each with an average data rate of 1 Kb/s and a peak data rate of 64 Kb/s (corresponding to the data rate of a B channel) within a physical layer connection.  For each virtual connection the peaking factor is 64, which indicates that each individual data stream is very bursty.  For the aggregate data stream, the average data rate is 1 Mb/s.  Thus the channels assigned to the physical connection containing the 1000 virtual connections must have a combined data rate that exceeds 1 Mb/s.  If 32 B channels are assigned to the connection, then the peak data rate will be approximately 2 Mb/s, and the peaking factor will be approximately 2, which corresponds to a channel utilization of about 50%.  With this peak data rate and utilization, the delay in transmitting a 10 Kb (1250 byte) packet will be about 10 ms.  By comparison, the delay in transferring the packet from the subscriber to the packet switch, which is limited by the data rate of the connecting B channel, will be over 150 ms.  Even with two passes through the interconnection network, the network processing delays will be insignificant compared to the other delays.  Thus, by combining many virtual connections on a single physical connection through the interconnection network, the transmission efficiency is greatly increased without a significant increase in delay, which justifies channel switching through the interconnection network.

On the first pass through the interconnection network, a packet can be transferred to a distant packet switch and the propagation delay can be significant.  For a second pass, if required, the packet will be transferred to a packet switch within the surrounding area, and consequently, the propagation delay will be relatively short.  Typically, the propagation distance for the second pass will be less than 100 miles, and the corresponding propagation delay will be less than 1 ms. Thus, two passes through the interconnection network does not significantly increase the delay beyond its minimum value determined by the distance between end points and the speed of light.

2.4 Packet Switching Operation


The packet switches shown in Figure 2 could operate at either layer 3 (the network layer) using the Internet Protocol (IP) or layer 2 using a data link protocol.  In operating at layer 3, the packet switch would examine the destination address in the IP header, determine the route to reach this destination, and switch the IP packet onto the B channels associated with this route.  With IP routing, successive packets within a TCP virtual connection can be routed independently based on the global address in the IP header.


The Point-to-Point Protocol (PPP), which is based on the high-level data link control (HDLC) family of protocols, is usually used for connecting a subscriber to an ISP.  However, another HDLC protocol, the Line Access Protocol for the Data Channel (LAPD), provides considerably more capability than PPP and facilitates operation of the packet switch.  LAPD, which is the protocol used for the ISDN signaling and for frame relay, provides the capability to handle multiple virtual connections over a link.  Routing can be performed at the data link layer using the LAPD address field rather than at the network layer using IP.  LAPD virtual connections would be established through the packet switching network, and all packets associated with a particular virtual connection would follow the same path through the network.


Figure 4 shows a diagram of the data communication protocols associated with layer 2 routing of packets through the network of Figure 2 with a single pass through the interconnection network.  For layer 3 routing, the protocol diagram would be similar except that LAPD would be replaced by PPP or some other layer 2 protocol.  For two passes through the interconnection network, an additional packet switch and an additional ISDN switching stage would be required.  In the case shown, each subscriber has a BRI interface with the ISDN network.  ISDN switches are shown connected to each other with the high speed (51 Mb/s and up) synchronous optical network (SONET) interface.  Subscribers interface with routers at the data link layer using LAPD and at the network layer using IP.  For established virtual connections, routers can transfer packets without unwrapping the IP header.  However, to establish a new LAPD connection, the router must examine the IP header to determine routing for this connection.
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Figure 4 - Protocol Diagram for Layer 2 (LAPD) Routing

Once the LAPD virtual connection is established, routing can be performed at the data link layer using the LAPD address field, which has local rather than global significance.  LAPD can support up to 1024 virtual connections per physical connection [4].  The address extension feature at LAPD can be used to accommodate a larger number of virtual connections between a pair of routers.  Alternatively, a physical connection containing more than a thousand virtual connections can be split into two physical connections.  End-to-end TCP connections, which support reliable data transfer between applications, are established on top of IP and LAPD.


LAPD switching is more efficient than IP switching in that the address that must be processed by the packet switch is much shorter, 10 bits for LAPD as opposed to 32 bits for IP (and 128 bits for IP version 6).  Consequently, LAPD routing tables can be much smaller than IP routing tables.  Also, with LAPD, which is connection oriented, it is easier to provide a guaranteed quality of service (minimum throughput and maximum delay) than with IP, which is connectionless.


Even though LAPD switching is preferred, the packet switches at the ISDN switching centers can operate using IP, which makes them compatible with IP networks.  For operation with an existing IP network, the subscriber equipment in Figure 4 would be replaced by an IP router, which would be connected to a group of subscribers.  The router would communicate with a packet switch using IP over PPP or some other data link protocol.  This packet switch would determine the routing of packets based on the IP address, however, processing of packets within the combined ISDN/Internet network would be based on LAPD.  The subscriber at the other end of the network could operate directly with the combined network using LAPD, or indirectly through a router using IP and PPP.

2.5 Voice Operation


The most straightforward way to handle voice is to assign a single dedicated B channel in each direction for the duration of the call.  The packet switches in Figure 2 would be bypassed, and an end-to-end physical layer connection would be established between subscribers.  Since this approach uses the current channel switching capability of N-ISDN, it does not require additional network resources.  It also relieves the processing burden on the packet switches and minimizes delays.  However, the utilization of assigned B channels in each direction is typically only about 45% [13].


In theory, voice channels can be used more efficiently with packet switching.  Voice over IP is possible, but it introduces delay problems.  There are fixed delays associated with filling up an IP packet and random delay associated with queuing of packets.  These delays can be problematic in situations where echoes are generated, e.g., by four wire to two wire converters.  To minimize delays, the packet size must be kept small, however, with small packets the overhead percentage is increased.  In practice, delays and overhead associated with IP and other protocols make it difficult to achieve a more efficient utilization of voice channels.

Thus for voice, channel switching appears to be more appropriate than packet switching.  It avoids delay problems and the differences in utilization efficiency are not significant.

2.6 Summary of N-ISDN Capabilities and Limitations

As described in previous subsections, ISDN and Internet functions can be combined on a common network.  This combined network is capable of both channel switching and packet switching operation, and it can efficiently accommodate voice and data communications.  An N-ISDN BRI interface, which provides the subscriber with two B channels, can use one B channel for voice and one for data communications, among other options.  A B channel used for data can support multiple virtual connections to different destinations.


With only two B channels, the BRI has very limited video capabilities.  A BRI can support video teleconferencing at data rates up to 128 Kb/s, but it does not have nearly enough capacity for full motion video.


An ISDN PRI, which can support data rates up to 1.5 Mb/s, can support a single channel of relatively low quality full motion video.  Unfortunately, PRI interfaces, which require four-wire connections, are not widely available.

3.  Enhanced N-ISDN


This section describes how N-ISDN can be enhanced.  With these enhancements, N-ISDN would provide subscribers with a full motion video-on-demand capability along with other capability improvements.
3.1 Desired Enhancements


It is desirable to be able to enhance current N-ISDN capabilities to better support video and data communications.  The desired enhancements to N-ISDN are described below.

· Increase the number of DS0 channels provided to each subscriber - As discussed in the next section, the number of DS0 channels provided over existing subscriber access lines can be greatly increased.  More DS0 channels are required to support a full motion video capability.

· Provide asymmetric connections that allow higher data rates in one direction than in the other direction - For most video and data communication applications, much higher data rates are required in the direction from the network to the subscriber than in the opposite direction.

· Support dynamic changes in the number of assigned channels - Fast switching of the number of B channels would improve the efficiency of video-on-demand operation and would allow large blocks of data to be transferred more efficiently.  For established connections, it is desirable to be able to switch the number of channels used for transferring data in each direction in a fraction of a second.  The time required to establish a connection can be longer.

· Multicast the same signal to many subscribers - This would provide a capability to broadcast selected video (and multimedia) signals through the network.

3.2 Asymmetric Digital Subscriber Line (ADSL) Interfaces


In the client-server model, most of the data flows from the server to the client.  For a subscriber acting as a client, data flows primarily in the downstream direction, i.e., from the network to the subscriber.


Asymmetric digital subscriber line (ADSL) interfaces provide relatively high data rates in a downstream direction compared to the data rates in the opposite (upstream) direction [14].  ADSL uses a modulation scheme that is much more efficient than the N-ISDN line code for transmitting high data rates over existing twisted pair lines.  To minimize near-end crosstalk, ADSL transmits a high data rate in only the downstream direction.  Typically with ADSL, the upstream data rate is approximately 10% of the downstream data rate.  The ADSL technique can be employed to greatly increase the number of downstream DS0 channels provided to each subscriber.


The data rates that can be achieved using ADSL technology depend largely on the length of the twisted pair subscriber lines [14].  Downstream data rates of 6 Mb/s can be achieved over 12000 ft of 24-gauge wire, while 1.5 Mb/s can be achieved out to 18000 ft.  For 26-gauge wire these distances are reduced.  Approximately 50% of the subscriber lines in the United States can support 6 Mb/s downstream, and over 80% of the U.S. subscriber lines will support 1.5 Mb/s.  These data rates correspond to 94 and 23 B channels, respectively.

3.3 Video Operation over Enhanced N-ISDN

The most demanding requirement in terms of high data rates for extended periods of time is full motion video.  Direct encoding of National Television Standards Committee (NTSC) video, which is currently the standard video in the U.S., requires data rates in excess of 200 Mb/s.  However, video data rates can be significantly reduced if data compression techniques, such as the Moving Pictures Experts Group (MPEG) techniques, are employed.  MPEG-1 compression exploits both spatial and temporal redundancy in video images to produce recorder quality NTSC video at data rates up to 1.5 Mb/s [10].  Similarly, MPEG-2 produces broadcast quality NTSC video (and the associated audio) at data rates varying between 4 and 6 Mb/s [12].  Future applications might include high definition television (HDTV).  HDTV video contains approximately 5 times the number of pixels as NTSC video and requires approximately 5 times the data rate.  With MPEG-2 compression, HDTV video requires a data rate for 20-30 Mb/s.

With MPEG compression, the number of bits required to encode a video frame varies significantly from frame to frame.  This is because some frames are encoded independently (I frames) and for other frames the image data is predicted or interpolated from previous and/or subsequent frames.  For predicted/interpolated frames, only differences relative to the predicted or interpolated values need to be encoded.  The frame to frame data rate out of an MPEG encoder can vary by a factor of 2 or more [15].  However, this variation can be practically eliminated if several frames are buffered before transmission as illustrated in Figure 5.  The MPEG data rate also depends on the content of the scene.  The data rate required for action scenes can be considerably higher than the data rate for still scenes.


The MPEG data rate can also be controlled by varying the quantization levels within the compression algorithm [17].  Making the quantization mode more coarse has the effect of eliminating the smaller MPEG components, typically the higher frequency components.  Coarser quantization results in a reduction in image quality, which typically is manifested as a reduction in resolution.  The MPEG-2 standard provides for coding at two different layers, a base layer and an enhancement layer [17].  The base layer, which is required to reconstruct the image, would have higher priority than the enhancement layer.  The enhancement layer, which can be used to provide finer quantization, can be discarded, if necessary.  This would result in poorer image quality, but provides for graceful degradation if the full data rate cannot be supported.
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Figure 5 - MPEG Video Compression/Expansion


N-ISDN with the ADSL upgrade can support transmission of MPEG video-on-demand.  MPEG-1, which requires up to 1.5 Mb/s, can be supported over 80% of existing subscriber access lines.  MPEG-2, which requires 4-6 Mb/s, can be supported over about 50% of existing access lines.  Alternatively, two or more MPEG-1 channels can be supported by lines that can carry 3 Mb/s or more downstream.  One B channel (64 Kb/s) in each direction, which represents a small portion of the available ADSL capacity, would be set aside for voice.


For video servers, the data rate is much higher in the upstream direction than in the downstream direction.  Thus, an ADSL interface would not be appropriate for a video server.  Instead, a video server would require a high speed network interface.  This could be provided using high speed digital subscriber line (HDSL) techniques over suitable twisted pair access lines.


A subscriber accessing a video server would be provided with information on available videos and their minimum data rate requirements.  The subscriber could select a prerecorded video that would fit within the available number of downstream B channels.  The number of available channels must be sufficient to support the minimum required data rate.  The server would signal the subscriber when the data rate was about to increase due to an upcoming scene change, and the subscriber could request that more channels be allocated for downstream traffic from the server.  If more channels are not immediately available, the server would send only the base layer data.  The MPEG quantization must be selected so that the base layer data can be accommodated by the minimum data rate.  Until more channels become available to support the enhancement layer, or until the data rate decreases, the subscriber would receive only the base layer data, and the received image will suffer graceful degradation.

In addition to providing a means for accessing prerecorded video, N-ISDN with ADSL can provide access to real time broadcast video.  Depending on the available number of channels, a subscriber could access an MPEG-1 or MPEG-2 video broadcast channel.  MPEG-2 broadcasts would need to include both a base layer with a specified maximum data rate and an enhancement layer.  For a subscriber accessing MPEG video, the number of available B channels must be sufficient to accommodate the maximum data rate for the base layer.  If additional channels are available, they could be used to process the enhancement layer and provide better image quality.

N-ISDN with ADSL is not a replacement for existing broadcast video systems.  With broadcast video, it is desirable to provide simultaneously multiple channels that can be switched locally by the subscriber.  ADSL can support only one or two video channels at a time.


Certain types of switches can switch an input signal onto multiple output lines.  Figure 6 shows an 8 x 8 cross-point matrix with 64 gating elements, which allows any input line to be connected to up to eight output lines.  An output line would be connected to, at most, a single input line.  Switches constructed using multiple cross-point matrices would be able to send the same signal to many subscribers, and thus, support multicasting of video signals.

3.4 Data Communications and Multimedia Operation over Enhanced N-ISDN

ADSL would provide clients with a significantly improved capability to download data from servers, including both data servers and multimedia servers.  Most subscribers would be able to download data of rates of 1.5 Mb/s or greater.


Multimedia operation refers to the transmission of multiple types of data, including text, graphics, audio, and video over a common medium.  MPEG-4, which originally was intended for coding of audio/video at low data rates, is emerging as the standard for multimedia coding [3].  With MPEG-4 coding of multimedia data, the data rates are generally lower than the MPEG-1 and MPEG-2 data rates.  Thus with ADSL, over 80% of the subscriber lines in the U.S. should be capable of supporting MPEG-4 multimedia operation.


The enhanced N-ISDN network would be able to support data communications                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             and multimedia with either the packet switching or channel switching mode of operation.  With packet switching operation, TCP virtual connections would be established between clients and servers.  IP packets containing various types of data would be transferred over these connections.
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Figure 6 - Cross-point Switching Matrix

An alternative approach would be to establish end-to-end physical layer connections between clients and servers.  An integral number of B channels would be assigned to each of these connections in each direction.  The server would provide the client with a menu of available data and the associated data rates required for efficient transfer.  Using the D channel, the client would request that a number of B channels be assigned for the data transfer.  If the network and the server have a sufficient number of available channels, then the channels would be assigned and the data would be transferred.  After the transfer is completed, the B channels used for the transfer would be released.


The effectiveness of this alternative approach depends heavily on enhancing N‑ISDN to provide a fast channel switching capability.  With this capability, channels can be assigned to a connection for only a short period of time when they are needed to transfer data, and consequently, network channels can be utilized efficiently.  This approach also provides for the efficient utilization of server channels.  A server may be simultaneously connected to many clients.  However, the server may be able to transfer data to only a few clients at the same time, and all the outgoing B channels from a server could be assigned temporarily to a few connections.  Inactive connections, connections waiting for data requests from the clients, and connections waiting for data processing by the server could be assigned zero outgoing B channels.  To keep connections alive, an outgoing B channel would have to be assigned periodically, e.g., once every several minutes for a fraction of a second, to inactive connections.

4.  Transition to B-ISDN


B-ISDN will provide subscribers with greatly expanded capabilities, compared to the capabilities of N-ISDN.  The transition from N-ISDN to B-ISDN requires providing fiber optic access lines for subscribers, which can be very expensive.  The transition to B-ISDN can be facilitated by deploying fiber optic access lines in stages and by building on the enhancements described in the previous section.

4.1 Overview of B-ISDN


The physical layer standards for broadband ISDN (B-ISDN) specify the synchronous digital hierarchy (SDH) of data rates and the synchronous transport module (STM) frame structures [1].  SDH data rates are integral multiples of the fundamental SDH data rate of 155 Mb/s, which is three times the basic synchronous optical network (SONET) rate.  Corresponding to the fundamental SDH rate is the STM-1 frame structure.  Higher order STM frames are formed by byte interleaving lower order frames.  For example, the STM-64 frame, which corresponds to a data rate of approximately 10 Gb/s, can be formed by interleaving 64 STM-1 frames.  All STM frames have intervals of 125 s and a corresponding repetition rate of 8000 frames per second.  The STM-1 interface can support a usable data rate of approximately 150 M/s, and can easily accommodate current voice, data, and video applications with enough spare capacity for future applications.

Asynchronous transfer mode (ATM) has been selected as the B-ISDN standard for transferring data [5].  ATM is a form of fast packet switching where data blocks are divided into small fixed size packets, or cells, that are transferred at a variable rate in available time slots.  Each ATM cell contains 53 bytes, which consist of a 5-byte header and a payload of 48 bytes.  The ATM cell was designed to be very small to accommodate voice traffic with minimum delays.  For voice encoded at 64 Kb/s, it takes 6 ms to fill an ATM cell.  This compares favorably with transmitting voice using IP, where the packet sizes and the delays can be much larger.


With ATM, virtual connections are established between entities desiring to communicate with each other.  A specific route is determined for each ATM virtual connection, however, unlike the case with channel switching, channels are not assigned to particular connections.  ATM cells are switched independently of each other based on control information in the cell header.  ATM cells are dynamically assigned to available channels, which makes ATM more efficient than channel switching for bursty data.  However, processing and switching are more difficult for ATM than for channel switching.  With ATM, control signals are processed along with the data, and switching decisions are made on the fly. This makes it difficult to implement ATM processing with optical components.

4.2 B-ISDN Capabilities


The STM-1 payload of 150 Mb/s, which is equivalent to 2340 DS0 channels, is more than adequate for current voice, data communications, video-on-demand, and broadcast video applications. These applications can be accommodated using channel switching, ATM, or a combination of the two.  A few DS0 channels (time slots within the STM-1 frame) can be dedicated to signaling between the subscriber and the network.  These channels would be used to request the establishment and release of physical layer connections and for the assignment of channels to these connections.


Table 1 lists the data rates associated with various communication functions and the number of DS0 channels needed to accommodate these data rates.  Voice requires only one DS0 channel in each direction.  The most straightforward way to handle voice is to provide a dedicated DS0 channel in each direction for the duration of the call.

Table 1 - Required Data Rates & Number of DS0 Channels 
	Functions
	Data Rates
	No. of DS0 Channels
	Comments

	
	Upstream
	Downstream
	Upstream
	Downstream
	

	Voice
	64 Kb/s
	64 Kb/s
	1
	1
	Fixed rate

	Data

Communications
	64 Kb/s
	64 Kb/s & up
	1
	1-many
	For file transfers

	NTSC Video
	64 Kb/s
	4-6 Mb/s
	1
	60-100
	MPEG-2 compression

	HDTV

Video
	64 Kb/s
	20-30 Mb/s
	1
	300-500
	MPEG-2 compression

	Multimedia
	64 Kb/s
	64 Kb/s -

1.5 Mb/s
	1
	1-24
	MPEG-4



For many data communication applications, the data stream is bursty and the use of dedicated channels is inefficient.  For low data rate applications, channel switching could be used with only a few dedicated DS0 channels. Applications involving the transfer of large amounts of data, e.g., large file transfers, require moderately high data rates (compared to 150 Mb/s) for short periods of time.  These applications could be accommodated using ATM or channel switching.  With channel switching, a relatively large number of DS0 channels could be assigned to a particular connection for a short period of time and released when the transfer is completed.  The B-ISDN switching elements would be capable of switching quickly, and the time required to change the number of assigned channels would be limited by propagation delays rather than by switching times.  The B-ISDN network could be designed to assign or release in a fraction of a second.


NTSC video with MPEG-2 compression requires data rates in the range of 4-6 Mb/s, which correspond to between 60 and 100 DS0 channels.  With a payload of 150 Mb/s, more than 25 video channels can be accommodated simultaneously within an STM-1 frame using either ATM or channel switching.  Although the number of simultaneous video channels is limited, a subscriber can access additional video channels by switching the connection in real time to another set of channels on the video server or to another video server.  A single upstream DS0 channel can be used by the subscriber to signal the server and select a set of video channels.


Future applications might include multimedia applications with high video content and high definition television (HDTV).  The STM-1 payload can easily accommodate multiple MPEG-4 channels for multimedia applications.  However, HDTV applications can begin to stress B-ISDN capabilities.  HDTV video contains approximately 5 times the number of pixels as NTSC video and requires approximately 5 times the data rate.  With MPEG-2 compression, HDTV video requires a data rate of 20-30 Mb/s.  Only a relatively small number of HDTV video channels (5 or 6) can be accommodated simultaneously by an STM-1 interface.  However, a subscriber could access additional HDTV channels by switching to another port on the HDTV server or to another server.

4.3 Subscriber Connections


Implementing B-ISDN requires deployment of fiber into the subscriber loop.  As shown in Figure 6, multiplexing nodes would be placed between the CO and the subscribers, with each multiplexing node connected to the CO by a single fiber that carries signals in both directions.  To achieve the full STM-1 data rate, fiber must be extended all the way to the subscriber premises.  There are various ways for connecting subscribers to the multiplexing node.  One option would be to run a separate multimode fiber from the multiplexing node to each subscriber.   Multimode fiber is relatively inexpensive compared to single mode fiber and can support a data rate of 155 Mb/s in both directions for distances up to a few kilometers [9].  Another option would be to wavelength multiplex signals for multiple subscribers on one single mode fiber. 


Replacing existing twisted pair access lines with fiber for all U.S. subscribers will take a long time and will cost a lot of money.  This conversion can be made more palatable, if the transition to B-ISDN is implemented in stages with fiber optic lines gradually extended throughout the subscriber loop. ADSL technology, which can support much higher data rates than current subscriber interfaces without running fiber all the way to the subscriber, can be employed as an interim solution.


In the transition to B-ISDN, the data rate that can be achieved with ADSL can be increased as fiber optic lines are extended closer to the subscribers and the length of twisted pair access lines is reduced.  For a twisted pair length of 3,000 ft, a downstream data rate of 26 Mb/s can be supported with ADSL, while for a length of 1,000 ft a downstream data rate of 52 Mb/s is achievable [14].  Figure 7 shows an approach for extending fiber into the subscriber loop, which is similar to a digital loop carrier (DLC) approach currently used for multiplexing subscriber signals over T-1 lines.  A fiber optic cable containing a single fiber, and replacing a cable containing up to a few hundred twisted pairs, would be run from the CO to a multiplexer in the subscriber area.  Each multiplexer would be connected to up to a few hundred subscribers using ADSL over existing twisted pair access lines.  Using this approach the average length of twisted pair access lines in the U.S. can be reduced from approximately 15,000 ft to approximately 2,000 ft [16]. 
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Figure 7 - Partial Deployment of Fiber into the Subscriber Loop

Using the approach shown in Figure 7, downstream data rates of 26 Mb/s to 52 Mb/s can be achieved, which correspond to between 1/6 and 1/2 of the STM-1 rate.  These data rates are more than adequate for most applications.  Several compressed NTSC video channels can be supported, which is sufficient for broadcast video.

4.4 B-ISDN Architecture and Operation


B-ISDN architectural issues were adderssed in a previous paper [7].  The proposed B-ISDN architecture, which is shown in Figure 8, is similar to the N-ISDN architecture of Figure 2.  Implementation of this B-ISDN architecture requires the following:  1) upgrading of subscriber interfaces as described in the previous subsection; 2) conversion of N-ISDN switches to B-ISDN switches; 3) increasing the capacity of the transmission lines interconnecting the switches, and 4) replacing IP/LAPD packet switches with ATM switches.
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Figure 8 - Proposed B-ISDN Architecture


B-ISDN and N-ISDN switches operate in a similar manner.  Both are based on switching of time slots within a 125 s frame, T-1 or SONET frames for N-ISDN and STM frames for B-ISDN.  The STM-1 frame corresponds to the third order SONET frame and the nth order STM frame corresponds to a SONET frame of order 3n.  Consequently, switching operations and switch architectures are similar for N-ISDN and B-ISDN switches.  Similarly, fiber optic transmission lines interconnecting the switches can be similar.  Of course, the B-ISDN lines must have a significantly higher capacity.


Similar to the N-ISDN interconnection network described in subsection 2.3, the B-ISDN interconnection network provides physical layer connections between each pair of ATM switches.  The B-ISDN interconnection network must support much higher data rates than the corresponding N-ISDN interconnection network.  As described in the previous cited reference, the B-ISDN interconnection network can be implemented with optical components, which will support very high data rates.  Unlike the case with the N-ISDN network, where most packets will make two passes through the interconnection network, a single pass through B-ISDN interconnection network will be adequate in most cases.  This situation is a result of the fact that the B-ISDN network will provide a much greater capacity and many more channels than the N-ISDN network.  This will allow a physical layer connection between each pair of ATM switches where the traffic flow is significant.


ATM switching is similar to the LAPD switching described in subsection 2.4, and the ATM switches in Figure 8 are similar in some respects to the packet switches in Figure 2.  ATM switching is different than LAPD switching in that small fixed length cells rather than layer variable length packets (or frames) are switched.  ATM switching is more difficult in that switching speeds are faster and the computation rates are higher.  Having fixed length cells somewhat compensates for these difficulties.  The similarities between ATM and LAPD switching make it feasible to construct a combined ATM/LAPD switch.  This possibility, along with the fact that the ATM switch would be at many of the same locations as the IP/LAPD packet switches, facilitates the transition from N-ISDN to B-ISDN.


The B-ISDN protocol diagram of Figure 9 is similar to the N-ISDN protocol diagram of Figure 4.  The physical layer interfaces have been changed from BRI and SONET to STM (fundamental and higher order).  ATM takes the place of LAPD.  ATM connections involve subscribers at the end points of networks and ATM switches in the middle of the network.  The ATM adaptation layer (AAL), which is implemented in subscriber equipment, divides a data block into ATM cells on one end and reconstructs the data block from ATM cells on the other end.  TCP, IP, and applications can be implemented over ATM and AAL.  TCP connections provide reliable data transfer between subscribers.  IP would provide a mechanism for interfacing with legacy networks, such as the Internet or legacy local area networks (LANs).
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Figure 9 - B-ISDN Protocol Diagram

The N-ISDN packet switching capability described in subsection 2.4 and the N-ISDN enhancements described in Section 3 would greatly facilitate the transition to B-ISDN.  With these enhancements, N-ISDN will be able to accommodate the same set of communication functions as B-ISDN, including full motion video.  With the approach described in this paper, modes of operation for N-ISDN and B-ISDN, which would include both channel switching and packet switching, would be similar.  Even though the signal structures for N-ISDN and B-ISDN are different, they are both based on 125 s frames, and the transmission lines connecting N-ISDN switches can employ the SONET/SDH signal structure mandated for B-ISDN.  Since the proposed N-ISDN and B-ISDN architectures are similar, N-ISDN elements within the architecture can be upgraded without disrupting the network.  The upgraded elements would need to perform both N-ISDN and B-ISDN functions during the transition.

5.  Summary


Current ISDN networks can support Internet requirements.  In particular, N-ISDN can provide subscribers with switchable access to the Internet and can provide variable data rate physical connections between Internet packet switches.  If packet switches are included at N-ISDN switching centers, then N-ISDN can perform certain Internet functions, and ISDN and the Internet can be effectively combined.  This approach provides subscribers with adequate voice and data communications capabilities, however, video capabilities are very limited.


N-ISDN capabilities can be significantly enhanced by using ADSL to greatly increase the downstream data rate available to subscribers.  Using ADSL over existing access lines, a full motion video-on-demand capability can be provided for over 80% of the subscribers in the U.S.  With ADSL and other enhancements, the data communications and multimedia capabilities of N-ISDN can also be significantly improved.


Compared to N-ISDN, B-ISDN will provide subscribers with greatly expanded capabilities.  B-ISDN requires providing subscribers with fiber optic access lines, which will be very expensive.  The conversion to fiber optic access lines can be more palatable if it is performed in stages.  A capability that is sufficient for most applications can be achieved with deployment of fiber part of the way to the subscriber premises.  Transition to B-ISDN would be facilitated if N-ISDN is enhanced to include the capabilities described in this paper and if the B-ISDN and enhanced N-ISDN architectures are designed to be similar.
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