
Chapter 9. 

Circuit switched networks

9.0. Abstract.

In this chapter, some typical aspects of wide-area data networks based upon the circuit switched services of telecommunication operators will be discussed. 

The first circuit switched service to be considered is the, still prevalent, analog telephone network, known in the telecommunications community as the “Public Switched Telephone Network (PSTN)”. Next, the data communications aspects of the digital successor to the PSTN, the “Integrated Services Digital Network (ISDN)” will be discussed. Finally, the data communications possibilities of the mobile GSM service will be summarised.

In the last part, the use of circuit switched networks for typical data transmission applications, such as Internet access, is explained.

9.1. The Public Switched Telephone Network (PSTN).

The public switched telephone network has worldwide over a billion subscribers. It allows the establishment through a simple procedure, most often automated, of a full duplex analog connection with 3 kHz bandwidth between any pair of subscribers. The telephone service is normally intended to carry human voices from a microphone to a headset, but can also be used to transmit data, provided it is encoded in such a way that its characteristics resemble closely those of signals generated by a microphone and a human speaker. Devices performing such an encoding are called "modems" (MODulators-DEModulators). 

From a data-communications point of view, the PSTN provides a connection-oriented service at level 1 of the OSI model. Billing is based on the duration of the connection and independent of the volume of data transmitted (you pay for the call, even if you remain silent on the phone!).

When two computers, or a computer and a terminal (called in short Data Terminal Equipment or DTE), are interconnected through modems (called Data Communications Equipment or DCE), the physical connection encompasses in fact three different links (fig.9.1), each using specific level 1 protocols. 

First DCE-DCE and thereafter DTE-DCE protocols will be considered.
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9.1.1. Modem Protocols.

Telephone channels are subject to various sources of noise, can have severe phase distortions (the human ear is insensitive to phase, so telephone companies didn't pay much attention to it) and can cause small frequency shifts (resulting from frequency domain multiplexing of analog channels). On some international lines echo suppressers to prevent speech difficulties when the speaker hears a delayed echo inhibit full duplex communication. Echo suppressers automatically cut of the direction with the lowest signal level. To use a telephone channel with echo suppressers for data transmission, full duplex service can be requested by transmitting a 2100 Hz signal immediately after establishment of the connection. Modems for use on the public switched telephone network should be able to cope with all the peculiarities of that network. The theorem of Shannon gives approximately 30 Kb/s as an upper limit of the data rate possible over a typical telephone channel with 3 kHz bandwidth and a signal/noise ratio of 1000. The closer the actual data rate is to this theoretical limit the complexes the modem has to be, which explains why modems working at 28.8 Kb/s have only appeared quite recently on the market.

As in many modern urban telephone networks, the noise is essentially caused by the finite resolution of the anolog/digital converters, it should be possible to design modems working at the same rate as the digital telephone channel (56 Kb/s in North America, 64 Kb/s in Europe). Such modems are available on the market, but their performance is highly dependent on the local circumstances.

Level 1 protocols for communication between modems through the PSTN are standardised by the CCITT (Comité Consultatif International pour la Télégraphie et la Téléphonie) in the V series of recommendations. A wide variety of modem protocols is available, corresponding to various needs, ranging from asynchronous transmission at rates up to 300 b/s (recommendation V21), to synchronous transmission at rates of 28.8 Kb/s (recommendation V34). Table 9.1 shows the most common CCITT standards for PSTN modems.


Clock
Modulation
Mod. rate
Data Rate
Full Duplex




Baud
b/s


V21
Asyn
FSK
0-300--
0 - 300
FDM

V22
Syn
PM
600
600,1200
FDM

V22b
Syn
QAM
600
1200,2400
FDM

V23
Asyn
FSK
75/1200
75/1200
FDM

V29
Syn
QAM
2400
4800,9600
Half Duplex

V32
Syn
QAM
2400
<= 9600
EC

V34
Syn
QAM
>=2400
<= 28800
EC

Table 9.1. Most common CCITT recommendations for PSTN modems.

Among the technical issues handled by modem protocols, the way full duplex operation is made possible, the type of modulation and some techniques for error correction and data compression deserve a special mention.

9.1.1.1. Full duplex operation.

At low data rates, frequency domain multiplexing ensures full duplex operation: half the available bandwidth is used for transmission in one direction, the other half for the other direction. A simple bandpass filter suffices to eliminate from the input of the receiver the signals transmitted by the local transmitter. As a convention, the modem, which initiated the call, uses the lower frequency band to transmit, but modern modems usually can transmit and receive in both frequency bands. Figure 9.2 shows the bandwidth allocation in a V21, 300 b/s modem.

At higher data rates (above 2400 b/s) it is no longer possible to split the available bandwidth in two separate channels as this would require discrimination between too many different modulation patterns, the maximum baud rate being limited by the channel bandwidth. Transmissions in both directions have to share the same frequencies and a bandpass filter can not be used to eliminate the locally transmitted signals from the input of the receiver. Instead, the locally transmitted signals, adequately attenuated and delayed, are subtracted from the received signal in order to cancel as well as possible the transmitted signals echoed into the received ones. To adjust the attenuation and delay of the subtracted signal the correlation function between transmitted and received signals is computed. This function tends to zero when all echoes are perfectly cancelled, provided of course, that the data streams in both directions are uncorrelated. In order to guarantee uncorrelated data, well-defined random sequences are combined with the data before transmission (scrambler) and removed after reception (unscrambler). Fig.9.3 shows the block diagram of a modem using echo cancellation for full duplex operation and an example of the correlation function between transmitted and received data before echo cancellation is operational.
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A third, and certainly the simplest, way to ensure apparent full duplex operation over a single telephone channel consists in using the channel alternatively in one direction and the other. This mode of operation is called “half duplex” and is used for normal FAX transmissions.

9.1.1.2. Modulation.

Asynchronous modems at low data rates all use frequency modulation, one frequency corresponding to a bit 0 and another frequency to a bit 1 (this technique is sometimes called "frequency shift keying"). Fig 9.4. shows the frequencies used by the V23 modem (which is the modem used by France Telecom for the Minitel terminals).  Full duplex operation is ensured by frequency domain multiplexing, with different bandwidths for both directions as this modem allows 1200 b/s from computer to terminal and only 75 b/s from terminal to computer. The frequencies corresponding to bits 0 and 1 can be much closer to each other in the slow channel as more time is available to distinguish the two frequencies.
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At higher data rates, phase and amplitude modulation are combined to encode 2,3,4 or even 5 bits into 4,8,16 or 32 different waveforms, allowing high data rates despite the upper limit set to the baud rate by the 3 kHz bandwidth. Fig.9.5. shows the modulation patterns and the frequency bands used by a V22bis modem, working at 2400 b/s and 600 baud.
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9.1.1.3. Error correction and data compression.

Modems being layer 1 entities, their task simply consists in carrying a stream of bits between two DTEs, at a specified throughput, without exceeding a specified error rate. To perform this task, most modems do not modify the stream of bits, they just encode the bits by means of electrical signals compatible with the PSTN. In some circumstances however, it is not possible to fulfil the specifications without modifying the stream of bits carried between the modems. 

This is the case in some high performance modems that use forward error correction techniques (see the “error detection and correction side-track in chapter 3) to reduce the probability of erroneous transmissions over marginal telephone links. For instance, V32 modems, which have a nominal data rate of 9600 b/s can transmit 12000 b/s between the modems, leaving 25% of the nominal data rate for forward error correction. This forward error correction technique, called “trellis encoding” works with a continuous flow of bits rather than with blocks.

The V42 and/or V42bis specifications define protocols that are similar to datalink protocols, but which can be implemented in any pair of modems to improve the error rate and the throughput. V42 specifies an error correcting protocol that groups the bits to be transmitted in blocks, adds redundant bits to each block for error detection, and retransmits any block damaged by transmission errors. Usage of V42 practically eliminates transmission errors at the physical layer, but introduces random transmission delays when errors have to be corrected.

V42bis specifies datacompression for the link between two modems. (See the sidetrack “data compression” in this chapter). Data compression can significantly increase the apparent throughput but requires good flow control between DTE and DCE, as the transmission rate of the DCE will vary with the contents of the data.

V42 and V42bis are not modem specifications but specifications for additional features that can be implemented on any full duplex modem and enabled when the modem is initialised. Other proprietary protocols such as MNP with similar goals as those of V42 and V42bis are often also available in high performance modems.

9.1.2. DTE-DCE interfaces.

The protocols used between DTEs and DCEs are much less sophisticated because distances are short. The vast majority of modems, when not build into a computer, uses the EIA232D protocol (formerly RS232C). This protocol specifies in one document the electrical, functional and procedural aspects of the communication between DTE and DCE. These specifications have also been adopted by the CCITT as the V24 recommendation for the functional and procedural aspects, while the electrical aspects are handled in the V28 recommendation.

Table 9.1. gives the list of the most important signals specified by EIA232D. These signals are identified by numbers in V24 while they have names in EIA232D.

Pin
Name
V24 id.
DTE-DCE






1
Protective Ground
101


2
Transmitted Data
103
>

3
Received Data
104
<

4
Request To Send
105
>

5
Clear To Send
106
<

6
Data Set Ready
107
<

7
Signal Ground
102


8
Data Carrier Detect
109
<

15
Transmitter Clock(DCE)
114
<

17
Receiver Clock
115
<

20
Data Terminal Ready
108.1/108.2
>

22
Ring Detector
125
<

24
Transmitter Clock (DTE)
113
>

Table 9.1. Some important EIA232D/V24 signals.

The functions of some of these signals are quite obvious, while others deserve some explanations.

The Request To Send and Clear To Send pair was mainly intended for half duplex modems: normally both DCEs are listening until one DTE expresses its wish to transmit by raising its RTS signal. The corresponding DCE then switches to the transmitting state, and informs the DTE of its readiness by raising the CTS signal. When the DTE has finished transmitting, it lowers the RTS signal to bring the DCE back in the receiving state (Fig.9.6). With full duplex lines the RTS signals are always kept high and the CTS signals become high as soon as the modems have completed their initialisation. As the effect of a DCE lowering its CTS while the RTS remains high is not specified, the RTS and CTS signals should not be used for implementing flow control mechanisms as is sometimes done when the EIA 232D interface is misused to connect directly computer peripherals.
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The Data Set Ready, Data Terminal Ready, Data Carrier Detect and Ring Indicator signals are used to handle automatic call answering. Two different procedures are provided to accommodate DTEs with different levels of "intelligence"(Fig.9.7).

When the DTE is a computer, it monitors the RI signals and when a call is detected instructs the DCE to take it by raising the DTR signal. The DCE informs the DTE of the establishment of the connection by raising the DSR signal and, if a transmitting and compatible DCE is detected, by raising the DCD signal.

When the DTE is a less sophisticated equipment, such as a measurement instrument in the field, it is the DCE itself, which answers a call. When a call is detected by the DCE and if the DTR signal is high, the DCE answers the call and informs the DTE by means of the DSR and eventually the DCD signals. In such systems DTR is active whenever the DTE is operational, that is, most often, when the power is on.

[image: image7.wmf]Fig.9.6. Normal and non-standard use of RTS/CTS. 

RTS

CTS

DT

Modem setup delay

DTE wants to transmit

DTE no longer

needs to transmit

RTS

CTS

DT

PC wants to print

Printer is out of paper

??????????????

Normal RTS/CTS usage:

Non-standard RTS/CTS usage:


The Data Set Ready and Data Terminal Ready signal can also be used for hardware flow control purposes, which can be needed with modems using error correction and/or data compression techniques.

The protocol defined by the V24 standard assumes the dialling is performed manually, before the modem is connected to the PSTN, and also that there are no options in the modem that can be controlled by the DTE. These were realistic assumptions when V24 was designed, a quarter of a century ago, but they are certainly no longer applicable to modern modems. These all have autodialing capabilities, can handle almost any DCE-DCE protocol and have many other options such as those defined in the V42 standard. For autodialing the V24 standard has been extended by means of the V25 standard that defines a lot of additional control lines between DTE and DCE to allow autodialling but almost all modem manufacturers have preferred to multiplex modem commands with the data to be transmitted to the other DTE. They use for this purpose proprietary protocols derived from those initially defined by the modem manufacturer Hayes. These modems have two states: the command state and the transmit state. In the command state all data coming from the DTE is interpreted by the modem as commands, in the transmit state it is send to the other modem. Switching between the two states occurs when the DTE modifies the state of specific modem control lines or sends specific strings. After a reset, the modem is always in the command mode. In the Hayes syntax, commands all start with the attention code AT followed by a string and are terminated by a carriage return. Table 9.2 gives some of the commands recognised by many modems. When the modem recognises a command and can obey it, it answers with the string OK; otherwise it returns an error message.

Command
Parameters
Function





Hn
n=0
On Hook


n=1
Off Hook

Ds
s=0..9
Dial number


T
Use DTMF dialling


P
Use pulse dialling

En
n=0
No Echo


n=1
Echo

Fn
n=0
Half Duplex


n=1
Full Duplex

Mn
n=0
Speaker Off


n=1
Speaker On until Carrier


n=2
Speaker always On

Z

Reset

Table.9.2. Some Hayes control strings.

9.1.3. Synchronous-Asynchronous converters.

As can be seen in table 9.1, most of the modem protocols are synchronous (see chapter 5), however most DTEs use asynchronous start stop protocols. Including between the DTE and the modem an elastic buffer communicating asynchronously with the DTE and synchronously with the modem itself (fig.9.8) solves this discrepancy.

In the DTE to DCE direction the elastic buffer removes the start and stop bits, stores the stripped characters in a small buffer and feeds them into the modem at the rhythm imposed by the clock of the modem.

In the opposite direction, the modem stores the received characters in a small buffer from where they are send to the DCE after addition of the start and stop bits.

Elastic buffers are built in most modern synchronous modems but are also available as separate part, generally build into EIA232 connectors.

9.2. The Integrated Services Digital Network.

As a natural evolution, digital techniques gain importance in telephony. In the seventies, the trunk lines became digital, in the eighties it were the exchanges and now, as the final step, the subscriber’s lines and the terminals are evolving towards digital technology. For telecommunications operators, this evolution has two potential benefits: first, for normal telephony, the price/performance ratio is improved and, for data transmission, the same network might be used, without the need for cumbersome modems.
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9.2.1. ISDN Interfaces.

CCITT has defined several different possible interfacing points between the network and the subscribers equipment. These interfacing points are the points U, T and S shown in fig.9.9.

U is the termination of the line between subscriber premises and the exchange. At that point the signals are analog signals, typical for communications between modems. Initially, the CCITT did not want to standardise the U interface to give the owners of the lines full freedom in choosing whatever modem technology appropriate for the existing wiring.

The NT1 equipment is, in fact, the modem capable of carrying 144 or 2048 Kb/s in full duplex over the subscriber’s line. It also has to extract the DC power supplied by the central exchange and make it locally available. In general, this power is only used to keep a minimal subset of terminals, such as a telephone, operational in case of local power failure.

As, almost by definition, the ISDN is intended for connection of several different DTEs at the subscriber’s premises, some equipment allowing to select one of the DTEs for a specific call is required. This is the role of the NT2 device. In case of a basic rate subscriber with only one telephone set, the NT2 would have almost no function. On the contrary, for a primary rate subscriber with hundreds of telephone sets, faxes, PC's, etc, the NT2 would be a full blown digital private branch exchange (PBX).
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In the most common case of a basic access, up to eight DTEs can be connected to the NT2 through a small local area network, called S bus. Modern devices, specially designed for the ISDN have a build-in S bus interface. Older devices can be connected through special Terminal Adapters (TA).

Normally, only the S interface needs to be standardised, as it is the most logical interfacing point between the network and the subscriber’s equipment. However, manufacturers of PBX's might want the T interface to be standardised in order to allow the subscriber to choose its PBX independently of the telecommunications company running the ISDN. Standardisation of the U interface might allow the design of VLSI chips containing all the electronics for multi-function ISDN terminals, with no materialisation of the T or S interfaces. Such chips could lower significantly the cost of ISDN for small users.

9.2.2. ISDN data channels.

In order to stay as compatible as possible with the existing digital infrastructure of the telephone system, ISDN uses circuit switched data channels at 64 Kb/s, called B channels. To keep the B channels fully transparent for any application, signalling (the management of the data channels) is done through a separate channel, the D channel.

A normal subscriber of the ISDN has a "basic access" which provides two B channels and one 16 Kb/s D channel.

Subscribers with higher needs can have a "primary access" with 30 B channels and one 64 Kb/s D channel. The binary rate on the subscriber’s line is 144 Kb/s for a basic access and 2048 Kb/s for a primary access.

The B channels are essentially switched digital circuits intended to transfer fixed rate digital data such as digitised voice, static images (fax) and slow motion, low resolution, television. These channels can, of course, also be used for data transfers between computers. Their applications are roughly the same as for the switched telephone network, but speeds are higher. They are also used more and more often as backups for leased lines.

Provided that strict priority rules avoid jeopardising the signalling function, the D channel can also be used for packetized data. This can be a particularly attractive way to connect slow terminals to a packet switched network.

As the data and signalling channels are quite independent, two different protocol stacks should be considered whenever one wants to fit ISDN into the OSI model (fig.9.10).

9.2.3. Data transmission through the ISDN and the PSTN.

When data has to be exchanged between two subscribers of the ISDN network, only rate adapters, (buffer memories with independent write and read clocks, intended to compensate for small differences between the clocks of the DTEs and the clock of the synchronous B channels) are needed. 

When one of the DTEs is a PSTN subscriber and the other an ISDN subscriber, the situation is more complex, as illustrated in fig.9.11. 

A first solution could consist in connecting both DTEs to modems intended for the PSTN and to use a terminal adapter for analog devices between the ISDN network and the analog modem. This terminal adapter is, in fact, an analog/digital converter, identical to those used by the telephone operators between the analog subscriber’s lines and the digital part of the network. With this approach the digital channel of the ISDN is only used to carry the digital samples of analog modem signals, which is somewhat a waste of the capabilities of the ISDN. (It is worth noticing that a similar approach is used when an ISDN subscriber wants to send dual tone signals to automated voice servers such as those used in phone banking applications)
A second and better solution consists in using the digital ISDN channel as a modem cable connecting the DTE with a modem rented from the telephone operator and located at the interface between the ISDN and PSTN networks. This approach, standardised as the V110 recommendation of the CCITT, implies that the modem control signals such as RTS, CTS, DTR, DSR and CD are encoded within the datastream carried over the B channel, which is easily feasible as the data rate on a B channel (64 Kb/s) is significantly higher than the maximal rate attainable between PSTN modems.
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9.3. The GSM mobile network.

For lots of applications it would be nice to use the mobile GSM phones for data transmission. The technique used in GSM to encode voice and the high error rate of the radio channel however severely restrict the attainable data rates. GSM uses vocoders that encode human voice with a data rate of 13 Kb/s and error rates up to 10-3 are common.

For transmission between a GSM and a PSTN subscriber, an approach similar to the one described in paragraph 9.2.3, using the V110 standard is used at data rates of 2400, 4800 or 9600 b/s (see fig 9.12). The difference between the available 13 kb/s and the nominal data rate is used for transmitting the modem control signals and for forward error correction.

Many GSM phones have an adapter to connect analog FAX machines. These machines are equipped with a V29 half-duplex modem transmitting at 9600 b/s. The GSM FAX adapter also contains such a modem to retransform the analog signal into a digital signal. The GSM system then acts as a special modem cable interconnecting the digital sides of two V29 modems by means of a V110 like protocol!

Transmission between a GSM and an ISDN subscriber is somewhat simpler, as no modems are involved, but special rate adapters, with provisions for error correction on the GSM section are nevertheless required.

[image: image12.wmf]Fig.9.1. Data transmission over the PSTN.

DTE

DCE

DCE

DTE

DTE = Data Terminal Equipment 

= Terminal

= Computer

DCE = Data Communications Equipment

= modem

PSTN


9.4. Circuit Switched Public Data Networks.

Some telecommunications companies offer specific subscribers the possibility to set up temporarily digital connections between them. These connections provide, just as the ISDN, a connection oriented level 1 service, but, most often at much higher speeds (2, 34 or even sometimes 144 Mb/s). Charges are based on the duration of the connection.

The X21 recommendation specifies the interface between the service subscriber (a DTE) and the network (a DCE). No specifications for internal aspects of the network (such as modem protocols) are given as this is the responsibility of the service provider.

At the physical level, X21 refers to the X24 recommendation, which specifies a DCE-DTE interface with much less circuits than the (much older) V24 interface. However, as the later is still very popular the X21bis recommendation uses V24 and V28 instead of X24 for the physical layer.

For the higher data rates, telecommunications operators specify typical interfaces used in the telephony trunking network rather than the more data oriented interfaces of the CCITT V or X series of recommendations.

Setting up and closing such circuits is done through an entirely separate signalling channel, using the PSTN or ISDN networks. In some pilot networks this is done manually: the subscriber has to send a FAX requesting a circuit at a specified moment!

9.4. IP over circuit switched networks.

IP is mainly used over switched networks to connect hosts to routers whenever a permanent connection is not affordable or when such connections are unavailable due to infrastructure faillures. The vast majority of residential Internet users get connected through the PSTN or the ISDN to the router of an Internet Service Provider (ISP). Two protocols are commonly used for this purpose: SLIP and PPP. Of course, these protocols can also be used to interconnect hosts and routers over leased lines, as a leased line is not different from a circuit switched network where a connection remains open.

When circuit switched, and more generally, connection oriented networks, are used to carry IP traffic, the establishment and the closure of the connection are important issues. The simplest approach, which is used systematically by residential users, consists in establishing a connection manually before any IP traffic is to be transmitted and in closing the connection when no more IP traffic is to be expected. The only disadvantage of this approach is the cost, as circuit switched networks base their charges on duration of a connection.

When fast autodialling is available, as is the case in ISDN, it is possible to establish a connection each time an IP datagram has to be transmitted and to close it immediately after transmission or after some period of inactivity. To evaluate this approach, it is necessary to take into account the delays caused by the dialling process and the cost of dialling versus the cost of keeping a connection open.

Whenever connections have to be established automatically, an interface between the IP routers and the signalling system of the connection oriented network has to be available. This interface should, among other tasks, translate the IP addresses into the addresses used in the connection oriented network. 

9.4.1. Serial Line Internet Protocol.

SLIP is an old fashioned data link protocol, specified in RFC1055 and RFC1144, but not formally approved as an internet standard, and therefor available in many incompatible variants. SLIP does not perform error correction, but some versions do data compression. It operates between two IP entities with predefined IP addresses.

9.4.2. Point to Point Protocol.

PPP is a modern data link protocol, strongly inspired by HDLC. It uses a sliding window protocol to correct transmission errors, but, unlike HDLC, the length of the blocks is a multiple of 8 bits.

When a PPP link is established between a host and a router, the latter can assign dynamically an IP address to the host. Dynamic allocation of IP addresses allows Internet Service Providers to operate with a pool of IP addresses not larger than the number of subscribers simultaneously active.

PPP allows also the utilisation of other protocols than IP over the link it controls.

9.5. Data transfer applications designed specifically for circuit switched networks.

When one desires simply to transfer data between two computers via a circuit switched network, there is no need for many intermediate protocol layers. In fact it suffices to make an application program that interfaces directly with the modems or the rate adapters.  Kermit, Xmodem, Ymodem and Zmodem, are such applications, designed to allow errorless data transmissions between computer systems lacking specific network support. They all use sliding window error correcting schemes, and the most performant also do data compression, but are not compatible with each other.
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Fig.9.11. Data transmission over the ISDN and the PSTN
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Fig.9.5. V22bis frequency spectrum and modulation pattern.  
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Fig.9.12. Data transmission over the GSM
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Fig.9.10. ISDN and the OSI model.
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Fig.9.8. Asynchronous-synchronous interface
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Fig.9.1. Data transmission over the PSTN.
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Fig.9.5. V29 frequency spectrum and modulation pattern.  
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Fig.9.7. DTR and DSR usage. 
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Fig.9.9. ISDN interfaces  
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Fig.9.6. Normal and non-standard use of RTS/CTS. 
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Fig.9.3.Echo cancellation in modems 
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Fig.9.4. Spectrum of a V23 Minitel modem
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Fig.9.2. Frequency spectrum of V21.

980

1180

Energy

Frequency

1650

2100

1850

A>B

B>A

A = Communication initiator








