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Chapter 1

Introduction
In terms of the number of subscriptions, mobile telephony has passed the traditional fixed
telephony in many countries, and it’s not uncommon today that some individuals only posses a
mobile phone and not a traditional telephone for the fixed telephone network.
The purpose of this lecture note is to introduce the reader to mobile communication in general
and especially to the Global System for Mobile communication (GSM) technology, which is the
most widespread mobile technology in Europe and other parts of the world.
The lecture note is intended for course 34310 Introduction to Communication Technology
and course 34311 Introduction to Networks for Tele- and Datacommunication. If you have any
comments or feedback on this lecture note, please send it to larst@fotonik.dtu.dk.
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Chapter 2

Background and services
2.1

History

The standardization of GSM started in 1982 in the ETSI1 organization. At that time, a number
of different and incompatible mobile communication networks were in use in the different european countries, notably the NMT2 system that was used (primarily) in the nordic countries,
and TACS3 in other european countries. Since a common mobile communication technology
would be beneficial for the european subscribers, a workgroup called Groupe Specialé Mobile
was established with the task of defining a new mobile communication technology.
It was the initials of the name of the workgroup that gave the name for the technology, but
later when GSM networks were also deployed outside of Europe, the technology was renamed,
so that GSM is now said to be an abbreviation for Global System for Mobile communication.
The first GSM standards were published in 1990 and the first operating network was launched
in 1991 in Finland. Today, it is estimated [1] that there are more than 1,5 billion GSM users
around the world, with China being the country with the highest number of GSM users, namely
282 million. GSM is also the largest cellular technology, accounting for 60% of the world’s total
cellular market.

2.2

Services

The GSM mobile technology was from the start mainly intended for voice communication, but
also with limited support for data services.

2.2.1

Voice services in GSM

Since it was important to use the wireless spectrum efficiently, it was chosen to use a more
efficient way to represent a digitized voice signal than the traditional 64 kbps that is used in
the fixed telephone networks. In the traditional telephone network, the analog-to-digital process
samples the analog signals every 125 µs and generates 8 bits for every sample, resulting in a bit
rate of 64. kbps. This process is very simple, but it doesn’t utilize the fact that the different
samples in a voice signal are usually correlated and that a voice signal has some well-known
statistical properties. This means that it is actually possible to compress a block of samples, so
that less capacity is needed on the radio interface.
1

European Telecommunications Standards Institute
Nordic Mobile Telephone
3
Total Access Communication System
2

4

The principle of voice coding in GSM is illustrated in figure 2.1. The analog voice signal is
first sampled 8000 times per second and each sample is converted into an 8-bit word, just as in
the fixed telephone network. The resulting 64 kbps digital signal is then used by the RPE-LTP
encoder4 that processes the sampled signal in blocks of 160 samples, corresponding to 20 ms of
speech. For each block of 160 samples (= 1280 bit), the RPE-LTP encoder generates a block of
260 bits, corresponding to a bit rate of
Rencoder =

260 bits
= 13 kbps
20 ms

The block of 260 bits can in this respect be considered as a description of the samples in the
20 ms block.

Figure 2.1: Voice coding in GSM.
In GSM this encoding principle is called Full Rate (FR) coding, and it was part of the
original GSM standards. Later, an improved algorithm for the encoder was standardized that
provides a better voice quality. This is called Enhanced Full Rate (EFR) encoding, and here the
algorithm generates 244 bits for every 20 ms. of speech, corresponding to a bit rate of 12.2 kbps.
Another encoding algorithm is the Half Rate (HR) encoding, which generates a digital signal
with bit rate of only 6.5 kbps, but also with a lower voice quality.

2.2.2

Data services in GSM

Data transmission is also supported in GSM, although only circuit switched data can be used.
Originally, GSM supported circuit switched data connections with a capacity of 9600 bps, but a
later modification increased the capacity to 14400 bps. Later, the High Speed Circuit Switched
Data (HSCSD) service enabled the subscriber to use a number (up to 4) of these circuit-switched
connection as a bundle, achieving a bit rate of up to 57600 bps. A serious problem with the use
of a circuit switched connection for data traffic (such as Internet traffic) is that the data traffic
is usually bursty, but the subscriber is charged for the amount of time that the connection is
active.
The General Packet Radio Service (GPRS) was implemented later in the GSM networks to
enable packet switched data transmission, where the subscribers would be billed for the amount
of data transferred. This is also promoted as an always-on solution, i.e., the subscriber can be
connected to the Internet all the time but he is only charged for the amount of data transferred.
In theory, GPRS can provide bit rates up to approximately 160 kbps, but typical bit rates for
GPRS are normally 30-50 kbps. Introducing GPRS in a GSM network requires a number of
fundamental changes to both the mobile phone/terminal, but also to the access and core part
of the GSM network. GPRS will not be discussed further in this lecture note.

2.2.3

Supplementary services

Similar to the fixed telephone network, a GSM network can also offer different supplementary
services to its subscribers. In addition to the supplementary services that are available in a fixed
4

RPE-LTP = Regular Pulse Excitation - Long Term Prediction
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telephone network, a mobile telephone network can also offer additional supplementary services.
One category of supplementary services that are unique to mobile communication networks is
called Location Based Services. The idea behind this category is that, since the network is aware
of the mobile’s approximate position, some services can be available only in specific locations.
This could for instance be the ability to find the nearest ATM or similar. In Denmark, one
operator previously provided a service called Home Zone, where the subscriber would be able
to make calls from his mobile phone at a special low cost. Outside of the Home Zone, a mobile
call was charged the normal (mobile) rate.
Another very common supplementary service in a mobile communication network is the
ability to use prepaid cards. The user would buy a temporary subscription (that often includes a
new SIM card) with a prepaid amount that would allow the user to use a mobile phone for some
time. In some cases, the user can also add more money to his account to extend the amount of
calls made.

2.2.4

Messaging

Another popular service of GSM is the Short Message Service (SMS), which allows subscribers
to send short text messages (up to 160 characters) to another subscriber.
Later, the Multimedia Messaging Service (MMS) enhanced the functionality of SMS by
permitting the subscribers to send other forms of information, e.g., images, to each other. Technically, MMS is an implementation on top of SMS. When an MMS message is to be sent to
another subscriber, a specially formatted SMS is actually sent first. This SMS contains a link
to the actual MMS-data (images, videos, etc.) on the network operator’s MMS server. If the
receiving subscriber’s terminal (e.g., mobile phone) is capable of receiving MMSs, it will process
the SMS message, i.e., decode the link, and automatically download the MMS-contents. If the
mobile phone is not MMS capable, the user will be able to enter the link from the SMS in a
normal browser on his computer to see the MMS-data.

2.2.5

Services summary

Table 2.1 summarized the different services that are available in GSM.
Voice

Data
Messaging

Full Rate (FR) – 13 kbps
Enhanced Full Rate (EFR) – 12,2 kbps
Half Rate (HR) – 6.5 kbps
Circuit Switched Data (CSD) – 9600 bps (originally)
Circuit Switched Data (CSD) – 14400 bps (later)
High Speed Circuit Switched Data (HSCSD) – 57600 bps
Short Message Service (SMS)
Multimedia Messaging Service (MMS)
Table 2.1: Services in GSM.
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Chapter 3

Cellular networks
Any mobile communication technology requires that the devices can communication through
some wireless medium. For very short distances with direct line-of-sight between the devices,
infrared transmission is possible, as known from the tradition TV remote controls, etc., but
infrared signals is limited in range and also lack the ability to penetrate walls and other solid
objects. This means that the only feasible wireless technology for a mobile communication
network is radio waves. One important thing when a new mobile communication technology
is designed is to decide which part of the frequency spectrum that should be used for the new
technologi.
The different mobile communication technologies, including GSM, uses different parts of the
frequency spectrum around 1-2 GHz. This choice was dictated by a number of factors:
• Frequencies much lower than 1 GHz are not suited for mobile communication for two
reasons. Firstly, most part of this spectrum has already been assigned for other purposes,
such as AM/FM and TV broadcasting, and secondly, that radio signals with frequencies
up to approximately 30 MHz can be reflected by the ionosphere, which means that a
transmission from a mobile phone could interfere with another transmission very far away.
As described later, it is important that transmission from a mobile phone is limited to
reduce the interference for other users and to ensure that the network has sufficient capacity
for all the users.
• Radio transmissions in the frequency range somewhat above 1-2 GHz require line-of-sight
between the two devices, which in the cases of a mobile communication network would
prohibit the use of a mobile phone indoors.
Another issue is whether the frequency band used for a mobile communication technology should
be licensed or not. Some frequency bands, such as the ISM-band1 around 2.4 GHz, are unlicensed, which means that a lot of wireless technologies are subsequently designed to use this
band. In the case of the ISM-band, it is used by Wifi, Bluetooth, Cordless telephones (in the
US) and other similar types of wireless technologies. If a mobile communication technology was
designed to operate in this frequency band as well, it would experience a lot of interference from
these other technologies. This would influence the quality of the connections, which would be
much worse than what the subscribers are accustomed to from the traditional fixed telephone
networks.
Therefore, mobile communication technologies uses licensed frequency bands to avoid interference. A number of different bands have been reserved for mobile communication technologies
around the world, and in each country, some govermental organization2 then responsible for
1
2

ISM = Industrial, Scientific and Medical
In Denmark, this organization is IT og Telestyrelsen, see http://www.itst.dk.
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assigning different parts of these frequency bands to different network operators. The network
operators usually pay a license fee for the permission to use these frequency bands.
The radio communication in a mobile communication network takes place between the subscriber’s terminal – usually a mobile phone – and the network, which in the first place is normally
called a basestation, which includes a radio transmitter/receiver and an antenna, as illustrated
in figure 3.1.

Figure 3.1: Communication between the mobile phone and the base station (and the network).
The distance between the subscriber’s terminal and the base station must not be too high;
otherwise the subscriber’s mobile phone would need to transmit with high power, which is not
desirable for two reasons:
• If the subscriber’s mobile phone is required to transmit with a high power, this will quickly
drain the phone’s battery, and the phone would need to be recharged often, which is
inconvenient for the subscriber.
• Another issue is the question of the possibility of health risks due to the subscriber’s
proximity to the phone, and thereby the powerful radio signal.
For these reasons, the network operator needs to ensure that the distance from the subscriber’s phone to the (nearest) base station is limited, and this can only be ensured if the
network operator places a sufficiently high number of base stations in the geographical area
where mobile communication should be possible. Another factor is that each base station has
only a limited capacity, e.g., can only handle a finite number of concurrent phone calls.
This means that in densely populated areas where there are many subscribers per km2 , each
base station can only serve a small geographical area. This in turn means that the network
operator needs many base stations to cover a large city. However, in rural areas there are fewer
subscribers per km2 , so each base station can cover a larger geographical area. In a typical
GSM network, the average distance from a mobile phone to a base station in large cities is often
around 1 km or less, while the distance can be 10 km or more in rural areas.
As a consequence of the use in GSM of TDMA, a procedure called Timing Advance (see
section 7.3.2) is required, and the specific implementation in GSM means that the maximum
distance between the mobile phone and the base station in GSM is about 35 km.
The network operator achieves the most efficient use of the frequency band that has been
licensed, if this is divided into a number of channels, and different base stations are then assigned
different channels. Since the range of one base station is limited, it is therefore possible to assign
the same channel to different base stations, provided that they are located sufficiently far from
each other. In this way, the geographical area covered by a mobile network operated is divided
into a number of smaller areas, which are called cells. Each cell has been assigned (at least)
one of the frequency channels allocated to the network operator, and cells that are located
sufficiently far from each other can reuse the same frequency channels.

8

A mobile communication network that is based on this principle is also called a cellular
network. Figure 3.2 illustrates a part of a cellular network, where the different colors refers to
different frequency channels. In this example, only four colors, e.g., four channels are needed to
cover the area.

Figure 3.2: Cellular network.
Note that in real networks, the cells are definitely not hexagonal shaped, since the propagation of radio signals can be affected by many different factors, as explained later in chapter 7.
Furthermore, cells that are using the same channel are usually higher further apart.
Furthermore, in figure 3.2, the base stations for each cell are placed in the middle of the
cells, and the radio signals are assumed to propagate in all directions. A more common way to
install the base stations for a mobile communication network is to use sectorized antennas on
the base stations, as illustrated in figure 3.3.

Figure 3.3: Sectorized cells.
The actual mast contains three different antennas that are only transmitting the radio signals
in a 120◦ pattern. This means that one (physical) antenna mast can support three antennas
and thereby three cells. This configuration is favourable, especially in cities, since it reduces the
number of installations of antenna masts that the network operator has to perform, compared
to the case in figure 3.2, where each cell had its own antenna (and thereby an antenna mast)
in the middle of the cell. Depending on the amount of traffic that has to be handled, other
configurations are also used, e.g., where each antenna covers either 180◦ or 90◦ .
The distance between different cells that use the same frequency channel must be sufficiently
large to ensure that the mobiles in a cell receives a significantly stronger signal from the local
base station than from a base station in another cell some distance away that is using the same
frequency channel. The interference caused by another cell using the same frequency channel is
called Co-channel interference, and is illustrated in figure 3.4.
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Figure 3.4: Co-channel interference.

3.1

Location areas

One of the important functions of a mobile communication network is the ability to keep track
of a mobile’s location. This is generally called Mobility Management. During a call, the network
constantly knows which cell the mobile is currently in, but when the mobile is not active, the
network does not need to know the precise cell that the mobile is currently camped on. To be
camped on a cell means that the mobile phone has tuned its radio transmitter and receiver to
the relevante frequencies of this cell, and the mobile phone is also monitoring the broadcasted
transmissions from the network, e.g., for signalling messages that indicate an incoming call.
However, when a new call is to be setup to the mobile, the network still needs to know an
approximate location of the mobile. During the setup of an incoming call, the network needs
to contact the mobile to alert it about the new call – this procedure is normally referred to
as pageing. If the network does not know anything about the location of the mobile, it would
need to send the pageing message to all cells in the network, which would cause an unnecessay
signalling load on all cells. Therefore, in GSM the cells are grouped into location areas. In this
case, the mobile only needs to inform the network when it moves into a new location area. This
also means that if the mobile phone is turned on but not involved in a call at the moment, the
network only knows in which location area the mobile phone can be found.
The size of a location area is basically a compromise. If a location area only contains few
cells, the signalling load due to pageing messages is small, since there are fewer subscribers in a
small location area than in a large, but the disadvantage is that the mobile will more often find
that it has moved into a new location area, so that it has to send the information about the new
location area to the network. However, if the location areas are larger, i.e., contains more cells,
the signalling load due to pageing is higher, but then the mobile needs to inform the network
about its new location area less frequently.
Figure 3.5 illustrates the concept of location areas in a cellular network.
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Figure 3.5: Dividing cells into location areas.
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Chapter 4

Frequencies and multiplexing in
GSM
4.1

Frequencies for GSM

Originally in Denmark, GSM was allocated different frequency bands around 900 MHz. Since
voice communication is full duplex, i.e., both subscribers may be talking at the same time,
frequency bands are needed both for the radio transmission from the network to the mobile
phone and also in the other direction. The direction from the network to the mobile phone is
called the downlink direction, while the other direction is therefore called the uplink direction.
The original allocation of frequency bands around 900 MHz to GSM was later extended
with frequency bands around 1800 MHz. At that time, the frequency bands around 900 MHz
was starting to become congested, so more capacity had to be allocated to GSM. However, it
was not possible just to extend the frequency bands around 900 MHz because of other uses, so
unused frequency bands around 1800 MHz was allocated to GSM. Furthermore, some frequency
bands around 900 MHz had previously been assigned to the previous generation of mobile
communication networks, the Nordic Mobile Telephony (NMT) system, but when this system
was closed in 2002, the frequencies were reallocated to GSM. Figure 4.1 illustrates the frequency
bands allocated to GSM in Denmark.

Figure 4.1: Frequency bands allocated to GSM in Denmark.
Also shown in figure 4.1 is that the frequency bands assigned to GSM are divided into
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frequency channels that are 200 kHz wide. These are the different frequency channels that can
be assigned to the different cells in the GSM network, as described in the previous chapter. The
figure also illustrates the duplex separation. If a given frequency channel is used by the mobile
in the uplink direction, the corresponding frequency channel used in the downlink direction is
separated by the duplex separation, i.e.,
fdownlink = fuplink + duplex separation
In other parts of the world, other frequency bands are used, e.g., in the US where frequencies
around 1900 MHz are often used.
The use of different frequency bands requies a mobile phone that supports these. The first
generation of GSM phones only supported the 900 MHz frequency band, but when the frequency
band around 1800 MHz was also allocated for the GSM networks, the subscribers needed to use
dual-band phones to utilize both bands. A mobile phone that can use both the 900 MHz and
1800 MHz band is called a dual-band phone. Later, triple-band phones were introduced – these
phones can use both the 900 MHz, 1800 MHz and 1900 MHz bands, which allows a subscriber to
use his mobile phone in the US as well as in Europe. A subscriber with a first generation GSM
mobile phone that only can use the 900 MHz band will typically experience a higher degree
of congestion than a subscriber with a dual-band phone. If the frequency channels in the 900
MHz band become congested, a subscriber with a dual-band phone can switch automatically to
frequency channels in the 1800 MHz band, where there is hopefully available capacity, while a
subscriber with a single-band phone can experience that new calls can not be made or that an
active call is interrupted.

4.2

Multiplexing in GSM

The multiplexing principle used in GSM is a combination of TDMA and FDMA. A cell that is
not designed to carry a lot of traffic can be assigned a single frequency channel only, as shown
in figure 4.2, and the transmissions on this frequency channel is divided into a TDMA frame
with 8 timeslots.

Figure 4.2: GSM multiplexing in a small cell.
The capacity of a cell with only one frequency channel is limited. As shown in figure 4.2, the
multiplexing is based on a TDMA frame with only 8 timeslots, and since one voice call requires
one timeslot and that timeslot 0 are reserved for various control purposes (see later), a cell with
only one frequency channel can only handle 7 concurrent voice calls.
Additional capacity in the cell can be obtained by assigning additional frequency channels
to the cell, as illustrated in figure 4.3, where each additional channel provide the capacity for
(normally) 8 additional voice calls.

13

Figure 4.3: GSM multiplexing in a bigger cell.

4.3

GSM bursts

A transmission in a GSM timeslot is called a (GSM-)burst. Four different types of bursts are
defined in the GSM specifications, as illustrated in figure 4.4 and described in the following.

Figure 4.4: GSM bursts.
In all four cases, each burst format starts and ends with a field called tail bits. These bits
do not carry any information but are just a sequence of 3 ’0’-bits (or 8 at the start of the
Access Bursts). Remember that GSM uses the TDMA multiplexing principle on each frequency
channel, which means that a mobile will only transmit information in an assigned timeslot.
In the other timeslots in the uplink direction, the mobile must not transmit anything to avoid
interference with the transmissions from other mobile phones. This in turn means that the radio
transmitter part of the mobile phone must be turned off in the other timeslots. However, it is
not possible for a radio transmitter to switch on or off infinitely fast, so the purpose of the Tail
bits in the burst formats is to give the radio transmitter in a mobile phone some time to switch
on and off. All bursts are also followed by a guard period, i.e., a period without transmission,
that is used in relation with the Timing Advance procedure, as described in section 7.3.2.
• Normal Burst – A Normal Burst is the burst format used when the mobile exchanges
either voice information or control (signalling) information with the network. It consists
of two encrypted blocks of 58 bits each, separated by a training sequence of 26 bits.
The training sequence is used in the equalizing procedure in the receiver as explained in
section 7.3.1. The encrypted blocks of 58 bits consists of 57 bits of user information and a
single stealing bits. Normally, if a timeslot is allocated for a voice conversation, the 2 · 57
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bits are used for the digitized voice signal, but sometimes (for instance in connection with
a handover – see section 6.3) some urgent control information needs to be sent to and/or
from the mobile. This can then be accomplished by ”stealing” a burst, e.g., sending the
control information instead of the voice information. To let the receiver know that this
has happened, the stealing bit indicates whether the 57-bit blocks contain the (expected)
voice information or some urgent control information.
• Frequency Correction Burst – When a mobile phone switches to a new frequency
channel, its radio transmitter and receiver is retuned to this new frequency, but there
might be a slight deviation between the frequency of the base station and the frequency
of the mobile, even though they are tuned to the same (nominal) frequency. A frequency
correction burst therefore contains a well-known bit sequence (the fixed bits in figure 4.4)
that allows the mobile to fine-tune its radio circuits to the precise frequency of the base
station.
• Synchronization Bursts – The purpose of the Synchronization burst is to allow the
mobile to know the configuration of the current GSM cell. As described earlier, a cell can
use one or more frequency channels, and the GSM specification also permits a cell to be
configured in other ways, e.g., how many timeslots on the cell’s first frequency channel
that are used for control purposes, etc. Therefore, when a mobile camps on a cell, one
of the first things it must do is to decode a Synchronization Burst so that it knows the
configuration of the cell and knows which frequencies and timeslots to listen to for control
information.
• Access Burst – The Access Burst is used by a mobile for the initial communication with
the network, e.g., when it wants to establish a new call. The reason for the large guard
period after an Access Burst is due to the fact that the mobile at this point doesn’t know
its Timing Advance value (see section 7.3.2).
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Chapter 5

The GSM Network
5.1

Network architecture and network elements

Figure 5.1 illustrates the network architecture in GSM. At the bottom of the figure is a subscriber’s Mobile Station (MS), which is normally just a mobile phone.

Figure 5.1: GSM Network Architecture.
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The MS is connected via a radio link to the rest of the network, which consists of the following
network nodes.
• Base Transceiver Station (BTS), which contains the radio transmitter and receiver
used to communicate with the MSs in a cell. In addition, to avoid eavesdropping the user
or control information is encrypted before the transmission on the radio interface. The
BTS is therefore also responsible for encrypting information before the transmission to the
mobile phone and also to decrypt transmissions from the mobile phone.
• Base Station Controller (BSC), which controls a number of BTSs, i.e., a number of
cells. It is the BSC that keeps track of the usage of timeslots in the different cells, i.e., if a
new call is setup, the BSC will allocate (if available) a timeslot for the call in the relevant
cell. The group of cells that are controlled by one BSC is one or more location areas.
Furthermore, the BSC is responsible for deciding when a handover has to be performed
(see section 6.3) based on measurements of the signal strenghts from both the MS and the
BTS. As described earlier, a (full rate) voice signal is coded as a 13 kbps digital signal in
the mobile phone, but as described later, the exchanges of the GSM network, the MSCs,
handle the voice signal as a traditional 64 kbps signal, so the BSC is also responsible for
recoding a voice signal.
• Mobile Switching Center (MSC). The MSCs are the telephone exchanges of a GSM
mobile network. They handle the switching of calls between mobile subscribers and other
subscribers. Functionally, an MSC is very similar to the traditional exchanges in the fixed
telephone network, except that they don’t have any directly connected subscribers.
• Visitor Location Register (VLR). In the traditional fixed telephone network, a local
exchange has information about the subscribers that are directly connected to it, but in
a mobile network, there is no fixed relationship between a subscriber and an exchange.
Therefore, an MSC needs to know relevant information (such as permitted services, etc.)
of the subscribers who are currently located in a cell that is controlled by this MSC. This
information is kept in an associated database called the VLR as long as the subscriber is
within the MSCs control area and the MS is turned on. If the subscriber moves to a cell
that is controlled by another MSC or if the MS is turned off, the information about the
subscriber is erased from the VLR. Normally, each MSC has an associated VLR, but it is
also possible for a number of MSC to share the same VLR.
• Gateway Mobile Switching Center (GMSC). A GMSC is an exchange that is used for
traffic entering and leaving the GSM network. In the figure, the GMSC is only connected
to other MSC (and no BSCs), but it’s also possible that the GMSC can be controlling a
number of BSCs in a smaller GSM mobile network.
• Home Location Register (HLR), which is a database that contains all necessary information about all individual subscribers. This includes information about which services
the subscriber is allowed to use, billing information (i.e., how much the subscriber has
used his phone and thereby how much the subscriber must be charged), and (important)
where the user is currently located. The HLR does not know in which cell the subscriber
is located, but only which VLR currently stores information about the subscriber. This
also means that if a subscriber moves from one location controlled by one MSC/VLR to
another location controlled by another MSC/VLR, the information about the subscriber’s
location in the HLR is updated. If the subscriber has turned off his phone or is currently
roaming, i.e., active in another GSM network, this will also be listed in the HLR.
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• Equipment Identification Register (EIR), which contains a list of active or barred
devices. Each mobile phone or similar has a unique identifier, the IMEI number1 . If a
mobile is reported stolen, the IMEI-number can be stored in an operator’s EIR, which can
be checked when the mobile tries to attach to the network. If the MS reports an IMEInumber which is listed as stolen in the EIR, the network operator can refuse to accept the
MS.
• Authentication Center (AuC). A related network node is the AuC, which stores security
related information that is related to the individual subscribers. When an MS first tries
to attach to a mobile network, the network will attempt to authenticate the MS, i.e.,
determine whether this MS is to be allowed to attach to the network. This procedure is
based on a secret piece of information which is only stored in the AuC and on the SIM-card
in the MS.

5.2

SIM card

The SIM-card is a very important part of a GSM network. It is the SIM-card that in the mobile
phone contains information about the subscriber’s identity (called the IMSI2 number) and also
a secret value, called Ki in the specifications, that is used for the authentication procedure and
for generating the key that is used for encrypting the transmissions on the radio interface.
The SIM-card is not just a data storage, but is in fact a small microprocessor with a small
amount of RAM (typically a few KBytes) and a somewhat larger amount of ROM (both normal
ROM for the microprocessor software and some programmable ROM for the unique values, i.e.,
the IMSI and the Ki .) It is also the SIM card that performs the cryptographic calculations for
the authentication procedure and for generating the encryption keys.

5.3

Access and core network

The interface between the BSC and the MSC is also considered to be the interface between the
access part and the core part of a GSM mobile network. The access part (which is often called
the Base Station Subsystem (BSS)) therefore contains the BSCs and the BTSs, while the core
part contains the MSCs, GMSC and databases.
As described in section 2.2.1, a (full-rate) voice signal of a mobile user is coded as a 13 kbps
digital signal before it is sent, but the technology used in the core part of a fixed telephone
networks is designed to handle a voice signal as a 64 kbps digital signal. It would therefore be
advantageous if voice signals in the core part of a mobile network would also be represented as
64 kbps digital signals, since it would allow an MSC to be built using well-known technology from
the fixed telephone networks. Therefore, a conversion of the two different representations of a
voice signal is needed, which takes place in the BSC. This means that a voice signal is represented
as a 13 kbps signal between the MS and the BSC and as a 64 kbps signal everywhere else in the
GSM core network.
The interface between a BSC and a BTS often employs an E1 (PDH) system transmission
system, as described in [2]. However, the capacity of an E1 timeslot is 64 kbps, while a digitized
voice call in GSM only uses 13 kbps at this interface. Therefore, it is possible for up to four
voice calls to share the same E1 timeslot. In addition to the E1 timeslots used for the voice
calls, an additional E1 timeslot is reserved for signalling between the BSC and the BTS.
1
2

IMEI = International Mobile Equipment Identifier.
IMSI = International Mobile Subscriber Identity
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As described in section 4.2, a small cell may only have one frequency, with timeslot 0 reserved
for signalling and the 7 remaining timeslots for voice traffic. This means that the number of E1
timeslots needed for a small cell are:
• 1 E1-timeslot for BSC-BTS signalling
• ⌈7/4⌉ = 2 E1-timeslots for voice calls.
• In total, 3 E1 timeslots are needed on the BSC-BTS interface
A larger cell with two frequencies assigned (and assuming that only timeslot 0 in the first
frequency is allocated for signalling) requires:
• 1 E1-timeslot for BSC-BTS signalling
• ⌈(7 + 8)/4⌉ = 4 E1-timeslots for voice calls
• In total, 5 E1 timeslots are needed on the BSC-BTS interface
Since the E1 system offers 31 timeslots3 , it would generally be a waste of resources to use a
separate E1 system to connect a single BTS to the controlling BSC. Therefore, the connection
between a BSC and a number of conncted BTSs is usually similar to a chain structure. In
figure 5.2a) is shown the logical connections between the BSC and the BTSs, while figure 5.2b)
illustrates a possible way, in which an E1 system can be shared among a number of BTSs. Note
that the different timeslots are not shared, i.e., that a specific timeslot is used between the BSC
and a single BTS only.

(a) Logical view

(b) Actual implementation

Figure 5.2: Logical view and actual implementation of the BSC-BTS interface.

3
The frame format for the E1-system contains 32 timeslots, but timeslot 0 is reserved for the frame synchronization procedure.
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Chapter 6

Procedures
This chapter describes the most important procedures in a GSM network.

6.1

Attachment and detachment

When a mobile is turned on, it needs to attach itself to the GSM network. The attachment
procedure involves the following steps:
1. First, the mobile scans the different frequency channels allocated for GSM. When the
mobile detects a signal in a specific frequency channel it waits until it receives the broadcast
information that the network transmits about the network and the cell. One part of this
information is an identifier of the network operator, which it can compare with a list of
permitted operators.
2. If the cell that the mobile is currently camped on belongs to an acceptable operator, the
mobile will try to register with the network. To do so, the mobile sends a signalling message
to the network that includes information about the mobile phone and the subscriber. This
includes the IMEI number identifying the mobile phone and the IMSI number identifying
the subscriber. This information will be delivered to the MSC that is handling the cell.
3. The network must authenticate the MS before it is allowed to attach to the network. In
this step, the MSC requests some information from the AuC. Some of this information (a
random value) is sent to the mobile, who must calculate a reply value which is returned
to the network. The MSC will compare the reply value with the expected value that
was received from the AuC. If these values match, the network is assured that the MS is
authentic and can be allowed to attach to the network.
4. The MSC will then send information about the mobile to the network’s HLR. The HLR
will register that the mobile is now active in the network, and is currently in a cell that
is served by the specific MSC. The HLR will also return some information about the
subscriber, e.g., which services that the subscriber is allowed to use. This information is
stored in the MSC’s VLR together with the information about the mobile’s location area.
5. Finally, the MSC sends a message to the mobile acknowledging the mobile’s request to
attach to the network.
In the case that the user wants to turn off his mobile phone, a detachment procedure is
used to inform the network that the mobile will no longer be reachable. The mobile will send a
detach-message to the MSC, which will delete the information about the mobile in it’s VLR, and
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also send a message to the HLR, which will update the subscriber’s record to indicate that this
subscriber is no longer reachable. If the mobile phone is switched off abruptly, e.g., by removing
the battery, the mobile phone will not be able to perform the detachment procedure. In this case,
the network (wrongly) believes for some time, that the mobile phone is still active. However,
a mobile phone is required to perform a location updating (see below) procedure periodically,
even if it hasn’t moved, so after some time, the information about the mobiles active status will
time-out, and the mobile will be noted as unavailable.

6.2

Location updating

As described in section 3.1, the cells in GSM are grouped into location areas to limit the amount
of signalling that is needed for the network to keep track of the (approximate) location of
a mobile phone. The location updating is based on the fact that the network in every cell
broadcasts information about the cell, including which location area the cell belongs to. In this
way, the mobile can detect whether it has moved into a new location area. If this is the case, the
mobile will perform a location updating procedure to update the network’s information about the
mobile’s approximate location. The mobile will send a location update message to the network,
which will be processed by the MSC that is responsible for the mobile’s new location area.
If the old and the new location area is controlled by the same MSC (but usually different
BSCs), the MSC will just update the mobile’s record in the VLR to reflect that it has moved
into a location area controlled by a different BSC.
However, if the old and the new location areas are controlled by different MSCs, as illustrated
in figure 6.1, the procedure is somewhat more complicated and involves the steps described below.

1. The mobile will send the location update message to the new MSC.
2. The new MSC contacts the HLR to retrieve the relevant subscription information.
3. HLR updates its database to reflect that the mobile is now in an area controlled by the
new MSC. The HLR also replies with the requested subscription information to the net
MSC.
4. The new MSC acknowledges this to the HLR, which then instructs the old MSC to delete
the information from its VLR.

6.3

Handover

One important feature of a mobile telecommunication network is the ability to continue a call
even if the subscriber is mobile. This means that a call may begin when the user is in one cell
and end while the user is in another cell, so the network must be able to switch an active call
from one cell to another. This procedure is called handover 1 .
The normal reason for performing a handover is that the radio conditions in the current cell
has deteriorated and that the mobile can get a better radio signal in a neighbour cell.
1

The term handoff is also used sometimes.
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Figure 6.1: Location updating in the case of different MSCs.
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6.3.1

Types of handover

There are a number of different ways types of handovers in different mobile technologies, depending on where the decision to perform a handover is taken, and also on what information
this decision is based. The three types are:
• Mobile Controlled Handover – In this case, it is the mobile device that decides when
a handover must take place. This happens when the mobile detects that another cell has
an improved radio signal. The DECT technology for cordless phones uses this principle.
• Network Controlled Handover – In this case, the decision to do a handover is the
responsibility of the network. The decision is only based on the network’s measurement
of the signal strength of the transmissions from the mobile. If the strenght is below some
threshold, a handover is performed. The NMT system used this type of handover.
• Mobile Assisted Network Controlled Handover – This case is similar to the previous
one, except that the decision is not only based on the network’s measurements of the
mobile’s signal strenght. The mobile also measures the strenght of the signals from different
base station (in the current cell and in neighbouring cells), which are reported periodically
to the network and used in the handover decision process. This is the principle used by
GSM.
The measurements reported by the mobile to the network in GSM includes both the signal
strenght in the current cell, but also the signal strenghts in neighbour cells. One of the types
of information that are broadcasted by the network is the indentification of neighbouring cells.
Since a normal call only occupies 1 out of 8 timeslots, the mobile can – in the remaining traffic
timeslots – adjust its receiver to the frequency of a neighbour cell and measure the strength of
the signal in this cell.
With this information, the network knows not only the radio conditions of the active cell,
but also how well the mobile can receive the transmissions from neighbouring cells. With this
information, the network can decide that when the radio conditions in the current cell has
dropped below some acceptable threshold to perform a handover to another cell that has better
radio conditions.
A handover in GSM can be divided into a number of cases:
• Intra-cell handover – This is a special kind of handover, where the mobile is just asked to
change to another timeslots in the current cell. This could happen if the original timeslot
in the current cell suffers from interference, while the other timeslots don’t.
• Intra-BSC handover – In this case, the handover takes place between two cells controlled
by the same BSC. In this case, the MSC just informs the BSC to allocate a new timeslot
in the new cell and release the allocated timeslot in the old cell when the mobile phone
has switched to the new cell.
• Intra-MSC / Inter-BSC handover – This handover occurs between two cells controlled
by different BSCs that are controlled by the same MSC. In this case, the MSC requests
the new BSC to allocate a timeslot in the new cell and also requests the old BSC to release
the previously allocated timeslot when the mobile phone has switched to the new cell. In
addition, the MSC will update the mobile’s record in its VLR to indicate that the mobile
is now in a cell under the new BSC. Furthermore, the MSC will reconfigure its internal
group switch, so that the voice traffic is now sent to/from the new BSC.

23

• Inter-MSC handover – In this case, the old and the new cells are controlled by different
MSCs. This case is described in detail in the example below.
• Inter-PLMN handover – Here, the handover takes place between two cells in two different networks, which are operated by two different network operators that have a roaming
agreement.
In addition, if the network operates both in the 900 MHz and the 1800 MHz bands, it is also
possible to perform a handover between different cells in different frequency bands. This assumes
that the mobile is a dual band phone, so that it can operate on both frequency bands. The
network is informed about the mobile phone’s capabilities, including whether it can operate on
both the 900 MHz and the 1800 MHz bands or not, in the attachment procedure. In this case, a
situation where the network requests a single-band mobile to switch from a cell using frequencies
in the 900 MHz band to switch to a cell using frequencies in the 1800 MHz band is avoided.

6.3.2

Handover example

Figure 6.2 illustrates an Inter-MSC handover between Cell A and Cell B, when the mobile moves
as indicated. The handover involves the steps described below.

Figure 6.2: Inter-MSC handover example.
1. The mobile has periodically measured the signal strength in both the current cell (Cell A)
and in neighbour cells (including Cell B). These measurements are sent periodically to the
network and processed by BSC A.
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2. The BSC controlling the current cell can calculate that the signal conditions in the current
cell are deteriorating. This is not only based on the measurements reported by the mobile,
but also on information from cell A’s BTS about the strength of the mobile’s signal. Based
on these calculations, the BSC decides that the mobile must perform a handover, and based
on the measurements reported by the MS, it can also determine that Cell B is the best
new cell.
3. BSC A reports to MSC A that a handover should occur and that Cell B is the preferred
new cell.
4. MSC A analyzes the request from BSC A and determines that MSC B is responsible for
the preferred cell. MSC A contacts MSC B to request a handover. In addition, MSC A
also sends the contents of the record in its VLR about the mobile subscriber to MSC B,
which will store it in its VLR.
5. MSC B analyzes the handover request, and determines that BSC B is responsible for the
preferred new cell. MSC B then contacts BSC B and requests that a timeslot is allocated
in Cell B for the call.
6. BSC B will then allocated a timeslot in Cell B for the call. The identity of the timeslot is
reported back to MSC B.
7. MSC B informs MSC A about which timeslot has been allocated in Cell B.
8. In addition, capacity for the call is allocated between the two MSCs in the GSM core
network for the call.
9. MSC A instructs BSC A to send a message to the mobile that it should switch to the
frequency channel of Cell B and start using a specific timeslot.
10. The mobile switches to the assigned timeslot in Cell B. To acknowledge that it has performed the handover, it will send an acknowledgement in the new cell.
11. This acknowledgement is received by MSC B who will establish a connection in its group
switch for the call. In addition, MSC B will inform MSC A that the handover has been
successful, so MSC A will also reconfigure its group switch so that the call is switched
from the GMSC to MSC A and then to MSC B.
12. MSC A will also request that BSC B releases the timeslot in Cell A that was previously
used.

6.4
6.4.1

Setup of voice calls
Mobile originated calls

When a mobile subscriber wishes to make a call, the first thing that happens is that the mobile
sends a request to the network for a dedicated signalling channel. When this signalling channel is
established, the mobile can send a signalling message to the network indicating the B-subscriber’s
number.
When the network has this information, it proceeds with the establishment of the call through
the MSCs and possibly the GMSC if the B-subscriber is not a mobile subscriber in the same
network. When the call has been setup to the B-subscriber, the dedicated signalling channel is
released and a timeslot for the voice traffic is allocated.
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6.4.2

Mobile terminated calls

Establishing a mobile terminated call is somewhat more complex. Suppose that a call arrives
at the GMSC from another network intended for a mobile subscriber. The following steps are
then required to setup the call.
1. Since the GMSC is unaware of the status and locations of the mobiles in the network, it
first sends an inquiry to the HLR database.
2. If the information in the HLR indicates that the mobile is switched off, the GMSC is
informed about this, so that it will indicate to the remote network that the call can not be
established. If the subscriber has subscribed to a voice-mail service, the call can instead
be setup to the voice-mail server.
3. Otherwise, if the information in the HLR indicates that the mobile is active inside the
network, the HLR will contact the VLR that is responsible for the corresponding group of
cells where the mobile is currently located. Remember that since the mobile performs a
location updating procedure when it moves into a new location area, the HLR will know
which VLR is responsible for the cell that the mobile is currently camped on.
4. The response from the VLR is a temporary phone number, which is called a routing
number. This temporary number is needed to route the call to the MSC controlling
the area where the mobile is located. In the traditional fixed telephone network (before
number portability became possible) the first part of a telephone number indicated the
local exchange. In GSM the routing number serves the same purpose, i.e., indicate which
MSC the call should be routed to through the GSM core network.
5. When the HLR receives the routing number from the VLR it forwards it to the GMSC,
which then proceeds to set up a connection through the GSM core network to the correct
MSC.
6. When the call arrives at the correct MSC, this will consult its VLR database to determine
which BSC is controlling the location area that the mobile is currently in.
7. The MSC will then request the relevant BSC to page the mobile in the location area. The
BSC will then broadcast a pageing message on a specific control channel called the Pageing
CHannel (PCH) in every cell in the location area. The mobile phones are required to listen
to this channel, so the mobile phone will receive the pageing message and determine that
it is being called. The mobile phone starts to ring, and if the subscribers accepts the call,
the mobile will request a signalling channel from the network and when this is established,
the mobile will inform the network that it accepts the incoming call.
8. When the network receives confirmation from the mobile phone that the call is accepted,
it instructs the BSC to allocate a timeslot in the cell that the mobile phone is camped on.
In addition, the MSC configures its group switch to switch the voice signal between the
BSC and the GMSC.

6.5

Sending and Receiving SMSs

To allow the subscribers in a network to send and receive SMSs, an extra server, the Short
Message Service Center (SMSC) is needed. In a large mobile network where the subscribers
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sends and receives a large number of SMSs, a number of SMSCs may be used. Each subscriber
has knows the identity of one of these SMSCs.
Suppose that subscriber A wishes to send an SMS to subscriber B. This involves the following
steps:
1. Subscriber A prepares the SMS on his mobile phone and sends it. In addition to the actual
text, the signalling message also contains the identity of the sending subscriber’s SMSC
and also the identity (i.e., phone number) of subscriber B.
2. The signalling message is received by the MSC, which analyzes the message to find the
identity of the SMSC.
3. The MSC sends the message to the SMSC that is handling SMSs for subscriber A.
4. The SMSC will contact the HLR containing information related to subscriber B.
The remaining steps depend on the status of subscriber B’s mobile phone. Three cases are
considered here:
• Case A – Subscriber B’s mobile phone is turned on. The SMS is then delivered to
subscriber B as follows:
5. The HLR returns the identity of the MSC that is controlling the area that subscriber
B is currently in back to the SMSC.
6. The SMSC sends the SMS data to this MSC, which checks its VLR to determine the
relevant BSC.
7. The MSC instructs this BSC to send a pageing message to subscriber B’s mobile.
8. When subscriber B’s mobile responds to the pageing message by requesting a dedicated control channel, the SMS is then delivered over this control channel to subscriber
B’s mobile phone.
9. When the mobile phone acknowledges the receipt of the SMS to the its MSC, the
MSC contacts the SMSC to inform that the SMS has been delivered and that the
SMSC can delete it from its own storage.
• Case B – Subscriber B’s mobile phone has been turned off without informing
the network. In this case, steps 5-7 from the previous case is repeated, but in this case,
the mobile phone is not able to respond to the pageing message. Instead, a ”Waiting flag”
is set in the MSC’s VLR and also in the networks HLR. When the mobile attaches to the
network again, the ”Waiting flag” in the VLR/HLR causes the MSC to contact the SMSC
to ask it to send it again. Steps 5-9 of the previous case is then repeated.
• Case C – Subscriber B’s mobile phone has been turned off after the detachment
procedure. In this case, when the HLR is consulted in step 4, it will know that the mobile
is unreachable and set the ”Waiting flag” immediately. When the mobile later attaches
to the network, the HLR requests the SMSC to attempt delivery of the SMS again, i.e.,
steps 4-9.
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Chapter 7

Radio transmission issues
Wireless transmission is normally more error-prone that transmissions in electrical wires or
optical fibers. This is also the case in GSM for the radio link between the MS and the BTS.
This chapter describes a number of the problems that might occur on this link and also how the
transmission errors for both voice information and signalling information is handled in GSM.

7.1

Path loss and Shadow Fading

Consider figure 7.1 that illustrates a simple cell with the base station in the middle. The
base station is equipped with an onmidirectional antenna, which means that the radio signal is
transmitted in all directions. This also means that the power of the radio signal at the mobile
phone gets weaker as the distance to the base station increases. This effect is called Path Loss.

Figure 7.1: Attenuation of radio signals in a cell.
In a simple model, the power of the received signal at the mobile phone is proportional to
the inverse of the square of the distance, i.e.,
Sreceived ∝ D −2
However, in GSM some of the transmitted signal is absorbed by the ground, so the power of the
received signal is more appropriately modelled as
Sreceived ∝ D −4
Figure 7.2 illustrates the power of the received signal as a function of the distance to the base
station. Every radio receiver has a specified sensitivity, i.e., the minimum power of the received
signal that allows the receiver to decode the information correctly. This means that if the power
output of the transmitter is known together with the receivers sensitivity, the maximum distance
from the base station can be estimated, as shown in the figure.
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Figure 7.2: Pathloss.

Figure 7.3: Shadow Fading.

7.1.1

Shadow fading

Another factor that affects the strength of the received signal at the mobile phone is that
building, trees, etc, may block some part of the signal. This is called shadow fading and the
effect is illustrated in figure 7.3.
The effect of shadow fading is that the maximum distance between the mobile and the basestation could potentially be reduced. Sometimes the extra attenuation caused by the buildings,
etc., is significant, while at other times the mobile receives a better signal. This means that in
some circumstances, the mobile phone will actually receive a better signal by moving away from
the base station.

7.2

Rayleigh fading

A more serious problem for radio transmission is called Rayleigh fading or multipath fading.
The problem is that the receiver, e.g., the mobile phone, may receive different ”versions” of the
transmitted signal. One version of the transmitted signal may have taken a direct path from
the transmitter to the receiver, while other versions were reflected by for instance buildings and
arrive slightly little later than the direct signal, since they had to travel on slightly longer paths
as shown in figure 7.4.
At the receiver, the different ”versions” will simply be added, but since the reflected signal
is delayed compared to the direct signal, there will be a phase difference. If this phase difference
is close to a multiplum of 2 · π, the sum of the direct and the reflected signals will be stronger
than the direct signal alone, but if the phase difference is closer to (2n + 1) · π, a reflected signal
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Figure 7.4: Multiple paths from base station to receiver.
will reduce the received signal compared to the direct signal alone. This phenomenon is similar
to constructive and destructive interference
One problem with Rayleigh fading is that it is very unpredictable, since even a small change
in the distance between the base station and the mobile station can change the radio conditions
significantly, i.e., go from a situation with constructive interference (which amplifies the received
signal) to a situation with destructive interference.
Figure 7.5 illustrates the effect of Rayleigh fading. If the smooth curve illustrating the path
loss and shadow fading is examined closer, the signal strength can change drastically, even for
small changes in the distance.

Figure 7.5: Effect of Rayleigh fading.
Even if the subscriber is close to the base station, so that there would be a sufficient margin
between the strength of the received signal and the receiver’s sensitivity if only the effects of
path loss and shadow fading are taken into account, the effects of Rayleigh fading may cause
a very narrow ”dip” in the signal strength curve, so communication could be impossible in a
specific spot.
The effect of Rayleigh fading on the signal from the mobile to the base station can be reduced,
if the base station is equipped with multiple antennas. The idea is that if these two antennas
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are placed carefully, it will often be the case that if there is destructive interference between the
signals at one antenna, then there is probably constructive interference at the other antenna. In
this way, the base station can switch between the antennas to obtain the strongest signal.

7.3
7.3.1

Issues in the time domain
Inter-Symbol Interference (ISI)

In the case of Rayleigh fading, a reflected signal only had to travel a slightly longer path than the
direct signal, but if this difference in path lenght is significantly larger, another problem occurs.
In this case, there will be an overlap in the transmitted symbols (bits), i.e., the radio signals
currently received from the direct path is related to a specific bit, while the radio signal received
from the reflected path refers to a prior bit. This means that the receiver essentially receives
two bits at the same time, which may cause decoding problems for the receiver, as illustrated in
figure 7.6.

Figure 7.6: Inter Symbol Interference (ISI)
As illustrated, the base station transmits a radio signal representing the bit sequence ’110’.
At the receiver (here: the mobile phone), the first bit is received correctly, since the reflected
signal hasn’t arrived yet, so the first transmitted bit, ’0’, is also received correctly. However, when
the receiver receives (from the direct path) the second bit, a ’1’, the first bit is simultaneously
received from the reflected path. Since the two signals are simply added at the receiver, it is
not possible to determine what was sent.
This problem is referred to as Inter-Symbol Interference (ISI), and the solution to this problem is called equalizing. Figure 4.4 on page 14 illustrated the different bursts, i.e., transmissions
in the timeslots, and in the Normal Burst, the middle part is a training sequence, which is simply
a standardized bit pattern. Since the training pattern is known to the receiver, it can compare
this with the signal that was actually received and try to estimate the ISI, i.e., estimate the
number of reflected signals and how much each of these are delayed. Based on this estimate,
the receiver can compensate for the ISI.

7.3.2

Timing advance

The TDMA principle in GSM means that a cell can handle up to 8 calls for every frequency
channel allocated to the cell. Therefore, the base station can receive transmissions from up to
8 mobiles in the cell. However, some mobiles may be close to the base station while others may
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be at the edge of the cell, and the distance between an individual mobile and the base station
may also change over time as the mobile moves inside the cell.
Suppose a cell contains two mobiles which are currently positioned very close to the base
station, and that these two mobiles are currently communicating, i.e., have an allocated timeslot,
say TS2 for mobile A and TS3 for mobile B, as illustrated in figure 7.7.

Figure 7.7: Transmission from two mobiles close to the base station.
If mobile A starts moving away from the base station, its transmission (which the base
station expects to receive in timeslot 2) arrives later and later due to the propagation of the
radio signals. At some point, the transmission from mobile A will arrive at the base station so
late that it overlaps with the transmission from mobile B, i.e., the transmissions from the mobiles
are colliding and the information contents are lost. This problem is illustrated in figure 7.8.

Figure 7.8: Overlapping transmissions.
To avoid this problem, the network must include some procedure that can adjust the time
when the mobile transmits, so that the transmission from the mobile reaches the base station
only in the assigned timeslot and not in adjacent timeslots. In this case, if the network detects
that a transmission from a mobile will soon interfer with a transmission in an adjacent timeslot,
the network can instruct the mobile to start the transmission earlier or later. This procedure in
GSM is called timing advance and is illustrated in figure 7.9.
If a mobile phone travels away from the base station, it will from time to time be instructed
to transmit earlier to avoid a collision with the transmission in the next timeslot. Similarily,
if a mobile phone travels towards the base station, it will from time to time be instructed to
transmit later to avoid a collision with the transmission in the previous timeslot.
From figure 4.4 it is known that a Normal Burst include a Guard Period at the end. The
purpose of this guard period is that it allows a mobile phone to travel some distance away from
to towards the base station, before the network has to instruct the mobile phone to change its
timing advance value. This is important, since otherwise the network would almost continuously
have to send timing advance messages to all mobiles in a cell that currently was participating
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(a) Initial situation

(b) Risk of overlap

(c) After the timing advance message

Figure 7.9: Use of timing advance messages to avoid overlap between timeslots.
in a call. With the guard period, the amount of timing advance messages that are necessary to
send is reduced drastically.
The timing advance procedure in GSM has two interesting consequences:
• Firstly, the maximum timing advance value that can be sent to a mobile means that the
maximum distance between the mobile and the base station is limited to approximately
35 km. Even if radio conditions permitted it, the mobile can not be more than 35 km
away from the base station.
• Secondly, the network can not send timing advance messages to the mobile continously,
which means that the rate of these messages are limited. This has the implication that a
mobile can not travel at a speed higher than approximately 500 km/h while a call is active.
If the speed is higher than this, the timing value needs to be adjusted more frequently
than permitted by the rate of the timing advance messages from the network.
In section 4.3 was described the different types of GSM bursts that are sent in the timeslots.
In the case of the Access Burst, which is the first burst sent by a mobile, the mobile does not
know its distance from the base station and therefore does not know which timing advance value
to use. In this case, it will have to use the lowest possible timing advance value, which will be
fine if the mobile is very close to the base station. However, if the mobile is far from the base
station, its transmission, i.e., the Access Burst, will be delayed due to the propagation and not
be received at the base station at the start of the timeslot. However, as shown in figure 4.4,
an Access Burst contains a very large guard period where no information is sent. Even if a
mobile phone is at the edge of a cell and transmits an Access Bursts, it will not overlap with
the following timeslot.
As soon as the network has received the Access Burst from the mobile, it can determine how
much the Access Burst was delayed compared to the start of the timeslot and calculate which
timing advance value that the mobile must use. This will be reported to the mobile, which can
then use normal bursts afterwards without its transmission will overlap with the transmissions
in the neighbouring timeslots.
Note that the timing advance problem is only relevant in the uplink direction.

7.4

Handling transmission errors

As described above, the transmission of signals on the radio interface between the MS and the
BTS are affected by a number of different problems, which could introduce many errors in the
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transmissions, so some measures are needed to compensate for these problems. However, the
two types of information that is transmitted on the radio interface is handled differently with
respect to transmission errors.
The first kind is the signalling exchanged between the mobile phone and the network. In
this case, each signalling message contains a field for an error-detecting code, and the receiver is
therefore able to detect whether the signalling message has suffered transmission errors. If this
is the case, the receiver will just request a retransmission of the message. Handling transmission
errors in the case of signalling messages is therefore not different from other types of networks.
However, retransmissions are not possible for voice information, since the extra delay that a
block of voice information experiences in the case of a retransmission is not acceptable. If the
receiver requests a retransmission of a block of voice information, this (retransmitted) block will
first arrive after the time where it was supposed to be translated into the analog voice signal,
and the retransmitted block is therefore not relevant any more. Since retransmissions are not
a useful way to compensate for transmission errors in voice information, another methods are
needed. Figure 7.10 illustrates the principle of voice handling in GSM.

Figure 7.10: Handling voice information in GSM.
Initially, the voice signal is sampled as in the fixed telephone network with 8000 Hz generating
a standard 64 kbps digitized voice signal. This 64 kbps signal is processed by the voice codec
(here assumed to be the standard 13 kbps full-rate voice coder), which generates a block of
260 bits every 20 ms.
To protect the voice signal, this 260 bit block is protected by an error-correcting code, which
increases the number of bits in the block to 456 bits. The error-correcting code can correct a
large number of bit errors, but only if these errors are sufficiently spread out over the entire
456 bit block. However, when errors occur on the GSM radio interface, they usually occur in
bursts, which means that the errors are in a way grouped together.
For this reason, the 456 bit block is not sent directly, but is instead processed by an interleaver
as illustrated in figure 7.11.
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Figure 7.11: Principle of interleaving in GSM.
The purpose of the interleaving is to rearrange the bits in the 456 bit block. As shown in
figure 7.11, the interleaver receives the block of 456 bit and stores it in a matrix with 57 rows
and 8 columns. The bits are put into the matrix in row-order, so bit 0 is stored in row 1 column
1, bit 1 in row 1 column 2 and so on. When the matrix has been filled with all 456 bits, the bit
are retrieved again from the matrix, but now in column-order, i.e., the first bit extracted is bit
0 from the original 456-bit block, the second is bit 8 and so on.
The output from the interleaver is, as illustrated, 8 blocks of 57 bits. Remember from
figure 4.4 that a Normal Burst contains two blocks of 57 bits for the user information – these
blocks are precisely the blocks from the output of the interleaver.
At the receiver, a de-interleaving process takes place, which is essentially just the interleaving
process reversed, i.e., that information is stored in the matrix in column-order and read-out in
row-order.
To see the advantage of using an interleaver, consider the following example: Suppose that
a long error-burst destroys one half of a Normal Burst, for instance a normal burst carrying the
third block from the output of the interleaver in the figure. This means that after the receiver
has performed the de-interleaving process, the assembled block of 456 bits will possibly contain
errors on positions 2, 10, 18, and so on. So the errors caused by the burst-error on the radio
interface has been spread out over the entire 456 bit block, and the error-correction code will
then be able to correct the errors.
The interleaving principle described sofar constitutes the stage 1 interleaving in figure 7.10.
As illustrated, this is followed by a second interleaving stage. In the second interleaving stage,
57 bit blocks from the output of the stage 1 interleaver from two different 456 bit blocks are
interleaved in stage 2 to form the payload of a Normal Burst, i.e., the two 57-blocks in a Normal
Burst will come from two different 456 bit blocks. This means that if the contents of an entire
timeslot is lost due noise or interference, the number of errors in one of the 456 bit blocks will
only be at most 57, which is sufficiently low for the error correcting code to handle.
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The use of two interleaving stages therefore means that an entire Normal Burst can be lost
due to errors, but the error-correcting code can still correct the problem.
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Chapter 8

GSM channels
Figures 4.2 and 4.3 illustrated the FDMA/TDMA multiplexing principle of GSM with one or
more frequency channels per cell, and a frame structure with 8 timeslot per frequency channel. A
number of different types of informations must be transmitted in these timeslots; both user traffic
but also various kinds of signalling (control information). For this purpose, the GSM standards
define a number of logical channels that are subsequently mapped onto the timeslots. A logical
channel can be considered as a single flow of information; either user-traffic and signalling
information. The rest of this chapter describes a number of different logical channels, which
can be considered as the basic set of logical channels in a GSM network. However, in recent
GSM specifications a large number of additional logical channels are specified, but they are not
discussed here.
Since there are more logical channels than timeslots, the standards also define how the different logical channels are multiplexed together, i.e., that if several logical channels are specified
to use the same timeslot, the standards define in which frames, the different logical channels can
use the specific timeslot.
For user-traffic, the logical channel is simply called a Traffic CHannel (TCH). The traffic
channels are divided into two types, depending on the type of the voice codec, i.e., whether it
is a (enhanced) full rate or half rate connection. In the case of half rate connections, two calls
share the same timeslot, so that the two calls take turns in using the timeslot
The control channels, which carries the different kinds of signalling, are divided into three
categories:
• Broadcasted control channels
• Common control channels
• Dedicated control channels
The broadcast control channels are used to transmit control information to all the mobile in
the cell. These channels are only used in the downlink direction. The three different types of
broadcast control channels are:
• Broadcast Control CHannel (BCCH) – The signalling messages sent in this channel
contains basic information about the identity of the network operator, the location area
identifier, a cell identifier, etc. Also sent in this channel is the information about the
neighbouring cells, which the mobile phone uses to measure on the signal quality in these
cells.
• Frequency Correction CHannel (FCCH) – The information sent in this channel is a
fixed bit pattern that the mobile can use to fine-tune its receiver to the exact frequency of
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the cell. The Frequency Correction Burst, as described in section 4.3, is the information
sent in the FCCH.
• Synchronization CHannel (SCH) – The information transmitted in this channel is the
Synchronization Bursts, as described in section 4.3.
The Common Control Channels are used to communicate with the mobiles for the setup of
calls and other procedures. The three most used common control channels are:
• Pageing CHannel (PCH) – This channel is used by the network to transmit (broadcast)
a pageing message to the mobile phones in a cell in the event of an incoming call.
• Random Access CHannel (RACH) – When a mobile needs to send signalling messages
to the network, it needs a dedicated control channel for this purpose, so the mobile must
first obtain such a dedicated control channel. The purpose of the Random Access CHannel
is therefore to permit the mobile to send a request message to the network for a dedicated
control channel. However, since more than one mobile phone may request a dedicated
signalling channel, the request messages may actually collide. If a mobile phone does not
receive any reply to its request after some short time, the mobiles will wait a random
amount of time and attempt again later. In the RACH, the mobiles sends the information
in form of Access Bursts (see section 4.3) since they may not know their distance to the
network, and therefore which timing advance value to use.
• Access Granted CHannel (AGCH) – If a mobile has requested a dedicated signalling
channel on the RACH and there were no collisions (i.e., only one mobile sent a request
message in the RACH at that time), the network will inform the mobile whether the
dedicated control channel was established, and if so, which of the dedicated signalling
channels can be used by the mobile phone.
The typical Dedicated Control Channels that are used to exchange signalling information
between one mobile and the network are:
• Standalone Dedicated Control CHannel (SDCCH) – A Standalone Dedicated Control CHannel is used when the mobile and the network needs to exchange signalling messages. This is for instance the case, when the mobile wishes to make a call to another
subscriber, so the mobile phone will send information about the B-subscriber’s number
through the SDCCH.
• Slow Associated Control CHannel (SACCH) – As described in section 6.3, the
mobile will from time to time measure the strenght of the radio signals in the cells that are
neighbours to the current cell. These measurements are periodically sent to the network,
so that the network can calculate whether a handover should take place or not. The
SACCH is the control channel used by the mobile to send these measurements. The
SACCH will use the same timeslot (and frequency) as the mobile’s traffic channel. This
is possible since in a sequence of 26 TDMA-frames in GSM, the traffic channel only uses
the allocatec timeslot in 24 of these frames. The SACCH can then use the timeslot in one
of the remaining TDMA-frames.
• Fast Associated Control CHannel (FACCH) – In some circumstances, e.g., in relation with the handover procedure, the mobile and the network needs to exchange signalling
information quickly, but the normal procedure for allocating a dedicated signalling channel
described above (through the RACH/AGCH) is not useful for two purposes. Firstly, there
is a delay involved, which may not be acceptable, and secondly, that there might not be
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an availble dedicated signalling channel at the moment. Therefore, the Fast Associated
Control CHannel (FACCH) is a better way. The principle of the FACCH is that the signalling information is simply sent instead of the voice information, i.e., a Normal Burst
containing voice information is dropped and replaced by a Normal Burst containing signalling information in the FACCH. It is then indicated by the Stealing bits in the Normal
Burst, whether the burst has the expected contents or if it contains information from the
FACCH.
Figure 8.1 illustrates the different control and traffic channels in GSM.

Figure 8.1: Structure of traffic and control channels in GSM.

8.1

Timeslot mapping

As described above, many different traffic and control channels exists, but the TDMA frame
structure still only contains 8 timeslots per frame, so different mapping functions are used to
map the different (logical) channels into the actual timeslots.

8.1.1

Traffic channels

The mapping function for a normal (full rate) traffic channel is illustrated in figure 8.2.

Figure 8.2: Mapping function for a normal traffic channel.
The mapping function in figure 8.2 illustrates how a timeslot allocated to a mobile is used
in the uplink direction. First, the allocated timeslot in 12 consecutive frames are used for a
Normal Burst containing voice information. In the following frame, the timeslot is used to send
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measurements about the signal strength in neighbour cells in the SACCH channel. In the next 12
frames, the timeslot is again used for voice information, and in the final frame of the multiframe
structure, the timeslot is idle.

8.1.2

Control channels

The choice of a mapping function for the logical control channels depends on the traffic and
signalling load in the cell.
Figure 8.3 illustrates two possible mapping functions for timeslot 0 in the downlink direction
in the first frequency in the cell.

(a) Small cell with limited signalling

(b) Small cell with higher signalling load

Figure 8.3: Two mapping functions for timeslot 0.
In figure 8.3a), all (downlink) control channels are mapped into timeslot 0 in a 51-frame structure. In frame 0, timeslot 0 contains information from the FCCH, i.e., a Frequency Correction
Burst, in frame 1, timeslot 0 contains information from the SCH, i.e., a Synchronization Burst,
in frames 2, 3, 4 and 5, timeslot 0 contains information from the BCCH, etc. The multiframe
structure also contains the 4 different SDCCHs with associated SACCHs. This configuration
is typical for a small cell with limited signalling traffic. In this configuration, timeslot 0 in the
uplink direction contains the RACH and 4 SDCCHs with associated SACCHs.
For a cell with a higher amount of signalling, the configuration in figure 8.3b) may be used.
Here, timeslot 0 contains only information from the broadcasted control channels. Another
timeslot is then used for 8 SDCCHs with associated SACCHs. In this configuration, timeslot 0
in the uplink direction contains only the RACH, while another timeslot carries the 8 SDCCHs
and associated SACCHs.
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Appendix A

Acronyms
AGCH
AuC
BCCH
BSC
BTS
EIR
FACCH
FCCH
FDD
FDMA
GMSC
GSM
GSM
HLR
ICI
IMEI
MSC
MS
NMT
PCH
PLMN
PSTN
RACH
SACCH
SCH
SDCCH
SIM
TCH
TDMA
VLR

Access Granted CHannel
Authentication Center
Broadcast Control CHannel
Base Station Controller
Base Transceiver Station
Equipment Identity Register
Fast Associated Control CHannel
Frequency Correction CHannel
Frequency Division Duplex
Frequency Division Multiple Access
Gateway Mobile Switching Center
Global System for Mobile communication
Groupé Speciale Mobile
Home Location Register
Inter Symbol Interference
International Mobile Equipment Identity
Mobile Switching Center
Mobile Station
Nordic Mobile Telephony
Pageing CHannel
Public Land Mobile Network
Public Switched Telephone Network
Random Access CHannel
Slow Associated Control CHannel
Synchronization CHannel
Standalone Dedicated Control CHannel
Subscriber Identity Module
Traffic CHannel
Time Division Multiple Access
Visitor Location Reqister
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