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During the evolution of 2G systems, mobile data or data-oriented wireless WANs
emerged as independent connectionless networks serving mobile computers over a
large geographical area. As we got closer to the 3G systems, mobile data services
became integrated with the cellular voice services. Chapter 9 is devoted to various
aspects of this fragmented technology. We first provide an overview of the major
mobile data networks and classify them into logical groups. Then we provide de-
tails of CDPD and GPRS networks to demonstrate the operation of two popular
methods for implementation of the mobile data services. The last sections in the
chapter describe SMS and wireless data applications.
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320 CHAPTER 7 / GSM AND TDMA TECHNOLOGY

In this book we first provided the path of evolution of the wireless information net-
working industry and identified forces that have shaped this evolution. All the
major standards that have emerged in this evolution were introduced, and they
were logically categorized into different groups at different stages of evolution. In
the second part of the book, we introduced principles of operation of these net-
works by dividing technical aspects into logical categories and explaining each as-
pect with examples from existing systems. In the rest of the book, we discuss the
example systems to provide the reader with a deeper understanding of the details
of how a variety of networks operate. This description is also divided into two
groups, systems for WANs and those for LANs. Among WANs we first discuss
voice-oriented networks that employ TDMA and CDMA for channel access. Our
detailed example of TDMA systems is GSM, and for CDMA systems we discuss
1S-95 and IMT-2000. Then we examine data-oriented WANs—those integrated
with the voice-oriented networks by using the same air-interface and those that
have their own air-interface. The example for the first group is GPRS, and the ex-
ample for the second group is CDPD.

The rest of this chapter is devoted to TDMA systems with GSM as the exam-
ple system. As we described in Chapter 1, a number of TDMA systems emerged in
the 1980s during the evolution of the 2G systems. These systems included the Pan-
European GSM, the North American IS-136, and the Japanese JDC digital celtular
standards, and CT-2, DECT, PHS, and PACS standards for the then so-called PCS
services. In the 1990s, with the advancements in battery technology for handheld
terminals and the overwhelming popularity of cellular telephones, the differentia-
tion between digital cellular and PCS systems disappeared. The increasing demand
for capacity diverted the attention of the service providers to the availability of
spectrum rather than technology. With the emergence of the new PCS bands at
around 2 GHz, most service providers expanded their cellular services by upgrad-
ing the frequency of operation of their digital cellular systems from around 1 GHz
to around 2 GHz, without using the so-called PCS standards. Today, GSM is by far
the most popular TDMA standard in the world; it is used both in the cellular and
PCS bands. The structure of the system is also very clear and useful for educational
purposes. Therefore, we use GSM as our example for TDMA systems.

Wireless networks are complex multidisciplinary systems, and a description of
their standards is often very long and tedious. Our objective in explaining standards
is to provide the reader with an adequate understanding of the overall objectives of
a system, a view of the architecture of the hardware and software elements of the
network, and details of protocols and algorithms to understand how information
transfer works. In this chapter we first define the objectives and architecture of the
GSM. Then we discuss mechanisms that are designed to support mobility to the
GSM terminals, and at last we describe protocols used for communication among
the elements of the infrastructure. For further details and other presentations of the
GSM standard, we refer the readers to [SIE95], [MEH97], [TIS98], [GO097}. To
minimize the difficulties in understanding the details of all standards, we have made
a conscious effort to follow a similar pattern in describing other standards in the rest
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of the book. Following a similar format will help the reader grasp a better overall
picture and be more comfortable in reading the details. However, this effort will not
completely eliminate our difficulties because each standard uses its own reference
model and a number of acronyms that are different from one standard to another.
To further help the reader, we have also provided a number of examples that de-
scribe certain features of a standard in depth. This way we have preserved the flow
of the depth of the text, while some important features are treated in more details.

The Global System for Mobile (GSM) is an ETSI standard for 2G pan-European
digital cellular with international roaming. In 1982, frequency bands of 890-915
MHz and 935-960 MHz were allocated for the Pan-European Public Land Mobile
Network (PLMN), and the GSM was formed. The main charter of the group was to
develop a 2G standard to resolve the roaming problem in the six existing different
1G analog cellular systems in Europe. After evaluating several options, the com-
mittee decided to go for a unified new digital standard as it would facilitate roam-
ing and at the same time provide for large-volume production. In 1986, the task
force was formed, and in 1987 a memorandum of understanding was signed. In
1989, ETSI included GSM in its domain, and the name of the group was changed to
Special Mobile Group (SMG). The resulting standard was named the Global Sys-
tem for Mobile (GSM) communications. In 1991, the specification of the standard
was completed, and in 1992, the first deployment started. By the year 1993, 32 op-
erators in 22 countries adopted the GSM standard, and by 2001, close to 150 coun-
tries [GSMweb] had adopted GSM for cellular operation.

Although the original goals of the GSM could be met only by defining a new
air-interface, the group went beyond just the air-interface and defined a system
that complied with emerging ISDN-like services and other emerging fixed network
features. To this end, the committee also defined a number of other interfaces be-
tween the hardware and software elements of the network, making GSM a com-
plete digital cellular standard that is very suitable for pedagogical purposes. One of
the interesting ironies of this evolution is that GSM, and later on all other 2G digi-
tal cellular systems, brought ISDN-like mobile digital services to all users while the
original wired ISDN lost its popularity and never found a massive acceptance with
users. This reflects the real multidisciplinary nature of the telecommunication in-
dustry in which the behavior of the market is not always as predictable as more fo-
cused industries such as component design.

7.2.1 GSM Services

The first step in understanding a multipurpose system is to identify the services that
are provided by that network because the entire network is designed to support
these services. Analog cellular systems were developed for a single application—
voice—and in a manner similar to analog access to the PSTN, other data services
such as fax and voice-band modems were defined as overlay services on top of the

ERIC-1015
Page 4 of 19



322 CHAPTER 7/ GSM AND TDMA TECHNOLOGY

analog voice service. GSM is an integrated voice-data service that provides a num-
ber of services beyond cellular telephone. Table 7.1 [RED95] shows the GSM
Phase 1 services and Table 7.2 [RED95] shows the GSM Phase 2 services. These
services are divided into three categories: teleservices, bearer services, and supple-
mentary services.

Teleservices provide communication between two end user applications ac-
cording to a standard protocol. As shown in Table 7.1, Phase 1 GSM bearer ser-
vices were telephony, emergency speech calls, Group 3 facsimile, teletex, short
messages (unicast and multicast), and videotex. The upper-most layer of the proto-
col stack of the standard should be specified so that it could communicate with pro-
tocols used in these applications.

Bearer services provide capabilities to transmit information among user-
network-interfaces or APs. Traditional bearer services include a variety of asyn-
chronous and synchronous data access to PSTN/ISDN and packet switched public
data networks as shown in Table 7.1. To implement bearer services, the lower lay-
ers and frame format of the standard should specify how these transmissions would
be implemented over the air-interface.

Supplementary services are not stand-alone services but they are services that
supplement a bearer- or teleservice. Supplementary services in Phase 1 GSM were
call forwarding and call barring. They were applied to both bearer and teleservices.
Other supplementary services include call waiting and calling number identifica-
tion. These services are usually implemented at the wired infrastructure of the cel-
lular network. Table 7.2 provides a wider range of services for GSM Phase 2 which
demonstrate how services can evolve with different phases in time.

7.2.2 Reference Architecture

Description of a wireless network standard is a complex process that involves de-
tailed specification of the terminal, fixed hardware backbone, and software data-
bases that are needed to support the operation. To describe such a complex system,
a reference model or overall architecture is needed to provide an overall under-
standing of the network elements and operation and divide the system into subsys-

Table 7.1 GSM Phase 1 Services
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Table 7.2 GSM Phase 2 Additional Services

Service Category Service Comment

Teleservices Half-rate speech coder Optional implementation
Enhanced full rate

Supplementary Services Calling line identification Presentation or restriction of
Connected line identification displaying the caller’s ID
Call waiting Presentation or restriction of
Call hold displaying the called ID
Multiparty communications Incoming call during current
Closed user group conversation
Advice of charge Put current call on hold to answer
Operator determined call barring another

Up to five ongoing calls can be
included in one conversation

Online charge information

Restriction of certain features
from individual subscribers by
operator

tems. Our presentation of the GSM system is organized in three major segments
shown in Figure 7.1. These segments are mobile station (MS), base station subsystem
(BSS), and network and switching subsystem (NSS). Figure 7.2 provides a more
physical representation of the architectural elements of GSM and the relation
among these elements. This division of the architectural elements was adopted
from [HAU94], and we follow that for the description of the system elements in the
following section.

7.2.2.1 Mobile Station

The MS communicates the information with the user and modifies it to the
transmission protocols of the air-interface to communicate with the BSS. The user
information is communicated with the MS through a microphone and speaker for

Network & switching
subsystem (NSS)

e %

Mobile station /

(MS) '
_________ VLR HLR
il "\ Base station
I ! subsystem (BSS) i
| N N
User | i 1 PSTN
——-{ ME j—H BTS H BSC ; MSC
PoN
Other MSCs

Service Category Service Comment

Teleservices Telephony Full rate at 13 kbps voice
Emergency calls “112” is GSM-wide emergency number
Short messaging service Point to point (between two users) and cell
Videotext access broadcast types
Teletex, FAX, etc.

Bearer Services Asynchronous data 300-9,600 bps (transparent/nontransparent)
Synchronous data 2400-9,600 bps transparent
Synchronous packet data
Others

Supplementary Services Call forwarding All calls, when subscriber is not available

Call barring

Outgoing calls with specifications

Figure 7.1 Reference architecture of GSM.
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Radio interface
Figure 7.2 A different view of the reference architecture for GSM.

the speech, keypad, and display for short messaging, and the cable connection for
other data terminals. The MS has two elements. The first element is mobile equip-
ment (ME), which is a piece of hardware that the customer purchases from the
equipment manufacturer or their dealers. This hardware piece contains all the com-
ponents needed for the implementation of the protocols to interface with the user
and the air-interface to the BSS. The components include speaker, microphone,
keypad, and the radio modem. Therefore, the ME is an expensive piece of hard-
ware. To encourage more users to subscribe to the wireless services, a number of
service providers in the early days of the cellular industry, and even today, subsi-
dize the price of the MEs.

The second element of the MS in the GSM is the subscriber identity module
(SIM) that is a smart card issued at the subscription time identifying the specifica-
tions of a user such as address and type of service. The calls in the GSM are di-
rected to the SIM rather than the terminal. Short messages are also stored in the
SIM card. Using SIM cards was not a possibility with the analog cellular systems,
and the existing North American digital cellular standards have not implemented
this option. Although implementing a SIM is a fairly simple concept, it has a sig-
nificant impact on the way that a user transacts with the service provider. A SIM
card carries every user’s personal information which enables a number of useful
applications.

Example 7.1: Roaming and SIMs

People visiting different GSM-enabled countries who are not keen on making
calls at their home number can always carry their own terminal and purchase a
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SIM card in every country that they visit. This way they avoid roaming charges
and the expense of having a different contact number.

Example 7.2: Sharing a Single Terminal and SIMs

Several users can share a terminal with different SIM cards. At the Telecommuni-
cation Laboratory, University of Oulu, Finland, they have a number of GSM MEs
that they loan to visitors for use with their own SIMs. Therefore, visitors from the.
United States and Canada can obtain a cellular service for their personal use
without investing in a terminal that may not be useful at home.

Because SIM cards carry the private information for a user, a security mecha-
nism is implemented in the GSM that asks for a four-digit PIN number to make the
information on the card available to the user.

7.2.2.2 Base Station Subsystem

The BSS communicates with the user through the wireless air-interface and
with the wired infrastructure through the wired protocols. In other words, it trans-
lates between the air-interface and fixed wired infrastructure protocols. The needs
for the wireless and wired media are different because the wireless medium is unre-
liable, bandwidth limited, and needs to support mobility. As a result, protocols
used in the wireless and wired mediums are different. The BSS provides for the
translation among these protocols.

Example 7.3: Speech Conversion

The user’s speech signal is converted into 13 kbps-digitized voice with a speech
coder and communicated over the air-interface to provide a bandwidth efficient
air-interface. The backbone wired network uses a 64 kbps PCM digitized voice in
the PSTN hierarchy. Conversion from analog to 13 kbps voice takes place at the
MS, and the change from 13 to 64 kbps coding takes place at the BSS.

Example 7.4: Signaling in GSM
The signaling format to establish a connection in wired networks is a multitone
frequency scheme used in POTS. GSM, on the other hand, establishes the call
through the exchange of a number of packets. The translation of this communica-
tion into a dialing signal is made in the BSS.

As with speech coding and dialing, explained in these examples, data trans-
mission protocols over the air-interface are different from that of the wired infra-
structure. All these translations are performed at the BSS. As we will see in the
description of GPRS in Chapter 9, to implement packet data services on the same
air-interface as GSM, the BSS also separates packet switching data from the PSTN
traffic and directs it to the packet switched data networks. There are two architec-
tural elements in the BSS.

ERIC-1015
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326 CHAPTER 7 / GSM AND TDMA TECHNOLOGY

The BTS is the counterpart of the MS for physical communication over the
air-interface. The BTS components include a transmitter, a receiver, and signaling
equipment to operate over the air-interface, and it is physically located in the cen-
ter of the cells where the BSS antenna is installed. One BSS may have from one up
to several hundred BTSs under its control [RED95].

The second architectural element of the BSS is the BSC, that is a small switch
inside the BSS in charge of frequency administration and handover among the
BTSs inside a BSS. The hardware of the BSC in single BTS site is located at the an-
tenna and in the multi-BTS systems in a switching center where other hardware el-
ements of NSS are located.

7.2.2.3 Network and Switching Subsystem

The NSS is responsible for network operation. It provides for communications
with other wired and wireless networks, as well as support for registration and mainte-
nance of the connection with the MSs. The NSS could be interpreted as a wireless spe-
cific switch that communicates with other switches in the PSTN and at the same time
supports functionalities that are needed for a cellular mobile environment. The NSS in
the GSM interconnects to the PSTN through ISDN protocols. Indeed, in the develop-
ment of GSM a conscious effort has been made to use ISDN compatible protocols.
The NSS is the most elaborate element of the GSM network, and it has one hardware,
MSC, and four software elements: visitor location register (VLR), home location regis-
ter (HLR), equipment identification register (EIR), and authentication center (AUC).

A MSC is the hardware part of the wireless switch that can communicate
with PSTN switches using the signaling system-7 (SS-7) protocol, as well as other
MSCs in the coverage area of a service provider. Sometime the MSC that commu-
nicates with the PSTN is referred to as Gateway MSC (GMSC) [RED9Y5]. The
MSC also provides to the network the specific information on the status of the mo-
bile terminals.

HLR is database software that handles the management of the mobile sub-
scriber account. It stores the subscriber’s address, service type, current location,
forwarding address, authentication/ciphering keys, and billing information. In addi-
tion to the ISDN telephone number for the terminal, the SIM card is identified
with an international mobile subscriber identity (IMSI) number that is totally dif-
ferent from the ISDN telephone number. The IMSI is used totally for internal net-
working applications.

Example 7.5: Numbering Schemes in GSM

The telephone number of a subscriber in Finland could be 358-40-770-5246. The first
three digits are the country code; the next two are the digits for the specific MSC,
and the rest are the telephone number. The IMSI of the same user can be 244-91 fol-
lowed by a 10-digit number that is totally different from the ISDN telephone num-
ber. The first three digits of the IMSI identify the country, Finland, and the next two
digits, the billing company (SONERA, formerly Finnish Telecom).

VLR is a temporary database software similar to the HLR identifying the
subscribers visiting inside the coverage area of an MSC. The VLR assigns a tempo-
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rary mobile subscriber identity (TMSI) that is used to avoid using IMSI on the air.
Maintenance of two databases at home and at the visiting site allows a mechanism
to support call routing and dialing in a roaming situation where the MS is visiting
the coverage area of a different MSC. As discussed in Chapter 6 and as we will see
in the later chapters, the mechanism of holding two databases to support mobility
is used almost in all mobile networks.

The AUC holds different algorithms that are used for authentication and en-
cryption of the subscribers. Different classes of SIM cards have their own algo-
rithms, and the AUC collects all of these algorithms to allow the NSS to operate
with different terminals from different geographic areas.

The EIR is another database managing the identification of the mobile equip-
ment against faults and theft. This database keeps the international mobile equip-
ment identity (IMEI) that reveals the manufacturer, country of production, and
terminal type. Such information can be used to report stolen phones or check if the
phone is operating according to the specification of its type. The implementation of
the EIR is left optional to the service provider.

7.3 MECHANISMS TO SUPPORT A MOBILE ENVIRONMENT

Now that we have described all the hardware and software elements of the GSM
network, we can describe how different functionalities of the network is imple-
mented with these elements. Four mechanisms are embedded in all voice-oriented
wireless networks that allow a mobile to establish and maintain a connection with
the network. These mechanisms are registration, call establishment, handover (or
hand-off), and security. Registration takes place as soon as one turns the mobile
unit on, call establishment occurs when the user initiates or receives a call, han-
dover helps the MS to change its connection point to the network, and security pro-
tects the user from fraud and eavesdropping. General description of these
mechanisms are in Chapter 6; in this section we describe the details of their imple-
mentation over the GSM architecture that was described in the last section. To il-
lustrate the complexity of wireless networks, when we discuss registration and call
establishment in GSM we compare these mechanisms with their counterpart in
POTS.

7.3.1 Registration

When we subscribe to a POTS service, the telephone company brings a pair of
wires to our home that is connected to a port of a switch in a PSTN end office.
Then our telephone number is registered in a database in the network, and our reg-
istration is fixed. Therefore, connection and registration process for a wired access
to the network is a one-shot operation, and after that connection is active and reg-
istration is valid as long as subscription to service is valid. With wireless access to a
cellular network, each time that we turn the MS on we need to establish a new con-
nection and possibly establish a new registration with the network. We may actu-
ally connect to the network at different locations through a BS that may not be
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328 CHAPTER 7 / GSM AND TDMA TECHNOLOGY

owned by our service provider. Therefore, a wireless network needs a registration
process that is far more complex than the registration in wired networks.

Technically speaking, as we turn on an MS it passively synchronizes to the
frequency, bit, and frame timings of the closest BS to get ready for information ex-
change with the BS.

After this preliminary setup, the MS reads the system and cell identity to
determine its location in the network. If the current location is not the same
as before, the MS initiates a registration procedure. During a registration pro-
cedure, network provides the MS with a channel for preliminary signaling. The
MS provides its identity in exchange for the identity of the network, and finally
the network authenticates the MS. The simplest connection takes place if the
MS is turned on in the previous area, and the most complex registration process
occurs when the mobile is turned on in a new MSC area which needs changes in
the entries of the VLR and HLR. The following example illustrated the com-
plexity of the registration process of the GSM when a mobile is turned on in a
new MSC.

Example 7.6: The Registration Procedure

Figure 7.3 shows the 12-step registration process in the GSM that takes place
when an MS is turned on in a new MSC area. In the first four steps, a radio chan-
nel is established between the MS and BSS to process the registration. In the next
four steps, the NSS authenticates the MS. In the next three steps, a TMSI is as-
signed, and adjustments are made to the entries in the VLR and HLR. In the final
step, the temporary radio channel for communication is released, and transmis-
sion starts over a traffic channel.

Steps MS | BTS | BSC | MSC | VLR | HLR

1. Channel request >
2, Activation response ) -

vl

3. Activation ACK
4. Channel assigned <t
5. Location update request — e —
6. Authentication request < e <
7. Authentication response —_— — > —
8. Authentication check
9. Assigning TMSI - < ]
10. ACK for TMSI e —
11, Entry to VLR and HLR =
12. Channel release < <

JURKIK

Figure 7.3 Registration procedure.
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7.3.2 Call Establishment

Call establishment in POTS starts with a dialing process that transfers the num-
ber to the nearest PSTN switch where a routing algorithm finds the best con-
nection through intermediate switches to the destination. After establishment
of the link, the last switch (end office) at the destination sends a signal back to
the source to announce whether the destination is available or busy that is sig-
naled to the user at the source. When the destination POTS terminal is off-hook,
another signal is sent to the source end-office to stop the waiting tone and es-
tablish the traffic line. In the mobile environment we have two separate call
establishment procedures for mobile-to-fixed and fixed-to-mobile calls. Mobile-
to-mobile calls are a combination of the two. The following two examples pro-
vide the detailed procedure in the GSM network for both types of call
establishment.

Example 7.7: Mobile Originated Call

The five-step procedure in POTS for call setup changes to a 15-step mobile origi-
nated call establishment procedure in the GSM. As shown in Figure 7.4, the first
five steps are similar to the registration process in GSM, except that these are
done to prepare for call establishment. The next two steps start ciphering (en-
cryption) to provide a protection against eavesdropping. The rest of the steps are
similar to those in wired networks except that we have an additional traffic chan-
nel assignment procedure.

Steps MS | BTS | BSC | MSC
1. Channel request —>
2. Channel assigned e i B
3. Call establishment request > >
4., Authentication request -« <
5. Authentication response - P g
6. Ciphering command < —— —
7. Ciphering ready — >
8. Send destination address —
9. Routing response < <<
10. Assign traffic channel > >
11. Traffic channel established e
12. Available/busy signal <
13. Call accepted < <
14. Connection established > > >
15. Information exchange < >

Figure 7.4 Mobile originated call.
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330 CHAPTER 7 / GSM AND TDMA TECHNOLOGY

Example 7.8: Mobile Terminated Call

The most complicated call establishment is for the situation where a fixed tele-
phone dials a mobile visiting another MSC. As shown in Figure 7.5, after dialing,
the PSTN directs the call to the MSC identified by the destination address. The
MSC requests routing information from the HLR. Because, in this case, the mo-
bile is roaming in the area of a different MSC, the address of the new MSC is
given to MSC, and it contacts the new MSC. At the destination MSC, the VLR
initiates a paging procedure in all BSSs under the control of the MSC holding the
registration. After a reply from the MS, the VLR sends the necessary parameters
to the MSC to establish the link to the MS.

7.3.3 Handoff

Handoff in the United States is referred to as handover in Europe and hence in
GSM. The procedures for handoff broadly follow the procedures described in
Chapter 6 that dealt with mobility management in general. There are two types of
handover—internal and external. Internal handover is between BTSs that belong
to the same BSS, and external handovers are between two different BSSs belong-
ing to the same MSC. Sometimes there are handoffs between BSSs that are con-
trolled by two different MSCs. In such a case, the old MSC continues to handle call
management. Roaming between two MSCs in two different countries is prohibited,
and the call simply drops.

Handoff is initiated because of a variety of reasons. Signal strength deteriora-
tion is the most common cause for handoff at the edge of a cell. Other reasons in-
clude traffic balancing where the handoff is metwork oriented to ease traffic
congestion by moving calls in a highly congested cell to a lightly loaded cell. The
handoff could be synchronous where the two cells involved are synchronized or it
may be asynchronous. Because the MS does not have to resynchronize itself in the

GSM
infrastructure

Figure 7.5 Mobile terminated call in a visiting network.
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former scenario, the handoff delay is much smaller (100 ms against 200 ms in the
asynchronous case).

Figure 7.6 shows the handoff procedure between two BSSs that are con-
trolled by one MSC. The BTS provides the MS with a list of available channels in
neighboring cells via the BCCH. The MS monitors the RSS from the BCCHs of
these neighboring cells and reports these values to the MSC using the SACCH.
This is called mobile-assisted handoff as discussed in Chapter 6. The BTS also
monitors the RSS from the MS to make a handoff decision. Proprietary algorithms
are used to decide when a handoff should be initiated. If a decision to make a
handoff is made, the MSC negotiates a new channel with the new BSS and indi-
cates to the MS that a handoff should be made using a handoff command. Upon
completion of the handoff, the MS indicates this with a handoff complete message
to the MSC.

7.3.4 Security

As discussed in Chapter 6, security in cellular systems is implemented to prevent
fraud via authentication, avoid revealing the subscriber number over the air, and en-
crypt conversations where possible. All these are achieved using proprietary (secret)
algorithms in GSM. The SIM cards discussed in Example 7.1 have a microprocessor
chip that can perform the computations required for security purposes. A secret key
K; is stored on the SIM card, and it is unique to the card. This key is used in two al-
gorithms—A3 and A8—that are used for authentication and confidentiality, respec-
tively. For authentication purposes, the secret key K; is used in a challenge response
protocol using the A3 algorithm between the BSS and the MS. The secret key K; is
used to generate a privacy key K, that is used to encrypt messages (voice or data) as
the case may be using the A8 algorithm. The control channel signals are encrypted
using a third encryption algorithm called AS. The size of the secret key K; is 128 bits,
and the response to the challenge is 32 bits long. Consequently, it is not very secure.

Measurement report Handoff required

Handoff request
Handoff request ACK

Handoff command

Héndoﬂ command

Handoff

Handoff complete

Handoff complete

Clear command

Clear complete

MS BSS 1 MSC BSS 2
Figure 7.6 Handoff involving a single MSC and two BSSs.
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Another aspect of security in GSM is that the secret key information is not
shared between systems. Instead a triple consisting of the random number used in
the challenge, the response to the challenge, and the data encryption key K, is ex-
changed between the VLR and the HLR. The VLR verifies if the response gener-
ated by the MS is the same. The algorithms A8 and A3 are secret and not shared
between different systems.

In the previous sections of this chapter, we introduced the GSM services and archi-
tectural elements, as well as an overview of the mechanisms that allows this archi-
tecture to support mobile operation. In this section we provide the description of
how these elements and mechanisms are integrated with one another to implement
the services. Elements of a network communicate with each other through a proto-

- col stack that is specified by the standard committee. The GSM standard specifies

the interfaces among all the elements of the architecture that was discussed earlier.
Figure 7.7 shows the protocol architecture for communication between the main
hardware elements and the associated interfaces.

The air-interface Uy, which specifies communication between the MS and
BTS, is the most detailed and wireless related interface. The A-bis interface be-
tween the BTS and BSC and the A interface between BSC and MSC draw signifi-

Un
air interface

BTS BSC MSC

CM: Connection management RRM: Radio resource management
MM: Mobility management MTP: Message transfer part
SCCP: Signal connection controi partt  LAPD: Link access protocol-D
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cantly on the existing ISDN protocols. The protocol stack is divided into three
layers:

Layer 1: Physical Layer
Layer 2: Data Link Layer (DLL)
Layer 3: Networking or Messaging Layer

Messages between the BTS and BSC flow through the A-bis interface. The
support on this interface is for voice traffic at 64 kbps and data/signaling traffic at
16 kbps. Both types of traffic are carried over LAPD (which is a data link protocol
used in ISDN). The A-interface is used for message transfer between different
BSCs to the MSC. The physical layer is a 2 Mbps CCITT connection and employs
§S-7 protocols for communication. The Message Transport Protocol (MTP) and
the Signaling Connection Control Part (SCCP) of SS-7 are used for error-free
transport and logical connection, respectively. The applications that employ the SS-
7 protocols deal with direct transfer of data and management (via the BSS applica-
tion part—BSSAP) for radio resource handling and operation and maintenance
information (via the BSS operation and maintenance application part—BS-
SOMAP) for the operation and maintenance communication messages.

In the following three sections, we cover more details of the three layers with
specific examples to provide the readers with an understanding of how a GSM sys-
tem operates to support different services.

7.4.1 Layer I: Physical Layer

The physical layer of the A and A-bis interfaces follow the ISDN standard with 64
kbps digital data per voice user. The new physical layer defined in the GSM specifi-
cations is for the U,, air-interface. This layer specifies how the information from
different voice and data services are formatted into packets and sent through the
radio channel. It specifies the radio modem details, structure of traffic and control
packets in the air, and the packaging of a variety of services into the bits of a
packet. This layer specifies modulation and coding techniques, power control
methodology, and time synchronization approaches which enable establishment
and maintenance of the channels.

7.4.1.1 Power and Power Control

As discussed in Chapter 6, power management is an important issue in wireless
networks in general. Power management in cellular telephone networks helps the
service provider to control the interference among the users and minimize the power
consumption at the terminal. Therefore, power management has direct impact on
QoS and the life of the batteries that are the extremely important to the users.

There are three major classes of mobile stations: vehicle mounted, portable,
and handheld terminals. Mobile mounted uses the car battery, portables use larger
rechargeable batteries, and handheld uses smaller rechargeable batteries. The an-
tenna for the mobile is mounted outside the car, which is away from the user’s
body, whereas the antenna in the handheld terminals is next to the ear and brain of

Figure 7.7 The GSM protocol architecture.
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the user which raises health concerns for high-radiated powers. GSM cells have
radii ranging from 300 m to 35 km. The size of the cells also plays a role in the re-
quired transmitted power for the BTS and the MS. To allow manufacturers and
service providers to accommodate the diversified requirements for different MS
and BSS subsystems, a number of radiated power classes are identified by the GSM
standard. There are five power classes for the mobile terminal from 29 dBm
(0.8 W) up to 44 dBm (20 W) with a 4 dB separation between consecutive mobile
classes. There are eight classes for the BTS power ranging from 34 dBm (2.5 W) up
to 55 dBm (320 W) in 3-dB steps.

Transmitted radio frequency power in the MS is always controlled to its mini-
mum required value to minimize the cochannel interference among different cells
and maximize the life of the battery. The MS is allowed to reduce its peak output
power down to 20 mW in 2 dB steps. The BSS calculates the power level for indi-
vidual MSs by monitoring the interference and received signal strength and sends
this information through control signaling packets to the MS.

7.4.1.2 Physical Packet Bursts

GSM uses 890-915 MHz for the uplink (reverse) and 935-960 MHz for the
downlink (forward) channels. As shown in Figure 7.8, the 25 MHz band for each di-
rection is divided into 124 channels, each occupying 200 kHz with 100 kHz guard
band at two edges of the spectrum. Each carrier supports eight time slots for the
TDMA operation. The data rate of each carrier is 270.833 kbps that is provided with
a GMSK modem with a normalized bandwidth expansion factor of 0.3. With this
data rate, the duration of each bit is 3.69 psec. The user transmission packet burst is
fixed at 577 usec, which accommodates information bits and a time gap between the
packets for duration equivalent to 156.25 times the bit duration of 3.69 usec.

GSM supports four types of bursts for traffic and control signaling. Figure 7.9
shows all four bursts types. The normal burst (NB), shown in Figure 7.9a, consists
of three tail bits (TBs) at the beginning and at the end of the packet, equivalent to
8.25 bits of gap period (GP), two sets of 58 bits encrypted bits (a total of 116 bits),
and a 26-bits training sequence. The TBs are 3 zero bits providing a gap time for
the digital radio circuitry to cover the uncertainty period to ramp on and off for the
radiated power and to initiate the convolutional decoding of the data. The 26-bit

Carrier spacing
200 KHz

100 KHz
guard band

Figure 7.8 Frequency bands in GSM.
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’TB (3)' Encrypted bits (58) | Training sequence (26) | Encrypted bits (58) ITB (3)XGP (8.25)

(@)
‘ B (3)] Fixed bit pattern (142) ITB (3)|GP (8'23)|
(b)

[TB (3)[ Encrypted bits (39) ] Synchronization sequence (64)] Encrypted bits (39) [TB (3)‘GP (S.Zﬂ
(c)

(TB (S)I Synchronization sequence (41)1 Encrypted bits (36) |TB 3) } GP (68.25) J

(d)

Figure 7.9 The four burst types in GSM: (a) normal burst, (b) frequency correction burst,
(c) synchronization burst, and (d) random access burst.

training sequence is used to train the adaptive equalizer at the receiver. Because
the channel behavior is constantly changing during the transmission of the packet,
the most effective place for the training of the equalizer is in the middle of the
burst. The 116 encrypted data bits include 114 bits of data and two flag bits at the
end of each part of the data which indicates whether data is user traffic or signaling
and control. The user traffic data arrives in frames of length 456 bits as shown in
Figure 7.10. They are interleaved into the transmitted normal bursts in blocks of 57
bits plus one flag bit. The purpose of interleaving is to improve the performance for
the users by distributing the effects of fade hits among several users. The 456 bits
are produced every 20 ms. Therefore, the equivalent of 20 ms of arriving informa-
tion is mapped into 456 bits. The standard specifies the method that maps the 20 ms
of the traffic into the 456 bits.

20 ms traffic (4 x 57 = 456 bits)
[o]1]2]a[4]5[6]7]

20 ms traffic (4 x 57 = 456 bits)

[o1]2]3]4]5]6]7]

[3]57[1 [26[57] 1] 3] [3]57] 1 [26]57] 1 3]
NB (t) NB (t+1) NB (t +2) NB (t + 3)
Figure 7.10 Interleaving traffic frames onto TDMA GSM frame in the air.
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Example 7.9: Packets of Voice Traffic

Figure 7.11 shows how the 456-bit packets are formed from the speech signal.
Each 20 ms of the coded speech at 13 kbps forms a 260-bit packet. The first 50
most significant bits receives a 3-bit CRC code protection first, and then they are
added to the second group of 132 bits with lower importance and a 4-bit tail that
is all zeros. The resulting 132 + 53 + 4 = 189 bits are then encoded with a % con-
volutional encoder that doubles number of bits to 378. The convolutional code
provides for error correction capabilities. The 378 coded bits are added to the 78
Jeast important speech-coded bits to form a 456 bits packet every 20 ms. The 456
bits packets are used to form normal transmission bursts shown in Figure 7.9. In
this encoding scheme, we have three classes of speech coded bits. The first class of
50 bits receives both CRC error detection and the rate % convolutional error cor-
recting coding protection. The second 132 bits receive only the convolutional en-
coding protection, and the last 78 bits receives no protection. Therefore, the
speech coder can protect the more important bits representing larger values of
voltages by assigning them into different categories.

Example 7.10: Packets of Data Traffic

Figure 7.12 shows the formation of the 456 bit packets for 9,600 bps data. The 192
bits of information are accompanied by 48 bits of signaling information and 4 tail
bits to form a 244 bits packet that is then expanded to 456 bits using a % rate punc-
tured convolutional encoder. Punctured coding can eliminate the need for dou-
bling the number of transmitted bits by eliminating (puncturing) a certain
number of bits [PRO01]. The resulting 456 bits are turned to NBs similar to the
speech packets. The interesting point is that the 13 kbps speech coded signal and
9,600 bps data modem both occupy the same transmission resources on the air-
interface. More channel coding bits are allocated to the data modem packets that
are expected to provide better error rate performance.
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User’s 9600 bps packet
192 bits (20 ms)

48 bits signaling info. 4 tail bits

L 4

1/2 punctured
convolutional coding

456 bits (20 ms)

Transmitted packet

Figure 7.12 Coded data packets
in GSM.

Example 7.11: Packets of Signaling Ch 1

In addition to the traffic channels, we need a number of signaling or control chan-
nels that are used to determine how the traffic packets should be routed in the
network. Signaling channels using the NB as the channel over-the-air-interface
(shown in Figure 7.13) use 184 signaling bits to convey the signaling message.
These bits are first block coded with 40 additional parity check bits and 4 tail bits
to form a 228-bits block. The 228-bits block is then coded with a % rate convolu-
tional encoder to form a 456 bits packet occupying a 20 ms slot that is turned to a
burst for transmission as shown in Figure 7.10.

User’s speech packet
260 bits (20 ms)
260 bits
CRC codi
0 bits RC coding
53 bits | 4 tail bits
\
132 bits_| 1/2 convolutional
coding
78 bits
4

456 bits (20 ms)
Transmitted packet 378 bits
Figure 7.11 Coded speech packets in GSM.

Signaling packet

184 bits (20 ms)
40-parity bits

224bits | 490"

1/2 convolutional
coding

456 bits (20 ms)

Transmitted packet

Figure 7.13 Coded signaling packets
in GSM.
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The other three types of bursts are more simple and designed for specific
tasks. The simplest of all the remaining bursts is the frequency-correction burst
(FB), shown in Figure 7.9(b). It has three TBs at the start and the end of the burst.
The rest of the packet contains all zeros that allows simple transmission of the car-
rier frequency without any modulated information. An equivalent of 8.25-bits du-
ration is used as the GP between this burst and others. The BS broadcasts FB, and
MSs use it to synchronize with the master clock in the system. The synchronization
burst (SB), shown in Figure 7 9(c), is very similar to the NB except that the training
sequence is longer and the coded data are used for the specific task of identifying
the network. The BTS broadcasts the SB, and the MSs use it for initial training of
the equalizer, as well as initial learning of the network identity and to synchronize
the time slots. The random access burst (RAB) is used by the MS to access the BS
as it registers to the network. The overall structure is similar to NB except that a
longer start-up and synchronization sequence is used to initiate the equalizer. An-
other major difference is the length of the much longer GP which allows rough cal-
culation of the distance of the MS from the BTS. This calculation is possible from
determining the arrival time of the RAB. A GP of 68.25 bits translates to 252 psec.
The signal transmitted from a MS should travel more than 75.5 km (at the speed of
300,000 km/sec) before arriving at the BTS to exceed this GP.

7.41.3 TDMA Frame Hierarchy

When a number of different slots carry the user traffic and a variety of control
signals, a hierarchy is needed to identify the location of certain bursts among the large
stream of bursts that are directed toward different terminals. Each terminal needs a
number of counters to track the related packets at different levels of the hierarchy.

The GSM radio-interface standard provides a variety of traffic channels and
control channels defined in a hierarchy built upon the basic eight-slot TDMA trans-
mission format. The frame hierarchy, depicted in Figure 7.14, shows the TDMA
hierarchy of the GSM network from a burst of 0.577 ms interval to a hyperframe of
length of around 3.5 hours. The basic building block of the frame hierarchy is a
4.615-ms frame. Bach frame comprises eight bursts or time slots. The time-slot inter-
valis equivalent to the transmission time for about 156.25 bits, for which, as we saw
in Figure 7.9, durations equivalent to 8.25 (68.25 for RAB) bit times are used as
guard times during which no signal is transmitted. The next level in the hierarchy is
2 GSM multiframe, shown in Figure 7.14. Each 120-ms multiframe is composed of
26 frames, each containing eight time slots. In each multiframe, 24 frames carry user
information, and two frames carry system control information related to individual
users. The data rate per voice user is calculated by considering that for each 120 ms,
24 voice-bursts each carrying 2 X 57 = 114 bits of information are transmitted.
Therefore, the data rate per user is 24 X 114/0.120 = 22,800 bits/s. The speech coder
has a data rate of 13 kbps, and the addition of error-detection and error-correction
coding brings the transmission rate up to 22.8 kbps.

Figure 7.14 shows that the eight-slot frames may be also organized into con-
trol multiframes rather than traffic multiframes. Control multiframes are used to
establish several types of signaling and control channels used for system access,
call setup, synchronization, and other system control functions. Either traffic or

I -
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’ 2048 superframe: Hyperframe (3 hr 28 min 53.76 s) ]

[ 51 traffic or 26 control multiframes: Superframe (6.12 s) '

/\

26 traffic frames: Multiframe (120 ms) ‘ I 51 control frames: Multiframe (235.4 ms) -’

[ 8-slots: Frame (4.615 ms) ]

| 156.25 bits: Burst (0.577 ms) ]

Figure 7.14 Frame hierarchy in GSM.

control-multiframes are grouped into superframes, which are in turn grouped into
hyperframes. Counters at th.e terminals need to track the packet numbers at hyper-
frame, superframe, and mutiframe levels to communicate with the network.

Example 7.12: Counting Frames in GSM

ntar fo

The counter for multiframes in the mobile terminal needs to keep track of the
traffic chzgmel for the terminal. Another counter needs to track the traffic super-
frax.'ne to identify the location of the two control frames. A variety of control sig-
naling u_ﬁormation embedded in the control superframe is extracted from its
appropriate location using the counter for those frames.

7.4.1.4 Logical Channels

11.1 the }ast few sections, we described how traffic and control packets are in-
sisrted in a hierarchy and how terminals use counters to identify the location of spe-
cific pacl.(et bursts in the overall structure of the frames. Communication between
Fhe terminal and the BS is involved with both information traffic, as well as signal-
ing and coptrol. The entire communication system can be thought of as a distrib-
uted real-time computer that uses a number of instructions to transfer information
packets from one location to another. We have several major tasks to make such a
system wor.k. We need initial signaling for registration and call establishment; we
nggd to maintain the synchronization among the terminals; we need to manage }110—
bility; and we need to transfer the data traffic. In a manner similar to computers
we need a set of instructions and ports to instruct different elements of the network’
to perform their specified duties. In telecommunication systems these ports are re-

fferred to as logical channels. Logical channels use a physical TDMA slot or a por-
tion of a physical slot to specify an operation in the network. i
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To describe logical channels in the GSM network, we first divide these chan-
nels into two principal categories: traffic channels (TCHs) and control channels
(CCHs). Traffic channels are two-way channels carrying the voice and data traffic
between the MS and BTS. TCH logical channels are implemented over the NB
physical bursts shown in Figure 7.9(a). There are two types of TCH channels:

e The full-rate traffic channel (TCH/F) uses a 13 kbps speech-coding scheme and
9,600 bps, 4,800 bps, and 2,400 bps data. Figures 7.11 and 7.12 show the pro-
cedures to create the frames for 13 kbps speech and 9,600 bps data, respec-
tively. As we saw earlier, when we include signaling overhead each channel
has a gross bit rate of 22.8 kbps for the network.

The half-rate traffic channel (TCH/H): GSM also supports half-rate speech
coding traffic channels. The TCH/H channel uses 16 slots per frame that has a
gross bit rate of 11.4 kbps. The half-rate TCH supports 4.8 kbps and 2.4 kbps
data.

There are three classes of control channels: broadcast channels (BCH), com-
mon control channels (CCCH), and dedicated control channels (DCCH). The BCH
channels are broadcast from the BTS to MSs in the coverage area of the BTS.
There are three broadcast channels:

o The frequency control channel (FCCH) used by the BTS broadcasts carrier

synchronization signals. An MS in the coverage area of a BTS uses the broad-

cast FCCH to synchronize its carrier frequency and bit timing. The physical

FCB shown in Figure 7.9(b) is used to implement the logical FCCH.

The synchronization channel (SCH) used by the BTS to broadcast frame syn-

chronization signals to all MSs. Using SCH, MSs will synchronize their coun-

ters to specify the location of arriving packets in the TDMA hierarchy. The
physical SBs shown in Figure 7.9(c) are used to implement SCH.

o The broadcast control channel (BCCH) is used by BTS to broadcast synchro-
nization parameters, available services, and cell ID. Once the carrier, bit, and
frame synchronization between the BTS and MS are established, the BCCH
informs the MS about the environment parameters associated with the BTS
covering that area. The BCCH is physically implemented over the NBs. The
BCCH is also a continuously keyed channel, and it is used for signal strength
measurements for handoff.

The CCCH channels are also one-way channels used for call establishment.
There are three CCCH logical channels:

o The paging channel (PCH) is used by the BTS to page the MS for an incom-
ing call is a broadcast channel] implemented on a NB.

e The random access channel (RCH) is used by the MS to access the BTS for
call establishment. The RCH is used for implementation of a slotted-
ALOHA protocol, which is used by mobile stations to contend for one of the
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available slots in the GSM traffic frames. The RCH is implemented on the
short RABs shown in Figure 7.9(d).

e The access grant channel (AGCH) is used for implementation of the acknowl-
edgement from the BTS to the MS after a successful attempt by MS using
RCH. This channel is implemented on an NB and indicates the TCH for access
to the GSM network.

The DCCH are two-way channels supporting signaling and control for indi-
vidual users. There are three DCCH logical channels:

o The stand-alone dedicated control channel (SDCCH) is a two-way channel
assigned to each terminal to transfer network control information for call
establishment and mobility management. The physical channel for SDCCH
occupies four slots in every 51 control-multiframes with an approximated gross
data rate of 2 kbps per terminal.

e The slow associated control channel (SACCH) is a two-way channel assigned
to each TCH and SDCCH channels. The SACCH is used to exchange the nec-
essary parameters between the BTS and the MS to maintain the link. The
gross data rate of the SACCH channel is half of that of the SDCCH.

e The fast associated control channel (FACCH) is a two-way channel used to
support fast transitions in the channel when SACCH is not adequate. The
FACCH is physically multiplexed with the TCH or SDCCH to provide addi-
tional support to the SACCH.

A more detailed description of the logical channels and GSM operation is
available in [GO097], [RED95]. At this stage we provide an example of using logi-
cal channels to implement an operation in a GSM network.

Example 7.13: Logical Channels Used for Call Establishment

Figure 7.15, which is similar to Figure 7.4, represents the 15 steps for mobile initi-
ated call establishment procedure. In Figure 7.15 the logical channel used for
each step is also identified. Call establishment is made through the common con-
trol RACH and AGCH. Calling number and security is through the dedicated
SDCCH, signaling for connection status through dedicated FACCH and traffic
exchange through TCH.

7.4.2 Layer II: Data Link Layer

Any connection-based network can be considered to be two networks: one used for
traffic and the other for signaling and control. The signaling and control may be
through the same physical channels or through separate physical channels. In traf-
fic channels for GSM, as we saw in Figures 7.11 and 7.12, the information bits are
encoded with strong error detection and correction codes to form packets of length
456 that are then sent with four normal bursts. Signaling and control data are con-
veyed through Layer II and Layer III messages. The overall purpose of DLL

!
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Steps BTS | BSC | MSC

1. Channel request (RACH)

2. Channel assigned (AGCH)

3. Call establishment request (SDCCH)
4. Authentication request (SDCCH)

5. Authentication response (SDCCH)
6. Ciphering command (SDCCH)

7. Ciphering ready (SDCCH)

8. Send destination address (SDCCH)
9. Routing response (SDCCH)

10. Assign traffic channel (SDCCH)

11. Traffic channe! established (FACCH)
12. Available/busy signal (FACCH)

13. Call accepted (FACCH)

14. Connection established (FACCH)
15. Information exchange (TCH)
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Figure 7.15 Call establishment in GSM using logical channels.

ID) is to check the flow of packets for Layer III and allow multiple service
Sc:caz:srpognts (SAP) with one physical layer. In GSM the DLL checks the addre.ss
and sequence number for Layer III and manages acknowledgm.ents for transmis-
sion of the packets. In addition, the DLL allows two SAPs for s.lgnalmg and shfcgt
messages (SMS). Unlike other GSM data services that are cz}med through traffic
channels, the SMS traffic channel in the GSM is not commumcgted through traffic
channels. In GSM, the SMS is transmitted through a fake signaling packet }hat car-
ries user information over signaling channels. The DLL in GSM provides this

ism for multiplexing the SMS data into signaling streams. )
meCh?slsv?/: s::w in F?gure 7g.13, signaling packets delivered to the physical layfar are
each 184 bits, this number conforming with the length of the DLL Qackets in the
LAPD protocol used in the ISDN networks. In fact, as showp in Figure 7.7, the
LAPD protocol is used for the A and A-bis interfaces c.onnectmg. the BTS to BSS
and BSS to MSC, respectively. The DLL for the U, air—mterfa_ce is L-APDm where
m refers to the modified version of LAPD adapted to the mobile environment. The
length of the LAPDm packets, shown in Figure 7.16, is the same as LAI?D, Put tt.xe
format is slightly adjusted to fit the mobile environment. The synchronization bits

Fixed at 184 bits 4_]|

I
Address field Control field | Length indicator | Information bits Fill-xp bits \
(8 bits) (8 bits) (8 bits) (variable) (variable)

Figure 7.16 Frame format of the DLL in LAPDm.
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and CRC codes in LAPD are eliminated in the LAPDm because GSM has the time
synchronization and strong coding at the physical layer. The address field is op-
tional, and it identifies the SAP, protocol revision type, and nature of the message.
The control field is optional, and it holds the type of the frame (command or re-
sponse) and the transmitted and received sequence numbers. The length indicator
identifies the length of the information field. The information field carries the Layer
I1I payload. Fill-in bits are all “1” bits to extend the length to the desired 184 bits. In
peer-to-peer Layer II communications, such as DLL acknowledgments, there is no
Layer I1I payload and fill-in bits cover this field.

The pure or peer-to-peer Layer II messages are set asynchronous balanced
mode, disconnect, unnumbered acknowledgment, receiver ready, receiver not
ready, and reject. These messages do not have Layer IIT information bits and are
referred to as Layer II messages. The information bits in Layer II packets specify
Layer III operations implemented on the logical signaling channels. These infor-
mation bits are different for different operations.

Example 7.14: Information Field in Layer II Packets

The PCH, AGCH, and BCCH are each 176 bits. The DLL packets for these sig-
naling channels only have an eight bit length of the field that makes a total length
of 184 bits encoded into 456 bits transmitted over four physical NBs. The SDCCH
and FACCH are each 160 bits with three 8-bits used for address, control, and
length of the information fields. The SACCH has 144 bits that needs 16 fill-in bits
in addition to the other three fields each carrying 8 bits.

7.4.3 Layer III: Networking Layer

As we discussed in Section 7.3, there are a number of mechanisms needed to estab-
lish, maintain, and terminate a mobile communication session. The networking or
signaling layer implements the protocols needed to support these mechanisms. The
networking layer in GSM is also responsible for control functions for supplemen-
tary and SMS services. The traffic channels, as we saw earlier, are mapped into the
TCH and carried by normal bursts in different formats associated with different
speech or data services. The signaling information uses other bursts and more com-
plicated DLL packaging. A signaling procedure or mechanism or protocol, such as
the registration process shown in Figure 7.3, is composed of a sequence of commu-
nication events or messages between hardware elements of the systems that are im-
plemented on the logical channels encapsulated in the DLL frames illustrated in
the last example of the last section. Layer III defines the details of implementation
of messages on the logical channels encapsulated in DLL frames. Among all mes-
sages communicated between two elements of the network only a few, such as
DLL acknowledgment, do not carry Layer III information.

Example 7.15: Format of Layer II and Layer IIT Messages

Figure 7.17 shows the typical format of Layer II and Layer III messages in a pro-
cedure between two elements of the network. They start with simple pure Layer II
messages without Layer III information bits to initiate a procedure. Then a number

.
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Layer Il messages
Set asynchronous balanced mode
Unnumbered acknowledgement

Layer Ill RRM, MM, and CM messages started

(Layer lll messages ended)

Layer Il messages
Disconnect
Unnumbered acknowledgement

Figure 7.17 Typical format of the messages in a
procedure used for implementation of a network
operation mechanism.
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implementation of the slow frequency hopping option, to manage handover proce-
dure and measurement reports from MS for handover decision, to implement power
control procedure, and to adapt to timing advance for synchronization.

The MM sublayer handles mobility issues that are not directly related to the
radio. Major responsibilities of this sublayer are location update, authentication pro-
cedure, TMSI handling, and attachment and detachment procedures for the IMSIL
The CM sublayer establishes, maintains, and releases the circuit-switched connection
and helps in SMS. Specific procedures for the CM sublayer are mobile-originated
and -terminated call establishment, change of transmission mode during the call, con-
trol of dialing using dual-tones, and call reestablishment after MM interruption

An explanation of the details of coding of each message and a complete list
of the GSM messages are beyond the scope of this book. For the complete list of
the messages used in Layer III of the GSM, the reader can refer to [GOO97], and
for further detail of the operation to [RED95] or [GARY9]. We complete this sec-
tion with an example of a procedure and division of the taskes among different
sublayers.

Example 7.16: Call Establishment

of Layer II messages with Layer III information follow to complete the necessary
operation for the procedure. At the end, a couple of pure Layer IT messages dis-
connect the session between the two elements.

Information bits of the Layer II packets, shown in Figure 7.17, specify the op-
eration of a Layer III message. As shown in Figure 7.18, these bits are further di-
vided into several fields. The transaction identifier (TT) field is used to identify a
procedure or protocol that consists of a sequence of messages. This field allows
multiple procedures to operate in parallel. The protocol discriminator (PD) identi-
fies the category of the operation (management, supplementary services, call con-
trol, and test procedure). The message type (MT) identifies the type of message for
a given PD. Information elements (IE) is an optional field for the time that an in-
struction carries some information that is specified by an IE identifier (IEI).

The number of Layer Il messages is much larger than the number of pure
Layer II messages. To further simplify the description of the Layer III messages,
GSM standard divides the messages into three subcategories or sublayers: Radio
Resource Management (RRM), Mobility Management (MM), and Connection
Management (CM) messages.

The RRM sublayer of Layer III manages the frequency of operation and the
quality of the radio link. This sublayer does not have an equivalent in wired networks
because there is no frequency assignment issue in the wired networks. The main re-
sponsibilities of the RRM are to assign the radio channel and hop to new channels in

| Information bits |
- l
[7 Tl PD MT IE IEI

Figure 7.18 The typical Layer III message format.

Figure 7.19 shows the 15-step mobile initiated call establishment procedure that was
discussed earlier in Figures 7.15 and 7.5. The first column identifies the message. The
second column identifies the logical channel that is used to carry the message. The
third column identifies the sublayer of the Layer III in which GSM standard de-
scribes the message. Note that Layer III does not handle the traffic message, and
therefore we have no sublayer association for that part of the procedure.

Message name Logical channel | Category

1. Channel request RACH RRM
2. Immediate assignment AGCH RRM
3. Call establishment request SDCCH CM
4. Authentication request SDCCH MM
5. Authentication response SDCCH MM
6. Ciphering command SDCCH RRM
7. Ciphering ready SDCCH RRM
8. Send destination address SDCCH CM
9. Routing response SDCCH CM
10. Assign traffic channel SDCCH RRM
11. Traffic channel established FACCH RRM
12. Available/busy signal FACCH CcM
13. Call accepted FACCH CM
14. Connection established FACCH CM
15. Information exchange TCH

Figure 7.19 Layer III sublayer categories for mobile-assisted call
establishment
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7.1 What are the differences between a mobile digital telephone and POTS?
7.2 Name the three subsystems in the GSM architecture.
7.3 Name the three types of services provided by GSM.
7.4 What is the importance of the framing structure in GSM?
7.5 What are the data services provided by GSM?
7.6 What are the incentives for power control in a TDMA network? Name the elements
of the GSM system that are involved in handling power control.
7.7 What are VLR and HLR, where they are physically located, and why we need them?
7.8 What is the difference between registration and call establishment?
7.9 What are the reasons to perform handoff?
7.10 What is the difference between network-decided and mobile-assisted handovers?
7.11 What is the difference between a logical and physical channel?
7.12 Name the five most important logical channels in GSM.
7.13 How does GSM convert 456 bits of the speech, data, or control signal into a normal
burst of 156.25 bits?

7.1 a. Using the bit and time durations in Figure 7.11, show that the speech coding rate
for GSM is 13 kbps and the effective transmission rate to support one 13 kbps
coded voice channel is 22.8 kbps.

b. What is the required transmission bandwidth for eight slots of the GSM system?

¢. Give the overall overhead rate of the system,; that is, the difference between the re-
quired transmission rate for the traffic and the actual transmission rate of the GSM.

d. Determine the efficiency of the system that is the ratio of the overhead over raw
transmission rate.

7.2 a. Consider the multiframe transmission in GSM depicted in Figure 7.14. Use the
overall structure of the multiframe, frame, and slot to show that the transmission
rate of the GSM is indeed 270.833 kbps.
In each GSM multiframe 24 frames are used for traffic and two for associated con-
trol signaling. Considering the detailed burst frame and multiframe infrastructure,
show that the effective transmission rate for each GSM voice traffic is 22.8 kbps.

¢. The slow association control channel uses 114 bits of one slot of each 26-slot traffic
multiframe. What is the transmission rate for this channel in bits per second?

7.3 The stand-alone dedicated control channel (SDCCH) uses four time slots per each
51-control multiframe shown in Figure 7.14. Use the superframe timing to determine
the effective data rate of this logical channel.

7.4 Considering Figure 7.12 give the net data rate (data plus signaling) and the effective
transmission rate of a 9,600 bps GSM data service.

7.5 a. Considering the frequency allocation strategy of Fig 7.8 for the GSM systems, give

the total number of traffic channels per 50 MHz of bandwidth used for two-way
GSM communications.

b.

PROBLEMS 347

b. Give the total number of GSM channel per MHz of bandwidth.

¢. Give the number of channels per cell for frequency reuse factors of N = 4 and
N=3.

7.6 Repeat Problem 7.5 for the IS-136 assuming that this system replaces an AMPS system

with 395 traffic channel and a frequency reuse factor of N = 7.

7.7 a. What is the allowable power ramping time for GSM receivers? (Hint: The time
gaps of normal, frequency correction, and synchronization bursts, shown in Fig-
ure 7.9, are designed to allow power ramping.)

b. The time gap of the random access burst, shown in Fig. 7.9, is designed to assure
this packet does not collide with the normal bursts. What is the maximum cover-
age, the distance between the BS and MS of a GSM base station? Assume that this
gap is reserved for two-way travel and radio wave travel at 300,000 Km/sec.

¢. The length of the synchronization sequence in synchronization burst is designed to
allow time advance for two-way bit synchronization. Use this parameter to calcu-
late the maximum coverage of GSM. Compare your results with that of part (b).

iaI ;
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ACRONYMS AND
ABBREVIATIONS

w/4-DQPSK /4 differential quadrature phase shift keying
1G First generation cellular

2G Second generation cellular

3G Third generation cellular

AAL ATM adaptation layer

ACF Association control function

ACH Access feedback channel

ACI Adjacent channel interference

ACTS Advanced communications technologies and services
ADPCM Adaptive differential pulse code modulation
AGCH Access grant channel

ALI Automatic location information

AM Amplitude modulation

AMPS Advanced mobile phone system

ANSI American National Standards Institute

AOA Angle of arrival

AP Access point

ARIB Association of Radio Industries and Businesses
ARN Authentication random number

ARP Address resolution protocol

ARQ Automatic repeat request

ASCH Association control channel

ASK Amplitude shift keying

ASN Authentication sequence number

ATM Asynchronous transfer mode

AuC Authentication center

AWGN Additive white Gaussian noise

BCCH Broadcast control channel

BCH Broadcast channel

BER Bit error rate

BG Border gateway

BLER Block error rate
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BRAN Broadband radio access networks
BS Base station
BSA Basic service area
BSC Base station controller
BSIC Base station identity code
BSS Basic service set
BSS Base station subsystem
BSSGP BSS gateway protocol
BTMA Busy tone multiple access
BTS Base transceiver subsystem
CCA Clear channel assignment
CCH Control channel
CCI Co-channel interference
CCITT International Telegraph and Telephone Consultative Committee
CCK Complementary code keying
CDMA  Code division multiple access
CDPD  Cellular digital packet data
CELP Code excited linear prediction
CEPT Committee of European Post and Telecommunications
CFP Contention free period
CLI Calling line identification
CLNP Connectionless network protocol
CN Correspondent node
COA Care of address
COFDM  Coded orthogonal frequency division multiplexing
CONS Connection oriented
COST Co-operative for scientific and technical research
CPC Centralized power control
CSMA/CA  Carrier sense multiple access with collision avoidance
CSMA/CD  Carrier sense multiple access with collision detection
CT Cordless telephony
CW Contention window
DAB Digital audio broadcast
DBPSK Differential binary phase shift keying
DCA Dynamic channel allocation
DCC DLC connection control
DCF Distributed coordination function
DDCA Distributed dynamic channel assignment
DDP Dominant direct path
DECT Digital enhanced cordless telephone
DES Data encryption standard
DFE Decision feedback equalizer
DFIR Diffused IR

ACRONYMS AND ABBREVIATIONS

DFS Dynamic frequency selection
DGPS Differential GPS
DIFS DCF inter-frame spacing
DL Discrete logarithm
DLC Data link control
DLL Data link layer
DLOS Direct line of sight
DPC Distributed power control
DQPSK Differential quadrature phase shift keying
DSL Digital subscriber line
DSMA Digital sense multiple access
DSS Digital signature standard
DSSS Direct sequence spread spectrum
DVCC Digital verification color code
EDGE Enhanced data rates for global evolution
EFR Enhanced full rate
EIR Equipment identity register
EOTD Enhanced observed time difference
ESS Extended service set
ETACS Enhanced total access communications system
ETSI European Telecommunications Standards Institute
EU European Union
FA Foreign agent
FACCH Fast associated control channel
FCA Fixed channel allocation
FCC Federal communications commission
FCH Frequency correction channel
FCS Frame correction sequence
FDD Frequency division duplexing
FDMA Frequency division multiple access
FER Frame error rate
F-ES Fixed end system
FFT Fast Fourier transform
FHSS Frequency hopping spread spectrum
FM Frequency modulation
FSK Frequency shift keying
FT Fixed terminal
FTP File transfer protocol
GBS Geolocation base station
GFSK Gaussian frequency shift keying
GGSN Gateway GPRS support node
GIS Geographic information system
GMSC Gateway MSC
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